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Foreword

The Advanced Textbooks in Control and Signal Processing series is designed as a
vehicle for the systematic textbook presentation of both fundamental and innovative
topics in the control and signal processing disciplines. It is hoped that prospective
authors will welcome the opportunity to publish a more rounded and structured
presentation of some of the newer emerging control and signal processing tech-
nologies in this textbook series. However, it is useful to note that there will always
be a place in the series for contemporary presentations of foundational material in
these important engineering areas.

It is currently quite a challenge to compose and write a new introductory text-
book for control courses. One issue is that the electrical engineering discipline has
grown and evolved immeasurably over the years. It now encompasses the fields of
power systems technology, telecommunications, signal processing, electronics,
optoelectronic and control systems engineering all served with a smattering of
computer science. The undergraduates and postgraduates are faced with the
unenviable task of selecting which subjects to study from this smorgasbord of
topics.

Many academic institutions have introduced a modular semester structure to
their engineering courses. This has the advantage of allowing undergraduates and
postgraduates to study a set of basic modules from each of the disciplines before
specializing through a selection of advanced subject modules. This means the
student obtains a good foundational grounding in the electrical engineering disci-
pline. Such an approach requires an introductory control course textbook of suffi-
cient depth to be useful but not so advanced as to leave students bewildered given
that the subject of control has a substantial mathematical content.

Other institutions have managed to retain an Automatic Control Department or
Group where the main course is a first degree in control engineering per se. Such
departments are also likely to offer master and Ph.D. postgraduate qualifications in
the control discipline too. In these departments, the requirements of control systems
theory for mathematics can be met by specific control mathematics course modules.
An introductory control engineering textbook in this context can have considerably
more analytical depth too.

ix



X Foreword

There is one more consideration to add into this discussion of introductory
control systems engineering course textbooks. The spectrum of control involves
systems theory, systems modeling, control theory, control design techniques, sys-
tem identification methods, system simulation and validation, controller imple-
mentation techniques, control hardware, sensors, actuators, and system
instrumentation. Quite how much of each area to include in an introductory control
course is something usually decided by the course lecturer, the institutional
resources available, the academic level of the course, and the time available for the
student to study control. But these issues will also have a considerable influence on
the type, level, and structure of any introductory course textbook that is proposed.

Laszl6 Keviczky, Ruth Bars, Jend Hetthéssy, Csilla Banyasz form a team of
control academics who have worked in various Hungarian higher educational
institutions, primarily the Department of Automation and Applied Informatics at the
Budapest University of Technology and Economics, Hungary, and latterly with the
Computer and Automation Research Institute of the Hungarian Academy of
Science. Their introductory control course textbook presented here has evolved and
been refined through many years of teaching practice. The textbook focuses on the
control and systems theory, control design techniques, system simulation and
validation part of the control curriculum and is supported by a substantial volume of
MATLAB® exercises (ISBN 978-981-10-8320-4).

The textbook can be used by undergraduates in a first control systems course.
The technical content is self-contained and provides all the signals and systems
material that would be needed for a first control course. This is an obvious
advantage for the student reader and also the lecturer as it avoids the need for a
supplementary mathematical textbook or course. The use of the Youla parameter-
ization approach is a distinctive feature of the text, and this approach will also be of
interest to graduate students. The Youla parameterization approach has the
advantage of unifying a number of control design methods.

Many popular undergraduate texts give cursory space to the PID controller yet it
is a controller that is widely used in industry. In this control textbook, there is a
good chapter on PID control and this will chime well with the more industrially
orientated undergraduate and academic lecturer. Also valuable is the material
presented in Chapter 13 on the tuning of discrete PID controllers. To close the
textbook, the authors present an outlook chapter, Chapter 16, that directs the reader
toward more advanced topics.

Industrial Control Centre M. J. Grimble
Glasgow, Scotland, UK M. A. Johnson
January 2017



Preface

“Navigare necesse est”, i.e., the ship must be navigated, said the Romans in
Antiquity. “Controlare necesse est”, i.e. systems must be controlled, we have been
saying since the technological revolution of the nineteenth century. Really, in our
everyday life, or in our environment, one can hardly find equipment that does not
contain at least one or more control tasks solved by automation instead of by us, or,
more importantly, for our comfort.

In an iron, a temperature control system is operated by a relay, in a gas-heating
system the temperature is also controlled, and in more sophisticated systems the
temperature of the environment is also taken into consideration. In our homes,
modern audio-visual systems contain dozens of control tasks, e.g., the regulation
of the speed of the tape recorders, the start and stop operation of the equipment;
similar operation modes of the CD and DVD systems; the temperature control
of the processor in our PC, the positioning of the hard disks’ heads, etc. In cars, the
quantity of petrol used and the harmonized operation of the brakes are all controlled
by automatic controllers. An aircraft could not fly without controllers, since its
operation is a typical example of an unstable system. The number of control tasks in
modern aircraft is more than one hundred. The universe could not have been
investigated by humankind without the automatic control and guidance systems
used at launching rockets, satellites, and ballistic missiles. In the recent Mars
explorers, sophisticated high-level, so-called intelligent components, have been
employed.

In complex, industrial processes the number of tasks to be solved is over a
thousand or ten thousand. The quantity and quality of the products, as well as the
safety of the environment, could not be guaranteed without these automatically
operated systems. Launching products in the market requires the accurate control of
a number of variables.

In almost all assembly factories—from simple production beltways to robots—
automatic control is applied.

xi



xii Preface

With the development of medical biology, it was discovered that in any organ,
and so in human beings, dozens of basic control processes are at work (i.e., the
control of the blood pressure, the body temperature, the level of the blood-sugar
content, the level of hormones) and the present techniques are approaching the level
when some of these tasks can be taken over in case of illnesses or some problems.

Several basic processes of economics (e.g., supply and demand, storage—
inventory, macro- and micro-balance) afford possibilities for automatic control.

The everyday person hardly meets directly with the concept of automatic con-
trol, even though they operate several pieces of equipment by pushing buttons,
switches, or using instrument panels. That is why control is often considered to be a
hidden technology. This phenomenon used to be the reason for the ignorant opinion
that there is no need for studying the theory of control and regulation, since it comes
embedded in the equipment. But do not forget that such equipment has to be
designed and produced, and brought to the market. Only those countries can be
considered “developed” ones, that are in the front ranks in the development of these
kinds of instruments and processes.

In the modern technologies of the twenty-first century, the basic processing,
evaluating and decision-making tasks are executed by computers. The observation
of the signals and characteristics of real-time processes, the transfer of executive
commands, are made by digital communication. The above three areas (Control-
Computation-Communication = C?) are often considered to be in close synergy.

The goal of this book is to summarize the knowledge required in the introductory
courses of university education in these subjects. Each chapter, of course, can have
different priorities, but they try to provide useful, basic knowledge in order to
continue studies of the higher levels of control theory.

This textbook deals with single variable (single input, single output), linear,
constant parameter systems, so, with the simplest systems. Multivariable, nonlinear,
varying parameters, stochastic systems are not considered. (Similarly, the theory
of the modern adaptive, optimal, and robust controllers is not discussed.) It has to
be admitted that the real world is more complex, i.e., multivariable, nonlinear; thus,
the material of this textbook is only the first step in studying the control methods of
real systems. It also has to be mentioned though that several practical tasks can be
solved with quite good results by applying these simplified approaches.

In this book, relatively great attention is devoted to the subject of “Signals and
Systems” essential in the basic courses of control theory. In the Appendices,
important mathematical fundamentals are summarized. The reason for this is to
provide a comprehensive source for students and readers, not requiring additional
textbooks to understand this textbook. If anyone’s knowledge of certain fields is
doubtful, it can be refreshed in the corresponding chapters.

There are many formulas in this textbook. This subject area, this field requires
them, which sometimes is threatening to students. The complexity of the necessary
computations, however, never exceeds the complexity of engineering computations,
but where it cannot be performed by hand, the necessary computational resources
and softwares are referred to. It has to be noted that this level is a basic requirement
for the engineers employed by companies working for international markets. It has



Preface xiii

to be added, however, that the theoretical knowledge can really become useful only
with many years of practical experience.

Nothing is more practical than a good theory!

The authors believe that this textbook provides a suitable basis for the basic level
(B.Sc.) education of those faculties, where control theory is to be taught, and where
the goal is to prepare a master’s level (M.Sc.) education.

This textbook has been written by a working group of the Department of
Automation and Applied Informatics, Budapest University of Technology and
Economics. The group is headed by Laszldo Keviczky. This material is based on,
long experience and textbooks used by the department, but, of course, it is not
comparable with those in goals and coverage. The following members of the group
played primary roles in writing the different chapters:

Chapter 1. Ruth Bars

Chapter 2. Ruth Bars

Chapter 3. Laszlé Keviczky

Chapter 4. Ruth Bars

Chapter 5. Ruth Bars

Chapter 6. Laszldé Keviczky and Ruth Bars
Chapter 7. Laszlé Keviczky

Chapter 8. Laszlé Keviczky and Ruth Bars
Chapter 9. Laszlé Keviczky

Chapter 10. Laszl6 Keviczky

Chapter 11. Jend Hetthéssy

Chapter 12. Laszl6 Keviczky and Csilla Banyasz
Chapter 13. Laszl6 Keviczky and Jend Hetthéssy
Chapter 14. Laszlo Keviczky

Chapter 15. Laszlo Keviczky

Chapter 16. Laszl6 Keviczky and Csilla Banyasz
Appendix. Laszl6 Keviczky, Ruth Bars, Jen6 Hetthéssy and Csilla Banyasz

In the typographical preparation of this textbook, Csilla Bényasz had the
determining role. The figures were prepared partly with the help of the Ph.D.
students Agnes Bogardi-Mészoly, Zoltan David, and Gabor Somogyi.

An essential part of this textbook is the practical laboratory material published in
a separate volume (MATLAB® Exercises), as well as several examples, helping the
students in a good preparation for exams.

Budapest, Hungary Laszlo Keviczky
Ruth Bars

Jend Hetthéssy

Csilla Banyasz
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Transfer functions of continuous-time systems
Transfer functions of discrete-time systems
Controller transfer function

Process transfer function

Discrete-time process pulse transfer function
Sensitivity function

Complementary sensitivity function
Transfer function of an open control loop
Gain of a control loop

Transfer coefficient of a control loop
YouLA parameter

Continuous time

Discrete time

LAPLACE transform

Fourier transform

z-transform

Complex variable (£ transformation)
Complex variable (Z transformation)
Reference signal

Controlled variable

Error signal

Actuating signal (or output of the regulator)
Input noise

Output noise

Measurement noise

Vector

Row vector

Matrix

Transpose of a matrix

Adjunct of a matrix
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det(A) (or |A|)

x

A,b,c,d

F,g.h,d (or F,g,c,d)
diag[au,azz,...,am]
I = diag|[l,1,... 1]

F*(jo)

G(jw) (or P4(jw))

A B, C,D,G F, R, X, ),V
deg{A}

A(s) =0

U

grad [f(x)]

Vo

Z (or arc(...))

et) (or exp(...))
In(...)
lg(...)
plim{...}
A

In(A)

CT

DT

SRE
PFE

|

Notations

Determinant of a matrix

State variable

Parameters of the state equation (continuous)
Parameters of the state equation (discrete)
Diagonal matrix

Unit matrix

Sampling time

Dead time (continuous)

Time delay (discrete)

Additional time delay

Step response function

Weighting function

Frequency

Crossover (cut-off) frequency

Frequency spectrum of a continuous signal
Frequency spectrum of a sampled signal series
Frequency spectrum of a discrete-time model
Polynomials

Order of a polynomial

Characteristic equation

Limit of the control output

Gradient vector

For all ®

Angle of a complex number or functions
Exponential function

Natural logarithm

Base 10 logarithm

Expected value

Probability limit value

Matrix exponential

Matrix logarithm

Continuous time

Discrete time

Step response equivalent

Partial fractional expansion

End of example



Chapter 1 )
Introduction Check or

Control means a specific action to reach the desired behavior of a system. In the
control of industrial processes generally technological processes, are considered,
but control is highly required to keep any physical, chemical, biological, commu-
nication, economic, or social process functioning in a desired manner.

Control methods should be used whenever some quantity must be kept at a
desired value. For example, control is used to maintain the temperature of our flat at
a comfortable specific value both in winter and summer. Controlling an aircraft, the
pilot (or the robot pilot) has to execute extremely diverse control tasks to keep the
speed, the direction, and the altitude of the aircraft at desired values. Control
systems are all around us, in the household (e.g., setting the program of a washing
machine, ironing by on-off temperature control, air conditioning, etc.), in trans-
portation, space research, communication, industrial manufacturing, economics,
medicine, etc. A lot of control systems do operate in living organisms as well.

Control systems are everywhere in our surroundings. A control system is real-
ized e.g., when taking a shower, where the temperature of the shower is to be kept
at a comfortable value (Fig. 1.1). If the temperature sensed by our body differs from
its desired value, we intervene by opening the cold tap or the warm tap. After being
mixed, the water goes through the shower pipe. The effect of the change takes place
after a delay. The effect of the delay has to be considered when deciding on a
possible newer execution. The control process taking place is symbolized by the
block-diagram shown in Fig. 1.2.

Figure 1.3 shows schematically a control system for room temperature control.

Figure 1.4 illustrates some processes which require control to ensure appropriate
performance. The speed or angular position of the motor, as well as the level of the
tank, is to be kept at a constant value. The temperature of the liquid flowing through
the heat exchanger has to be maintained. In the chemical reactor, the quality and
quantity of the materials being created during the chemical reaction have to be
maintained. In the distillation column the individual components of the crude oil are
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Fig. 1.1 Shower-bath as a control task
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Fig. 1.2 Control block-scheme of the shower-bath
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to be separated. For this purpose, the temperatures of the plates in the column have
to be appropriately controlled relative to each other. Furthermore, in everyday
practice in the household and in a variety of production processes different control
tasks have to be solved.

In what follows, the control processes of technological systems will be dis-
cussed. The control of industrial processes plays a significant role in ensuring better
product quality, minimizing energy consumption, increasing safety and decreasing
environmental pollution.
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Fig. 1.4 Some typical control tasks

In the manufacturing production processes of material goods, mass and energy
conversion takes place. Appropriate control is to be applied to ensure the suitable
starting, maintenance and stopping of these processes. For example, in a thermal
power station the chemical energy of the coal is converted to heat energy by
burning. The heat is then used to produce steam. The steam drives the turbine,
creating mechanical rotation energy. The turbine rotates the rotor of a synchronous
generator in the magnetic field of the stator. This creates electric energy. All these
processes must be operated in a prescribed way. The processes have to be started,
and their performance has to be ensured according to the given technological
prescriptions. For example, in electrical energy production, it has to be ensured that
the voltage and frequency be kept at prescribed constant values within a given
accuracy in spite of load changes during the day. Stopping the processes has to be
executed safely.

To maintain the processes in a desired manner means keeping different physical
quantities at constant values or altering them according to given laws. Such
physical quantities could be, for instance, the temperature or pressure of a medium,
the composition of a material, the speed of a machine, the angular position of an
axe, the level in a tank, etc.

A process is a system which is connected to its environment in many ways. For
example, a thermal power station converts the chemical energy of the fuel to
electrical energy. The system consists of several pieces of interconnected equipment
(furnace, turbine, synchronous generator, auxiliary equipment). The system con-
verts the input quantity (fuel) to the output quantity (electrical energy), while it has
multi-faceted relations with its environment (it produces waste material, transfers
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ENVIRONMENT

Vibration

SYSTEM
] furnace, steam turbine,
(chemical energy) synchronous generator,
auxiliary equipment

Heating fuel Electrical energy

Waste material Cooling

Fig. 1.5 The system and its environment

heat into the environment, produces mechanical vibration and noise, etc.).
Figure 1.5 illustrates the relation of the system and its environment. If the operation
of the turbine is investigated, then the relation of the system and its environment is
considered in a different way (Fig. 1.6). In this case the system is the turbine, which
converts the thermal energy of the steam into electrical energy.

The quantities going from the environment into the system are the inputs, while
the quantities going from the system into the environment are the outputs. With
control—by appropriately manipulating the input quantities—the output quantities
are to be maintained according to the given requirements.

ENVIRONMENT

Steam

\

SYSTEM

Electrical Energy

Turbine Generator

L——» Dead steam

Fig. 1.6 The system and its environment (as a detailed part of the system in Fig. 1.5)
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1.1 Basic Concepts

Control means the specific actions to influence a process in order to start it, to
appropriately maintain it, and to stop it.

Control is based on information obtained from the process and its environment
through measurements. Measuring instruments are needed to measure the different
physical quantities involved in the control. Based on the knowledge of the control’s
aim and on the information obtained from the process and its environment, a
decision is made about the appropriate manipulation of the process input. It is
characteristic for control that high energy processes are influenced by low energy
causes.

The methodology of control is that specifically designed external equipment is
connected to the process and then, based on data obtained by measurements or in
other ways, it directly modifies the input variables and in that way influences
indirectly the output variables. The control system is the joint system made up of
the interconnected plant to be controlled and the control equipment.

Control can be performed manually or automatically. In manual control the
operator makes a decision and manipulates the input quantity of the process based
on the observed output quantity. In automatic control automatic devices execute the
functions of decision making and executing the manipulation. Taking a shower is a
case of manual control (Fig. 1.1), Fig. 1.7 also illustrates manual control. The
operator observes the level of the liquid in the tank and sets the required level by the
valve position of the tap influencing the amount of the outlet liquid. Figure 1.8
shows an automatic level control in a tank. The level of the liquid is sensed by a
floating sensor. If the level differs from its required value, the valve influencing the
input flow will be opened more or less.

—

Fig. 1.7 Level control by hand
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— >

Fig. 1.8 Automatic level control in a water tank

Control engineering deals with the properties and behavior of control systems, with
the methods for their analysis and design, and with the question of their realization.

1.1.1 The Basic Elements of a Control Process

A control process consists of the following operations (Fig. 1.9):

Sensing: gaining information about the process to be controlled and its environment
Decision making: processing the information and, based on the aim of the control
taking decisions about the necessary manipulations

Disposition: giving a command for manipulation

Signal processing: determine the characteristics of intervention, acting
Intervention, Acting: the modification of the process input according to the
disposition.

The individual operations are executed by the appropriate functional units.

Disturbance
Control

goal

Manipulated
process Controlled
Information variable

input
processing,

Actuator » PROCESS —MM»
’—> decision

Information
gathering,
sensing

Y

Fig. 1.9 Functional diagram of a control system
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1.1.2 Signals and Their Classification

To control a process it is required to measure its changes. Changes of the process
occur as consequences of external and internal effects. The features of the process
which manifest its motion, and also the external and internal effects, are represented
by signals. The signal is a physical quantity, or a change in a physical quantity,
which carries information. The signal is capable of acquiring, transferring, as well
as storing information. Signals can be observed by measurement equipment.
Signals have a physical form (e.g., current, voltage, temperature, etc.)—this is the
carrier of the signal. Signals also have informational content—which shows the
effect represented by the signal (e.g., change of the current versus time).
Signals can be classified in different ways.

According to its temporal evolution
a signal is continuous if it is continuously maintained without interruption over a
given range of time,
a signal is discrete-time or sampled if it provides information only at determined
points in time in a given duration of time.
According to its set of value
a signal is contiguous if its set of value is contiguous,
a signal is fractional if its set of value is non contiguous and can take only definite
values.
According to the form of representation of the information
a signal is analog if the value of the signal carrier directly represents the infor
mation involved,
a signal is digital if the information is represented by digits which are the coded
digital values of the signal carrier.
According to the definiteness of the signal value
a signal is deterministic if its value can definitely be given by a function of time,
a signal is stochastic if its evolution is probabilistic, which can be described using
statistical methods.

The characteristic signals of a process are its inputs, outputs, and internal signals.
Those input signals which are supposed to be used as inputs modifying the output
of the process are called manipulated variables or control variables. The other input
variables are disturbances.

1.1.3 Representation of System Engineering Relationships

The various parts of a control system are in interaction with each other. The
relations of the individual parts can be represented by different diagrams. As was
mentioned earlier, a piece of equipment which performs some control task is called
functional unit (e.g., sensor, actuator, etc.). The symbols for the functional units
also appear in the diagrams characterizing the connections of the elements of the
control system.
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A structural diagram gives an overview of the pieces of equipment forming the
system and shows their connections. First of all it highlights those parts of the
system which are substantial from the control viewpoint. Generally, a structural
diagram uses the standard notation of the specific field under consideration.

Considering the performance of a control system, what is of primary interest is
not the operation of the individual functional units, but rather the spreading effect of
the information induced by their operation. An operational block diagram shows
the connection and interaction of the individual control units disregarding their
physical characteristics. In a block diagram the units are represented by rectangles.
A line supplied with an arrow directed to a rectangle symbolizes the input signal,
while a directed line going out of a rectangle represents the output signal. The
direction of the arrow is also the direction of the flow of information. In the
rectangles the functions of the structural units are indicated (e.g., sensor, actuator
element, controller, etc.).

When realizing a control system, the requirements for the process and the aim of
the control have to be formulated first. Then, to solve the control problem, the
individual structural control units are chosen. These units are connected to the
process and to each other according to the control structure. It has to be analyzed
whether the control system meets the quality specifications. To do this it is required
to examine the signal transfer properties of the individual elements and also the
signal transfer in the interconnected system. In a block diagram the individual
elements of the operational diagram are described by their signal transfer properties,
i.e., by the mathematical formula giving the relationships between the outputs and
inputs. These relationships can be mathematical equations, tables, characteristics,
operation commands, etc. The signal transfer properties of the individual elements
can be given by a mathematical description of the physical operation of the element,
where the values of the parameters involved in the equations are also given. To
indicate some frequently used operations, accepted symbols are written inside the
rectangles (e.g., the symbol of integration). The symbols of summation and sub-
traction are shown in Fig. 1.10. A chain of effect is a set of connected elements
along a given direction.

A block diagram can be considered as the mathematical model of the control
system. In this model, mainly the signal transfer properties of the system are kept in
view, other properties are ignored.

The static and dynamic behavior of the control system can be investigated based
on the block diagram. The block diagram also provides the basis for the design of
the control system.

N ’C"?-‘})" + ) N NN N KW M {—\)'1 =Yz
% A 4

Y2

Fig. 1.10 Symbols of summation and subtraction
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Of course, when the control system is actually implemented, in addition to its
signal transfer properties, other aspects should also be taken into account (e.g.,
energy constraints, standardized solutions, etc.).

1.1.4 Open- and Closed-loop Control, Disturbance
Elimination

If the information is not gained directly from the measurement of the controlled
signal, an open-loop control is realized. If the information is derived by directly
measuring the controlled signal, a closed-loop control or feedback control is
obtained. Figure 1.11 gives the operational block diagram of a closed-loop control
system.

An example of an open-loop control system is the control of a washing machine
according to a time schedule of executing consecutive operations (rinsing, washing,
spin drying). The output signal (the cleanness of the cloths) is not measured. An
open-loop control is realized also if the heating of a room is set depending on the
external temperature.

In the case of a closed-loop (feedback) control the controlled signal itself is
measured. The control error, i.e., the deviation between the actual and the desired
value of the controlled signal, influences the input of the process. The functional
units are the sensor (measuring equipment), the unit providing the reference signal,
the subtraction unit, the amplifier and signal forming unit, and the executing and
actuator unit. The characteristic signals of the processes are measured by sensors.
The measuring instruments provide signals which are proportional to the different
physical quantities measured. The requirements set for the sensors are the
following:

— reliable operation in the range of the measurements
— linearity in the range of the measurements

— accuracy
Manipulated Disturbance
Reference variable,
signal process Controlled
input variable
Reference r Amplifier. u y
. . e :
forming Dedision, . signal  —»| Acting PROCESS
error computation forming
Reference signal
lcul
calculator Controller Actuator

Sensing

Sensor

Fig. 1.11 Operational block diagram of the closed-loop control system
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— small dead-time compared to the time constants of the process
— low measurement noise.

A sensor measures the physical quantity which is to be controlled and transforms
it to another physical quantity which is proportional to the actual value of the
controlled signal, and can be compared to the reference signal provided by the
reference unit. The error signal operates the controller. The output signal of the
controller is amplified, formed and operates the acting element (actuator) which
provides the input signal (manipulated variable) for the process. The error signal
gives the deviation of the actual output signal from its desired value. If it is different
from zero, the system input is to be modified to eliminate the error.

The different functional units are selected according to practical considerations.
The control system is built from the individual control elements (sensors which
measure the given physical variables in the required range, controllers, actuators,
miscellaneous elements) available on the market.

The basis of a closed-loop control system is negative feedback. The command
for modifying the input of the process is performed based on comparing the ref-
erence signal and the actual value of the output signal to be controlled. (There are
different schemes for realizing control systems, but all of them are based on neg-
ative feedback.)

Because of the dynamics of the plant and the individual elements of the control
system, signals need time to go through the control loop. A well designed controller
takes the dynamics of the closed-loop system into consideration and ensures the
fulfillment of the quality specifications imposed on the control system.

Comparison of open-loop and closed-loop control

If the relationship between the control signal (manipulated variable) and the con-
trolled signal (process variable) is known and reliable information is available on all
the elements and all the disturbances in the control circuit, then open-loop control
can ensure good control performance. But if our knowledge about the plant and
about the disturbances is inaccurate, then the performance of the open-loop control
will not be satisfactory. Open-loop control provides a cheap control solution, as it
does not apply expensive sensors to measure the controlled quantity, but instead it
uses apriori information or information gained about external physical quantities for
decision making. In open-loop control there are no stability problems.
Closed-loop control is more expensive than open-loop control. The controlled
variable is measured by sensor equipment, and manipulation of the input signal of
the plant is executed based on the deviation between the reference signal and the
measured output signal. Closed-loop control is able to track the reference signal and
to reject the effect of the disturbances. As the actual value of the controlled signal is
influenced by the disturbances, closed-loop control rejects the effect of the distur-
bances which are not known in advance, and also compensates the effect of the
parameter uncertainties of the process model. If any kind of effect has caused the
difference between the output signal and its required value, the closed-loop control
is activated to eliminate the deviation. But because of the negative feedback
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stability problems may occur, oscillations may appear in the system. The stability of
the control system can be ensured by the appropriate design of the controller.

If the disturbance is measurable, then closed-loop control is often supplemented
by feedforward using the measured value of the disturbance. A block diagram of the
feedforward principle is shown in Fig. 1.12. A signal depending on the measured
disturbance variable is fed forward to some appropriate summation point of the
control loop. This means an open-loop path which relieves the closed-loop control
in disturbance rejection. This forward path tries to compensate the effect of the
disturbance. This manipulation works in open-loop, the disturbance variable
influences the controlled variable, but the manipulation does not affect the distur-
bance variable.

A classical example of feedforward compensation is the compound excitation of
a direct current (DC) generator (Fig. 1.13). The armature voltage is the controlled
variable, the excitation is the control (manipulated) variable. The load current
(disturbance variable) decreases the armature voltage of the generator. With com-
pound excitation, part of the excitation is created by the load current itself, thus the
disturbance variable directly produces the effect of eliminating itself. In this way the
armature voltage of the generator is greatly stabilized. For more accurate voltage
control, an additional closed-loop configuration can be applied.

Fig. 1.12 Feedforward control (disturbance compensation)

Fig. 1.13 DC generator with compound excitation
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Fig. 1.14 Stirring tank

Let us consider the stirring tank in Fig. 1.14, where w/ is the inflow quantity of the
mixture of materials A and B flowing into the tank. In the mixture the partial rate of
material A is x;. w is the inflow quantity of the pure material A, x, = 1. w denotes the
amount of the outflow material of partial rate x. It is supposed that wy is constant, x; is
constant, and the mixing process in the tank works ideally. The control aim is to keep
the composition x of the outflow material (the controlled variable) at a prescribed
value in spite of the variations in x; (disturbance variable). Manipulations can be
executed by modifying the inflow quantity w, (control or manipulated variable) by
setting the position of the valve. The control is realized by a closed-loop control, if x is
measured and w; is set depending on this measurement (Fig. 1.15). An open-loop
control is built if the composition x; of the inflow mixture material is measured, and
the inflow amount w, is modified accordingly (Fig. 1.16). Figure 1.17 shows a
feedforward solution, where both the composition x of the outflow material and the
composition x; of the inflow mixture are measured, and the inflow quantity w; is set
according to both measured values (In the figures, the standard symbols for the
sensors, controllers, and valves are employed, see Appendix A.3).

The next example shows the speed control of a motor with open-loop and
closed-loop control. In a CD player the disc has to be rotated at steady speed. A DC
motor can be used as actuator. The angular velocity is proportional to the terminal
voltage of the motor. Figure 1.18 shows the solution of the task in open-loop
control. The terminal voltage of the motor is provided by a direct current power
supply through an amplifier. The velocity is proportional to the terminal voltage.
Figure 1.19 schematically presents the solution using closed-loop control.
Figure 1.19a gives the structural diagram, while 1.19b shows the operational dia-
gram. The speed of the motor is measured with a tachometer generator, whose
output voltage is proportional to the velocity. The measured voltage is compared to
the reference signal voltage set by the power supply, which is proportional to the
prescribed value of the speed. The error signal operates the actuator DC motor.
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Fig. 1.17 Feedforward composition control of a liquid in a tank
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(b) Operational diagram
Fig. 1.18 Open-loop angular velocity control of a CD player

With closed-loop control more accurate and more reliable operation can be
reached. Closed-loop control ensures not only reference signal tracking, but elim-
inates speed changes resulting from possible changes in the load, as well.

In practice, besides closed-loop control, open-loop control systems are also
given an important role. When starting and stopping a complex system, a series of
complex open-loop control operations has to be executed. Generally, intelligent
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Fig. 1.19 Closed-loop angular velocity control of a CD player

Programmable Logic Controller (PLC) equipment is used to realize the open-loop
control. To keep various physical quantities at their required constant values
closed-loop control systems are applied.

1.1.5 General Specifications for Closed-Loop Control
Systems

The main goal of a closed-loop control system is to track the reference signal and to
reject the effect of the disturbances. Regarding the quality of the performance of the
control system static and dynamic requirements are prescribed.

First of all a closed-loop control has to be stable, i.e., oscillations of steady or
increasing amplitude in the loop variables are not allowed. After the change of the
input signals a new balance state has to be reached. The problem of instability
comes from the negative feedback realizing the closed-loop control. As after the
appearance of the control error the manipulation of the process input can be exe-
cuted only in a delayed fashion, it may occur that undesired transients do appear in
the system (e.g., in Fig. 1.1 when taking a shower the water can be too hot or too
cold, the desired temperature is not settled.) Stable behavior can be ensured by
appropriate controller design. (The stability of a control system will be discussed in
detail in Chap. 5).

Static specifications give the allowed maximum value of the steady error of the
reference signal tracking, and the allowed remaining steady deviation in the output
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Fig. 1.20 Dynamic quality specifications

signal occurring as the effect of the disturbances, after deceasing of the transients, in
steady state. It depends on the technology and on the process to be controlled
whether deviations can be allowed at all, and if so, what their maximum possible
value can be.

Dynamic specifications give prescriptions for the course of the transients. Let us
consider the step response of the closed-loop control system (Fig. 1.20) with the
indicated maximum value Yy, and steady-state value yg; = Ygieady—state- 1he over-
shoot G in percentages is expressed by

P _ Ymax — Vs 100%
ySS

There are processes where aperiodic performance is required (e.g., machine
tools, landing of an airplane, etc.), while in other processes often an overshoot of 5—
10% is tolerable.

The settling time #; specifies the time it takes for the step response of the
closed-loop control system to settle down within an accuracy of + A% (generally
+(1-2)%) of its steady state value. Usually the number of allowed oscillations
within the settling time is also prescribed.

The control signal in the control system is the output signal of the actuator. The
control signal (or manipulated variable) can only take a restricted value corre-
sponding to its physical realization (e.g., a valve setting the inflow liquid quantity in
a tank can provide a maximum amount of liquid passing through in its totally open
state, and is not able to provide more, in spite of possibly receiving such a com-
mand.). If a higher value were to be forced, the actuator would be saturated at only
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releasing its maximum possible amount, thus temporarily “opening” the control
loop. The phenomenon of possible saturation of the manipulated variable (control
signal) should be considered already in the control design phase, and it has to be
ensured that the manipulated variable be within its specified range, or if never-
theless it exceeds it, effects substantially distorting the normal operation of the
control loop should be avoided.

A control system is designed for the process to be controlled ensuring the quality
specifications. The model of the process describing its signal transfer properties is
obtained by mathematical description reflecting its physical operation. The values
of the parameters in the equations are determined generally by measurements. Thus
in their values uncertainties may occur. The closed-loop control has to operate
appropriately (in a robust way) even if the actual parameters of the process and the
parameters considered in its model do differ to some extent.

The requirements set for the closed-loop control system have to be realistic. For
example, extremely fast settling can not be required from a slow heating process, as
this would result in extremely high control signals. Instead, it is necessary to relax
the strictness of the prescriptions in order to get a realizable solution.

Chapter 4 deals in more detail with the quality specifications set for a
closed-loop control system.

1.1.6 Simple Control Examples

Next, some examples of closed-loop control will be presented.

Temperature control

Figure 1.21 shows a schematic structural diagram of a device producing warm
water with a prescribed temperature. The water is circulating in tubes located in the
stokehold of a furnace. The coal used for firing is delivered from the coal container
to the heating equipment by a conveyor driven by an electrical motor. The velocity
of the conveyor and thus the amount of the transported coal is controlled by the
speed of the motor. On the basis of the difference between the prescribed tem-
perature of the warm water and its measured actual value the controller sets the
terminal voltage determining the speed of the electrical motor through a pream-
plifier and a power amplifier. Figure 1.22 shows a block diagram of the temperature
control.

Speed control

Figure 1.23 shows the structural diagram of the speed control of a direct current
(DC) motor with constant external excitation. The speed of the motor can be
changed by the terminal voltage (manipulated variable). The machine driven by the
motor produces a changing load for the motor (disturbance), and produces variation
in the speed. The terminal voltage of the motor can be changed by an electronic unit



18 1 Introduction

Hot
water
Motor >
iCoal '
v
Y e -
()] -
I ) f ) <> Cold
J Fire water
-
space
Desired
temperature Power
ey »  Amplifier > o
Regulator p amplifier
A
Measured
temperature Temperature [
9 measurement
Fig. 1.21 Schematic structural diagram of temperature control
Desired Water
temperature Power temperature
Regulator —| Amplifier —»| amplifier — Motor — Coalbelt — Waterheater

T Disturbance T

signals

Fig. 1.22 Block diagram of temperature control

with thyristors. The speed of the motor is measured by a tachometer generator,
which gives a voltage proportional to the speed (angular velocity). The error voltage
is obtained by comparing this voltage with the reference signal voltage provided by
the power supply. Its magnitude is amplified by the power amplifiers E1 and E2 and
its shape is modified by a filter. Thus the manipulated variable is produced. The
function of the manipulated variable is to change the firing angle of the thyristors.
As a consequence, the terminal voltage, as the control signal, will be increased or
decreased in order to reach the speed prescribed by the reference voltage of the
power supply. A block diagram of the speed control is given in Fig. 1.24.

Level control, composition control, moisture control

Frequent tasks in industrial chemical processes are the following: level control in a
tank, pressure control, temperature control, composition control of mixed materials,
moisture control, etc. Figure 1.25 shows two solutions for liquid level control. In
the upper figure the manipulation is executed by the control of the inflow. In the
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Fig. 1.25 Level control in a
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lower figure the manipulation is executed by the control of the outflow. Figure 1.26
illustrates pH control. Figure 1.27 gives a schematic solution for the moisture control
of a granular material in a drying process. The moisture content of the material is
measured, and in case of its deviation from the desired value, the speed of the
conveyor belt is modified or the inflow of the drying steam (or hot air) is changed.
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1.2 On the History of Control

Control engineering even today is a developing discipline. New facilities and new
techniques raise new theoretical questions, and open up the way to novel appli-
cations. Applying negative feedback is not a new principle, however: the ancient
Greeks already used it. Looking back at the history of control engineering, some
tendencies can be observed.

The application of negative feedback relates to the solution of engineering tasks.
The development of control engineering is tightly connected to practical problems
that waited for a solution in a stage of humanity’s history. Some periods which had
a significant influence at the development of control technique were

— the ancient Greek and Arab culture (~300 BC to ~ 1200 AD),

— the industrial revolution (18th century, but the beginnings already around 1600)
— the beginnings of telecommunication (1910-1945)

— the appearance of computers, the beginning of space research (1957-)

Considering these eras we may establish that humanity was looking first for their
place in space and time, and then tried to shape the environment to make life more
comfortable; industrial production contributed to this. Then, using also
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communication, humans found their place and position in society, and then tried to
get connected to the universe.

Already the ancient Greeks used several automata. One of the first closed-loop
control systems was the water clock of KtEesiBios in Alexandria (270 BC). The
equipment used a float to sense the level of a tank and to keep it at a constant value.
If the water level in the tank decreased, a valve opened and refilled the tank.
A constant level ensured a constant value of the outflow of the water. The
outflowing water filled a second tank. The level of this tank changed proportionally
to the time. The Byzantine PuiLon (250 BC) also used a float controller to control
the oil level of an oil lamp. HEroN of Alexandria (first century AD) applied similar
devices for level control, wine dosage, opening doors of churches, etc.

Arab engineers between 800 and 1200 AD used several controllers with floating
balls. They initiated the on-off controllers, which operate by switching on and off
the manipulating variable.

With the invention of mechanical clockwork, water clocks with floating balls
were forgotten.

In the era of the industrial revolution many types of automatic equipment were
invented. In these systems, the tasks of automatic level, temperature, pressure and
speed control were carried out. Already from the beginning of the 17th century
there were several control applications (speed control of windmills, temperature
control of furnaces (Cornelis DREBBEL), pressure control (PapIN), etc.). The dis-
covery of the steam engine (SaAVERY and NEwWCOMEN, ~ 1700) indicates the begin-
ning of the industrial revolution. The centrifugal controller of James Wartr
(Fig. 1.28) is considered the first industrial control system, which was applied to the
speed control of a steam engine. The position of the centrifugal sensor depends on
the speed of the steam engine. This sensor sets the position of the piston valve
through the actuating lever, thus influencing the amount of steam inflowing to the

Fig. 1.28 Centrifugal 7z
controller

N

[ Arm

i

Steam



1.2 On the History of Control 23

steam engine, changing its speed. (It is interesting to mention that almost another
hundred years had to pass until MAXwELL gave the exact mathematical description
of the system with differential equations).

After the industrial revolution an essential step forward in the development of
control engineering was the use of mathematical methods for the description of
control circuits. This made possible a more rigorous and exact investigation of
control systems.

A new era of control engineering started with the invention of the telephone,
with the application of feedback operational amplifiers to compensate for the
damping occurring in the transmission of the information.

During the Second World War a lot of high precision control systems were
worked out, e.g., automatic flight control systems, radar antenna positioning sys-
tems, control equipment of submarines, etc. Then later on these techniques also
gained applications in industrial production.

The general application of computers opened a new era in the development of
control systems. The computer is no longer only an external device, to facilitate the
control design, but becomes part of control systems in real time applications. The
process and the process control computer are connected via peripherials, and the
process control software calculates the control signal at every sampling time instant
and forwards it to the process input. Thus the computer became a basic part of the
control loop.

Industrial robots executing precision tasks appeared. The robot is a computer
controlled automaton. Several times, human attributes have been imitated in robots,
e.g. in robot manipulators the motion of the human hand is imitated. Mobile robots
are aimed to be equipped with some intelligence, such as observing and avoiding
obstacles moving in space.

Space research means a newer challenge for control systems. Tracking
space-craft, placing artificial space objects in a given orbit requires extremely
accurate, learning control systems which are able to adapt to changing circum-
stances. In these systems safe operation is extremely important.

Nowadays when realizing different control systems the control principles, the
computer and communication systems and their interaction have to be considered
together. The new technical possibilities facilitate new ways of control applications.
The appearance of the new miniaturized sensors and manipulating elements opens
new perspectives in control techniques. In industrial production processes, dis-
tributed control systems have appeared; a large number of control systems dis-
tributed in space are coordinated to ensure high quality production. These systems
communicate, change information, forward commands and execute them in a
coordinated way. Hardware and software elements (PLC-s, profibus, TCP/IP,
industrial network standards, etc.) ensuring the operation at this level appeared.

Control theory deals with the construction and analysis and synthesis of
closed-loop control systems. The classical period of control theory (~till 1960)
gave the basic concepts of the operation, analysis and synthesis of closed-loop
control systems based on negative feedback.
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In the modern era of control theory (~ 1960-1980), the state space description
of control systems and controller design methods based on this model have gained
attention.

Nowadays design methods of robust reliable control systems which are less
sensitive to parameter changes are in the forefront of interest. Control of non-linear
systems, application of intelligent learning systems which are able to recognize
environmental changes and adapt to them, application of distributed control systems
using network connections and communication, open new perspectives in control
theory and control engineering.

1.3 Systems and Models

Building a model is a significant part of analyzing a control system. The model
describes the signal transfer properties of a system in mathematical form. With a
model, the static and dynamic behavior of a system can be analyzed without per-
forming experiments on the real system. Based on the model, calculations can be
executed and the behavior of the system can be simulated numerically. A model of
the system can also be used for controller design.

The choice of the elements of a control system is based on practical consider-
ations. The operation of a control system can be followed in the structural diagram,
which shows the connections and interactions of the individual units building the
control system. The mathematical model of the elements of the control loop
describes their signal transfer properties. In a control loop the signal transfer
properties of all the elements are given by mathematical relationships. A block
diagram can be considered as a mathematical model of the control loop. With a
block diagram, the static and dynamic properties of the control system can be
analyzed, and it can be determined whether the system satisfies the quality
specifications.

The signal transfer properties of the individual elements can be given by
mathematical relationships describing their physical operation. A deep under-
standing of the physical operation is required to derive its mathematical description.
The parameters in the mathematical equations can be determined by calculations or
by measurements.

The static and dynamic behavior of a system can also be obtained by analyzing
the input signals and the output signals resulting from the effect of the input signals.
For the execution of an experiment providing information for system analysis, it is
important to choose the input signals appropriately. This procedure requires some
form of a system model, and determines the parameters in such a way that the
outputs of the system and that of the model be closest to each other in terms of a
cost function. This procedure is called identification.

As the values of the parameters are generally determined by measurements, their
values are not quite accurate, but usually the range of the parameter uncertainties
can be given.
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To obtain a model of a system generally physical modeling and identification are
used together (Fig. 1.29).

The model is reliable if its output for a given input approximates well the real
output of the system. The domain of validity of the model can be obtained (e.g., in
which range of the input signal it is valid).

1.3.1 Types of Models

A model is static if its output depends only on the actual value of its input signal.
For example, a resistance where the input signal is the voltage and the output signal
is the current is a static system. A model is dynamic if its output depends on
previous signal values as well. An electrical circuit consisting of serially connected
resistor and capacitor is a dynamical system, since the voltage drop on the
capacitance depends on the charge, and thus on the previous values of the current.

A model can be linear or non-linear. The static characteristic plots the steady
values of an output signal versus the steady values of an input signal. If the static
characteristics are straight lines, the system is linear, otherwise it is non-linear.

A model can be deterministic or stochastic. The signals of a deterministic model
can be described by analytical relationships. In a stochastic model, the signals can
be given by probabilistic variables and contain uncertainties.

Spatially, a model can have either lumped or distributed parameters. Lumped
parameter systems can be described by ordinary differential equations, while dis-
tributed parameter systems can be described by partial differential equations.

A model can be a continuous-time (CT) or a discrete-time (DT) model.
A continuous-time model gives the relationship between its continuous input and
output generally in the form of a differential equation. If the input and the output are
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sampled, the system is a discrete-time or sampled data system, where the rela-
tionship between the input and the output signals is described by a difference
equation.

Considering the number of the input and the output signals, the model can be
Single Input Single Output (SISO), Multi Input Multi Output (MIMO), Single Input
Multi Output (SIMO) or Multi Input Single Output (MISO). Besides the input and
the output signals state variables of the system can also be defined. The state
variables are the internal variables of the system, whose current values have
evolved through the previous changes of the signal in the system. Their values can
not be changed abruptly when the input signals change abruptly. The current values
of the input signals and that of the state variables determine the further motion of
the system.

Our investigations will be restricted to the control of dynamic, linear, SISO,
lumped parameter systems. The literature basically applies the following four
methods to describe such systems:

— linear lumped parameter differential equations of order n
— state space equations

— the transfer function and frequency function

— time functions.

1.3.2 The Properties of a System

Some important system properties—which characterize the relationship between
the input and the output—are linearity, causality and time invariance.

Linearity: A system is linear if the superposition and homogeneity principles are
applicable to it. If for an input signal u; the output signal of the system is
v1 =f(uy), and for the input signal u, the output signal is y, = f(uy), then the
superposition principle means that y; +y, = f(u; 4+ u2); according to the homo-
geneity principle, a k-fold change in the input signal yields a k-fold change in the
output signal: ky = f(ku). It can also be stated that for the input signal out; + Bus
the output signal is oy; + Bys.

Causality: at a given time instant the output depends on the past and the current
input values, but it does not depend on future input values.

Time invariance: A system is time invariant if its response to the input signal
does not depend on the time instant of applying the input signal: to an input signal
shifted by a dead-time of T, it gives the same response shifted by the dead-time t
(Fig. 1.30). In a time invariant system, for the delayed output the following rela-
tionship holds: y.(¢) = y(t — 7).

Linear time invariant systems generally are referred by the acronym LTI.
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1.3.3 Examples of the Transfer Characteristics of Some
Simple Systems

Next, some examples will demonstrate how to describe mathematically the signal
transfer properties of physical systems, i.e., how to give the relationships between
the input and the output signals. The description of the behavior of physical systems
generally leads to differential equations.

Example 1.1 A mechanical system

Let us consider the mechanical system shown in Fig. 1.31, which can model a part
of the chassis of a car. m denotes the mass, ¢; and ¢, are spring constants, and k is
the damping coefficient of the oil brake. A concentrated mass is supposed. In the

Fig. 1.31 Scheme of a i f
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springs, forces proportional to the position are created. The damping piston pro-
vides a braking force proportional to the velocity. The following force balance
equations can be written. The force created by the upper spring is expressed as
c1(x1 — xp) = f. The equation expressing the balance of forces acting on the mass is

It can be seen that the behavior of the system is described by a differential
equation. By solving the differential equation, the motions x; and x; as function of
time can be calculated as the responses to the given force. |

Example 1.2 Direct current (DC) generator
Let us investigate the signal transfer of the externally excited DC generator shown
in Fig. 1.32 between its input signal, the excitation voltage u,, and its output signal,
the armature voltage uy. The resistance of the excitation coil is R, and its inductance
is Lg. The following differential equation can be written for the excitation circuit:
di
Ly d_tg + Ryig = ug

Assume that the machine works within the linear section of its magnetic char-
acteristic, thus L, can be considered constant. The generator is not loaded. The
terminal voltage of the generator is proportional to the excitation flux, or supposing
a linear magnetic characteristics the terminal voltage is proportional to the excita-
tion current: ux = K,i,, where K, is a constant depending on the structural data of
the machine, its units are [V/A]. |

Example 1.3 A chemical process

Let us consider the mixing tank shown in Fig. 1.33. A solution of concentration ¢,
is mixed with water to obtain a solution of concentration ci. The amount g, of the
inflow water is constant, the amount g, of the inflow solution is controlled by a
valve. The concentration is given by the amount of the dissolved material in one
liter of the solution expressed in grams. The input signal of the system is the

Fig. 1.32 Scheme of an
externally excited direct A
current generator
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Fig. 1.33 Mixing tank h Mixer
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position & of the plunger, the output signal is the concentration ¢y of the obtained
solution. The amount of the inflow solution is proportional to the position of the
plunger: g, = K h. The amount of the outflow solution is the sum of the amount of
the inflow solution and the inflow water: gx = g, + ¢y. During time At the amount
of the dissolved material getting into the tank of volume V is g,c,At, and at the
same time dissolved material of amount gxc At leaves the tank. The change of the
concentration is:

qx >Ck

_ 4oCo — qkCk

ACk v

At.

The differential equation of the system is obtained by taking the limit At — 0:

dey g dec | qo qv

QU + VCk— dar + VCk+ VCk
de K qv COK
QO + VCk + VCk %

The relationship is non-linear, as the product of the output signal ¢k and the input
signal h appears in the equation. But supposing g, < ¢y, then gy =~ ¢, = constant,
and a constant g can be taken into consideration in the differential equation. Thus a
linear differential equation is obtained.

d K
dew | av G

=—"h
d VvV \%

1.3.4 Linearization of Static Characteristics

Investigation of non-linear systems is a difficult task. The analysis can be simplified
if the non-linear characteristics are linearized in a given vicinity of a working point.
Thus in the surrounding of the working point the non-linear system is approximated
by a linear model supposing only small changes in the input signals.
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Fig. 1.34 A non-linear static y=f(u)
characteristic with single
input—single output

Let us consider the non-linear static characteristics y = f(u) shown in Fig. 1.34.
At the working point u = u,; yo = f(u,) the TAaYLOR series of the function is:

Y = Yo+ Ay = fluo) +f' (o) (u — uo) + -+
Neglecting the higher degree terms, the linearized model is given by
Y= Yo = Ay = f'(uo) (u — uto) = f'(uo) Au

The linearized model replaces the static characteristics at the working point by
the gradient. Of course the steepness depends on the working point.

Linearization in the case of several inputs

Let the output signal y be a function of the vector of the input variables

u=[u,uy, ... un]T. Thus y is a scalar-vector function. Let the vector u, =
[t10, 2oy - - unO]T denote the working point. In a small vicinity of the working
point the value of the output signal can be approximated by the TAYLOR expansion

" Of(u

y:yoﬂ—Ay:f(uo)_i-Z# (u,»—ul-o)+
i1 OUi lu,
df(u
=rto) + [ | ow s

Neglecting the second and higher order derivatives, the small change in the
function f(u) around the working point can be given by the following linear
relationship:

Ay = ,ZlA, AM,'.
i=1
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Fig. 1.35 Linearization of A
multi-input single-output U 4
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The linearized block diagram is shown in Fig. 1.35. The A; coefficients are the so
called static transfer coefficients of the linearized model, whose values depend on
the working point.

Example 1.4 Linearization of the moment equation of a DC motor

The moment m in a direct current (DC) motor is proportional to the product of
the flux @ in the excitation coil and the armature current i (Fig. 1.36). The product
of these two changing variables results in a non-linear relationship.

om .

Do o

m:mOJrAm:k(pi:k(pOioJrg—’:;

Poslo

Determining the derivatives and considering that the value of the moment in
the working point is m, = k@,i,, the change of the moment around the working
point can be calculated according to the following relationship:
Am = ki, Ap + ko Al [ |

= 1

Fig. 1.36 The moment in the DC motor is proportional to the product of the excitation flux and
the armature current
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Fig. 1.37 Setting the liquid 0,
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Example 1.5 Linearization of the tank equation

In a tank, the increase of the liquid level depends on the difference between the flow
rate of the input liquid and that of the output liquid (Fig. 1.37). Let us denote the
input flow by Qi,, and the output flow by Qqy, respectively. The cross section of the
tank is denoted by A, and the cross section of the outflow tube is denoted by a. The
liquid level is H. The change of the liquid level is described by the following
differential equation:

dH
AE = Qin - Qout
The output liquid flow depends on the velocity v of the outflow, which is
proportional to the square root of the level.

Qout = av = ay/ 2gH = B\/ﬁ

In steady-state, the level does not change, so the input and output flows are
equal: Qi = Qout-

The steady-state value of the level will be H = Qizn / Bz. The static characteristic
of the tank, viz., the relationship between the liquid level and the input flow, is
non-linear (Fig. 1.38).

Fig. 1.38 Static H
characteristics of the tank A

Qin,o
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Let us denote the values of the working points by the index zero, and the
changes around the working point with lower case letters

H=H,+nh
Qin = Qinﬁo + 4in

The outflow can be expressed with the first order TAyLOR approximation of the
square root expression as

Qout - B\/ﬁ ~ B\/ITO—’_ B#I‘Th

The differential equation expressed with the working point values and the small
changes around them is:

d (H, +h)
dr

p
2VH,

As the derivative of a constant H, working point value is zero, and
Oino = BvVH,, for the small changes around the working point the following dif-
ferential equation can be given:

A h

= Oino + Gin — BVHO -

dn B,
a TS

This is a linear differential equation whose parameters depend on the working
point. |

1.3.5 Relative Units

The transfer factors (gains) of the elements in a control system have dimensions. In
the previous example of the liquid tank, the units of the working-point-dependent
transfer gain resulting from the static characteristics is cm/(I/min). In the case of a
motor, the output signal is the speed, the input signal is the voltage, thus the
dimension of the transfer gain is (rad/s)/V. If the actual values of both the input and
the output signals are related to their maximum values, the signals can be given
with dimensionless relative values, which are between O and 1. The signals to be
compared should be normalized identically. For example, the maximum values of
the reference signal, the controlled signal and the error signal have to be the same.

Quantities with the dimension of time can also be given with relative values, if
they are related to a maximum value chosen for the time variable.

As an example, let us consider the construction shown in Fig. 1.39. The DC
motor M moves the rod R through transmission gears. The input signal of the motor
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u(?) I

Fig. 1.39 Position control

y(1)

is its terminal voltage u(r), and its output signal is the position y(z) of the rod
(plunger). Neglecting the transients the displacement of the rod is proportional to
the integral of the speed of the motor, and the speed is proportional to the terminal
voltage. If the application of a terminal voltage of 200 V produces displacement of
the rod by 5 cm within 10 s, then after time ¢ the displacement is

1

t

5cm cm

= =25-10°3—

y(7) 05 2Oov/u(t)dz 5-10 Vs/u(t)dt
0 0

as the effect of the input voltage u(z).
Let us take tnax = 50 s as the unit of time, ynax = 20 cm as the unit position and
umax = 200 V as the unit of voltage. The relative units related to their basic units are:

t t y y u u

te] ——— = — = = ; - =
e 50sT YT T 20em’ T w200V

With relative units the displacement of the rod can be given by the following
relationship:

5Ccm Irel Trel

yrel(t) = % ure]([) dJrel = 125/ urel(t) dl‘rel
50s 200V 0

1.4 Practical Aspects

The design and implementation of a control system is an iterative task. First the
requirements set for the control system have to be formulated. Then based on the
physical operation of the process, its mathematical model is established, whose
parameters are determined by measurements and identification procedures. The
controller is designed for the process model considering the given requirements.
Then the operation of the control system is checked by simulation. If necessary, the
controller is redesigned. During the implementation, the adjustment of the con-
troller is refined.
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In a control problem three basic tasks may occur.

It is necessary to create the model P of the process: the signal transfer properties
of each element have to be determined based on the physical relationships
describing the behavior of the element, or from its input and output measurement
data by identification (Figs. 1.40 and 1.41).

If the input signal and the element P are known, the output signal can be
determined and the behavior of the element can be analyzed (Fig. 1.42).

If the element P is given and the course of its required output signal is pre-
scribed, then the task is to determine the input signal which ensures this behavior.
The input of the plant is created by a control circuit. This is the synthesis or
controller design task (Fig. 1.42).

Control engineering is an interdisciplinary area of science. The operation of the
process is to be understood, to do this there is a need of knowledge of physical,
chemical, biological, etc. phenomena. Mathematical knowledge is required for
system modeling as well as the analysis and synthesis of control systems. To
investigate the operation of control systems, knowledge is needed about signals,
systems, and the behavior of systems with negative feedback. During the design,
rational considerations and basic restrictions also have to be taken into account. The
design has to cover economic, safety, environmental protection, etc. aspects as well.
To fulfill a more complex control task, the coordinated work of different profes-
sionals is needed.

During the realization, the state of the system has to be observed—the consid-
ered output signal has to be measured by the appropriate measuring equipment, it is
required to manipulate the process input—an actuator has to be selected. The
measurement noise of the sensors, the signal ranges of the actuators, the limits of
the produced actuating effects, all have to be taken into account. Several times the
measured data have to be transferred across longer distances, thus data transfer has
to be ensured. There are standards, so called protocols for data transfer which have

Fig. 1.40 Identification u(t) (1)
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Fig. 1.41 Analysis u(t) y()=2?
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Fig. 1.42 Synthesis u(t)=? P V() = Yoy




36 1 Introduction

to be considered. The control signal has to be determined with an appropriate
calculation algorithm, and has to be forwarded to the input of the process. In the
design of the control algorithm the disturbances acting on the process, the uncer-
tainties in the process parameters and also the restrictions due to practical real-
ization have to be taken into account. During the control, real data are elaborated
and real time signal transfer is realized. In signal transfer, non-deterministic signal
delays do appear, which may distort the operation. The connection and exchange of
information between the individual elements have to be addressed using appropriate
interface elements.

Besides the continuous-time control systems computer control systems have
gained more and more applications. The process and the process controller com-
puter are connected via A/D (analog to digital) and D/A (digital to analog) con-
verters. The computer executes the essential control functions in real time,
repeatedly at the sampling instances. In industrial process control systems, dis-
tributed control systems are implemented, where spatially distributed control sys-
tems operate in an aligned fashion, communicating with each other.
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Description of Continuous Linear ki
Systems in the Time, Operator

and Frequency Domain

The aim of controlling a plant is to maintain the required value of the controlled
(output) signal prescribed by the reference signal in spite of disturbances. The
control system has to meet the quality specifications set for the control system. The
quality specifications prescribe the static accuracy (the tolerable static error) of the
control system and also the properties of its dynamic response (the settling time, the
allowed value of the overshoot, etc.). The comparison of the factual and the pre-
scribed behavior can be done based on the analysis of the static and dynamic
response of the control system.

Various processes can be described mathematically by similar differential
equations (or by a set of differential equations), which give the relationships
between the individual variables and their changes. Mechanical motions, electrical
and magnetic phenomena, heat processes, gas- and liquid flow, etc., can all be
described by differential equations.

In a closed-loop control system different units executing specific control oper-
ations are connected to ensure the appropriate functioning of the process. The
mathematical model of the closed-loop control system is a block diagram, which
shows how the units are connected to each other and also represents the signal
transfer properties of the individual units. Based on this model the operation of the
closed-loop control system can also be given by a differential equation. In the
sequel the behavior of systems described by lumped parameter, continuous linear
differential equations will be investigated.

As the solution of the differential equation is sometimes cumbersome, several
methods have been developed to simplify the calculations. Transforming the dif-
ferential equation into the domain of the LApPLACE transform, an algebraic equation
has to be solved instead of a differential equation. Examination of the process in the
frequency domain provides fast approximate methods to evaluate the properties of
the time response.

In the sequel, methods for analyzing lumped parameter, linear time invariant
continuous-time systems in the time domain, the LAPLACE operator and the
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frequency domain will be summarized. (These methods are known from the subject
“Signals and Systems”, here those relationships are considered which are important
from control aspects.)

2.1 Description of Continuous Systems
in the Time Domain

A continuous-time (CT) linear single-input single-output (SISO) time invariant
system can be described in the time domain by a differential equation of order n or
by a system constructed by a set of n first-order differential equations (the so-called
state space equation), or it can be characterized by typical time responses given for
typical input excitations.

2.1.1 Solution of an n-th Order Linear Differential
Equations in the Time Domain

A linear CT time-invariant system can be described by the following n-th order
differential equation:

any™ (1) + a1y V(@) + -+ ay(t) + aoy(r)

(2.1a)

= byt ™ (1) + by "™V (6) + - 4 byia(t) + bou(r)
where u denotes the input signal, y is the output signal, y is the first derivative of the
output signal, it is the first derivative of the input signal, " denotes the n-th
derivative of the output signal, while x™ denotes the m-th derivative of the input
signal.

If the output responds with a delay (the so-called dead-time) to changes in the
input signal, then the argument on the right side of the differential equation should
be t — Ty, where T4 denotes the dead-time. Then the differential equation is given in
the following form:

any™ (1) + an 1y V(@) + -+ +ar3(1) + aoy(1) . (2.1b)
= bml/t(m> ([ — Td) —‘rbm,lu(m_l)(l‘ — Td) + .- —l—bll;t(l‘ — Td) +b0u(t — Td)

Dead-time appears, e.g., in transport processes, where the change of the input
signal can be measured with a delay in a farer measurement point. The necessary
condition of physical realizability is
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m<n (2.2)

as only in the case of the fulfillment of this condition will the output signal remain
finite for finite changes of the input signal.

From the theoretically infinite number of solutions of the differential equation
that solution has to be chosen which satisfies the boundary conditions of the
function y. The solution has to fulfill n conditions prescribed for y(z) and its
derivatives. The boundary conditions generally are initial conditions, i.e., they are
given as y(0), 3(0),...,y"=1(0).

The right side of the equation is the excitation g(¢)

(1) = byput™ () + by u™ V(1) + -+ + boult) (2.3)

Equations (2.1a) and (2.1b) is an inhomogeneous differential equation, which if
g(t) = 0 becomes a homogeneous equation.

In the following, different forms and solutions of the differential Eq. (2.1a) will
be discussed, but the considerations can also be applied to Eq. (2.1b). Often the
differential equation is written in the following, so called time constant form:

Ty () + T YD) + -+ + Ty () + (1)

(2.4)
=A [r;;m(t) + D) - () + u(t)}
where A = b, /a, is the gain of the system, which gives the relation between the
output and input signals in steady state. The gain is not a pure number, it has a
physical dimension. T; = 1/a;/a, and T = {/bj/b0 are time constants with the
dimension of seconds.

The advantage of the time constant form is that even without solving the dif-
ferential equation, on the basis of the parameters it is possible to approximately
outline the course of the time responses for typical input signals.

The above definition of the system gain is valid only if a, and b, are different
from zero. If e.g., a, = 0, the gain is defined as A = b,/a; and in this case the
interpretation of the time constants is also changed.

The behavior of the system in the time domain can be obtained by solving the
differential equation. The solution consists of two components, the general solution
yn(#) of the homogeneous equation and one particular solution y;(¢) of the inho-
mogeneous equation.

y(t) = yn (1) + (1) (2.5)

The characteristic equation is obtained by substituting the derivatives of y
multiplying y by the appropriate powers of s in the homogeneous equation. Thus
the characteristic equation turns out to be
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ansn +Cln,1.§‘n_l + - 4as+a, = 0. (26)
The general solution of the homogeneous equation has the form
() = ke + ke + - + ke (2.7)

where sy, s2,...,5, are the roots of the characteristic equation of the system (the
roots of polynomials with real coefficients can only be real or complex conjugate
pairs). The constants k; have to be determined from the initial conditions.

If in the solution of the characteristic equation multiple roots show up, the
corresponding exponential terms are multiplied by the powers of 7. For example if
there is a triple root, then the general solution of the homogeneous equation is given
in the following form:

yh(l‘) = (kl + kot + k3l‘2)€s"2‘3l + k4€s4t + -+ knex”t (28)

Let f(u) denote a particular solution of the inhomogeneous equation which
depends on the input signal u. Supposing that f(u) has been found by some
procedure—e.g., by the method of variation of parameters or by simple
considerations—the general solution of the differential Eqs. (2.1a) and (2.1b)
becomes

¥(t) =y (1) +f () = ke + - - + ke 4 f(u). (2.9)

The constants k; have to be determined by a knowledge of the initial conditions.

To solve the differential equation in the time domain often requires following a
complicated and cumbersome procedure. The characteristic equation has an analytic
solution only for n<4. To find one particular solution of the inhomogeneous
equation is a demanding computational task in the case of sophisticated input
signals.

From the form of the differential equation some statements can be made con-
cerning the initial and final values of the step response. Let us analyze the form
(2.1a) of the differential equation. Let the input signal be a step given by
g(t) = b, 1(z). At time point z = 0 only the highest derivative could jump. (Le., the
two sides of the differential equation have to be in balance at each time point. If
there were a jump also in a lower order derivative of the output signal, this would
result in a DIrac impulse change in the higher order derivatives.)

ay™ (1 = 0) = b,,

So
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(Considering e.g., mechanical motion, when the force acting on the mass
changes, first only the acceleration changes and this change will produce further
changes in the velocity and the position.)

It has to be mentioned that if the excitation signal also contains the first
derivative of the input signal, then at the initial point the n-th and also the (n — 1)-th
derivative of the output signal will jump. The general rule is that for a step-like
excitation at time point ¢ = 0 the (n — m)-th derivative of the output signal will
jump. If the transients are decaying, all derivatives of the output signal will be zero,
and the output signal will have settled at the value determined by the static gain:
y(t — 00) = by /a,.

The physical content behind the formal mathematical solution of the differential
equation can be interpreted as follows.

The differential equation describes the motion of a system. The reason for the
motion on the one hand is the input signal u(7), and on the other hand, a component
of the motion appears as a consequence of the past inputs, as before the appearance
of the input signal at the time instant # = O the system was not in a steady state. The
past history of the system is characterized unambiguously by its initial conditions.
As a response to the excitation signal g(¢) a new steady state will be reached, which
is determined by the solution of the inhomogeneous equation, which is independent
of the initial conditions. This new steady state for time instant r = 0 would pre-
scribe initial conditions which depend on the excitation. If the values of the actual
initial conditions do not coincide with the initial values corresponding to the
excitation, this indicates that the state of the system is different from the steady state
prescribed by the excitation. This deviation can not disappear abruptly, as there are
energy storing elements in the system which can only change their state gradually
by energy conveyance or distraction. Changes in the state need a finite amount of
time. The balancing movement is the transient motion which is described by the
solution of the homogeneous differential equation.

The solution of the differential equation can be decomposed into a
quasi-stationary and a transient component. The quasi-stationary component is the
output signal of the system in steady state as a response to the input signal (see
Appendix A.2). The transient component depends on the dynamics of the system,
as determined by the roots of the characteristic equation.

As an example, let us analyze an electrical circuit consisting of a resistor and an
inductor. A sinusoidal voltage gets switched on, as the input (Fig. 2.1a). The
quasi-stationary steady state is represented by a sinusoidal alternating current I(¢)
which is delayed, compared to the input alternating voltage by a given angle,
determined by the parameters of the circuit. If the switching on of the voltage
happens at time instant #; when the current is zero, then the state of the system
coincides with the steady state corresponding to the input signal and in this case no
transient motion occurs (Fig. 2.1b). But if the switching occurs at a time instant #,
when the current has a non-zero value I(f;) # 0, then the system is not in steady
state. The deviation between the actual current i(#,) = 0 and the steady state current
I(r;) is compensated by the transient component Ai(), which is superposed onto
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Fig. 2.1 RL circuit and its transients

I(1). This transient component ensures the resulting zero value of the current at the
switching time instant, and then it will decease exponentially (Fig. 2.1c).

The course of the motion of the transient shows the fundamental properties of
the system. If the transient components are decreasing in time, then a new steady
state corresponding to the excitation will be reached, i.e., the system is stable. But
an increasing transient motion means unstable performance. In this case a new
steady state will not be reached. Undamped oscillating periodic transient motion
means a stability limit, when the system is resonant to sinusoidal input signals
whose frequency is equal to the frequency of the transient oscillations. The stability
of the system can be determined based on the roots of the characteristic equation.

To analyze the transient response it is enough to consider the solution of the
homogeneous equation which provides the free motion of the system. The free
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response stems from the fact that the system is not in steady state at the time instant
t =0 (e.g., because the system previously had been moved away from its steady
state). In this case a stable system tends to reach its steady state again through the
transient motion. The transient phenomena of a system excited by an input signal
are similar as a consequence of the superposition, but now the steady state value is
replaced by the motion generated by the excitation input signal.

2.1.2 State Space Representation of Linear Differential
Equations

The state of a system described by a differential equation at time instant # = 0 is
unambiguously determined by the initial conditions. Besides the input and output
signals inner signals can also be considered in the system, characterizing the state of
the system at each time instant. These variables—the so called state variables—can
be, e.g., the output signal and its derivatives. Their main property is that they can
not respond abruptly to an abrupt change of the input signal: time is needed to
gradually change their values. From the actual values of the state variables and the
input signal, the value of the output signal at the next time instant can be
determined.

Introducing the state variables the differential equation of order n can be
transformed into a system of n first-order differential equations.

As an example let us consider the differential Egs. (2.1a) and (2.1b) with
excitation g(r) = b, u(t). Expressing y), the highest derivative, the differential
equation can be represented by the block diagram shown in Fig. 2.2. On the basis of
this block diagram, with the knowledge of the input signal and the initial

() ¥

Fig. 2.2 State space form of the differential equation
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S
[
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Fig. 2.3 State space representation of a dynamical system

conditions, the differential equation can be solved iteratively. In the block diagram
the outputs of the integrators behave like state variables. Let us denote the state
variables by x, xp, . . ., x,. With these state variables the differential equation can be
transformed to the following form.

jC1:X2

).C2:X3

: (2.10)
io— —foy Ay .. ol by

Xn = anx An X2 an Xn + anu

y=x1

In general, a system consisting of n first-order differential equations can be
written in the following vector/matrix form.

(1) = Ax(t) +bu(r)

(2.11)
y(t) = e"x(t) + du(t)

The elements of x are the state variables, A,b,c" are the matrices and vectors
describing the system, and d is a scalar parameter. The output signal depends on the
input signal generally through the state variables, but through the scalar gain by d a
direct connection also exists between the input and the output signals. The state
space representation of a dynamical system is shown in Fig. 2.3.

The state space form of a dynamical system also shows properties of the system
which otherwise remain hidden when solving the differential equation describing
the input/output relationship. Solving a set of first-order differential equations is
generally simpler than solving the differential equation of order n.

Chapter 3 discusses the state space description of a control systems, the solution
of the state equation and related topics.
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2.1.3 Typical Input Excitations, Unit Impulse
and Step Responses

The solution of the differential equation of the closed-loop control system gives the
time evolution of the output signal for an arbitrary input signal. The calculation of
one particular solution of the inhomogeneous equation is easier in the case of a
simple input signal.

It is expedient to excite the system with a typical input signal which can generate
a significant transient motion. Then the time evolution of the output signal will be
characteristic for the signal transfer properties of the system, and consequences for
the structure and the parameters of the system can be drawn from its shape.

When examining the behavior of a closed loop control system, it is expedient to
choose an input signal resulting in a response which provides information about the
reference signal tracking properties of the control system. If the system has to track
and maintain a constant value, then a step-like input signal is appropriate. If it has to
follow a changing reference signal, then a linearly changing ramp signal is to be
chosen as input signal.

The most important typical input signals are the following:

— unit impulse function (Dirac delta): ()
— unit step function: 1(z),
— unit ramp function: ¢ 1(z),

. . . 2
— unit parabolic function: 5 1(z).

The responses obtained for the typical input signals are shown in Fig. 2.4.

oL, w(t) unit impulse
response
¢ t
1(0) _ w(?) unit step response
T 5 LINEAR 7
SYSTEM
t1() () unit ramp
response
t t
e ve() . .
(e ¢ unit parabolic
2 response
t t

Fig. 2.4 Typical input signals and responses
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The DIrAc delta is an impulse of unity area and infinite amplitude acting at the
zero time instant. It is a mathematical abstraction, which can be derived as the limit
of a rectangular impulse with width As and height 1/Af, when Ar — 0. The
weighting function denoted by w(¢) is the response of the system to a Dirac delta
input. The weighting function is characteristic for the system. From its evolution
over time, one can draw conclusions about the structure and the parameters of the
system, and even its stability. The weighting function characterizes the transient
properties of the system. It behaves like the free response, as the exciting input
signal acts for an infinitesimal time at time instant # = 0, but meanwhile, because of
its finite energy content, it moves the output signal and its derivatives away from
their steady position.

The unit step signal jumps at time instant # = 0 from O to 1. Its value is zero for
t <0, and is one for > 0. The output of the system for a unit step input is called the
unit step response and is denoted by v().

The value of the unit ramp function for <0 is zero, and for >0 it is z. The
response of the system to the ramp signal is called the unit ramp response.

The value of the unit parabolic function for <0 is zero, and for > 0 it is 2 /2.
The system response to this input is called the unit parabolic response.

The step, ramp and parabolic responses also characterize the system. The rela-
tionship between the typical input signals is the following:

d d d
() ==1(r); 1(r) = dttl(t)’ 1(z) = 272 1(2). (2.12)
(It has to be mentioned here that the unit step can not be differentiated according
to the conventional definition of differentiation. In fact, the relationship between
signals (¢) and 1(#) can be interpreted using the theory of distributions.)
At the output of a linear system the relationship between the typical responses is
the same as the relationship between the corresponding input signals. (This rela-
tionship can be derived by applying the linearity property.)

_dv(r) _dw(r) _dve(2)
== v = vl == (2.13)

w(1)

Here vi(¢) is the unit ramp response and v (¢) is the unit parabolic response (thus
the weighting function is the derivative of the step response, the step response is the
derivative of the ramp response, etc.).

2.1.4 System Response to an Arbitrary Input Signal

If the weighting function or the unit step response of the system is known, then with
zero initial conditions the output can also be calculated for an arbitrary input signal.
The response of the system will provide one particular solution of the inhomoge-
neous equation.



2.1 Description of Continuous Systems in the Time Domain 47

Let us determine the system response for an arbitrary input signal with the
knowledge of the weighting function. The input signal u(z) can be approximated by
a series of shifted rectangular pulses (Fig. 2.5). Let the width of the pulses be Ar.
The number of the pulses up to a given time point 7 is N. The area of a pulse is
approximately u(t)At. The response of the system to a rectangular input pulse
shifted by 7t relative to time instant O is at time instant ¢ approximately
w(t — t)u(t)At. At a given time instant ¢ the value of the output signal is influenced
by all the pulses appearing as components of the input signal before the given time
instant. In a linear system, the effect of the individual pulses on the output is
superposed, thus the output signal can be approximately determined as

Q

y() = y(t) = Zw(t — 1) u(t)At.

i=1

Taking the limit At — O the output signal is expressed as

3(1) =Y _wit =) u(t)At — y(1)

5 (2.14)
= /w(l —1tu(t)dr, if At—0.

0

y(1) = 3(t) = Z w(v;)u(t — v;)Av (2.15)

Fig. 2.5 Conceptual

representation of the u(7) \z/

convolution integral

VR

w(t-T)u(t)At
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or taking the limit Av — 0

ZW u(t — v;)Av — y(1)

N
i=1

(2.16)

t
/w u(t —v)dv, if At — 0,
0

Equations (2.14) and (2.16) give the convolution integral or the FALTUNG the-
orem. Applying the convolution integral instead of the solution of the differential
equation a simpler expression is evaluated, but for a more complex input signal the
calculation of this integral is also cumbersome.

Equation (2.15) provides a possibility for numerical evaluation in case the
weighting function is decreasing. The values of the weighting function have to be
given at sampling points v; = 0, Av, 2Av, ..., (N — 1)Av. It is supposed that for the
further course of the weighting function w(i Av) = 0, if i > N. Besides the actual
value of the input signal, (N — 1) previous values have to be stored.

The output signal can be approximately calculated as

3(2) = [w(0)u(r) + w(Av)u(t — Av) +w(2Av)u(r — 2Av)
+ - +w((N — D)Av)u(r — (N — 1)Av)]Av

(This form is also called the HANKEL form, or the weighting function model.)

The response of the system to an arbitrary input signal can also be calculated
with the knowledge of the step response. The input signal can be approximated by a
sum of shifted steps (Fig. 2.6). The output signal is obtained by superposing the
responses to these shifted step inputs of given amplitudes.

The output signal can also be approximated by the following relationship:

v(t — 1) Au(t (2.17)
1

(1) = 1+

N
i=

Fig. 2.6 The input signal can u
be built from superposed
shifted step signals
| au3)
a2
[aun)
u(0)
K—X—X—> t

AT
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or at the individual time points:

(0) = u(0)v(0)
(At) = u(0)v(1) 4+ Au(1)v(0)
(2A7) = u(0)v(2) + Au(1)v(1) + Au(2)v(0)

AR AR

If At is small, the output signal can be calculated with appropriate accuracy on
the basis of the above relationship. If At — 0 the output signal turns out to be

¥(1) = u(0) v(r) + / Wt — 1) d’é—f)dr (2.18)

0

This expression is known as the DUHAMEL theorem.

2.1.5 Solution of a First-Order Differential Equation

A first-order differential equation is a special case of the n-th order differential
equation given by Eq. (2.1a). Now n =1, and let m = 0. Let us determine the
weighting function and the step response of the system described by a first-order
differential equation and derive the expression of the output signal for an arbitrary
input excitation using the convolution integral. The differential equation takes the
following form:

ary(t) + aoy(t) = bou(r) (2.19)

Assume zero initial condition: y(r = 0) = y(0). According to Eq. (2.4) the dif-
ferential Eq. (2.19) gets normalized in the following time constant form:

T3(1) + (1) = Au) (2.20)

where T = a1 /a, is the time constant and A = b, /a, is the gain.

The behavior of the electrical circuit consisting of a resistor and an inductor
shown in Fig. 2.1 can be described by a first-order differential equation. The
KircHHOFF voltage law for this circuit is as follows:

di(r)

L
dt

+Ri(1) = u(r).

The equation can be written in the form given by Eq. (2.20).
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Fig. 2.7 Unit step response v(0) T
and weighting function of a
system described by a /
first-order differential
equation

w(t)

S~

Let us solve the differential equation applying a unit step input signal
u(t) = 1(t). The characteristic equation is Ts+ 1 = 0. Its root is sy = —1/T. The
general solution of the homogenous equation is y,(¢) = kie"/T. For unit step input
in steady state the derivative of the output signal is zero, and
Yin(t) = y(t = 00) = A.

The complete solution is y(¢) = yu(¢) +yin(f) = kie /T +A. The value of the
parameter k; can be determined from the knowledge of the initial condition:
y(0) = 0 = k; + A. Thus, the complete solution, the analytical expression of the
unit step response is

y(1) = (1) :A(l —e_’/T), >0 (2.21)
which reaches its steady state value exponentially approximately within a time of
3T with an accuracy of 5%.

The derivative of the unit step response results in the weighting function

w(t) = d%” = /%e*’/T. (2.22)

The unit step response and the weighting function are shown in Fig. 2.7, where
the time constant 7 can be indicated in the figure based on the relationship
v(0) = w(0) = A/T.

Knowing the weighting function the output signal can be calculated for an
arbitrary input signal using the convolution integral. The complete solution
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considering also the effect of a non-zero initial condition is calculated according to
the following relationship:

e T'y(0) + /e*%(’*’)u(r)dr : (2.23)

2.2 Transformation from the Time Domain
to the Frequency and Operator Domains

An advantageous way to analyze lumped parameter differential equations is to use
function transformations which transform the original functions of time to related
functions. This transforms the original differential equation to an algebraic equa-
tion. Such transformations include the Fourier and the LAPLACE transformations.

2.2.1 FouUrIiEr series, FoURIER integral, FOURIER
transformation

A periodic signal y(f) can be expressed as the sum of harmonic (sinusoidal)
components. This sum gives the FOURIER series, whose individual elements belong
to discrete frequencies. Suppose the time period of the signal is T and its basic
frequency @, = 21t/T. The complex form of the FOURIER series is

e}

Y1) =D e (2.24)

n=—00

Fig. 2.8 Periodic signal

N
Fo [N
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Fig. 2.9 Discrete frequency spectrum of a periodic signal
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Fig. 2.10 Approximation of a periodic signal with harmonic components
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where #n is an integer and
T/2

1 .
on=7 / V()e T ds (2.25)

-T/2

¢p 1s a complex number and further on ¢, = c_,, where ¢ denotes complex
conjugate. The ¢, are the amplitudes assigned to the discrete frequencies ® = nw,
and compose the amplitude spectrum of the periodic signal y(r).

The Fourier series can be given in real form as well, where the frequency
components belonging to the same positive and negative frequency are closed up to
sine and cosine functions.

Figure 2.8 shows a periodic function. Figure 2.9 gives the amplitude-frequency
spectrum of the signal. Figure 2.10 illustrates the approximation of the function
with the basic harmonic and with three Fourier components, respectively. The
more FOURIER components are considered, the better is the approximation of the
periodic signal.

(It should be mentioned that the sine and cosine functions compose an orthog-
onal system. The FOURIER series is an orthogonal expansion of a periodic signal.)

In practice the input of a system generally is not periodic, but aperiodic (e.g., the
unit step) in nature. An absolute integrable aperiodic function, where

o0

/ |y(1)|dt = finite, (2.26)

—00

can be described in the form of a Fourier integral, which is obtained by taking the
limit 7 — oo in the Fourier series. That is, an aperiodic function can be considered
as a periodic function whose time period tends to infinity. The derivation of an
aperiodic function from a periodic function is illustrated in Fig. 2.11. By increasing
the time period, the lines in the spectrum of the amplitude-frequency function are
getting closer to each other, and in the limit the spectrum becomes continuous,
every frequency appears in the signal with a certain weight. Instead of (2.24), the
Fourier integral is obtained by taking the limit 7 — oo:

y(t)z% / Y (jo)e™ dt (2.27)

—00

where Y (jo) is the complex spectrum of the signal, the so called FOURIER transform
of the signal y(¢), which is given by the following relationship:

Y(jo) = / y(t)e dt = F{y(r)} (2.28)
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Fig. 2.11 Increasing the time period, the periodic function approximates an aperiodic function
and the frequency spectrum becomes continuous
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This is the basic expression of the Fourier transform. The signal can be
reconstructed from its FOURIER transform by the inverse FOuriEr transformation,
given by formula (2.27).

If y(¢) is different from zero only in the time domain ¢ > 1, then it is a one-sided
time function and its FOURIER transform is also one-sided. Without restriction of
generality, it can be supposed that z, = 0. Then y(¢) is called a positive time
function.

The Fourier transform exists only if the signal is absolutely integrable, i.e.,
relationship (2.26) holds. This means that the square integral of the signal also
exists, the signal has a finite energy content. Namely the energy can be expressed in
the frequency domain by the PARSEVAL or the RAYLEIGH theorem as

/ yz(t)dt:% Y (jo) Y (—jow)do. (2.29)

—00 —00

Applying the Fourier transformation to a differential equation an algebraic
equation is obtained. Let us calculate the first time derivative of Eq. (2.27).

. _ 1 r . . jot
() = 5 / joY (jo)ddr,

It can be seen that the Fourier transform of y(¢) is joY (jo), so in the frequency
domain, differentiation by ¢ is simplified to multiplication by jo.

It was seen that both the periodic and the aperiodic signals can be given by
superposition of sinusoidal signals of different frequencies. Periodic signals can be
approximated by the sum of sinusoidal signals of given discrete frequencies, where
the higher frequency components appear with lower amplitude. Aperiodic signals
contain all frequency components with a certain weighting. If a linear system is
excited by a signal which is approximated by the sum of its sinusoidal components
of different frequencies, using the superposition theorem the output signal can be
approximated by the sum of the system responses for the individual components of
the input signal. The approximation of the output signal is better if more frequency
components are taken into account. Figure 2.12 shows the output of a system
described by a second order differential equation in the case of a periodic rectan-
gular input signal, and also illustrates the approximation of the input and the output
signal with four and ten FOURIER components, respectively. It can be seen that both
the input and the output signals are approximated well by ten components.
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Fig. 2.12 Approximation of the periodic input and output signals of a second order system

Based on the above considerations, if the responses of a linear system are known
for sinusoidal input signals, then theoretically its time response for an arbitrary

input signal can also be given approximately.
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2.2.2 The LapriAck Transformation

Condition (2.26) of absolute integrability imposes a severe limit to the application
of Fourier transforms. This condition is not fulfilled for a number of practically
applied signals (e.g., the unit step).

For practical applicability, the Fourier transformation has to be modified to
make it usable for non-integrable signals as well.

The scope of validity of the one-sided Fourier transformation can be signifi-
cantly extended if the function y(z) to be transformed is first multiplied by the
function e~ ', thus ensuring the condition of absolute integrability of the resulting
function for a wide range of functions. Then the Fourier transform of the resulting
function is determined. Under the condition ¢ > 0, all the power functions, and
under the condition ¢ > o also the exponential function e* with positive values of
o, become absolutely integrable between ¢ = 0 and co. The Fourier transform of
the function obtained by multiplying the original function with ¢~ is called the
Lapriack transform of the original function.

The LapLack transform for one-sided functions starting at = O:

L) = / y()e e odr = / y(t)ede = ¥(s),
J /

where the transformation variable s = ¢ 4 jo is a complex number with positive
real part. Thus the LAPLACE transform of a function y(¢) is

Y(s) = L{y(1)} = [ y(t)e"dt (2.30)
[

and the inverse LAPLACE transform is

y(t) = L7{Y(s)} = %ﬂij / Y(s)e"ds. (2.31)

c—joo

The path of integration is to be chosen in such a way that ¥ (s) be in its range of
regularity, i.e., the singular places are to be the left of the path. In practical cases
this general inversion formula can be replaced by methods which can be handled
more easily, but with a narrower scope of validity (e.g., the expansion theorem).
(Taking the limit s — jo the LAPLACE transform provides the FOurier transform if it
exists.) Table 2.1 gives the LapLACE transforms of some important functions. All the
functions are considered one-sided.
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Table 2.1 LapLACE transforms of some functions

() Y(s)

3(1) 1

1(7) 5

! ¢

" S
—at 1

¢ s+a
_ ot a

l—e s(s+a)
—at 1

fe (s+a)?
1 —1,— 1

e Gr

Sin((Dt) MLUJZ

cos(mr) i

Some important operational rules of the LAPLACE transformation follow.
Linearity

The LAPLACE transformation is a linear operation. If the individual time functions
are multiplied by constants and summed, then the LaApLACE transform of the
resulting function can be calculated in a similar way.

,C{Clyl (t) + Czyz(l)} =Y (S) + CzYQ(S) (232)

Differentiation

L{y(1)} = sY(s) — y(=0)
L{F(1)} = s*Y(s) = sy(=0) — 3(~0)

If the function jumps at time instant ¢ = 0, in the LApLACE transform of the
derivative the initial value to be considered is the value of the function just before
the jump (r = —O0). If the initial values of the function and all of its derivatives are
zeros, then differentiation with respect to time is reduced to multiplication by the
appropriate power of s in the operator domain.

The differentiation of a LAPLACE transform with respect to s leads to multipli-
cation in the time domain as follows:

(2.33)

L) = — S 70). (2.34)
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Integration

c / y(x)de :%Y(s) (2.35)

0
Dead-time, shift in the s domain
L{p@ELt1)} = ei”Y(s); y()=0 if z<=t (2.36)
L{e ™ y(t)} = Y(s +a). (2.37)

Shifting the initial point of y to the right by t in the operator domain means
multiplication of the transformed function by e~*".

Initial and final value theorem

y(t= +0) = lim sY(s)
e (2.38)
¥(t = 00) = lims¥(s)

The relationship related to the steady state (r — oo) can only be applied if the
poles of Y(s) are on the left side of the complex plane, i.e., the transients are
decaying, the steady state does exist (the relationship gives a false result, e.g., for a
sinusoidal signal or for an exponentially increasing signal).

Convolution

1

L /)’1 (T)yg(t — ‘E)d‘[ =Y (S)YQ(S). (239)

0

In the operator domain of the LAPLACE transformation, the convolution integral
can be calculated by simply multiplying the LaPLACE transforms of the individual
functions.

Inverse LAPLACE transform of a rational fraction

Calculation of the inverse LAPLACE transform by (2.31) is rarely applied. In general,
analyzing linear systems with constant parameters, the LAPLACE transform of a
signal is a rational fraction (i.e., a quotient of polynomials with real coefficients).

_ g(S) _ Bmsm + B,7171S"1_1 + o+ Bo

<n. 2.40
H(s) "+ 0" T o m<n (2.40)

)
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A rational function can be separated into partial fractions, and the inverse
LapLace transform of the partial fraction can be calculated. This is the so called
expansion theorem, which is simple if the denominator has single poles.

Y(s) = Z " Where ri= G(si)

Speuys H(s)’ (2.41)

y() =) e’ (2.42)

For a multiple pole, the number of terms in the partial fractional expansion of the
rational fraction that must be employed is equal to the multiplicity of the pole. For
example, if the i-th pole is a double pole, then the partial fraction terms are

Tl i

t 03
s—si (s—s)

(2.43)

whose inverse transform according to Table 2.1 is (r; + trpp)e™.

2.2.3 The Transfer Function

Applying the LapLace transformation to the differential equation, an algebraic
equation is obtained. With zero initial conditions the derivatives are simply replaced
by multiplications by the appropriate powers of the variable s. The solution of the
algebraic equation gives the LAPLACE transform of the output signal. By the inverse
LapLAcE transformation, we get the output signal in the time domain.

Applying the LapLACE transformation to the differential Eq. (2.1a) supposing
zero initial conditions the following equation is obtained:

a,s"Y(5) + an 15" Y (s) + - +a1sY(s) +aoY(s)
= bys"U(8) + by 18" U(s) + - -+ +b1sU(s) + b, U(s)

or

DS + by 15"+ - +bis+ b,
aps" +a,_ 15"+ - +as+a

Y(s) =

U(s) = H(s)U(s) (2.44a)

where Y(s) = L{y(¢)}, U(s) = L{u(z)}, and H(s) is the so called transfer function.
For physically realizable systems, m < n. In this case the transfer function is called
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proper. If the stricter condition m <n is also fulfilled, the H(s) transfer function is
strictly proper. The difference in the degrees, n — m, is called the pole-excess.

For systems containing also series dead-time the LapLACE transform of differ-
ential equation (2.1b) is

a,8"Y(s) +a, 18" Y (s) + - +aisY(s) +ao¥(s)
= [Bus"U(s) + by-158" ' U(s) + -+ +bisU(s) + boU(s)]e "™

or

bm m bm— m—1 b bo
y(s) = 2 T OmasT A0S Do sty — H(sU(s)  (2.44b)

aps" + ap_ 15"+ - Fais+a

The transfer function of a system is the ratio of the LAPLACE transforms of its
output and input signals (Fig. 2.13).

H(s) = — (2.45)

Different forms of the transfer function

In the sequel, systems without dead-time will be considered. The transfer
function can be given in polynomial/polynomial form as

bmsm —|—bm,1Sm_l + .- +b1S+b0

ansn “i’an—lsn_l + - +als+a0

H(s) = (2.46)

The numerator and the denominator have real or complex conjugate poles. Let
us denote the roots of the numerator—the zeros of the transfer function—by

21,22, - - -, Zm» and the roots of the denominator—the poles of the transfer function—
by p1,p2, .. .,pn. The zero-pole-gain form of the transfer function is

(S_Zl)(S—ZQ)"'(S—Zm)

B = )G pa) (=)

(2.47)

Fig. 2.13 A linear system - 1)
can be described by its _ Ml System Y
transfer function U(s) H(s) Y(s)




62 2 Description of Continuous Linear Systems in the Time ...

where the value of the gain factor is k = b,,/a,. The transfer function can also be
given in partial fractional form as (supposing single roots):

H(s) = is jipi, (2.48)

i=1

where p; denotes the poles while r; denotes the residues of the transfer function.
Both the poles and the residues can take real or complex conjugate values.

In control applications many times it is advantageous to feature the reciprocals of
the roots, the so called time constants in the transfer function. Introducing the
notations 1, = —1/z; and T; = —1/p; the time constant form of the transfer function
is obtained as:

(l +ST1)(1 —|—s‘[,'2). . (1 +S'Cm)

H(S) :A(l +ST1)(1 —|—ST2). . (1 +STH) '

(2.49)

where 1; and T; are real or complex numbers and A is the gain whose value is
expressed as

Ao by _ X (=z1). . (=zm)

a  (=p1)---(=pa)’

For zeros and poles that have the values of zero, the conversion is not performed.

It is reasonable to combine the complex conjugate pairs of root both in the
numerator and the denominator into second order terms with real coefficients. Let,
e.g., pr = o+jP and p, = p; = o — jP be complex conjugate poles. Multiplying
together the root factors, the following relationship is obtained:

(s =p1)(s —p2) = (s —a—jB)(s — a+jB)
= 5> —2as+ o+ B2
= 57+ 2Em,s + @]
where 02 = o? + B* and & = —a/m,.

In time constant form,

2 1
57+ 2E0es + 0 = mi(l L2 2s2>.
™o 2
Introducing the time constant T, = 1/®, the part of the right hand side of the
equation in brackets can be written in a form like 1 +2&T,s + T2s . The frequency
®, is called the natural frequency and & is the damping factor of the second degree
term.
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Combining the terms with complex conjugate roots the transfer function can be
written in the following form.

A T (T+s7) TT§ (1 +20;Tois + szrgj)

§ H? (1 ‘*‘”j) H{ (1 + 2§jTQ/S+S2T§j)

(2.50)

If i <0, the element contains the effect of a differentiation.

If i = 0, the element is proportional.

If i > 0, the element contains the effect of an integration.

These effects clearly appear when the transients generated by the input signal
have already decayed.

In the case of dead-time the above transfer functions have to be multiplied by

e*STd

The relation of the transfer function to the weighting function and the unit step
response

With the transfer function the output signal can be determined as the response to
a given input excitation.

Y(s) = H(s)U(s)

. . (2.51)
y(0) = L7{Y(s)} = LH{H(s)U(s)}
Knowing the transfer function the weighting function and the unit step response
can easily be calculated.
The weighting function is the system response to a DIRac delta impulse in the
time domain. As £{5(¢)} = 1, the LapLACE transform of the weighting function is
the transfer function

Y(s) = U(s)H(s) = L{8(¢) }H(s) = H(s)
Hence the weighting function is
w(t) = L '{H(s)} andviceversa H(s) = L{w(t)} (2.52)

Thus the LapLACE transform of the weighting function of a system is the transfer
function of the system. With the knowledge of the weighting function the system
response to an arbitrary input signal can be determined with the convolution
integral. In the domain of the LapLACE transformation, convolution is transformed to
multiplication:

t

y(t) = LY ()} = L {H(s)U(s)} = / w(t — t)u(t)dr. (2.53)

0
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The unit step response is the system response in the time domain to a unit step
input signal. The LapLacE transform of the unit step response is

Y(s) = U(s)H(s) = £{1(1)}H(s) = %H(s).

The unit step response can be obtained by an inverse LAPLACE transformation of

the above expression.
H (.
v(r) =L£7! {%g)} (2.54)

The unit step response of a proportional element is illustrated in Fig. 2.14.

The initial and final value of the unit step response and also the initial values of
its derivatives can be determined on the basis of the transfer function. Using the
initial value theorem the initial value of the unit step response is:

v(0) = lim s& = lim H(s) (2.55)

§—00 S §—00

The initial value of the r-th order derivative of the unit step response is:

v0(0) = tim s> 2O i v 11 (0) (2.56)

§—00 Ky §—00

Letting s — oo in the transfer function (2.44a) and (2.44b), the highest degree
terms dominate in the numerator and the denominator:

y(0) = lim s" bms} = lim > (2.57)

If the degrees of the numerator and the denominator are identical, the unit step
response jumps at time instant # = 0. If there is a difference between the degrees of
the denominator and the numerator, there is a jump at # = O in the derivative of
order r = n — m, and the value of the lower order derivatives is zero at t = 0. If the

Fig. 2.14 Unit step response v(t)
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difference in the degree is 1, the value of the unit step response at t = 0 is zero, but
the value of the first derivative is different from zero: the unit step response starts
with a finite slope. If the difference of the degrees of the denominator and the
numerator is 2, then the initial value of the unit step response and also of its first
derivative (initial slope) is zero, and the initial value of the second derivative is
non-zero. The greater the degree difference is, the better the step response fits to the
time axis at the initial point # = 0.

The steady state value of the step response (supposing that a steady state is
reached at all, i.e., in (2.50) the real value of all of the poles is negative) is

HE) i (o) (2.58)

N s—0

v(t — o0) = lin&s
S

In this case in expression (2.50) the terms containing the variable s can be
neglected.

If i = 0, the steady state value of the system for a unit step input will settle down
to the value of the static gain A. Elements with this property are called proportional
elements. If i > 0, the element has the effect of integration and the output signal
tends to infinity if # — oo, linearly if i = 1, and quadratically if i = 2. If i <0, the
element has the effect of a differentiation and the steady value of the step response is
zero (see Fig. 2.15).

The poles of the transfer function characterize the transient response. Real poles
result in aperiodic transients, while complex conjugate poles provide oscillating
transients. A pole at the origin means an integration. Poles on the left side of the
complex plane give decreasing transients, while poles on the right side lead to
increasing transients. Figure 2.16 shows poles of systems located in different areas of
the complex plane as well as the shapes of the corresponding weighting functions.

Fig. 2.15 Stationary W)
behavior of the unit step
response
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Im s
t t
t
X X
N = L
% t t "\( t
Re s
X
X X

Fig. 2.16 Poles of the transfer function and types of the related weighting functions

2.2.4 Basic Connections of Elementary Blocks,
Block-Scheme Algebra, Equivalent Block
Manipulations

In a closed-loop control system the elements are connected to each other. The way
they are connected and interact get defined in block diagrams.
The three basic ways of connecting elements are

— serial connection,
— parallel connection, and
— feedback connection.

Let us determine the resulting transfer functions of the different basic connection
types.

Serial connection

In serial connection the output of the considered element is the input of the next one
(Fig. 2.17).

U(s) H,(5) Y (s) - Y(s) EU(s) H,($)H, (s) Y(s)

Fig. 2.17 Serial connection
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The LapLACE transform of the output signal is
Y(s) = Yi(s)Ha(s) = U(s)H (s)Ha(s)

Thus the resulting transfer function is obtained by multiplying the transfer
functions of the individual elements.

H(s) = Hi(s)Ha(s)

Parallel connection

In parallel connection the input of the individual elements is the same, and the
outputs are summarized (Fig. 2.18). The LapPLACE transform of the output signal is

Y(s) = Yi(s) + Ya(s) = U(s)[Hi(s) + Ha(s)]

Thus the resulting transfer function is the sum of the transfer functions of the
individual elements.

H(s) = Hi(s) + Hals)

It is to be emphasized that above contraction of H; and H, is only possible if
their inputs are the same and their outputs are summarized exclusively in one
common point.

Feedback connection

We talk about feedback if the output of an element—passing through another
element—is added or subtracted from its input. Addition realizes positive feedback,
while subtraction means negative feedback. The basic connection of a closed loop
control system is the negative feedback. Based on Fig. 2.19 let us determine the
resulting transfer function of a feedback circuit.

1(s)

H(s) +
Ues) i)Y(S) = YOy )+ i, | XO,
H,(s) J+
Y, (s)
Fig. 2.18 Parallel connection
U(s) E(s) Yis) _ U(s)[ H 1Y)
- F H$) 71—~ = 1+ H H,
¥
H,(s)

Fig. 2.19 Feedback scheme
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The LapLACE transform of the output signal is
Y(s) = E(s)H\(s) = [U(s) — Ha(s)Y (s)]H1(s)

Rearranging Y(s) = [H;(s)/(1 + H,(s)H(s))]U(s), the resulting transfer func-
tion is
H(s) = Hl—(s>

1+ H(s)H;(s)

In the denominator the negative sign stands for positive feedback. The transfer
function L(s) = H;(s)H,(s) is called the loop transfer function.

The mathematical analysis of a closed-loop control system is greatly facilitated
by block diagrams. The analysis can be simplified in many cases if the block
diagram is converted to another, equivalent form using conversion rules. With a
conversion, a simpler form or a more advantageous structure for the calculations
can be obtained. Blocks and signals can be relocated with the conversion, but the
effects of the individual input signals on the output signals have to remain
unchanged. In the sequel some rules for equivalent conversions will be presented.

The junction points from the same signal can be interchanged (Fig. 2.20). The
location of the summation points can be interchanged (Fig. 2.21). Figure 2.22
shows the equivalent relocation of the summation points. Relocation of a junction
point is shown in Fig. 2.23.

Example 2.1 In the block diagram of Fig. 2.24 the system is given by two serially
connected elements characterized by their transfer functions. The disturbance acts
between the two elements. Let us transform the disturbance to the output or to the
input. Figure 2.25 shows the converted block diagrams. |

Example 2.2 Let us determine the resulting transfer function of the complex control
scheme shown in Fig. 2.26 between the output signal y and the reference signal r.

The steps of the conversion of the block diagram and the calculation of the
resulting transfer function are shown in Fig. 2.27. |

‘ _X(@) ‘ _X()
Xl(S)J Xz(S)J Xz(s)l XI(S)J

Fig. 2.20 The junction points are interchangeable

X, (s) X, () _ X9 X,(s)
1 O ©4 = 1 <> <>4

Xz(s)T XS(S)I X;(s)T XZ(S)I

Fig. 2.21 The summation points are interchangeable
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A'H +,< )X3,
L s

=X1+<> HX3
+
Ll.L

H
Fig. 2.22 Equivalent relocation of the summation points
)]
X, X, X,
— H - = ——
X,
-2
(b)
X, X, X, X

|-

Fig. 2.23 Relocation of a junction point
Yn
u y
— P —» P —»

Fig. 2.24 The disturbance acts between the two serially connected elements

i Yno

iyni
P, 1
P,

B A e

Fig. 2.25 The disturbance can be relocated to the output or to the input of the process



70 2 Description of Continuous Linear Systems in the Time ...

[ =

’
7, He o )~ H, ()~ H, H, >
- +
HS
H(\
Fig. 2.26 Multiloop control system
H,
H,
r + + Y
H()_>[-1] H©_>HZAQ_>H34>H4
- +
HS
H()
H o,
H, |

T
=
=
=

H -
r uo L H,HH, Y
\-H,H,H,+H,H,H,
H, =

r H.H,H,H, y
\—H,H,H,+H,H,H, +HH,HHH,

Fig. 2.27 Steps of conversion of a block diagram
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Example 2.3 Let us give the resulting transfer function of the circuit shown in

Fig. 2.28.

The steps of the conversion of the block diagram and the determination of the
resulting transfer function are given in Fig. 2.29.

(a)

(b)

H1[1+

H,
H3

)

H3
1+H,H,

Fig. 2.29 Steps of conversion of the block diagram

Fig. 2.28 Control system
with forward path

m
Y
y
+
+ 4
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2.3 Investigation of Linear Dynamical Systems
in the Frequency Domain

In the sequel, the outputs of a linear system for sinusoidal input signals will be
investigated. The system responses for sinusoidal input signals—as we have seen in
Sect. 2.2 in relation to FOURIER analysis—contain basic information about system
responses to other, non-sinusoidal inputs, as well, as a given input signal can be
expanded to a sum of sinusoidal components. In a linear system, summing the
responses for the individual sinusoidal input signal components yields an approx-
imation of the output signal for the given input signal.

The basic property of stable linear systems is that for sinusoidal input signals in
steady state, after the decaying of the transients they respond with sinusoidal output
signals of the same frequency as that of the input signal (Fig. 2.30). The amplitude
and the phase angle of the output signal, however, depend on the frequency.

Let the input signal of the system be u(r) = Aysin(wr+ @, ), ¢ > 0. The output
signal is

y([) = ysteady (t) + ylransient(t) .

The output signal in steady (quasi-stationary) state is
Ysteady (l) = AySil’l (O)I + (py).

(Let us remark that ygeaay(?) is generally not equal to the steady state final value
yss of the transient signal introduced earlier.) The frequency function is a complex
function representing the frequency dependence of two system properties, the
amplitude ratio Ay /A, and the phase difference (¢, — ¢,). It can be proven that
formally the frequency function can be derived from the transfer function by
substituting s = jo, which gives the direct relationship between the operator
domain of the LAPLACE transformation and the frequency domain.

H(joo) = H(s)|,_j,= |H(j0)|e®) = a(0)e®® (2.59)

In the frequency function, the expressions for the amplitude function a(®) (the

absolute value of the frequency function) and the phase function ¢(o) (the phase
angle of the frequency function) are

u(t)= A, sin(wt+@,)

- H(s)

y() = Ay sin(or + (P\) + yiransient

Fig. 2.30 Response of a linear system to a sinusoidal input signal
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a(w) = [H(jo)| =

¢(0) = arg{H(jo)} = ¢y(0) = ¢ ()

Proof Suppose the transfer function of the system is

(S — Z])(S - 22)- . .(S — Zm)

H(S) = k(S —p1)(5 _pz). . .(S _pn)

For the sake of simplicity, let us suppose there are only single poles and zeros.
The LapLace transform of the sinusoidal input signal is

Ay®
S2 + 0)2 :

U(s)

The output signal can be written in partial fractional form as

- _ Au(J) (S—Zl)(S—Zz)"'(S—Zm)

YO = V) = e o —p) =)
Oﬁl + 01. + By + B, Tt Bn

s +Jjo s —JjoO S —Pp1 s — P2 S — Pn

where o and o are complex conjugate residues. By means of the inverse LAPLACE
transformation the output signal in the time domain is calculated to be

y(1) = L7HY(5)} = o + 5/ + B’ + By + -+ + B

For a stable system, the transients resulting from those partial fractions which
contain the poles of the system are decreasing and the quasi-stationary response—
as seen from the above formula—is a sinusoidal signal with the same frequency as
that of the input signal.

Let us determine the values of the residues o and & based on the above partial
fractional description given for Y (s).

Ay®
o=
S2+0)2

H(s)(s +jo) = —%H(—jw)

S=—jo

Ay
d a=—H(
and @ T (jo)
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So
Au o Av o 1
Y, = —-H(— —H
Steady(s) 2j (=j) s+ jo + 2j (o) s —Jjo
Ay ; 1 A ; 1
= _ Y HG)]e 7@~ & Y H(>iw)]/0@
o7 IHUe)le ™ & 5p GO =2

and the steady state, quasi-stationary component of the output signal is
Ay . (0t + @) —j(or+ @) . .
vty (1) = 52 [HGO)| [/ ) — )] = A, o) sin(ot + )

Thus it has been proved that the frequency function can be obtained from the
transfer function by substituting s = jo, i.e., H(jow) = H(s)|,_jq-

Note that the frequency function is the Fourier transform of the weighting
function, if it exists.

When a system is excited by an input signal which produces transients, initially
the high frequencies (faster in time) are dominant, and subsequently the low fre-
quency properties are dominant. Taking the limit jo — 0 gives the steady state, i.e.,
the steady state value of the unit step response (+ — o0) is equal to the amplitude of
the frequency function at @ = 0. The initial value of the unit step response is equal
to the value of the frequency function as ® — oo.

2.3.1 Graphical Representations of the Frequency
Functions

The frequency function can be plotted in several forms. The Nyouist diagram draws
the frequency function in the complex plane as a polar diagram. For each value of
the frequency function in the selected frequency range a point can be given in the
complex plane corresponding to the pair of values a(®) and ¢(w). Connecting
these points by a contour forms the NyqQuist diagram. When plotting the NyqQuist
diagram, generally the frequency is taken between zero and infinity (Fig. 2.31). The
arrow shows the direction of increasing frequency parameter. Often the curve is
supplemented by values calculated for negative frequencies. In this case the dia-
gram is called the complete Nyquist diagram. The part of the diagram given for the
frequency range —oo <® <0 (indicated by the dashed line in the figure) is the
mirror image of the curve plotted for positive frequencies related to the real axis.
The Nyquist diagram can also be considered as the conformal mapping of the
straight line s = j®, —0o <®< 0o according to the function H(s).



2.3 Investigation

Fig. 2.31 Nvyquist diagram
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The shape of the Nyquist diagram characterizes the system. Analyzing the
NyquisT diagram a qualitative picture can be obtained of important system prop-
erties (e.g., stability).

The Bobe diagram simultaneously plots the absolute value a(®) and the phase
angle @(o) of the frequency function versus the frequency in a given frequency
range (Fig. 2.32). Generally the frequency scale is logarithmic in order to cover a

|H(jo)| phase
dB absolute value
value
60 -+1000
|H(jo)| = a(e)
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1 decade
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Fig. 2.32 BobE diagram
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wide frequency range. The frequency range when the frequency is changed by a
factor 10 is called a decade. (In music, the word octave is used, which gives a
frequency band when the frequency is changed by a factor of two.) The absolute
value—following telecommunication tradition—is scaled in decibels. The decibel
(dB) employs the base 10 (decimal) logarithm of a number, then this value is
multiplied by 20. The phase angle is drawn in a linear scale.

The advantage of the Bope diagram on the one hand is that multiplying indi-
vidual frequency function components—because of the logarithmic scale—the
BopE diagrams of the individual components are simply added. On the other hand a
further advantage is that generally the Bobe amplitude-frequency diagram can well
be approximated by its asymptotes. From the course and from the breakpoints of the
asymptotic amplitude-frequency curve, a quick evaluation can be made about
fundamental system properties.

2.4 Transfer Characteristics of Typical Basic Blocks

As was seen, a linear time-invariant (L7]) system can be described by the differ-
ential Eq. (2.1b),

@y (6) + ap iy (1) 4 -+ ar(r) + aoy(1)
= bmu('")(t — Td) —|—bm_1u(m71)(t — Td) + .. —‘rblit(l‘ — Td) —|—b(,u(t — Td)

or in time constant form it can be given by the transfer function in the following
form:

A IT5 (1 +s75) H‘IJ (1 + 2005 + szrgj)
S) = —
st H‘; (1 + sTj) H{ (1 + 2§jTojs + szng)

e (2.60)

In particular cases the order of the differential equation is given, and possibly
some terms are missing, and the transfer function contains only some elements of
the general form. The general linear element described by H(s) can be built as the
combination of some appropriately chosen simple basic elements.

In the sequel, the time and frequency characteristics of the most important
transfer elements will be investigated. These elements are the proportional, inte-
grating, differentiating, dead-time and lag elements, and elements obtained by their
series and parallel connection.
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2.4.1 Ideal Basic Blocks

The ideal basic elements are the pure proportional, integrating, differentiating ele-
ments and the dead-time element.

Proportional (P) element

Its differential equation is a,y(¢) = bou(t), which actually is an algebraic equation.
A proportional element is for instance an amplifier in its linearity range. The
transfer function is a constant, also called the gain factor.

H(s) = Hp(s) = A = by/a,. (2.61)

Its weighting function is a Dirac delta of area A, its unit step response is a step
function of amplitude A. Its NyQuisT diagram is a single point at the real axis. Its
Bobe amplitude diagram is a straight line parallel to the frequency axis, its phase
angle is zero at all frequencies. The characteristics are shown in Table 2.2.

Integrating (I) element

Its differential equation is

dy(t
ngl:bwUL
or in time constant form
dy(r) dy(r)
T, P u(t), or & = Ku(r),

where K; = 1/T; and Ty is the integrating time constant. The solution of the dif-
ferential equation is:

1

ﬂg:%/ﬁmm+c

0

With zero input signal the system maintains the output signal corresponding to
its previous state. The integrating element has a memory property. The signal at its
output can be constant only if the value of its input signal is zero. The actual value
of its output signal depends on the past values of the input signal.

An example for a physical realization of an integrating element is a liquid tank if
its input signal is the rate of inflow of the liquid and its output signal is the level in
the tank, or the relationship between the terminal voltage of a capacitor and its
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charging current, or the relationship between the change of the angular position of a
motor as the function of the angular speed. Its transfer function is:

H(s) = Hi(s) = — =51 (2.62)

sTi s
and its frequency function is

HI (]0)) = L = ﬁ .
joTy jo

Its weighting function is a step, its unit step response is a ramp, which reaches
unity after an elapsed time equal to the integrating time constant. Its NyqQuist
diagram for positive o values is a straight line going through the negative imaginary
axis. The amplitude of the frequency function is 20lg |H (jo)| = —20lg @Tj, so the
Bope amplitude-frequency diagram is a straight line of slope —20 dB/decade,
crossing the 0 dB axis at 1/77. When the frequency is increased by a factor of ten,
the amplitude is decreased by a factor of ten (it decreases by —20 dB). The value of
the phase angle is —90° at all frequencies. The characteristic functions are shown in
Table 2.2.

Note that if the element contains two integrating effects, its transfer function is
H(s) = K1 /s> = 1/s*T?, its Nyquist diagram goes through the negative real axis,
the slope of the straight line of its Bobe amplitude diagram is —40 dB/decade,
which crosses the zero dB axis at frequency /K7, and its phase angle is —180° at all
frequencies.

Differentiating (D) element

Its differential equation in time constant form is

y(1) = dL:l(lt)
The corresponding transfer function is
H(s) = Hp(s) = stp, (2.63)
and the frequency function:
Hp(jo) = jotp.

Its weighting function consists of two Dirac delta signals of the same area but of
opposite sign. Its unit step response is a DIrac delta of area tp. Its ramp response is
a step of amplitude tp. Differentiating elements in reality appear only in systems
where impulses and step-like inputs are excluded and can not be applied. The ideal
differentiating element can not be realized, as a real physical device is not able to
produce a Dirac delta pulse as a response to a step input. It can be seen that the
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differentiating element gives zero output for a constant input signal. Therefore a
D element is never connected serially in a closed control loop, as it would break off
the loop in steady state.

The Nyquist diagram of the differentiating element for positive ® values is a
straight line going through the positive imaginary axis. Its Bobe diagram is a
straight line of slope +20 dB/decade crossing the zero dB axis at 1/1p. The phase
angle is +90° at all frequencies. The characteristic curves are given in Table 2.2.

An example for the physical realization of the ideal differentiating element is a
transformer with open secondary circuit, where the input signal is the primary
current, and the output signal is the induced voltage in the secondary coil. But in the
primary circuit because of known physical laws, the primary current can not be
changed in a step-like fashion.

Dead-time (H) element

Real processes often contain dead-time. If in a technological process a material
(solid, liquid or gaseous) is transported from one place to another, then in the model
of the process a transportation delay, the so called dead-time has to be considered.

In the dead-time element a delay Ty appears between the output and the input
signals, which can be described by the following time function:

(l)_ 0, if t<Ty
Y o u(z‘de), if t>Ty

Its differential equation is an algebraic equation:
aoy(t) = bou(t — Ty), or y(t) =Au(t — Ty).
Its transfer function is a transcendental function:
H(s) = Hy(s) = Ae™Te. (2.64)
The frequency function is
Hy(jo) = Ae 7T
where the absolute value and the phase angle are expressed by
a(w) =|e7*"|=A and ¢(0)=arg{e 7} = —0Ty.

The characteristic functions are shown in Table 2.2.

The weighting function is a Dirac delta signal of area A shifted by the delay Ty,
the unit step response is a step of amplitude A shifted by 7,;. The NyqQuisT diagram
consists of overlapping circles of radius A with their centers in the origin, where the
endpoint of vector Hy(jo) turns by an angle of —@Ty with increasing ®. Vectors
shifted by angle 2n are coincident. The Bope amplitude diagram is a straight line
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parallel to the frequency axis (it is the same as the amplitude diagram of the ideal
P element), and the phase angle changes with the frequency in a linear way. At
frequency @ = 1/Ty4 the phase angle is —1 rad = —57.3°.

Dead-time exists in every real system, but its effect is significant only if the time
of the transients in the system is comparable to the dead-time. In describing mass
and energy transfer phenomena, the dead-time can not be neglected (mass transfer
on conveyor or pipeline, convection, etc.).

2.4.2 Lag Blocks

Operations described by the ideal basic elements are influenced by energy storage
elements which always show up in real devices. Their effect is taken into consid-
eration by the so called lag elements. The basic types are the first and the second
order lag element.

First order lag element
This element can be described by the following differential equation given in
time constant form:

)

s +y(t) = Au(?)

Solving for the derivative of the output signal:

dy(r) A 1
L ="—u(t) — =y(1).
28 =Lt - 200
The output signal can be obtained by integrating its derivative. According to the
above expression the element can be represented as an integrator fed back by a
constant (Fig. 2.33).
The transfer function of this element is

A
H(s) = Hr(s) = 2.65
(5) = Hr(s) = T (265)
Fig. 2.33 The first order lag ¢ t
element can be interpreted as ﬂ» é b j y(@)
an integrator fed back by a U(s) r Y(s)

constant gain -

N =
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and its frequency function is

A
H(jo) = ——.
(o) 1 +joT
By the inverse LapPLACE transformation, expressions for the weighting function
and the unit step response can be obtained:

w(t) = %e*t” and v(t) = A(l - e*’/T), t>0.

The functions are shown in Fig. 2.34. Let us observe in the figure the excised
sections cut by the initial slopes of the unit step response and the weighting
function, respectively.

For positive o values the NyqQuisT diagram is a half circle, which starts at ® = 0
from point A of the real axis of the complex plane, and goes to the origin as ® — oo
(Fig. 2.35).

To determine the BobE diagram let us express the absolute value of the fre-
quency function.

201g|H(jo)| = 201gA — 201g/1 + ?T?

w(f)
(1) 4 4
T
t A T !
1+sT
1(7) o)
A
t <> t
T

Fig. 2.34 Weighting function and unit step response of a first order lag element

Fig. 2.35 Nvyquist diagram
of a first order lag element

Im
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Supposing A =1 the first term is zero. Let us apply the following
approximations:

If oT << 1, 201g|H(jo)| = 0

If o >>1, 201g|H(jo)| ~ —201geoT

If oT = 1, 201g|H (jo)| = —201g\/2 ~ —3dB

The approximate BopE diagram goes along the O dB axis till the so called corner
frequency ; = 1/T, then it continues with a straight line of slope —20 dB/decade.
At the corner frequency the accurate value of the amplitude is —201gv/2 ~ —3 dB
(Fig. 2.36). In the figure the accurate diagram is denoted by a thin line. If the gain is
not unity, then the Bobe diagram is shifted parallel up or down by (201gA). The
system can be considered as a low-pass filter which passes the low frequency
signals, and attenuates the high frequency signals.

In the low frequency domain, the first order lag element can be approximated by
a proportional element and in the high frequency domain by an integrating element.
In the time domain this means that as + — oo the element shows proportional
properties, its output signal settles down to a constant value corresponding to the
unit step input, while for + = 0, when the input signal is switched on, it shows an
integrating effect.

The expression for the phase angle is @(®) = —arctg ®T. The phase function is
shown in Fig. 2.36. At the corner frequency ®; = 1/T the phase shift is —45°, the
slope of the curve is —66°/decade (see A.2.1 of Appendix A.5 for the element
H(s) =1+sT).

Fig. 2.36 Bobk diagram of a |H(jo)|
first order lag element

—20dB/decade

—45°

-90°
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An example of a first order lag element is an electrical circuit consisting of a
serially connected resistor and inductor, where the input signal is the terminal
voltage and the output is the current.

Second order oscillating (&) element

The second order proportional element can be described by the following differ-
ential equation:

LB b

iz +a i + aoy(t) = bou(t).

This differential equation describes, for instance, the behavior of an electrical
circuit consisting of a resistor R, an inductor L and a capacitor C (Fig. 2.37), or a
mechanical system consisting of a mass m, a spring with spring constant ¢ and a
fluid friction element with friction coefficient k (Fig. 2.38).

For the electrical circuit the following KiRcHHOFF voltage law holds:

'R+Ldi + ! / idt
u=i —+ =i
e C
The input signal is the terminal voltage u, the output signal is either the current i
or the charge ¢ = [ idr.

d>¢ dq 1
L— +R—+—=g=
a2 e Tl
In the mechanical example the following differential equation gives the rela-
tionship between the external force F applied to the mass and the position 4.

Fig. 2.37 The behavior of an R L
electrical circuit consisting of o I |
a resistor, an inductor and a - >
capacitor can be described by u ! L
a second order differential T
equation
o

Fig. 2.38 The behavior of a
mechanical system consisting ¢
of a mass, a spring and a fluid M e
friction element can be m NG
described by a second order 2 Dil—k
differential equation [

—_—

h
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d*h  dh
— +k—+ch=F
" ar ¢
It is worth mentioning that there is a close analogy between the electrical circuit
and the mechanical system.
Dividing both sides of the differential equation by the coefficient a,, the dif-
ferential equation can be transformed to the so called time constant form:

T2 d’y(1)

20 2™ 4y = au

where A = b, /a, is the gain, which gives the steady state value of the output signal

for unit step input, T = \/as/a, is the time constant, & = a;/2./a,a; is the
damping factor, all of which influence the dynamic behavior of the system. The
transfer function of this element is

A

H(s) = Hg(s) = m (2.66)

The poles of the second order oscillating element (the roots of the denominator)

are:
S, 1 /o
S12 = —?i? & — 1. (267)

The poles are real negative values if § > 1; we get two coinciding negative real
values if § = 1; and we get two complex conjugate values if £ < 1. Let us determine
the step responses for each of the three cases.

(a) Aperiodic case, & > 1. The transfer function can be interpreted as two, serially
connected first order lag elements:

B AT\ T,
H(s) = CT T oT /T where

le—l/sl and TZZ—I/SQ.

The unit step response is

V(1) = C‘I{EH(”} = ﬁ_l{s(w 1%?(:1 1/Tz)}

=Al1- Le%/ﬂ + Left/Tz
Tl — T2 Tl - T2

(2.68)
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and the weighting function is

R S (2.69)
T1 — Tz Tl - T2

w(t) = L7{H(s)} = A(

The weighting function is the derivative of the unit step response. The initial
value and the initial derivative of the unit step response are zero. The initial value of
the weighting function is zero, and the value of its first derivative is A/T}T>.

(b) Aperiodic boundary case, & = 1. The transfer function is:

A AT

Hls) = (1+sT)*  (s+1/T)*

The weighting function can be calculated by the inverse LaPLACE transformation
of the transfer function:

w(t) = —=1e"T, 1>0. (2.70)
The unit step response is:

D R VA ) QS O !
= {mmf} - {S+S+1/T+<s+1/T>2}

where o = A, B = —A and y = —A/T. Thus

1
(1) :A(l —e_’/T—?te_’/T), t>0. (2.71)

(c) Oscillating case, £ <1. The transfer function is:

_ A . AT?
L 2ETs +T2%2 (s —s1)(s — 52)

H(s)

where

£, .1 . .
Slﬁzz—fﬂ:]? l—f_,z:—émo:t]wp:a:t]b

are complex conjugate poles.
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Fig. 2.39 Poles of a second

order oscillating element @

1 ) ,

o, =—-/1-
p T i

¢
1
0=

; E=cosg

Here , = 1/T is the so called natural frequency, which is the absolute value of
the vector starting from the origin and pointing to one of the complex poles. The
poles of the oscillating element are depicted in Fig. 2.39.

Here wp =b=+/1— g2 /T is the oscillation frequency of the periodic com-
ponent of the unit step response and the weighting function, respectively; it is the
imaginary part of the pole. Thus 2 = a® + b* and cos@ = &, where ¢ is the angle
of the vector representing the pole formed with the negative real axis. If T changes
and & is constant, the poles move on a straight line forming an angle ¢ with the
negative real axis.

The weighting function is obtained by the inverse LAPLACE transformation of the
transfer function:

A, .
W(t) = —o_o~Eising,, 10, (2.72)

Ni-g

and the unit step response is:

e—&- ot
1- N (\/1 — Ecosopt + sin(y)pt> , t>0. (2.73)
1 —

Figure 2.40 shows the unit step responses for different damping factors.
The overshoot of the unit step response expressed in percentages in case of £ < 1
(obtained by differentiating the unit step response) is

v(it)=A

—tn

G = m Y 100% = Vi 2100%. (2.74)

Vss
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v(t)

£ =02

t

Fig. 2.40 Unit step responses of a second order oscillating element with damping factors
£=02,07,1,2

The location of the first maximum of the unit step response (peak time) is

t. = r__r and the corresponding peak frequency is

Op /1 — &
o, = 0o/ 1 — &% (2.75)

The settling time is defined as the time instant #,, such that for ¢ > z, the unit step
response function remains within a given A% band around its steady state value.
The following condition can be given for the envelope of the unit step response:

A
100°

—Ewoly _

whence the settling time is f, = In(100/A)/£®,. For A = 2% or A = 5% the set-
tling time is approximately 4/, or 3/&w,, respectively.

Let us now determine the frequency function of the oscillating element. The
expression of the absolute value of the frequency function is:

A

|H (jo)| = -
\/(1 — 02T2)° + 48 T20?

(2.76)
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Fig. 2.41 Nyquist diagram Im
of a second order lag element

and its phase angle is

28T w

= — g ——M—
(P(G)) arctg 1 — o272

(2.77)

The Nyquist diagram (Fig. 2.41) at ® = O starts at point A of the real axis of the
complex plane. As ® — oo it goes to the origin. In between it passes through two
quarters of the complex plane. If £<0.5, in a given frequency range the curve
shows amplification, the values of the amplitudes exceed the value taken at ® = 0.
If £=0, the curve runs on the real axis, and at ® = ®, = 1/T it has a
discontinuity.

Let us determine the Bope amplitude-frequency curve and its asymptotic
approximation. The expression of the absolute value in decibels is

201g|H(jo)| = 201g A — 20 lg\/(l — @2T2) + 482 T20?

with A =1 the first term is zero.
Let us apply the following approximations:

if o < 1, 201g|H(jo)| = 0

if o7 > 1, 201g|H(jo)| ~ —401goT, as besides the fourth degree term all the
other terms can be neglected,

if o =1, 201g|H(jo)| = —201g2&. At the corner frequency (also called the
breakpoint frequency) the absolute value depends only on the damping factor.

Supposing A = 1 at the natural frequency the absolute value of the frequency
function is |H(jo,)| = 1/2&, and the phase angle is —90°. (For the slope of the
phase-frequency curve —132°/&/decade is obtained according to the calculations in
A.2.1 of Appendix A.5) Another characteristic point of the frequency function is
the resonance frequency (o), where the amplitude takes its maximum value.
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Calculating the derivative of the expression of the absolute value and setting it
equal to zero, the following relationship is obtained:

1 2
y =—1/ 1 —2&". 2.7
o=\ 1- 2% 278)

A resonance frequency exists if £<+/0.5 = 0.707. At this frequency the abso-
lute value is

H(jon)| = — (2.79)

26/1 -8

The cut-off frequency () is defined as the frequency where the absolute value
of the frequency function is unity. Supposing the gain A = 1, this condition is
fulfilled if

(1 — 2T?)’ +48°T%07 = 1,
whence

oc :% 2(1-28%). (2.80)

The relation between the characteristic frequencies (in case of £<0.5) is
0y < Op < Wy < . (2.81)

If £ <1, the first three frequencies are very close to each other (Fig. 2.42).

Often when the asymptotic BopeE amplitude-frequency curve is plotted, the
accurate amplitude values are calculated only at the resonance and the natural
frequencies, where significant amplification may occur.

The Bopk diagrams for damping factors & = 0.2,0.7, 1,2 are given in Fig. 2.43.
In the low frequency domain the asymptote of the amplitude-frequency curve is a
horizontal line, and in the high frequency domain when ® >> 1/T the asymptote is
a straight line of slope —40 dB/decade. (If § > 1, it is expedient to decompose the
transfer function into a product of two first order lag elements, and in between the
two breakpoints to put in an additional asymptote of slope —20 dB/decade.) The
phase-frequency curve starts at 0°, then it tends to reach —180°, while its value at
the natural frequency is —90°. Its steepness is bigger if the damping factor is
smaller. The smaller the damping factor is, the higher the tendency towards
oscillations and overshoot in the time domain and high amplification in the fre-
quency domain. For damping factors higher than 0.6 the overshoot is within 10%,
and in the amplitude-frequency function there is no significant amplification.
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Fig. 2.42 Amplitude-frequency diagram of the oscillating element

IHGo)!

Fig. 2.43 Bobk diagram of the oscillating element for § = 0.2,0.7,1,2
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2.4.3 Proportional, Integrating and Differentiating
Lag Blocks

Complex elements can be assembled by the serial or parallel connection of the basic
elements.

By series connection of the pure proportional, integrating or differentiating
elements with lag elements first order, second order, nth order proportional (P71,
PT2,...), first order, second order, nth order integrating (IT1, IT2,...), as well as first
order, second order, nth order differentiating elements (DTI, DT2,...) can be
derived.

The transfer functions, wunit step responses, NyqQuisT and BobpE
amplitude-frequency diagrams of these elements are given in Table 2.3. The
NyquisT diagrams are obtained by multiplying the NyqQuist diagrams of the series
component elements. In the considered frequency values the vectors of the indi-
vidual components have to be multiplied (the phase angles are added, the absolute
values are multiplied). The multiplication has to be executed for all the considered
frequencies. The approximate Bope amplitude diagrams can easily be composed by
adding the asymptotic BopE diagrams of the serially connected components.

In the unit step responses, the proportional, integrating or differentiating char-
acteristics of an element are represented by the steady state performance. The lag
elements influence the initial response and the transients.

In the low frequency domain the NyqQuist diagram shows a performance cor-
responding to the Nyquist diagram of the proportional, integrating or differentiating
element, then with increasing frequency it passes through as many quarters of the
plane as the number of the lag elements suggests. The asymptotic Bopk diagram in
the low frequency domain starts according to the proportional, integrating or dif-
ferentiating effect. Each lag element produces a change of the slope with —20 dB/
decade at the reciprocal of the corresponding time constant. Thus the parameters of
the element can be read from the approximate Bope diagram.

Often it is sufficient to plot the approximate Bobe amplitude-frequency diagram.
In some systems, besides the approximate diagram, it is also necessary to accurately
determine the amplitude at some critical points or in a given frequency range. For
example, in the case of an integrating element serially connected to a second order
lag element containing complex conjugate poles, the course of the Nyquist or the
BobpE diagram has also to be given accurately in the surroundings of the corner
point. The transfer function of the element is

K;

H(s) = s(1+2ETs +52T2) "
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The BopE and the Nyquist diagrams with different damping factors & are shown
in Fig. 2.44. With a small damping factor, the frequency function may have very

high amplifications around the natural frequency of the second order oscillating
element.

IH(jo)l

~~—

N =

—20dB/decade
\KI A&/

—60dB/decade

Im

R
w

Fig. 2.44 Bobt and Nyquist diagrams of a second order oscillating block serially connected to an
integrating element
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2.4.4 Influence of the Zeros of the Transfer Function

The zeros are the roots of the numerator of the transfer function given in Eq. (2.47).

k(s—z1)(s—z2)...(s — zm)

Hs) = Dls)

Here D(s) denotes the denominator of the transfer function. The zeros are
21,22, - - -, Zm- The system can be accelerated by inserting zeros located at the left
side of the complex plane. Let us analyze the characteristic functions of the so
called ideal PD element

I+st=1(s+1/7)

appearing in the numerator. Here the zero is z; = —1/t. The unit step response, the
Nyquist and the BopE diagrams are shown in Fig. 2.45.

This element in itself is unrealizable, for a DIrRacC delta appears in its unit step
response. The approximate Bope diagram is the mirror image relative to the fre-
quency axis of the Bope diagram of the first order lag element. The
amplitude-frequency curve can be approximated by 0 dB till the corner point 1/7,
and by a straight line of slope +20 dB/decade beyond it. Its phase angle is positive,
¢(®) = +arctgor.

By inserting a zero, the system can be accelerated. To demonstrate this effect let
us consider the circuit in Fig. 2.46, where a phase-lead element is connected serially
to a first order lag element. For a unit step input signal, at the first instant a signal of
ten times amplitude appears at the output of the PLead element, which is the input
of the first order lag element. At the beginning the first order lag element acts as if it
should reach this value according to its time constant, thus its output starts with a
remarkable slope, and when its input signal is decreased, its output has almost
reached the required steady value. The cost of this acceleration is the so called
overexcitation, which is the ratio of the initial and final values of the signal at the
input of the element. Acceleration can be reached if the overexcitation is larger than
1. Often it is expedient to apply mathematical pole cancellation, when a pole
causing the undesirable slow behavior is cancelled by a zero, and a pole leading to a
more favorable behavior is inserted into the system.

In a realizable way a zero can be inserted into a system only together with a pole.
Let us determine the characteristic functions of the realizable

1+ st
1+sT

H(s)=A

element for T <T (phase-lag: PLag) and for T > T (phase-lead: PLead). The unit
step response, the Nyquist and the Bope diagrams are shown in Table 2.4.
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Fig. 2.45 Unit step response, NyqQuist and BopE diagrams of the ideal PD element with transfer

function 1 + st



2.4  Transfer Characteristics of Typical Basic Blocks 97

10 10

1+10s t 1 10 !
u 1+s 1+10s

Fig. 2.46 Inserting a zero may accelerate the system at the cost of certain overexcitation

To demonstrate the accelerating effect of the zeros let us consider the transfer
function below:

1451
HE) =T+ 100

Let the value of the time constant T in the numerator be 0, 1, 5 and 10. The step
responses are shown in Fig. 2.47.

If there are only poles (which are stable) in the transfer function, the phase angle
curve versus the frequency changes monotonically. Phase angles belonging to the
poles are negative. Inserting zeros adds some positive phase angles to the original
phase function, and the monotonity of the phase function is impaired. “Buckling”
appears in a given frequency range of the Nyquist diagram. (Later on it will be
shown that with the appropriate choice of zeros the NyqQuist diagram can be
modified expediently to evade regions of the complex plane which are undesirable
considering the transient behavior.) The slope of the asymptotic BobE diagram is
changed by +20 dB/decades at the breakpoint corresponding to the zeros, and the
phase angle is modified by positive values. Figure 2.48 shows the change of the
Nyquist diagram, while Fig. 2.49 illustrates the change of the BopE diagram when a
zero is inserted into the system.

Fig. 2.47 Unit step
responses with different
values of the zero

v(t)
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Im

Fig. 2.48 Insertion of a zero changes the monotonicity of the phase diagram: a “buckling”
appears in the NyQuisT diagram

[H(jo)|

Fig. 2.49 The effect of insertion of a zero in the BobE diagram

2.4.5 Non-minimum Phase Systems

Non-minimum phase systems are systems, whose zeros are located on the right
hand side of the complex plane.

If a system is of minimum phase, i.e., the zeros of its transfer function are on the
left hand side of the complex plane, then the phase angle belonging to the poles is
negative, and the phase angle belonging to the zeros is positive. Thus the phase
angle curve can be unambiguously assigned to the asymptotic amplitude curve.



100 2 Description of Continuous Linear Systems in the Time ...

A pole in the right (unstable) half-plane modifies the Bope phase-frequency
diagram by positive phase angle. A zero in the right half plane modifies it by
negative phase angles, thus a zero does not decrease a negative phase angle, but
increases it. (This property motivated the denomination of non-minimum phase
systems.)

To illustrate the non-minimum phase property let us consider the following two
transfer functions:

1+4sT 1—sT
Hy(s) = and Hy(s) = [T,
1

For positive values of T} and T both systems are stable. H, has a left hand, while
H,, has a right hand side zero. The amplitude-frequency functions of the two sys-
tems are the same:

while their phase angles differ from each other:

(D(T] — T)
1+ 2T\ T

(D(Tl —+ T)

and @ (o) = —arctanm.

¢,(®) = —arctan
Comparing the two curves in Fig. 2.50a it is clearly seen that in each frequency
range |@,(®)]| is less than |@,(®)].

Every non-minimum phase system Hynp, can be converted to the product of a so
called all-pass phase element H,;, and a minimum phase element Hy,.

1—sT_1—sT1—|—sT

H = = =
nmp(S) 1+sT) 1+sT 14T,

Hop (8)Hump (5). (2.82)

The property of an all-pass non-minimum phase element is that its
absolute-frequency function is a unity constant at all frequencies. The transfer
function of the n-th order all-pass element in case of real poles is

n

1 —sT;, rs—s
H, = = . 2.83
ROTS | L o8

Non-minimum phase systems have an unusual behavior in the time domain. For
example, in the case of one right side zero, the unit step response starts in the
direction opposite to its steady state value, then changing direction it finally reaches
its steady state. Figure 2.50b shows the unit step response of the system given by
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0° = l‘é(’)

\v\/_//

90° 9:0)

_ ( )/
PO,

—180° T~
(b)

v(1) 1

Fig. 2.50 Frequency function and unit step response of a non-minimum phase system

the transfer function H(s) = (1 — 4s)/(1+s)(1+ 10s). Chemical processes and
furnaces often have the non-minimum phase property.

2.4.6 Quick Drawing of Asymptotic Bope Diagrams

The asymptotic BopE diagram can be easily drawn based on the previous consid-
erations. In the case of proportional elements the BobeE amplitude diagram starts
parallel to the frequency axis with zero phase. The Bope amplitude diagram of a
system containing one integrator starts with slope of —20 dB/decade and with phase
—90°, while in the case of two integrators it starts with slope —40 dB/decade and
with phase —180°. Lag elements change the slope of the asymptotic Bope ampli-
tude diagram at the breakpoints by —20dB/decade. Zeros change the slope by
+ 20 dB/decade at the corresponding breakpoints. Dead-time does not modify the
amplitude diagram, but significantly changes the phase angle.

The corner frequencies of the asymptotic amplitude diagram are the reciprocals
of the time constants. As an example the asymptotic Bobe amplitude-frequency
diagram belonging to the transfer function
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IHGo)!

\ —40dB/decade

—20dB/decade

—40dB/decade

—60dB/decade

Fig. 2.51 Rapid plotting of the asymptotic Bobe amplitude-frequency diagram

B 16(1 +5s)
H) = 30:025)(1 £ 0.015)

is shown in Fig. 2.51. Around the crossing point with the 0 dB axis the absolute
value of the frequency function can be approximated by the expression 16/ (the
absolute value of the lag elements here can be approximated by 1). At the crossing
point the absolute value is 1, thus . ~ 16. With similar approximations the
characteristic values of the Bope amplitude diagram can easily be determined.

2.4.7 Influence of Parameter Changes

When modeling a real system, generally the parameters of the differential equation
or the transfer function describing the system are determined by measurements
considering a modeling procedure. Thus their values are non accurate, and they may
vary within a given range around their nominal values. When analyzing the system
or designing the controller, it is important to take into consideration the effects of
changes in the parameters.

From the time constant form of the transfer function, it is easy to determine the
effect of changes in the parameters on the characteristic functions of the system.
Table 2.5 illustrates the effect of parameter changes on the unit step responses and
the BopEe diagrams for some typical elements.
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2.5 Approximate Descriptions

In practice it often makes sense to approximate a higher order model of a system by
a simpler model which can be treated more easily. Besides the larger time constants,
the smaller ones generally can be neglected, or their effect can be interpreted as a
dead-time effect. In the sequel some frequently applied approximations will be
given. It is an important remark that if the controller is designed for the lower order
approximate model of the system, the performance of the control system has to be
checked always with the higher order original model of the system!

2.5.1 Dominant Pole Pair

A closed-loop control system is often characterized by its so called dominant pole
or dominant pole pair. The dominant pole is defined as the pole of the transfer
function which is the closest to the imaginary axis. The pair of complex conjugate
poles which is the closest to the imaginary axis is called the dominant pole pair
(Fig. 2.52). If the other poles to the left are far away from the dominant poles (their
real part is at least three times the value of the real part of the dominant poles), then
the transients due to these poles have practically decayed by the time the effect of
the dominant poles prevails. Thus the effect of the poles far to the left can be
neglected and the behavior of the complete system can be approximated well by the
behavior of a second order oscillating element formed by the dominant pole pair

1 o2

H(s) .

1 +2ETs + T2s2 - 02 4 2Emos + 52

fast transient further poles ) 1 2
dominant 0, =—y1-§

pole pair

Fig. 2.52 Dominant pole pair
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(See the description of the properties of the second order oscillating (&) element
discussed previously in this chapter.)

2.5.2 Approximation of Higher Order Plants by First-
and Second-Order Time Lag Models with Dead-Time

The unit step response of a proportional element containing several lags starts from
zero if the degree of the denominator of its transfer function is higher than the
degree of its numerator. The pole excess (the number of the poles minus the number
of the zeros) indicates which derivative has non zero value at the initial point.

Aperiodic proportional elements with several time lags can be well approxi-
mated by a first order lag serially connected to a latent dead-time (71) (Fig. 2.53). If
the system shows oscillating behavior, it can be well approximated by a second
order oscillating element with latent dead-time.

Sometimes the aperiodic proportional element with several lags is taken into
account with an equivalent pure dead-time (Fig. 2.54).

2.5.3 Approximation of a Dead-Time by Rational Transfer
Functions

The transfer function of the pure dead-time element is the transcendental function
Hy(s) = e~*Ts, which can be approximated by a rational fraction.

The pure dead-time element can be approximated by the series connection of an
infinite number of first order lag elements with the same time constant. As known
from mathematics e ™ can be expressed as the limit of the series

e = lim (1 n f) -
n

Fig. 2.53 A proportional Wo)
element containing several T
lags can be approximated by a 7 \

first-order lag element serially
connected to a latent
dead-time

IL
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Fig. 2.54 Approximation of W)
a proportional element

containing more lags with an
equivalent Ty pure dead-time

T

Applying the formula for the transfer function of a dead-time element the STREIC
approximation is obtained:

, T\ " 1
H, = Ta = | 1+s-2) ~— 2.84
H(S) e nLHolo( +s n) (1+%s)n ( )

By this relationship the dead-time element is approximated by a lag element
containing a pole with multiplicity n, whose equivalent dead-time is nTy/n = Ty.
The more lags are serially connected, the better the approximation is. Figure 2.55
shows the unit step response of the STREJC approximation of the dead-time element
for n = 2,5, 10.

Another approximation of the dead-time element is the PADE approximation,
which approximates the transfer function of the dead-time by non-minimum phase
rational fractions, where the first elements of the TAYLOR expansion are equal to the
first elements of the TAYLOR expansion of the exponential expression of the transfer
function of the dead-time element.

The n-th order PADE approximation gives a rational fraction where there are n
zeros and n poles, differing only in their sign.

v(t)

Fig. 2.55 Unit step responses of the dead-time element with STREIC approximation for n = 2, 5,
10
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Ty (s=s1)...(s=s80)
HH(S) =€ ~ (S+S1). ] .(S +Sn) = HPADE(S)- (285)

The absolute value of the frequency function of the rational fraction for any
value of s = jo is 1, thus, similarly to the frequency function of the dead-time
element, only its phase angle changes with the frequency. Such elements are called
all-pass filters. The PADE approximation is a non-minimum phase rational function.
The poles s; and the coefficients of the numerator and the denominator can be
determined by taking the first N+ M + 1 terms of the TAyLOorR expansion of the
transfer function Hy(s) as the first N + M + 1 terms of the rational fraction transfer
function Hpapg(s). Here M is the degree of the numerator and N is the degree of the
denominator of the rational function (M < N).

et = i 'Xi ~ ZkM:O dkxk
= i e A0
i=0 ijo cpx!
In the equation there are N + M + 2 unknown coefficients, therefore choosing
¢o =1, N+M +1 linear equations can be written for the remaining N +M + 1
parameters, assuming the condition mentioned above. With this method the fol-
lowing form is obtained for the case N = M = 3:

—X

_1 1.2 1.3
¢ L —ax+ 10’“2 120"

~ 1 12, 1 .3°
1—|—2x+ 60X+ X

Expressions of the first- and second order PADE approximations according to
similar calculations are the following:

_1 _1 1.2
1 —5x O e LN P
1+ 1x’

2

—x
e ~

et —5 25
1 1.2
I+ 3x+ 35

Table 2.6 First, second and third order PADE approximations of the dead-time element e~*7¢

Dead-time element H(s) = =T
- . 5 _ T
First order PADE approximation H(s) ~ Slq
2 45T,
Second order PADE approximation ) 12 — 65Ty + (STd)2
) R ———
12 4 65T, + (sTy)?
Third order PADE approximation ) 120 — 60sT,4 + 12(sTd)2—(sTd)3
H(s) =
120 + 605Tg + 12(sTy)? + (sTq)°
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v(t)

second
order

third order

first order

Fig. 2.56 Unit step responses of first-, second- and third-order PADE approximations of a
dead-time element

The approximations are summarized in Table 2.6. The higher the degree of the
rational fraction, the more terms are identical in the TAYLOR approximations of the
two functions.

Figure 2.56 shows the unit step responses of the PADE approximation for the
first-, second- and third order cases. It can be seen that the approximations do not fit
well at the initial point, but approximate well the steady state. With higher order
approximations the step responses fit better the step response of the dead-time element.

2.6 Examples of the Description of Continuous-Time
Systems

When creating the model of a process, we wish to characterize the transfer prop-
erties between the input and the output signals. The process can be described by its
differential equation, state equation or by its transfer functions. To determine the
process model the physical operation of the process should be known as precisely
as possible. Then the physical operation has to be described by mathematical
relationships. The parameters in the equations can be determined based on a priori
knowledge or by measurements.

Generally, physical processes are non-linear. To approximate non-linear systems
by linear models which can be handled more easily, the most commonly applied
technique is the linearization of the equations describing the system in the vicinity
of the operating point. In this case the range of the changes where the linearization
is valid has to be specified.
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Often it is expedient to introduce relative units which give the actual values of
the signals relative to their maximum values. Thus the values of the variables lie
between 0 and 1.

For controlling a system, a model of the process is required. The control system
is designed to meet the quality specifications taking the model of the process into
consideration. In the sequel, the determination of mathematical models of some
processes will be shown. The aim of the discussion is to show how we can reach the
model giving the relationship between the input and the output signals starting from
the physical description of the operation. (Based on the obtained model often
further, deeper considerations may become necessary to describe more accurately
the properties of the process.)

2.6.1 Direct Current (DC) Motor

Let us analyze the signal transfer properties of an armature controlled DC motor
with constant external excitation. The scheme of the motor is given in Fig. 2.57.

The output signal of the motor is the angular velocity o, the input signals are the
terminal voltage (armature voltage) u, and the load torque my; acting on the shaft
(disturbance). The excitation voltage i, is constant.

One control task might be to keep the angular velocity of the motor at a given
constant value despite the changing load. The manipulating variables could be the
armature voltage and the excitation voltage (which at first is considered constant).
The resistance and the inductance of the armature are denoted by R, and L,,
respectively. The load torque reduced to the motor shaft is denoted by m; and the
armature current is denoted by i,.

First let us think about the physical operation of the motor. The motor converts
electrical energy to mechanical energy. In the excitation coil, a constant field
current is created, which creates a constant magnetic flux in the air gap (it is
supposed that this flux is proportional to the excitation current). Switching on the

%
U, = const

Fig. 2.57 Scheme of a DC motor with external excitation
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armature voltage u,, an armature current i, is created in the armature circuit, which
generates flux in the armature. The interaction of the excitation flux and the
armature flux generates a torque which—working against the load—rotates the
rotor. When the rotor rotates, a back emf u; is induced according to the LEnz law.

The inputs of the plant are the armature voltage u, and the load torque my
(disturbance). The output signal is the angular velocity ®. The armature current i,
can also be considered as an output signal, which could take high values on starting,
breaking or loading the motor.

The behavior of the system can be characterized by the KIRCHHOFF equation
written for the armature circuit and the equation describing the mechanical motion.
In the armature circuit the armature voltage keeps in balance with the sum of the
resistive, inductive and the induced voltages. The induced voltage is proportional to
the product of the constant excitation voltage and the angular speed by a factor of
k. The difference of the motor torque and the disturbance load torque provides the
accelerating torque, which can be expressed by the product of the inertia load and
the angular acceleration. The motor torque is proportional to the product of the
excitation flux and the armature current by a factor of k,. The mathematical
equations describing the behavior of the motor are:

di +ui up =koo

1

m—m,z@T‘;’ m=kyi,

Uy = B3Ry + La

(2.86)

(It should be mentioned that k£; and k, are the same constants.) Let us find the
LapLACE transforms of the equations above:

uy(8) = ia(8)(Ry + sLy) + k1 @ (s)
k@ iy(s) — m(s) = Osw(s)

Based on these equations—following the cause-effect relations—the block dia-
gram shown in Fig. 2.58 can be derived. The difference between the armature

my

R, +sL, 5@

Fig. 2.58 Block diagram of a DC motor
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voltage and the induced voltage creates the armature current. The interaction of the
armature current and the excitation flux generates the rotation torque of the
machine. The difference of the motor torque and the load torque provides the
acceleration torque, which finally determines the angular velocity.

Two state variables can be given in the system: these are the angular velocity ®
and the armature current i,, whose instantaneous values are determined by the past
motions in the system, and their values can not be changed abruptly by an abrupt
change of the input signals. In the block diagram they appear at the output of an
integrator (let us observe that a lag element can always be built as an integrator fed
back by a constant). Let us describe the state equation of the motor. The general
form of the state equation is:

x =Ax+Bu
y=c'x+d'u

where x is the state vector, u denotes the vector of the input signals and y is the
output signal (MISO system). Here

x= Bﬂ = {;} u= [m (2.87)

The state equation is obtained by rearranging the differential equation.

di, 1 R, . 1 oo
.
LML L (288)
do 1 | '
@ e g™
In vector-matrix form it becomes the following.
A B
. % R, —kio . 1 0
[xl} @ l_z L—H’]+ la HM}
; k 1
2 do o 0 Jlel [0 —g]lm (2.89)
T dT
p—— ia ~~—Tu,
y=o=[0 1]| "1 +[0 0]
® ny

The overall transfer functions between the output and the input signals in the
feedback system can be obtained based on the block diagram. The same result is
obtained if the superposition principle is applied to a linear system. In this case, first
the LapLAcE transforms stemming from the original differential equations are
considered supposing zero load disturbance torque, then the ratio of the LAPLACE
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transforms of the angular velocity and the armature voltage is expressed, and
finally, supposing zero armature voltage, the relation between the angular velocity
and the load torque is determined. (Of course the transfer relations can be obtained
from the state space representation form, as well.)

The overall transfer functions are:

k@
o) oL,
Ua($) oo 5, Ra kiky @?
! §c+s— +
L, OL, (2.90)
_ fe A
- 0L, OR, 2T Te+ T+ 17

2 1
* kiky @2 +Sk1k2(P2 *

where Ay, = 1/k; @ is the transfer gain of the motor. Multiplying it with the steady
value of the armature voltage yields the steady value of the angular velocity.
T = OR,/kiky@? is the so called electromechanical time constant, whose value
depends both on the electrical and mechanical parameters. T, = L,/R, is the
electrical time constant. The relationship between the angular velocity and the load
torque is

1 Ry Ry Ly

o _ “3(+E) e (o)

Iﬂt(S) ;=0 S2 +Sf—j + kléifz SZ k1®kf(?>2 +Sk1®k§(;\>2 + 1 (291)
A[(l +STC)

T T Te+ 5Ty +1°

Here the gain factor A; gives the static effect of the load torque on the angular
velocity. The negative sign indicates that by increasing the load, the steady value of
the angular velocity is decreased.

Fig. 2.59 Transfer functions
of a DC motor

A (1+sT,)
1+sT, +s°T.7T,

u a AVH (0
e 3 e
1 + S 7"’7’1 + S TE 7-'"1
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With the overall transfer functions, the model of the motor can also be described
by the block scheme shown in Fig. 2.59.

The relationship between the angular velocity and the armature voltage can be
characterized by a proportional element with two time lags. In the relationship
between the angular velocity and the load torque, besides the second order pro-
portional effect, there is also a parallel second order differentiating effect. Whether
the evolution of the transients is aperiodic or oscillating depends on the ratio of the
electrical and the electromechanical time constants. If T3, <47, oscillations appear
in the transients.

Let us derive the model of the motor also for the case when the excitation voltage
is varying. The magnetic flux in the air gap is proportional to the excitation current i.
The resistance of the excitation coil is R., its inductance is L. Thus the inputs of the
motor are: the armature voltage u,, the excitation voltage u. and the disturbance load
torque m. Its output signals are the angular velocity ® and the armature current i,.
The operation of the motor is described by the following equations:

di
U, = iaRa—l—Laﬁ +u; u; = koo

d
m—m; = @d—c;) m = k3(p ia = k2k3ieia (292)
® = kaie

The system is non-linear, as the induced voltage and the torque of the motor can
be given as the product of two changing variables. Let us express from the equa-
tions above the derivatives of the state variables i, and ®. The state equation of the
system is

di, R, . kiky . 1 ..
izfilafilem+*”a :fl(la7lm(’3;ua)

dr L, L, L, (2.93>
d_m_lkk..__ — by i)

TR 2K31lela ®mt = J2\la, le, My

Let us formulate a linearized model of the system valid for small changes around
the operating point. In the state equation, the variables are replaced by the sum of
their operating points and the small variations around it. The operating points of the
individual variables are denoted by u,g, i, ico, Mi0,®o. Around the operating point
the variables are given as

Uy = Uyo + A,

Iy = lgo + Aia

ie = io + Aie (2.94)
my = My, + Amy

O =0,+An
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In a small vicinity of the operating point, a multivariable function can be
expressed as the sum of the operating point and the small variations around it:

Ax;.

X10:X20

fRfotAf = fo+2

l

For the non-linear expressions in our state equation the following relationships
are valid:

Ie® = leo®Wo + A(fe®) = leo®o + leoA® + WA,

e (2.95)
lely = leolao + leoAla + laoAle
The linearized state equations valid around the operating point are:
d(iao + Ay R, . . 1
% = 7 (o + i)+ 1 (1o + Au)
kik
Lzeomo - @ieoAm - kiks oAl
La L L (2.96)
d(w, +Aw)  koks . | kok kok
% 2)% leolao + 293 leoAiy + 233 Iao A
1 1
- 6”&0 - 6Amt

From the equations above the following relationships are valid among the
operating points:

dig R, 1 kiky

dr =0=— L lao"" Uao _L—leowo
4 2.97
d.())0 0 k2k3 . 1 ( )
= = — ——leglao — — M,
dr @ leolo ™ glho

It can be seen that the values of the operating points are not independent. The
operating point values of the load torque and the excitation current determine
the operating point value of the armature current. The operating point values of
the armature current, the armature voltage and the excitation current determine the
operating point value of the angular velocity.

For small changes around the operating point, the following equations can be
written:

dAi, R, kik kik:
Ry Kk nes L KR A
dt L, L. L. L. (2.98)
dA® k2k3 . k2k3 1 '

& -6 leoAly + —— o laoAle — ° Amy
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Fig. 2.60 Block diagram of a DC motor with variable external excitation considering
linearization

Let us describe the linearized equations in vector-matrix form:

A B
—N—
-. R, Kk T ki
) TE I, TR o
_ 2 g a . . .
dho | = |kks " {m]* SRS SR B vl e
dr ® ® ' "o t

Using the LapLace transform of the equations, the block diagram of the lin-
earized system is depicted in Fig. 2.60.
The overall transfer functions are

kok3ieo 1
ﬂ - S@(Ra + SLa) . klkzieo
Aig =0 2 ka2 R L
Al/la Anu:g 1 M +s ®2 a.z +52 ®2 a.z
$O(R, + sL,) kikyksig, kik3ksiZ,
ia() 0‘)0
. et 2 k3@ ——— (Ra+sLy) — —
Ao koksin s — ok o kikai, Rl 7, (2.100)
Au, =0 N 27,2 B OR OL, .
A fe=0 14 fkeksie, S
SO(R, + sL,) kiksksiz, kiksksiz,
kikpieo 1
Ai, B S@(Ra + SLa) _ koksieo
Amy| Au, =0 - klk%k3i§0 OR, ,» OL,

Aie=0 1+

+s 5 TS -
SO(R, + sL,) kik3k3i2, ki k2 k2,

The transfer functions have a second order proportional character. It can be seen
that the individual transfer functions have the same denominator. The values of the
parameters (transfer gains and time constants) also depend on the values of the
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operating point. The excitation current can be changed around its nominal value
only within a restricted range to avoid a “runaway” of the motor. Increasing the
excitation current—depending on the value of the operating point—in steady state
may increase or decrease the value of the angular velocity. If i,oR,/k1kzieo > @0, an
increase of the excitation current increases the angular velocity, otherwise it
decreases it.

2.6.2 Modeling of a Simple Liquid Tank System

Determining the relationship between the inflow and outflow of a liquid and the
level in the tank is a basic task not only in technological processes, but also in
logistical and general economic systems and also in biological processes. Let us
consider first the simplest formulation of this task for the case seen in Fig. 2.61.
Here £ is the level of the fluid, A(h) is the cross section of the tank, a is the cross
section of the tube of the outflow fluid, u = ¢y, is the inflow fluid stream, while
Y = gou 18 the outflow fluid stream. Supposing a constant fluid density the following
relationship can be written for the change of the amount V of fluid in the tank:

dv
EZCIin_QOut:u_y (2101)

For the outflow fluid, the following relationship holds:

Gout = ar/2gh. (2.102)

_ A
U=,
u=gq,

A= A(h)

A=const.# A (h)

a

el e —> e e i ’ZD —>
V= bou V= ou

Fig. 2.61 Fluid tanks with varying and constant cross sections




2.6 Examples of the Description of Continuous-Time Systems 117

According to the principle of conservation of energy the potential energy of the
liquid upside is transformed to motion energy of the outflow liquid, i.e.,
mgh = mv? /2. Hence the velocity v of the outflow fluid is expressed as v = /2gh,
and the volumetric velocity iS goy = av.

The state variable can be chosen in different ways. One possible method is that
the accumulation in the tank is expressed with the fluid level. In case of varying
cross section

h
V= [ A(x)dx. (2.103)
/

The previous equations can be written in the following form:

dh 1 1 1

-V = 7~ Yin — fqout) — in — 2h): (_ 2h)
ar ~ AQ) i ~ dw) = 705 (‘1 AVEL) = Ay \" AV s
Y = Gou = ay/2gh

Thus the behavior of the tank can be described by a first order non-linear

differential equation. The state equation is linearized around the equilibrium
operating point gout = ¢in = U = y:

dout = qGin = 4o = A/ zgho

(2.104)

whence

2ga%"

(¢}

The cross section at a height of A, is denoted by A,. The linearized equation
written for the signal changes Ak and Agqy, is

d%? - aﬁAh + ALOA% = — 21;]:}10 Ah
+f‘ioAQi" - _T%N“LA%A‘I’in (2.105)
Agout = %Ah _ %Ah
The quantity
_ 240k _ total fluid amount [m?]

T, (2.106)

do fluid stream [m?3 /s]
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ﬂ
dt J- h out

ar2gh

Fig. 2.62 Equivalent block diagram of a fluid tank

can be considered as the time constant of the system. A time of 7,,/2 is needed to
fill the volume Ak, with fluid stream ¢g,. An equivalent block diagram is shown in
Fig. 2.62. From the figure the transfer function can be given formally as

1

A(h)
s
av/2gh

H(s) = (2.107)

where the virtual time constant is T, = A(h)/a+/2gh. It is worthwhile to compare it
with the time constant obtained by linearization around the operating point

2A0h, A,

T, = =2h
° T ay/2ghe ® a/2gh,

(The transfer function is formal as it is valid only in the linear range.)

= 20, T (ho). (2.108)

Fig. 2.63 Scheme of a two I
tank system
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h
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2.6.3 A Simple Two Tank System

Let us now consider the two tank system shown in Fig. 2.63. The liquid flow into
the upper tank is controlled by a valve. The liquid flows from the upper tank to the
lower tank and then it flows out. One task could be to keep the levels of the liquid in
the tanks constant.

The output signals are the levels in the tanks, the input signal is the amount of
the inflow liquid. To build a model of the system let us think over the physical
operation of the system. The velocity of the liquid flowing out of a tank depends on
the level of the liquid in that tank. The balance of the potential and the kinetic
energy is given by the following equation:

1
mgh = Emv

This relationship is valid for both tanks. Hence the velocity of the outflow liquid
can be expressed as v = \/2gh.
The process can be characterized with the following signals:

— u the amount of the inflow liquid into the upper tank,

— hy the level in the upper tank,

— A and A, cross sections of the tanks,

— a; and a, cross sections of the tubes of the outflow liquid from the two tanks,
— vy the outflow liquid stream from the upper tank,

— hy the level in the lower tank,

— y; the outflow liquid stream from the lower tank.

The outflow depends on the velocity of the liquid, the cross section of the
outflow pipe, and the viscosity factor p of the liquid: y = avpn = av/2gVhp = kv/h.

It can be seen that the relationship is non-linear. The rise in the level in the tanks
depends on the difference between the amount of inflow and outflow. The smaller
the cross section of the tank, the faster the rise. The following differential equations
can be written for the two tanks:

dh _ All (u—kl\/_)—[ilu—oqf

dizt (2.109)
2 (kl\/ —kon/h ) = B,Vhy —ozv/h
dl A2
where
— 1 . — kl . J— kl . J— k2
Bl - Al ) oy Al ) ﬁZ Az’ 25 Az .
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As the levels can be considered as state variables, the two first order differential
equations above give the non-linear state equation of the system. It is expedient to
give the individual variables in relative units, relating their actual values to their
maximum values.

and Uy = A (2.110)

max umax

hrel =

Thus the differential equations can be given in the following form:

dhl rel

d; - Bl,relurel — Ol rel \/ hl,rel
dh2 rel

dll = BZ,rel V hl,rel — 02 rel \/ hz,rel

(2.111)

where

1 Umax kl vV hl,max

e ; Afjrel = 7
) Jrel
Alhl.max Al hlﬁmax

k hl ,max k2 h2,max
— 2rel — 7, -
A2 h2 max A2 h2,max

Bl,rel =

B2 el —

For easier handling, often a non-linear system is linearized around given operating
points. Thus for small variations the system can be considered linear. Let us give the

TAYLOR expansion of the non-linear function v/ around the operating point A,.
=Vh=/h, + 5= h ho)

The higher order terms of the TAYLOR expansion are neglected. Let us denote the
small variations by A, thus

h — ho = Ah7 Ure] = U + Au, hl,rel = hlo,rel + Ahh hZ‘rel = h20.rel + AhZ

The linearized equations are:

d (hlo,rel + Ahl )
dt

d(h20 rel + Ahl) 1
—_—t= Niorel + ——=Ah 2.112
dr B2,rel lorel + B hln,rel 1 ( )

1
— Ol hoorel + ———=AhR
2 rel < 20,rel B h207r51 2)

1
= Bl,rel(uo + AM) — Ol rel hlo,rel + —=An
2 hlo,rel
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The relationships between the operating points are

dhlo,rel o

dr 0= Bl,re]uo — Olp rely/ hlo,rel

dh20,rel

dr =0= BZﬁreI \ hlo,rel — 02 rel \/ h20.rel

For small changes around the operating point, the following equations are
obtained.

(2.113)

dAn, By AU 0 rel
" 2\/ hlo,rel

dr
dAh " e
2 Bz, el Ahy — 02 rel Ahy

dr B 2 hloﬁrel 2\/ h207rel

It can be seen that the parameters in the equations depend on the operating
points. The parameters can be determined from measurements (filling and emptying
the tanks), and also from geometrical data. Let us give the transfer function of the
linearized process when the output signal is Ahy, the change of the level in the
lower tank, and the input signal is Au, the change of the inflow liquid. Let us
introduce the following notations:

Ah
(2.114)

Otl,rel
61 = Bl‘rel;

VW=
! 2\/ hlo,rel

5, = Bz,rel . el

= ; ’Y E w10
2 hlo,rel g 2\/ h20,rel

With this notation, the state equations are

dAh
o L= §1Au—v,Ah,
A

d dfz = 8,Ahy — v,Ahy

and hence the transfer function is

1/s 1/s K
H(s) =29 ) = . 2.115
(s) T4y, /s 2147./s  (1+sT)(1+5Ty) ( )
The process can be considered as a proportional two lag element where the time
constants and the gain are as follows.
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T 1 2\/ hlo.rel X T 1 . 2\/ h20,rel .
| _v ==

= = ) 2= = T
Y1 Q1 rel Y2 02 rel

(2.116)
K — 2By el V ho rel
002, rel ‘

It can be seen that the parameters depend on the operating point.

2.6.4 A Simple Heat Process

Let us analyze the heat process of a system consisting of two heat sources. The
arrangement is shown in Fig. 2.64. The temperature changes in several connected
pieces in electrical equipment can be modeled by analyzing the heat transfer pro-
cesses in two embedded bodies. For example the heat transfer processes in slots of
electrical machines, where the copper winding is placed in the iron slots can be
analyzed on the basis of this model.

A body of mass m; and specific heat g, where power p; is converted to heat
closes around a body of mass m; and specific heat g; where the heat power is p;.
The surface of the bodies contacting each other is denoted f; and has heat transfer
coefficient h;. That in contact with the external environment is denoted by f,, and
has the heat transfer coefficient £,.

Let us determine the change of temperatures v; and v, in the two bodies after
switching on the heat generation, supposing that earlier the temperature of the
system was equal to the environmental temperature. The input signals of the system
are the heating powers p; and p,, respectively, the disturbance is the environmental
temperature v,, the output signals are the v; and v, temperatures of the bodies.

The behavior of the system can be described as follows. The temperature of the
two bodies starts growing after switching on the heat.

Fig. 2.64 A system
consisting of two heat sources

o ha my, g2, P2

Vo
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P1 1
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Fig. 2.65 Block diagram of the heat process

One part of the generated heat energy is stored in the heat capacity of the bodies,
increasing their temperatures, while the second part—as the effect of the temper-
ature difference—Ileaves, entering the environment through the interfacial surface. It
is supposed that the bodies are homogeneous, because of their good heat transfer
properties a temperature difference does not take shape inside the bodies.

In the inner body the heat generated through time Az partly increases the tem-
perature of the body by Av; degrees, and partly leaves into the outer body. The heat
transfer depends on the difference of the temperatures in the two bodies, on the size
of the interfacing surface and on the heat transfer coefficient. In the outer body the
heat generated by the heat power p; is added to the amount of heat coming from the
inner body. This resulting heat partly increases the temperature of the outer body by
Av, degrees, and partly goes into the environment.

The temperatures v; and v, can be taken as the state variables of the system.
Describing the heat balance equations for the two bodies yields:

plA[ = glmlAUI —|—h1f| (Ul — UQ)AI

(2.117)

pgAl + h]fl (1)1 — Uz)Al = gzl’l’lgAl)g + h2f2 (1)2 — UO)AZ

Dividing the equations by g,m At and gom, At, respectively, then taking the limit

At — 0 and rearranging the equations, expressing the derivatives of the temperature
changes the following equations are obtained.

dv h h 1

o __ mh Ly + i L2 + D1

dr gimy gimy gimy (2.118)
dv h hfi+h 1 h ‘
dv, _ ufi o — 1fi 2f2U2+ o zfzoo

dt  gomy 8gamy gamy 8anp

These equations give the state equation of the system. Based on these equations,
a block diagram of the system can be built (Fig. 2.65). From the block diagram, the
resulting transfer functions between the individual output and input signals can be
calculated and the time responses of the output signals for given input signal
changes can also be derived.
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Fig. 2.66 Mechanical model
of the inverted pendulum m J+F

mg
y m

(@) (@)

2.6.5 The Moving Inverted Pendulum

The diagram of the investigated mechanical system is shown in Fig. 2.66. A rod of
length / mounted on a cart of mass M is considered weightless. It can be moved
around a joint. At the end of the rod, a ball of mass m is mounted. A force f acts on
the cart. This device is the so called inverted pendulum, which has an unstable
mechanical behavior. One control task could be to keep the mass m at the upper
balance point by appropriate movements of the cart. A juggler in the circus realizes
such a hand control, balancing the rod. A similar construction can work as part of a
mobile robot. The stable control of an unstable process is not an easy task.
A control algorithm is to be designed considering the model of the plant.

Let us consider the NEwTON equations describing the mechanical behavior of the
system to move the masses M and m. In the rigid rod compulsion forces + F and
—F arise. The force-acceleration relations for the rigid rod in various directions are:

Mi=f—F sin®
m¥,, = F sin ® (2.119)
my,, = F cos ® — mg

Adding the first two equations, and then multiplying the second equation by
cos ® and the third equation by sin ® and subtracting them from each other the
expression of the F compulsion force can be eliminated from the equations.

With these manipulations the following equations are obtained:

M+ mi = f

Let us calculate the derivatives of x,, and y,,.
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xm:x+l§in® Ym = lcos ®
Inm =X+10@cos© Ym = —1@sin O (2.121)
Xm = X — l@zsin® +1Ocos® Ym = fl(*)zcos ®—1Osin ®

Substituting the expressions for X, and y, into the previous equations, the
following non-linear differential equations are obtained to describe the behavior of
the inverted pendulum.

(M +m)k — ml® sin © + mi® cos © =f
mi cos © +ml® = mg sin O

Expressing the second order derivatives from both equations yields the
following

= Mt (erml(;D2 sin® — ml® cos ®)

C) :§sin® —%Xcos@

(2.122)

For small movements around the perpendicular position and for small changes in
the angular position, a linearized model of the system can now be given. It is
assumed that the approximations ® ~ 0 and O ~0,sin® ~ O and cos ® ~ 1 can
be employed. With these simplifying assumptions the equations can be transformed
to the following form:

1
i=— Q4 —f
MM (2.123)
o_sMimg 1,
M Ml

Here, O, @, x and x can be chosen as the state variables. The state equation can
be written in the form

) 0 1 0 0][®© 0
6| |82 0 0 0]|O -
=10 00 1|k || 0" (2.124)
b -" 0 0 0] |x v

The output signal can be @ or the state variables in x. From these equations the
transfer functions between the outputs ® or x and the input signal f can be
determined:
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O(s) —1/Ml 1/Ml

Hi(s) = o) -2 (sto)(s—a) (2.125)
and
Hy(s) = X0 _ (2 =) (s +B)(s — P) (2.126)
f8) PP =) s+ —0)
where o? = %’% and B* = . It can be seen that the transfer function of the

linearized system contains an unstable pole, and also a non-minimum phase zero
does appear. The control of this system is not a simple task.



Chapter 3 ™
Description of Continuous-Time ki
Systems in State-Space

The so-called state-equations are widely used in the scientific and engineering fields
for the description of dynamical systems. The necessity for this kind of description
is explained in different ways. Perhaps the easiest way is the recognition that the
operation of a wide class of complex dynamical systems can be modeled with
relatively high precision by the first order vector differential equations

(3.1)
y(t) = glx (1), u(1)]

The state variables of the system as scalar components are collected in a vector x
called the state vector. The system input is u, and the output is y. The dimension of
x is called the degree or the order of the system. The function f(x, u) represents the
varying “speed” of the state vector as the function of the states and the input signal.
The function g(x, u) is called sensor or measurement function since it provides the
output of the system. Let’s call attention here to the fact that f(x, u) and g(x, u) do
not depend on time in an explicit way. (But here we emphasize that nevertheless the
signals of the state-equations obviously depend on time!) This kind of system is
called a time-invariant system. The state variables contain the information about the
past of the system, and the future values of the signals can be predicted, therefore
the state vector behaves like the memory of the system.

In engineering systems the state vectors are often related to the basic physical
processes, where the relations necessary to describe the storage of the mass, flow,
impulse, and power, have to be determined. (It has to be noted, however, that in
certain fields, e.g. in chemistry, the definition of the state vector is different from the
above general system-theoretical concept: it mostly reflects the variables—Ilike
pressure, temperature, composition, etc.—representing the physico-chemical state
of the investigated material, mixture, compound, etc.)
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The state variables as coordinates define a space (state-space). The state vector
x(z) is interpreted in this space. The motion of the end point of the vector represents
the motion of the system. The curve described by the motion of the end point of the
state vector gives the state-trajectory.

A special class of the non-linear dynamical systems is given by the Eq. (3.1),
whose possible equilibrium state (x,,u,) (where x = 0) is obtained from the
equation

[0, 11) = 0. (3.2)

(Remark: In general, several equilibrium states can be obtained. These equi-
librium states can provide different stable states. The performance of these states
requires the investigation of the second order derivatives of f(x,u).)

The static systems can be described by degenerate state-equations, since they do
not have memory, or the corresponding states, so they can be described by the
second equation of (3.1) by itself

y = g(u) (3.3)

Taking the TAayLorR-expansion at the point u,, we get

y= () + B () = ) g )+ (34

and the linearized model

Y=Yo=Ay =y —g(uo) = g (uto) (tt — 1) = &' (o) Au (3.5)

can be obtained from the first order term of (3.4).

The linearized model replaces the original curve with its tangent at the operating
point u, and establishes a static linear connection between the changes (Ay, Au)
around the operating point.

Actually the linearization of the state-space Eq. (3.1) can also be given in a very
similar way.

With the following notation, valid for changes around the equilibrium state
(%o, Uo), 1.€.

X=X, +Ax; u=uo+Au; y=y,+Ay (3.6)
let us calculate the first order linearized approach of (3.1)

df (xo, o) df (xo, o)
A
P PR
dg(xo, o) dg(xo, 1)
o Ax + dn Au

dx
dr = f (%o 4+ Ax, uo 4+ Au) = f(x0, ) +

y = g(xo +Ax, up + Au) = g(xo,u,) +
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Let us use the fact that at the equilibrium point f(x,, #,) = 0 and let us introduce
the notation y, = g(x,, %), so the linearized model valid for small changes takes
the form

d(x —x,) dAx
r 7 (x —xo) +b(u —u,) = AAx +bAu (3.8)
Y—Yo =Ay=c"(x —x,) +d(u—uy) = c'Ax +dAu
where the following notations are employed
A :df(xmuo); b:df(xmuo)
det du (3.9)
T = dg(xo, 1) L 4= dg(xo, o)
dxT du

The obtained model is a linear time-invariant (LTI) system, i.e. it does not
change in time. It is a widely used practice that the original variables x, u, y are used
instead of the small changes (Ax, Au, Ay) for simplicity, but they are considered as
the changes around the operating point. In this way we arrive at the linear, constant
parameter (LT]) state-space equation of the system generally applied in the theory
of systems and control,

dx
SO _ (o) + bul) D x4 bu
dr or simply d (3.10)
y(t) = eTx(t) + du(t) y=c'x+du

Here the parameter matrices of the system are A,b,cT,d. Since in this book
single-input single-output (SISO) systems are considered, in the n-order case, A is
an (n x n) square matrix, which is the so called state matrix, b is an (n x 1) column
vector, ¢! is a row vector of dimensions (1 x n), and d is a scalar. The block
diagram of the state-Eq. (3.10) can be seen in Fig. 3.1.

lx(o)

A

Fig. 3.1 Block diagram of the linear time invariant system
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3.1 Solution of the State-Equations in the Complex
Frequency Domain

The state-equations can be transferred to the complex frequency domain by the
LapLACE transformation of (3.10). Let us denote the transformed time functions
x,u,y by X(s), U(s), Y(s). Taking the rules of transformation of derivatives into
account we get

sX(s) =AX(s) +bU(s) +x(0) = AX(s) +bU(s) + Ix(0)

Y(s) = c"X(s) +dU(s) (3.11)

In the first equation, the vector of the initial conditions x(0) can be considered as
an input which has an effect on the system via the identity matrix I. From the first
equation we get

X(s) = (sI —A) ' [pU(s) +x(0)] = (sI —A)'bU(s) + (sI —A) 'x(0). (3.12)
According to the rules of matrix inversion

—1_adj(sI —A) adj(sI —A) W(s)

(sT—4)"= det(sT —A)  A(s)  A(s)

= ®(s). (3.13)

Here W(s) = adj(sI —A) is the transpose of a matrix whose elements are the
signed sub-determinants belonging to the corresponding elements of the matrix
(sI —A). The determinant of that matrix, det(s —A) is the denominator of the
transfer function, and is an n-degree polynomial in s:

As) = 8" ks e kst oy = ﬁl(s — ) =det(sI —A).  (3.14)

1

A(s) is the so-called characteristic polynomial of the matrix A. The roots
A, ... Ay of the characteristic equation A(s) = 0 are the eigenvalues of A, called
the poles of the system.

The elements of the matrix in the numerator of (3.13) are also polynomials in s,
but since they come from an (n — 1) order sub-determinant, they can have at most
order (n— 1), consequently the quotients of each element and A(s) represent
strictly proper transfer functions.

According to (3.12) the motion of the state vector is determined by the initial
condition x(0) and the input signal U(s). Since the characteristic polynomial is in the
denominators of all the elements depending on x(0), as a consequence of the
expansion theorem, their time functions are exclusively determined by the poles of the
system. This part of the solution describes the motion of a un-excited system from any
initial position to its equilibrium point and it exclusively depends on one of the
parameters, i.e., on the state matrix A both in the frequency and time domains.
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In the case of excitation, in each element of the solution depending on U(s), the
denominator contains not only .A(s) but also the denominator polynomial of U(s),
so the time functions depend not only on the poles of the system but also on the

poles of the input. This part of the solution gives the motion of the excited system.
From Egs. (3.11) and (3.12), the output is

Y(s) = " (sI — A) "' [bU(s) +x(0)] + dU(s). (3.15)
The output of the excited motion, when x(0) = 0 is
Y(s) = [CT(SI —A)b +d} U(s). (3.16)

Thus the transfer function of the system is

B(s)
Als)”

P(s) = =c"(sI—A)'b+d|,_=c"(sI-A)'b= (3.17)

The first term of P(s) is strictly proper since it consists of a linear combination of
only proper elements (see (3.13), i.e., the order of the adjoint is always lower than
that of the determinant). Thus if d = 0, then P(s) is strictly proper, the order of the
numerator being lower by at least one than that of the denominator. If d # 0, then
P(s) is proper, i.e. the order of the numerator is equal to that of the denominator.
The physical meaning of d is how the input directly influences the output without
any dynamics. Note, that this effect does not disappear even for very high fre-
quencies, thus P(jwo — o0) = d. This means, at the same time, that the jump of the
transfer function at time ¢ = 0 is v(r = 0) = d. In practice the case d # 0 is usually
traced back to the case d = 0 by introducing a new output y =y — du. The case
d # 0 can also be considered as an imperfect linearization which needs a certain
correction.

Example 3.1 Let the parameter matrices of the system be

S R e

and compute the transfer function using (3.17).

B(s) T 1 1 s =2 1
P(s) = T —A) " p=————[2 2
() =% ~¢ 6I-4) pean o 1| PP | PN
1 2542 s+1
= [2s+2 —4+25+6]| | = -
Tragal Tt e ]M 213512 052+ 15511
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3.2 Solution of the State-Equations in the Time Domain

The solution of the state-Eq. (3.10) in time domain can also be given in closed form
x(t) = /eA(t Dbu(t)dr = eVx(0 /eA' Yu(t)de|b.  (3.18)

The first term represents the motion of the un-excited system starting from the
initial point x(0), the second term is the convolution integral, i.e., the excited
motion starting from the initial point x(0) = 0.

To check (3.18), let us differentiate the above equation with respect to time:

dxd—(;) =AMx(0) + / AAbu(t)dt + bu(r) = Ax(t) + bu(r), (3.19)
0

which proves the correctness of (3.18). (See the detailed derivation in Chap. A.3.1
of Appendix A.5.) Here, ¢!’ is the fundamental matrix of the system, which is
defined by its TayLor-series, convergent for all ¢, as is valid for matrix functions in
general.

1 1
eA’:IJrAtJrE(At)er~~~+E(At)"+~~. (3.20)

By differentiating the equation, a very interesting and important feature of the
fundamental matrix can be obtained.

det! 1
=A+AM+ AP+ + A"

1
dr 2 (n—1)!

:A(I+At+ %(At)z—&- et %(A;)u ) =At =eMA

(3.21)

Comparing (3.12) and (3.18), the LapLace-transform of the fundamental matrix
for U(s) =0 is

L{A) = (sI - A) "= @(s), (3.22)
which provides a new relationship for the computation of the fundamental matrix:

A = a*l{(u —A)’l} = L7 Y®(s)} (3.23)
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Combining (3.10) and (3.18) shows that the output of the system is
t
3(1) = TA(0) 4 ¢ / A y(2)de | b+ du(r) (3.24)
0

In the case of zero initial conditions (x(0) =0) and d =0, the weighting
function of the system for the excitation u(¢) = 6(¢) can be easily obtained from the
last equation

w(t) = TAb = 7L {(sl —A)! }b = {cT(sI —A)_lb}

S e (3.25)
= L7 O(s)b} = L7{P(s)],0}

See the details for the weighting function computation in Chap. A.3.2 of
Appendix A.S.

As a consequence of matrix function operations and the CaYLEY-HamiLToN
theorem the fundamental matrix can also be computed in the form of finite sum:

A = oo (D + oy (1)A + -+ 4oy (T)A"! (3.26)
since the state matrix A satisfies its characteristic equation, i.e.
A(A) = 0. (3.27)

(See the proofs in A.3.3 of Appendix A.5.)

3.3 Transformation of the State-Equations,
Canonical Forms

The input and output signals of a system are usually certain physical variables. The
state variables, however, depend on the chosen coordinate system. The parameter
matrices A,b,c’ also depend on the coordinate system. Introduce the new state
vector z, which can be obtained from x by a linear transformation z = Tx where T is
regular. Using (3.10) the new state-equations are

% — T(Ax +bu) = TAT 'z + Thu = Az + bu

y=cx+du=c"T 'z+du=¢z+du

(3.28)
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where
A=TAT', b=Tb, &' =c'T"", d=ad. (3.29)

It is easy to check that the weighting function and the transfer function of the
system are invariant under linear transformations:

w(t) = &TAb = T '™ ''Th = TN (3.30)
H(s) =& (I —A) b =c"T' (I —TAT™") 'Tb = "(sI — A)'b  (3.31)

In (3.30) the following simple identity (obtained by TAYLOR series of ¢*) was
employed

TAT )t _ pArp—1, (3.32)

It is well known, that a linear transformation has certain special directions in
which the vectors keep their directions, only their lengths change by a factor of 4;,
i.e.

Avi =i, i=1,...n. (3.33)

Here v; is the eigenvector of A, and 4; is its eigenvalue. The eigenvalue problem
can also be formulated in a different way, i.e. as a homogeneous system equations
in n unknown variables

(Jd — Ay =0, (3.34)

where the variables are the components of v. This system of equations has a
solution different from the trivial one (v = 0) if the condition

det(ALI —A) = A(4) =0 (3.35)
is satisfied, i.e. the eigenvalues /; are the roots of the characteristic polynomial. If

the roots are single, then the total number of the eigenvalues is 7, and each has only
one eigenvector of unit length.

3.3.1 Diagonal Canonical Form

In the case of single eigenvalues, by choosing a special transformation matrix Tq,
one can make T4A (Tq) " diagonal:
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A0 ... 0
) » 0 Jo ... 0 o
Ag=TA(Ty) =A=| . . . .| =Aq =diag[iy, Ao, .., 4.
0o 0 ... A

(3.36)

The necessary transformation matrix T4 is the inverse of the matrix of the
eigenvectors

Ta=[vi,va,...v] " (3.37)

The canonical state-equation (canonical form) obtained by the diagonal trans-
formation is

)Ll 0 “ee 0 Bl
dz 0 4 ... 0 B,
<= . . . .|zt . |u=Aztpu
dr N . : :
. . . . . (3'38)
0 0 ... A B,
y=[v1 Yo .- Volztdu=7y"z+du
The transfer function of the transformed system is
P(s) = Z P g, (3.39)
s A

Thus the transfer function can be obtained in partial fraction form from the
canonical one. Note that the eigenvalues of A appear in the denominator. The
transfer function remains unchanged if the product of B; and vy, remains constant.
Thus there are a great many canonical forms which are different in the matrices f
and y' but have the same transfer function.

In the case of single poles, the state-equation system in the canonical coordinates
consists of n independent first order differential equations. Each individual state
variable can be assigned to an individual pole of the system.

If the characteristic equation has multiple roots, the matrix Ay can be diago-
nalized only in exceptional cases, but its Jorban-form, in general, can be given by

Ji 0 ... 0
0o J, ... 0

S ' : (3.40)
0 0 ... Ju
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Here, each J; is a square matrix (a JorpAN block) of dimension equal to the
multiplicity of the eigenvalue /4;, whose main diagonal contains the eigenvalues and
there are ones in the first off-diagonal right from the main diagonal, all the other
elements are zeros. If, e.g., 4 is a triple eigenvalue, the sub-matrix J; has the form

A1 1 0
Ji=10 i 1]. (3.41)
0 0 A4

(The number of ones depends on how many linearly independent eigenvectors
can be found for the multiple eigenvalue 4;. If only one such an eigenvector exists
—which is the normal case corresponding to (3.38)—then all elements of the
off-diagonal are ones. If the number of the independent eigenvectors has increased
by one compared to the previous case, then the number of ones decreases by one. If
there exists the same number of independent eigenvectors as the multiplicity, the
JorpAN block is diagonal. In other cases, finding the transformation matrix needs
special considerations, which are not discussed here.)

3.3.2 Controllable Canonical Form

It is the most common practice in modeling to directly derive the state-equations
from the differential equations formulated for the physical variables. In many cases,
however, the initial information is a transfer function, or a linear differential
equation of order n. This procedure is often called the description or construction
(reconstruction) of the state-equations. Suppose that the operation of the system is
described by the differential equation

dny dnfly dn71M
- . Wy = by ———
dm +a dt”71 + +a y 1 dl‘”71

+ o by (3.42)

The equation valid for the LApPLACE-transforms is

bis" 14+ - 4+b,_1s+b, B(s)
= U(S) =
s"tais" '+ - 4+a, 15+ a, Al(s)

Y(s) U(s) =P(s)U(s). (3.43)

Introduce the following state variables with their LAPLACE-transforms

%) =G U

s 1 dx,
%) = Zp v =356 Gr=x (3.44)
Xn (S) ﬁ U(S) 7Xn—l (S) d;tn Xn—1
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On this basis,

dx
SXl (S) = _aIXI (S) - aan(s) + U(S) d_l‘l = —aiXy — - — apXp+u
Y(s) = biXi(s) + -+ + buXu(s) y=bixi+ - +bux,
(3.45)

Thus the resulting state-equations are

—a; —a, ... —a,_1 —a, 1
1 o ... 0 0 0
X 1o 1 . 0 0 x40l
dr . . ) . )
: (3.46)
0 0 1 0 0
y= [bl b2 . b”,I bn ]x

This form with its special system matrices is called the controllable canonical
form or phase-variable form

—ay —a, ... —Gu,_1 —a, 1
1 o ... 0 0 0

Ac=| 0 1 .. 00 Lp=|0LeT=(b by ... by b
0 0 1 0 0

(3.47)

The special feature of this form is that every state variable, except the last one, is
the derivative of the next state variable in the action direction, and all state variables
are fed back to the first one. The feedback factors are the negative coefficients of the
characteristic equation which appear in the first row of matrix A. The input has
effect only on x;. The feedforward factors representing the output are the coeffi-
cients of the numerator of the transfer function.

If P(s) is not strictly proper, i.e., B(s) = b,s" +bjs" '+ - +b]_ s+, the
d = D!, also occurs in the state-equation. In this case new coefficients b; must be
computed from the original coefficients b by the following decomposition

B(s) _ bls"+bys" o+ B s+ b

A(s) sS"Fapstl - a5 +ay
bis" '+ - +b,_15+b,

s"taps" M ta, st a,

(3.48)
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The second term is already strictly proper and the coefficients of the numerator
can be computed by the relationships b; = b} — bl.a; = b} — boa; (bo = bg)
The characteristic polynomial of the controllable canonical form is

s+ a a . Ap—-1 Qp
—1 s ... 0 0

A(s) = det| 0 -1 ... 0 0| =A,s)=sA,1(s)+a, (3.49)
0 0 -1 s

where a recursive relationship is obtained by decomposing the last row. It is
obvious that

Au(s) =5"+ars" . A a, s +a, = Als) (3.50)

i.e. the characteristic polynomial is the denominator of the transfer function.
Therefore the special matrix A, is called the accompanying (complementary) matrix
of A(s).

Note that the parameter matrix selection

0 1 0 0 0
: : U : 0
Ac=| 0 0 ... 1 0 [be=|¢el=[by byt ... b2 bi]
0 0 0 1 :
—d, —ay_1 —a, —a 1

(3.51)

also provides the controllable canonical form, where the serial number of the state
variables is the opposite of what appeared in the form (3.47).

3.3.3 Observable Canonical Form

To create this form, let us introduce the state variables with their LAPLACE-trans-
forms according to the recursions

dx
sX1(s) = —a1 X1 (s) + X2 (s) + b1 U(s) = —aix; +xy+biu

dr

dx;
5X2(s) = —axXi(s) + X3(s) + by U(s) o o en Tt byu (3.52)
sX,(s) = —a, X1 (s) + b, U(s) —2 = —a,x| +byu

dr
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where Y (s) corresponds to (3.43). Based on the relationships above the following
state-equations can be written

—a; 10 0 by
—ay 0 1 0 b
d . N
dr : 0¥ u
—day—1 0 0 1 bnfl (353)
—a, 0 O 0 b,
y=[1 0 0 OJx
This form with its special system matrices
—a 1 0 0 b]
—-a 0 1 ... 0 by
Ao=| i i ol be=| i |, e=[1 0 ... 0 0]
_an71 O 0 1 bn71
—a, 0 O 0 b,
(3.54)

is called observable canonical form. The special feature of this form is that its
output is the state variable x; itself, which is fed back to the inputs of all the state
variables. The feedback factors are the negative coefficients of the characteristic
equation, and thus they appear in the first column of A,. Note that the parameter
matrix selection

0 ... 00 -—a, by
1 ... 0 0 —ay, bp_1
Ag= | : , bo=1| 1 |, &=[0 0 0 1]
0 ... 1 0 -a by
0 .01 —aq by

(3.55)

also provides the observable canonical form, where the serial number of the state
variables is the opposite to what appeared in (3.53).

If P(s) is not strictly proper, d = b, also appears in the state-equation and the
statements made in connection with (3.48) are also valid.

(If the poles and the partial fractional forms of the transfer function are known,
then further canonical forms can be constructed.)
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3.4 The Concepts of Controllability and Observability

A very important question of control is how to influence arbitrarily all state vari-
ables by the input. This question can be answered by the controllability theorem
introduced by KaLmaN.

A system is state controllable if its state vector can be driven from an initial state
x(t,) to an arbitrary final state x(#,) in a finite time (¢, — #,) by a control signal u. If
this definition is fulfilled only for the output, then the system is output controllable.
In the case of linear time invariant systems, the starting time is chosen (7, = 0), and
the initial state can be given as x(0). By this definition, the controllability is
connected to the system. If the controllability exists for a certain initial state, then it
remains for any initial state, since from any x(0) the system can be driven to x(z,)
by an appropriate control signal.

Controllability can best be explained in canonical coordinates. If in the canonical
form (3.38) B; is zero for a state variable, then this state can not be controlled. This
means, that there is no parallel component, but only a perpendicular component, of
any control to the eigenvector belonging to the eigenvalue /;, thus the effect of the
control always remains in the plane perpendicular to the eigenvector. (As a con-
sequence of the canonical form the system can only be controlled if the poles of the
canonical coordinates are different.)

If the system is not state controllable, the output, however, may be controllable if
at least one state variable is controllable and the y; belonging to it is not zero [see
(3.39)].

In coordinates different from the canonical ones, the above conditions can not be
directly recognized because of the relationships between the state variables,
therefore they have to be replaced by more general criteria.

For simplicity, choose the initial condition x(0) = 0. Then the solution of the
state-Eq. (3.18) has the form

x(1) = / Ay(t)dt | b = / Atu(r—1)dt|b (3.56)
0 0

and using the finite sum form of the fundamental matrix [see (3.26)], it can be
written as

A = o (D oy (1A + -+ o, (T)A™! (3.57)

The solution of the state-equation is obtained in closed form as

t t t

x(1) :b/oco(r)u(r)df+Ab/al(r)u(r)df+ +A”_lb/an,1(r)u(‘c)d‘c.
0 0 0
(3.58)
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Thus the right-hand side of the equation is a linear combination of the columns
of the controllability matrix

M.=[b Ab ... A"'b] (3.59)

Thus the condition of that each point of the state-space be reachable means that
M, must have n linearly independent columns, i.e. M. must be invertible and
regular. Since M, depends on A and b, the controllability of the pair A; b is a quite
accepted convention.

If the above statements are referred to the output, then the condition of output
controllability is that at least one element of

m! = [c'b c"Ab...c"A"'b] (3.60)

must be non zero.
The controllability matrix of the controllable form (3.46) has the special form

1 a, dy ... 4y a
0 1 ap P/ P }
M= ; (3.61)
0O 0 0 ... a
0O o0 0 ... 1

which can be seen very easily by taking the product M¢ (M2)71

_1 a dy ... an,l_
0 1 a ... a,-
[be Acbe ... (A)" b ot o
00 0 ... a (3.62)
0 0 0 1
=[wo wi wy ... w,_1]

Based on the special construction of the state matrices A. and b, [see (3.47)], it
can be seen that

wo = b,
w = albc +Acbc
(3.63)

Wit = an_tbe + an2Ache+ -+ + (A)" 'be
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where the following recursive relationship holds:
wir = agb. +Awi_1. (364)

The use of the recursive relationship

1 0 0 0
010 0

Wo Wi Wy ... W,_i]= 0 0 1 0| =1 (3.65)
0 00 1

proves the validity of (3.61).

The special matrix M obtained by the controllable canonical form—which is
always derived from the transfer function—is regular, since it is the inverse of a
regular matrix. (The determinant of a triangular matrix is the product of its diagonal
elements, which is now equal to one.) The name of this canonical form comes from
the above features, where only the observability (see later) can be investigated by
the pair A.;c!.

It is an interesting question how the linear transformation z = Tx influences the
controllability matrix. Based on (3.29), one can write

b=Th
Ab = TAT 'Th = TAb
(3.66)
A"b=T1A" b
on the basis of which it follows that
M. = [’3 Ab ... A'B=T[b Ab ... A"'b]=TM. (3.67)

Based on the above form of the controllability matrix, any controllable systems
can be rewritten into controllable canonical form by using the transformation matrix
T.=MM.) "

The controllability matrix, however, is not always derived from the transfer
function. In this case, of course, the direct investigation of the controllability matrix
M. is required.
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Fig. 3.2 A non-controllable
system

Example 3.2 The complete state-equation of a system (see the block diagram in
Fig. 3.2) consisting of identical first order sub-systems is

de [—1 0

- | o _l]x—i—[”u:Ax—kbu. (3.68)

The controllability matrix is

M.—[b Ab]— “ j] (3.69)
which is singular, so the system is not controllable. |

An other essential question of control is, whether each state variable can be
observed by measuring the output. This question can be answered by the observ-
ability theorem introduced by KALMAN.

Observability—being related to the controllability—gives an answer to the
question, whether the initial state at the starting point of the measurements can be
reconstructed by measuring the input and output signals of a system of unknown
state during a certain time. The system is observable if x(z,) can be determined from
the signals y(7) and u(r) observed in the interval f, <t <t,.

It is enough to perform the investigation only for u(¢) = 0, i.e., for the motion
generated by the initial values. Observability can be diagnosed in the most easiest
way in canonical coordinates. Two criteria have to be fulfilled: the signal y must
depend on all canonical state variables; and the poles of the systems must be
different. Thus if any y; in (3.38) is zero, the output does not have any information
concerning the given canonical state variable, so it cannot be reconstructed from the
measurements. This means that there is no observation which would have parallel
component, to the eigenvector belonging to the eigenvalue 4;, only perpendicular
component, so the effect of the observation always remains in the plane perpen-
dicular to the eigenvector.
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In coordinates different from the canonical ones, the above conditions can not
directly be recognized due to the interrelationships between the state variables,
therefore they have to be replaced by more general criteria.

In the discussion of controllability, the controllability of the state variables was
investigated and the output was disregarded. Here in the discussion of observability,
the input is disregarded, as was mentioned earlier. Consider the following system.

dx

— = Ax

dr (3.70)
y=c'x

By consecutive differentiations of the output the equation

CT
_ T T
dy  dly cTA
|:y,a,..., dr—1 = : X (371)
CTAH71

is obtained and the state vector can be unambiguously determined from the output
and its derivatives, if the observability matrix

CT

cTA
My=| . (3.72)

cTAnfl

has 7 linearly independent rows. Thus M, must be invertible and regular. Since M|,
depends on A and ¢7, this problem is used to be cited as the observability of the pair
A;cT. (In (3.71)—due to the CayLEY-HAMILTON theorem—there is no need to
compute derivates of higher order than (n — 1), see A.3.3 of Appendix 5.).

The observability matrix of the observable canonical form is very special

-1

1 0 0 0

a 1 0 O
M=|a a 0 0 (3.73)

: : 1 0

ap—1 AQp—2 ... 4 1

which can be seen very easily, if the product (Mg)_lMO is computed, i.e.
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1 0 0 O
a1 0 0 ¢, wo
clA, wi
a a 0 0 . = . (3 74)
f PO Lot Lwr,
An-1 Qp2 ar 1

T

o (3.75)
] -1

wl  =a, el +a,2eTA+ ..+l (A,)"

where there exists the following recursive relationship

wp = acl +w_ A, (3.76)

Using this recursive relationship

—_
)
o)

WT

w% 0O 1 0 ... 0

11001 ... 0|l=gp (3.77)
Wn-1 000 1

which proves the validity of (3.73).

The special M obtained by the observable canonical form—which is always
derived from the transfer function—is always regular, since it is the inverse of a
regular matrix. (The determinant of a triangle matrix is the product of the diagonal
elements, which is now equal to one.) The name of this canonical form comes from
the above features, where only the controllability can be investigated by the pair
Ag; b,.

It is an interesting question how the linear transformation z = Tx influences the
observability matrix. Based on (3.29), one has that

) ET — CTT71
¢TA = "T'TAT = (TAT!
) (3.78)

n—

FTA = A

In matrix form, this is
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¢’ c’
. c'A c'A | |
M, = , = ST =M, T (3.79)
ETZ"71 cTAn—l

Based on the above form of the observability matrix, any observable system can
be rewritten in observable canonical form by using the transformation matrix T, ' =
-1 . -1
(M) M (e, To = (M2) M,).
The observability matrix, however, is not always derived from the transfer

function. In this case, of course, the direct investigation of the observability matrix
M, is required.

Example 3.3 The complete state-equation of a system consisting of identical first
order subsystems (see the block diagram in Fig. 3.3) is

dx -1 0
— = { ]x = Ax
dr 0 -1
(3.80)
y=[1 1]=¢c"x
The observability matrix is
1 1
[ ] )
which is singular, thus the system is not observable. |
Fig. 3.3 A non-observable
system
S
+
Y
——
+
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3.4.1 The KaLmaN Decomposition

The concepts of controllability and observability make it possible to understand the
structure of a linear system. Remember that the space of controllable states is the
sub-space defined by the columns of the controllability matrix. If its dimension is n, then
the whole space is controllable. Let us introduce the notation x, for the controllable
states, and x; for the non-controllable states. In this case the state-equation is

dix.| [An Ap||x b,
sl = Al E ]+ o (3.8)
where it can be clearly seen from the structure that the states x; cannot be influenced

by u. Similarly, let us introduce the notation x,, for the observable states and x; for
the non-observable states. Then the state-equation

E Xo | A11 0 Xo
dr x| |Aau Axn||xs

v=le o[

X5

(3.83)

is obtained, where it can be well seen, that there is no component in the output for
the states x;.
A linear system can be decomposed into four sub-systems:

— 8¢, controllable and observable x.,

— S¢s controllable and non-observable x5

— S5 non-controllable and observable xg,

— Sg non-controllable and non-observable xg5

where the corresponding state variables are also presented (the entering arrows
mean the effect of the input and the regarding state sub-system). The complete
KarLman decomposition of the linear system is

Xco All 0 A13 0 Xco bl
d | X Ay Ap Ap A Xco b
“ co _ 21 22 23 24 co + 2 U= Ax +bM
dr Xco 0 0 A33 0 Xco 0

3.84
Xco 0 0 A43 A44 X 0 ( )

y=[el 0" ¢ 0"]x

The block diagram representing each sub-system is shown in Fig. 3.4. Following
the arrows of the block diagram it can be seen that the input influences the
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Fig. 3.4 KarLman
decomposition of the linear u + y
system Seo
J L +
SC(_) SEO
Ses

sub-systems S¢, and Scs, but the output depends only on the sub-systems S, and
Sc- The sub-system Sz does not belong either to the input or to the output.
The transfer function of the entire system can be obtained by simple computation

P(s)=cl(sI —Ay) 'by, (3.85)

i.e., it is completely determined by the sub-system S.,. In contrast it can be stated
that only the controllable and observable sub-system of the whole system can be
determined from the transfer function.

3.4.2 The Effect of Common Poles and Zeros

A very old problem of control, namely the canceling of poles and zeros, can be
explained by the KaLman decomposition. To illustrate it let us consider the fol-
lowing example.

Example 3.4 Let the transfer function of the process be

P(s) = 5((?) =j: i =1, (3.86)

i.e., the numerator and the denominator have common roots, thus one zero and one
pole are equal. In this case a common root, at the same time, means also an unstable
pole. It can be seen easily that the following differential equation corresponds
formally to the transfer function (3.86):
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dy _ du

=—— 3.87
a T a ( )

The solution obtained by integration of the differential equation is
y(t) = u(t) + ce' (3.88)

where c is a constant. In the method of canceling, it must never be forgotten that the
complete solution of the state-equation is performed according to (3.18), which
contains also the initial condition, whose dynamics (an un-excited system) depends
on the poles of the whole system, even also on the possibly cancelled pole. If this
pole is unstable, then its non-disappearing effect occurs unpleasantly in the solution.

The trivial system y(#) = u(¢) obtained from (3.86) after the pole cancellation is
obviously not equal to (3.88). The Eq. (3.86) can be brought to the following form

P(s) =bo+ =d+ =1+ (3.89)

Based on this the controllable canonical form can be easily written as

dx
d—ll:leru; y=u (3.90)

which is not observable, and an observable canonical form can also be defined as

%:xz; y=xp+u (3.91)
which is not controllable. |

The KaLman-form of the whole system corresponding to Eqs. (3.90) and (3.91)
is shown in Fig. 3.5, which consists of the sub-systems S¢s, Sco and Seo. The S, is a
static system with transfer function P(s) = 1. The Ss is a non-observable but
controllable subsystem, while Sz, is not controllable, but is an observable
sub-system.

Fig. 3.5 The complete S
KarLman-form of the system of o

transfer function (3.86) u . + : y

+
SCG S(‘:o
dx dx,
5, — N . o X%
dz dr
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Note that if the transfer function of the system is given, then first the common
divisors of the numerator and denominator have to be investigated. The common
factor can only be a common root. It is reasonable to continue the simplification
until there are no more common divisors. Such polynomials are called relatively
prime. A transfer function P(s) = B(s)/A(s) is called irreducible (i.e., can not be
simplified) if the polynomials A(s) and B(s) are relatively prime, which is an
algebraic condition for the special DIOPHANTINE (or BEzouT) equation

A($)X(s) + B(s)V(s) = 1 (3.92)

to have a solution, i.e., the corresponding SILVESTER matrix must be regular (see
more details in Chap. 9).

If a transfer function is not reducible, the related state-equation corresponds to
the controllable and observable sub-system S, of the KaLmaN-form and the other
sub-systems do not exist.

Equations (3.90) and (3.91) can be generalized to the case when the controllable
and observable system Sc,{A;b;c’;d} is irreducible, and the numerator and also
the denominator of the transfer function P(s) are extended by a common factor
(s — p) referring to a real pole. For this general case the state-equation of the
redundant non-controllable and non-observable system can be given as

x A 0 0][x b
= |x|=1[0" p O||xi|+|1|u=Ax+bu
b 0" 0 pllx 0 . (3.93)

y=[c" 0 1]x+du=clx.+du

Example 3.5 Assume that the transfer function of the process is

P(s) 2(s+1) 2542 bis+2
s) = = — ]
(s+1)(s+2) s2+3s5+2 243542

It is easy to form the parameter matrices of the controllable canonical form,
which are

— -3 -2 . _ |1 T _
AC—{I 0], bc—{o} and ¢, =[2 2].

The controllability matrix of this canonical form is

M =[b. Ab.]|= [(1) _13}
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It is easy to check that the determinant of this matrix is det(Mg) =1, as a
consequence the process is controllable. The observability matrix of this canonical

form is
T
c | € ]2 2
A |

Note that the determinant of this matrix is det(Mf)) = 0; as a consequence the
process is not observable.
Now form the parameter matrices of the observable canonical form, which are

_ |73 1. _12 T _
AO—[_Q 0], bo—{z} and ¢, =[1 0]

The controllability matrix of this canonical form is

M° = [b, Aobo]:[g :ﬂ

It is easy to check that the determinant of this matrix is det(M?) =0; as a
consequence the process is not controllable. The observability matrix of this

canonical form is
T
o | € {1 0
=g =[5

Note that the determinant of this matrix is det(Mg) = 1; as a consequence the
process is observable. This example shows and explains very nicely the meaning of
the above matrices.

Observe and check that the irreducible equivalent transfer function

Fig. 3.6 Scheme of the A
inverted pendulum

mg

Y
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2 1 2
P(s) s+
(s+1)(s+2) s+2
is already controllable and observable. |

3.4.3 The Inverted Pendulum

Next the simplest case of the moving inverted pendulum shown in Chap. 2.6 is
investigated, i.e., when the suspension of the pendulum is fixed. Via this example
almost all of the methods of this Chapter from the linear modeling to the investi-
gation of the controllability and observability issues can be demonstrated.

In order to determine the state-equation of the inverted pendulum, given in a
simple schematic form in Fig. 3.6, introduce the following state variables: x, =
doe/dz and x; = o (the angular velocity and the angular position). From the equality
of the moments calculated for the center of the angular position it follows that

d2
Jd—: = mglsin (o) + muglcos(a), (3.94)

where it is assumed that the mass m is concentrated at the end of an ideal,
weightless pendulum of length [, the inertia relating to the center of the rotation is
denoted by J. The actuating signal is the horizontal acceleration of the value

ug (measured in g), the output is the angular position «. The non-linear state-
equation is obtained as

dx i l do/dt l X

_—= = 5 u) = . = .

dr g sin(da/dr) + ngr ! cos(a) sin(x; ) 4 ucos(x;)
y=o=x

(3.95)

where choosing \/J/mgl as a time unit, the last, normalized form in Eq. (3.95)
results. Thus the state-equation is a nonlinear, time-invariant, second order vector
differential equation.

Let us linearize the equation in the case of zero actuating signal. The equilibrium
point is

e=0=sw=0 =[] = [0)t s} Sanm 0 0%

where o =0 and o = n. At the first equilibrium point the pendulum is in the
position upside, but in the second it is in down-side. Determining the derivatives
with respect to x and u of the function f(x,u) yields
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df (x,u) 0 1

[ df (x,u)
dx  |cos(x;) —usin(x;) O

} Ry :LQQJ'

Evaluating the derivates at the upper point (u = 0; x; =0 and x, = 0) the
parameter matrices

(3.97)

A[(l) (1)]; b[ﬂ and ¢"=[1 0] (3.98)

are obtained. Computing the transfer function (by using A.1.10) yields

Gs) = T(sI—A)’lb:%[l ol 1[°
| det[_l H [ ]H (3.99)

s Rl B B e

The root s = 1 shows that at this operating point the system is unstable. It can be
easily checked that the controllability matrix

0 1
M, = {1 0] (3.100)
is regular, thus the system is controllable. In this case the observability matrix,
which is

M, = 1 0. 3.101
B iy

is also regular, thus the system is observable. Coming from the simplicity of the
above task, the DT control of the inverted pendulum is a typical and spectacular
laboratory example all over the world for controlling an unstable process. (The
complexity of the task increases drastically by placing more pendulums on top of
each other.)

Evaluating the derivates in the lower point (u = 0; x; = n and x, = 0), the
parameter matrices

A:{? (1)]; b:[ﬂ and ¢' =[1 0] (3.102)

are obtained. Calculate the transfer function [by using (A.1.10)] yields
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-1 =

1 0 -1 -1
:ﬁ[‘g 1][—1] TS24 (sti)(s—j)

G(S):CT(slfA)*lb:—l[l 0]{ s IHO}

The roots on the imaginary axis indicate that at this operating point the process is
an oscillating system without any damping. Do not forget that no kind of damping
(e.g., air or ordinary friction) is taken into consideration in the model. Simple
computations similar to the above show that even at this operating point the system
is controllable and observable.



Chapter 4 ™
Negative Feedback e

The aim of a control system is to ensure reference signal tracking as well as
disturbance rejection. The control system must not be not very sensitive to mea-
surement noise or to plant/model mismatch.

The designed control system has to ensure various quality specifications. Also, it
has to be technically realizable and eligible in terms of economic and other (e.g.,
environmental protection or safety) viewpoints.

4.1 Control in Open- and Closed-Loop

If, when deciding whether intervention in a process is necessary, the information is
taken not from the output of the process but from another source, or a priori
knowledge about the process or its environment is used, then the realized structure
is called open-loop control (Fig. 4.1). Here P denotes the transfer function of the
process (plant), C is the transfer function of the controller (regulator), » denotes the
reference signal, y is the output signal, while y,; and y,, denote the input and the
output disturbances, respectively.

The reference signal tracking would be ideal if the control device realized the
inverse of the transfer function of the plant. With open-loop control, the reference
signal tracking can be realizable, but open-loop control is not able to reject the
effect of the disturbances.

The effect of the measurable output disturbance could be eliminated by feed
forward of the disturbance according to Fig. 4.2.

Generally the perfect inverse of the transfer function of the plant is not realizable
(If e.g., the process contains dead time, its inverse would mean the prediction of a
future output value. The signal transfer is also non-realizable if the degree of the
numerator of the inverse transfer function is higher than that of its denominator.).
Approximating the inverse of the process can be realized by feeding back an
amplifier of high gain K through the transfer function of the plant (Fig. 4.3).
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Fig. 4.1 Open-loop control Vo

Yno

e O e O

Fig. 4.2 Open-loop control

with feed forward
_ y
: c=pP" P «(B—

Fig. 4.3 Open-loop control | |
with an element r | | y
approximating the inverse of
the process

|

Using the above structure the transfer function of the controller is:

c-—K 1 1 4.1
- 1+KP(S)_%+P(S)NP(S). (4.1)

The control is realized through negative feedback if the input signal (the ma-
nipulated variable) of the process is affected by the difference between the measured
output signal and its desired prescribed value. The measured output value is gen-
erally noisy because of the noise component y, released by the measurement
equipment. Based on the error signal e the controller C generates the manipulated
variable u, which modifies the output signal of the process P. The output signal of
the process changes according to the dynamics of the process until it reaches its
desired value. Control via negative feedback is called closed-loop control. The
block diagram of a closed-loop control system is given in Fig. 4.4. Often the
reference signal is filtered by a filter element given by the transfer function
F (denoted by the dotted line in the figure).

Comparing Figs. 4.3 and 4.4 shows that the two systems are the same if the
disturbances and the measurement noise are not considered, the filter is supposed to
be unity (F = 1) and in the closed-loop system the controller is proportional,
chosen as C = K. But as in the closed-loop system the output signal is fed back, not
the control signal, in addition to reference signal tracking, the closed-loop system is
also able to reject the effects of the disturbances and the measurement noise.
Whatever effect is causing a deviation of the output signal from its desired value,
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Fig. 4.4 Closed-loop control system

the error signal will be different from zero, creating a control signal to eliminate the
deviation.

In a closed-loop control structure the best reference signal tracking is achieved
by adjusting the controller C to ensure that the relationship between the control
signal u and the reference signal r according to U(s)/R(s) = C/(1 + CP) would
provide the inverse of the process model. If the exact inverse is non-realizable, then
its best realizable approximation can be employed. (It has to be mentioned that
generally the inverse of the process could be well approximated only within a given
frequency range.)

A comparison of open-loop and closed-loop control was given in Chap. 1. In the
sequel, the main properties of closed-loop control will be discussed.

4.2 The Basic Properties of the Closed Control Loop

The main properties of closed-loop control systems will be illustrated through some
simple examples.

Stability. A basic requirement for a closed-loop control system is that for a finite
change in the input signal it should respond with a finite change in the output signal,
i.e. a steady state should be reached. In a control system realized by negative
feedback oscillations with steady or increasing amplitudes may occur. The reason
for this is that the execution of the decision to change the process output is delayed
by the process dynamics. High gains in the control system may increase the
unfavorable inertial change of the signals to such an extent that the control system
will not be able to reach a steady state. Stability will be discussed in detail in
Chap. 5.

Reference signal tracking. With a closed-loop control realized by negative
feedback, the output signal should follow the reference signal as accurately as
possible. In the control system in Fig. 4.5 the plant is described by a first-order lag
and the controller is a proportional element. If a step reference signal is to be
tracked, there will be a steady state error in the system, as only a steady constant
input signal is able to produce a constant signal value at the output of the first-order
lag. The value of the steady state error will be egeqqy = 1/(1 +ApA). This error will
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1+ dpA
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1+ 5T,

\

Fig. 4.5 Closed-loop control system with proportional controller

be small if the loop-gain K = ApA is high. Static accuracy in the steady state could
be ensured by applying an integrating controller instead of a proportional controller.
The property of an integrator is that its output can be constant only if its input (the
error signal) finally has reached the value zero.

Stabilization of an unstable process. An unstable process can be stabilized by
negative feedback.

Example 4.1 Let us consider the system given in Fig. 4.6. For unit step input, the
output of the closed-loop system for 7> 0 is y(r) =L '{K/s(s —2)}
= K(e* — 1)/2, which tends to infinity if # — oo. With a proportional negative
feedback B, the resulting transfer function is

R(s) 1+ 58 s+Kp—2

The feedback system is stable, i.e. its transients decay for any [ satisfying
KB >2. |

Decreasing the effect of the disturbance in the output signal. In the open-loop
control in Fig. 4.7 the disturbance appears entirely in the output. In the feedback
system the effect of the disturbance in the output signal is decreased by 1/(1 +A B),
i.e., the higher the value of the loop gain A B, the better the feedback reduces the
effect of the disturbance.

Feedback can improve the transient response. Let us consider the first-order lag
element in Fig. 4.8. With a constant feedback f§ the resulting transfer function is

Fig. 4.6 An unstable system can be stabilized by negative feedback
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u K y r K Y
1+ 5T, 1+ 5T,

Fig. 4.8 Feedback modifies the transient response

Y(s) K 1 , 1

g —K .
R(s) 1+BK1+51+TW 1+ 5T}

T(s) =

159

The time constant has been decreased, so the system is faster. At the same time
the gain also has been decreased, which generally has to be compensated using a

filter of the appropriate gain (as shown in Fig. 4.4).

Feedback decreases the sensitivity of the process to parameter changes.

In Fig. 4.9 the gain of the proportional element without feedback is 10. Suppose
the gain of the feedback system is the same: A; /(1 +A;p) = 10. Choose the value
of A; to be 1000. With this value, B = 0.099 is obtained. If the value of the input
signal is 10, then in both systems the value of the output signal is 100. Reduce both
values A and A; by 2%. Then A = 9.8 and A; = 980. In the original system then the
output value decreases to 98, while in the feedback system it remains quite close to

Ha=10—2- (O 4, .

A, =1000; 5 =0.099

B

Fig. 4.9 With feedback the system becomes less sensitive to parameter changes
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100 (99.98). In the feedback system the error appearing because of the parameter
change is (1 + A;p) times less than in the original system.

In the range of high gains the feedback system creates the approximate inverse of
the feedback element.

Let us consider the circuit in Fig. 4.10. The element given by the transfer function
H,(s) is fed back with negative feedback through an element given by H;(s). The
resulting transfer function is H(s) = H,(s)/[1 + Hi(s)Ha(s)]. In the frequency
range where |H,(j ®)H,(j ®)| is much higher than 1, the resulting transfer function
approximates the inverse of the transfer function H,. In that portion of the fre-
quency domain, where the absolute value of the loop frequency function is much
less than 1, the resulting frequency function approximates the frequency function
H, of the forward path.

Feedback has a linearizing effect.

Let us consider the static non-linear characteristics in Fig. 4.11a. The character-
istics can be divided into three linearized ranges, where the linear transfer gain of
the individual ranges is determined by the slope A of the straight line fitted to the
curve at the given operating point. Suppose the value of the proportional feedback
gain is B. In the feedback system the slope of the individual linearized ranges of the
static characteristics is A/(1 4+ AB). The bigger is A B, the better the transfer gain
approximates the value of 1/f, becoming independent of the slopes A of the
individual ranges of the static characteristics. Figure 4.11b shows the gains of the
linearized individual parts with feedback gain § = 10. It can be seen that the slopes
in the different ranges are almost the same, the characteristic is approximately linear
in the whole domain. For B = 100 the linearization is still better (with slopes
0.00998, 0.00995 and 0.0099).

It has to be emphasized that while the non-linear characteristics have been
linearized to a great extent, considering the input u; the ranges of the linearized
sections have been changed compared to the original sections. For example, if
B=10:

u y u 1 y
HI(S) R~ HQ(S) —

H,(s)

Fig. 4.10 In the range of high gains the feedback creates the approximate inverse of the feedback
element
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Y,
0.0909 8
Yy 0.0952_-
5
0.098
51 72 83 u,
. . . (a) . . (b). .

Static characteristics with constant feedback Feedback has a linearization effect

(Feedback has a linearizing effect, but the ranges of the linearized sections associated
to the new input », have been changed)

Fig. 4.11 Linearization by feedback.

If0<u<l, then y, = 5u and u = u; — 50u, hence u; = 5lu and y, = Silul'

If 1<u<2, then y, =3+2u and u = u; — 10(3+2u), hence u = 3-u; — 30
and y, =55 + Fu.

If 2<u <3, then y, =5+u and u = u; — 10(5 4+ u), hence u = ﬁ u; —% and
W = % + ﬁub
Feeding back an integrator by a static non-linear element results in the inverse of
the non-linear characteristics.

Let us consider the circuit given in Fig. 4.12. Negative feedback is applied to an
integrator through a static quadratic non-linear element. As the output of the
integrator can be constant only if its input, i.e. the etror signal, becomes zero,
r=13%, and y = +/r, i.e. the circuit realizes the inverse of the non-linearity in the
feedback path.

Fig. 4.12 Feeding back an
integrator by a non-linear
static element realizes the
inverse characteristics
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4.3 The Feedback Operational Amplifier

With the invention of the telephone and the development of telecommunication,
high gain amplifiers were used to compensate the damping of signals over long
transmission lines. Invented by Brack, the amplifier with negative feedback (1927)
ensured a stable solution to decrease the sensitivity of vacuum tube amplifiers to the
change of their characteristics, and at the same time it linearized, to a great extent,
the nonlinear characteristics of the amplifier.

Operational amplifiers built of integrated circuits are also used in control circuits
for amplification and compensation.

Let us analyze the signal transfer properties of the feedback operational ampli-
fier. Its circuit is shown in Fig. 4.13. In the input and feedback path, resistors,
capacitors or an interconnection of resistors and capacitors can be employed. For
the sake of simplicity let us consider resistors both in the forward and the feedback
path. The gain G of the amplifier is of a very high value (in the range of 10*—10%).

Let us determine the transfer function and the corresponding block diagram of
the operational amplifier.

The output voltage can be expressed as

U, = —GU. (4.2)

If the input current / can be neglected (e.g. the input resistance of the amplifier is
high) then the following KIRCHHOFF voltage law equation can be written for the
input point of the amplifier:

Ui-U U-U

4.3
R R (4.3)

Let us express the variable U using this equation.

R, Ry
U= Ui+ —0, ). 4.4
R +R; ( TRy 2) (44)

Substituting this expression into (4.2), the following equation is obtained after
some manipulations:

Fig. 4.13 Feedback
operational amplifier R,
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U. R 1
Y. M (4.5)

0 R (1 E)

It can be seen that if G — oo, the resulting transfer gain is determined by the
ratio of the two resistances. For high values of G, the transfer gain keeps its value
quite close to its nominal value even in the case of possible changes in G. (Note that
if impedances Z; and Z, are used in the input and the feedback path instead of
resistors, the transfer function of the operational amplifier will be approximately
—Z,/Z;, and depending on the representation of the impedances, different mathe-
matical operations can be realized.)

Based on the above relationships, a block diagram of the feedback operational
amplifier can be found. Figure 4.14 shows three equivalent schemes.

U, O R, u _ U,
R, +R, G
" L Ty
R,
R, U,
Ul C R, U —U2
B R +R, G
Ry
RZ
Ul & - Rl L G _U2;
R, R +R,

Fig. 4.14 Equivalent block diagrams of the feedback operational amplifier
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4.4 The Transfer Characteristics of the Closed
Control Loop

The behavior of a closed-loop control system can be investigated by the overall
transfer functions exhibiting the relationships between the output and the input
signals.

As the systems are assumed to be linear, the superposition theorem can be
applied. The effect of the various external signals can simply be summed to obtain
the output signal.

Let us determine the overall transfer functions between the controlled signal y,
the error signal e, and the control signal u as the output signals, and the reference
signal r, the output disturbance y,,, the input disturbance y,;, and the measurement
noise y, as input signals.

According to Fig. 4.4, the relationships between these input and output signals
are

_ F(s)C(s)P(s) 1 P(s)

Y(S‘) 1 n C(S)P(S) R(S‘) + 1 T C(S)P(S) Yno(s) + W Yni (S‘)
C(s)P(s)
T 1+C(s)P(s) Yo(s), (4.6)
IO B0 N
FO) =15 cmre) M~ Tremre) Y T Treppe Y
1
T cwp) A (4.7)
__F(C) __C) o _CBPG)
YO =15 empe Y T T cre 0 T T epe )
L) (4.8)

On the basis of these relationships, the output signals can be determined with the
knowledge of the input signals. From the time evolution of the output signals it can
be verified whether the control system satisfies the quality specifications or not.

It has to be emphasized that the frequency ranges of the different input signals
are generally different. The reference signal and the disturbances generally contain
low frequency components, whereas the measurement noise generally is a zero
mean signal containing high frequency components. If the absolute value of the
frequency function obtained from an overall transfer function by substituting
s = jo—considering a given input signal—is approximately unity over a signifi-
cant frequency range, then the system tracks the signal, but if the transfer function
approximates zero, the system attenuates the considered input signal.
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It can be seen that all the overall transfer functions have the same denominator,
namely 1+ C(s)P(s), which is the characteristic polynomial of the closed-loop
control system. The roots of the characteristic polynomial determine the stability
and the dynamic properties of the transients of the control system. For stable
performance it is required that the transients of the output signal should decrease,
i.e. the roots of the characteristic equation should be at the left hand side of the
complex plane. Chapter 5 deals in detail with methods of stability investigation.

From Eq. (4.7) it can be seen, that if the filter F(s) is a proportional element with
gain unity, then the error of reference signal tracking and the error of output
disturbance rejection are the same, i.e., the control system follows the reference
signal with the same dynamics and the same static error as it rejects the effect of the
output disturbance in the output signal. With the appropriate choice of filter F(s) it
can be ensured that the properties of reference signal tracking and of disturbance
rejection would be different.

If F(s) =1 the control system is called a One-Degree of Freedom (ODOF)
system, while if F(s) is given by a non-unity transfer function, it is called
Two-Degree of Freedom (TDF) system. In the case of an ODOF, 4 overall transfer
functions determine the overall signal transfer properties between the output signals
(the controlled signal y and the manipulated variable u#) and the input signals (the
reference signal, the disturbances, and the measurement noise), but in the TDOF
case, 6 overall transfer functions are needed for this determination.

As the disturbance y,; can always be transformed to an equivalent output dis-
turbance, and the signs do not have to be considered, it is sufficient to investigate
the following 6 overall transfer functions.

Y FCP Y —CP Y P
R 1+CP Y, 1+CP Y; 1+CP (4.9)
u FC U _ -C E 1

R 1+CP Y, 14+CP Y, 1+CP

The first column characterizes reference signal tracking, the second column
characterizes the properties of the disturbance rejection and the third column
characterizes the rejection of measurement noise. If F(s) = 1, the second and third
columns give the 4 characterizing transfer functions. Arranging these functions into
matrix form, a transfer function matrix of the closed-loop control system is
obtained. To ensure the stability of the closed-loop control system, all the overall
transfer functions have to be stable. Also, all the overall transfer functions have to
ensure the prescribed dynamic behavior between the given input and output signals.

One of the usual controller design procedures is the cancellation of the unfa-
vorable poles of the plant P with the zeros of the controller C. But it can be seen
that the dynamics of the plant P remains in the expression of the overall transfer
function between the output signal and the input disturbance. It is not allowed to
cancel the unstable poles of the plant, as though they become invisible in the
relationship between the output signal and the reference signal, they do appear in
the transfer relationship between the output signal and the input disturbance. (It has



166 4 Negative Feedback

to be mentioned that even regarding the relationship between the output and the
reference signal the unstable pole can not be cancelled quite accurately, as its value
generally is obtained by measurements or modeling which certainly involves errors,
or its value may change over time; therefore the pole cancellation is never perfectly
accurate and instability persists in the system.)

It is reasonable to design a controller in two steps. First the controller C is to be
designed to ensure the appropriate rejection of the disturbances and the measure-
ment noise, then the filter F is to be designed for appropriate reference signal
tracking.

For good reference signal tracking if F(s) = 1, the so called complementary
sensitivity function T = CP/(1+ CP) has to approximate 1 on those frequencies
which characterize the input signal. This means that at these frequencies, the
condition CP >> 1 has to be fulfilled. Consider the overall transfer function S(s) =
1/[1+ C(s)P(s)] giving the relationship between the error signal and the reference
signal. S(s) is also called the sensitivity function. Time domain analysis shows that
the error signal contains signal components originating from the poles of the
closed-loop and also from the poles of the reference signal. Once the transients
decay in the error signal, the quasistationary components originating from the poles
of the reference signal are maintained. If C(s) contains the poles of the reference
signal, in the error signal the poles of the controller cancel the poles of the reference
signal. In this case tracking the reference signal R(s) the steady-state error becomes
zero. Thus C(s) = K.R(s), where K. > 1. Considering the disturbance rejection, if
the condition CP > 1 is fulfilled, then the LapLACE transform of the error signal as a
response for the input and the output disturbances is approximately:
E(s) = —[1/C(s)P(s)]Yno(s) — [1/C(s)]Yni(s). For good rejection of the input
disturbance it is suggested to choose C(s) = K.Yyi(s) for the controller dynamics,
where K. >> 1. Appropriate output disturbance rejection can be reached by
choosing the controller dynamics according to C(s) = K. Yno(s), again with K. > 1
(supposing that the amplitudes of the frequency function of the plant are not too
high in the characteristic frequency range of the disturbance). To ensure good
reference signal tracking and good disturbance rejection the controller has to
contain the dynamics of both the reference and the disturbance signals. The fol-
lowing example demonstrates the effects of the designed controller to the behaviour
of the control system.

Example 4.2 The transfer function of the plant is P(s) = 1/(1+0.5s)>. Suppose
the transfer function of the controller is C(s) = 0.5(1 + 0.5s)/s. Let us accelerate
the reference signal tracking of the system with an appropriate prefilter F. Its gain is
1, and let it compensate the complex conjugate poles of the closed-loop control

system, replacing them with two identical (real and faster) poles. Apply an F(s) =

(s +1.161540.7044) / (O.7044(1 + O.4s)2) transfer function as the prefilter.

Figure 4.15 shows the unit step responses of the different output signals in the
closed-loop control circuit. It can be seen that the dynamic behavior of the control
system is different for the reference signal and for the input disturbance. It can be
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FCP/(1+ CP) CP/ (1+ CP) P/(1+CP)

Fig. 4.15 Typical unit step responses of the closed-loop control system

observed that applying the filter accelerates the settling of the controlled output
signal. The price paid for this is an overexcitation in the control signal. Figure 4.16
shows the frequency functions of the closed-loop control system. From the course
of the frequency functions some evaluation of the time responses can also be
derived. The frequency range where the disturbance rejection is efficient is also
observable. For example, the third curve in the figure shows that the output will
have its highest amplitude around frequency ® = 1 for a sinusoidal input distur-
bance. From the sixth curve it can be concluded that the system attenuates the effect
of the sinusoidal output disturbances up to the frequency @ = 1, but beyond this
frequency it tracks the disturbances.

From the second curve of Fig. 4.15 or from the equivalent left upper curve of
Fig. 4.17 it can be seen that the control system tracks the unit step reference signal
without steady state error. The controller contains an integrating element, whose
pole is at the origin in the complex plane. Thus the controller contains the pole of
the unit step signal (whose LapLACE transform is 1/s). Let us investigate the time
evolution of the output signal with the given controller with prefilter F = 1 pro-
vided an exponential reference signal by r(f) = exp (—0.1¢). The LAPLACE trans-
form of the reference signal is R(s) = 1/(s+0.1). The reference signal and the
output signal are shown on the right upper curve of Fig. 4.17. It can be seen that the
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Fig. 4.16 Amplitude-frequency functions of the closed-loop control system

tracking is not accurate: after the transients decay, the output does not fit exactly
the input signal. Let wus change now the controller according to
Ci(s) =4(140.5s)/(1+10s) = 0.4(140.55)/(s+0.1). Now the pole of the
controller is the same as the pole of the input signal. The right lower curve shows
that after the transient period the output signal exactly tracks the input signal. But
now the controller transfer function does not contain the pole of the unit step
reference signal, therefore in the unit step response there will be a static deviation
(left lower figure). |

4.5 The Static Transfer Characteristics

If the closed-loop control system is stable, its steady state (or static in other words)
properties can be determined on the basis of Eqgs. (4.6)—(4.8) using the final value
theorem of the LAPLACE transformation.

The signal transfer properties of closed-loop control circuits in steady state, i.e.,
the accuracy of reference signal tracking and of disturbance rejection in steady state
depends on the so called type number and the loop gain of the system. The static
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Fig. 4.17 Reference signal tracking is realized without steady-state error, if the controller contains
the pole of the reference signal

accuracy also depends on the time evolution of the reference or the disturbance
signal.

Let us suppose that L(s) = C(s)P(s), the transfer function of the open-loop (the
so-called loop transfer function) is given in its time constant form:

c d
K [T (1+s7) T, (1 +26;Tois + SZT?),') ot _K

d K.
H;:1 (1 +sTj) H (1 + 28, Tyjs + szng)

L(s) = C(s)P(s) §
j=1

1

(4.10)

Here the variable i is the type number, indicating the number of the integrators in
the loop (in practice its value can be 0, 1 or 2), K denotes the loop gain. Li(s)
represents the transfer function determining the transient response of the control
circuit. Its important property is that it does not influence the steady state behavior,
ie, L(s=0)=1.

The overall transfer function between the error signal and the reference signal in
the case where F(s) =1 is

R(s). (4.11)
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The steady state value of the error signal is

tlgglo e(t) = 1li%SE(S) (4.12)
Let us analyze the reference signal tracking properties of the closed-loop control
system for unit step, unit ramp and parabolic input signals. The LAPLACE transforms
of these reference signals are R(s) = 1/s/, where j = 1 for the unit step, j = 2 for
the unit ramp, and j = 3 for the parabolic reference input signal.
In case of a O-type system, the steady state error is:

for aunit step reference signal,  lim e(r) = hm si
t—00

sT+ m( J T T+K
for a unit ramp reference signal, ,IE?O e(t) = hm s Yz HTI«() = o0; (4.13)
for a parabolic reference signal, tlg(r}lo e(t) = hm sk HTI«() = 0.

For a 1-type system, the steady state error is:

for a unit step reference signal, lim e(t) = hm0 sy m =0;
for a unit ramp reference signal, 11m e(t) = hm s . m =1; (4.14)
for a parabolic reference signal, hm e(t) = hm sk TTREG =
For a 2-type system, the steady state error is:
for a unit step reference signal, lim e(t) = 11m sy % =0
for a unit ramp reference signal, linoz3 e(t) = hm 53 % =0 (4.15)

. . _ 1
for a parabolic reference signal, ,lir?o e(t) = 11m sk m %

In the following table, the values of the steady state errors are summarized.

Type number i=0 i=1 i=2
unit step reference signal, j = 1 ﬁ 0 0
unit ramp reference signal, j = 2 00 % 0
parabolic reference signal, j = 3 00 00 [l(

A O-type system tracks the step reference signal with steady state (static) error,
whose value is less if the loop gain of the control circuit is higher (Fig. 4.18). But a
high loop gain may cause an unstable behavior of the control system. A O-type
system is not able to track the ramp or the parabolic reference signals.
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A 1-type control system containing one integrator tracks the step reference signal
without steady state error. It can follow the ramp reference signal with a steady state
error (Fig. 4.19). But it can not track the parabolic reference signal.

A 2-type system containing two integrators tracks the step and the ramp signals
without steady state error (Fig. 4.20), and is able to follow the parabolic reference
signal with a static error.

It can be seen, that coinciding with the previous statement related to the con-
ditions of accurate reference signal tracking, the closed-loop control system is
capable of tracking a reference signal whose LAPLACE transform contains poles at
the origin of the complex plane without steady state error only if the loop transfer
function contains as many poles at zero (integrators) as there are poles at zero of the
LapLAck transform of the reference signal. If the plant does not contain the required
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Fig. 4.20 A 2-type system 6 v T . - .
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number of integrators ensuring the desired static accuracy, the integrators have to be
put in the controller.

The effect of improving the static accuracy by inserting integrators in the control
loop can be demonstrated by the following considerations. If the control system is
of type 0, i.e. it is proportional, a constant signal value at its output can be main-
tained only by a constant input signal. Therefore it is necessary that also the error
signal take a constant value. The property of the integrator is that its output reaches
a constant value when its input finally becomes zero. If there is an integrator in the
forward path of the closed-loop control circuit, then for a unit step reference signal
the output signal will increase until the error signal—the input signal of the inte-
grator—reaches zero. If the reference signal is a unit ramp, then at the output of the
integrator a signal change with constant slope can be reached by a constant input
signal, which means a constant error signal, i.e. a constant static deviation.

It can be seen that increasing the number of the integrators in the loop improves
the static properties of the closed-loop control system. More specifically, increasing
the loop gain reduces the static tracking error. But the number of integrators can not
be increased to more than two, as this would lead to stability problems which could
not be handled easily. Increasing the gain may also cause stability problems.

Static accuracy and stability are contradictory requirements. With controller
design a satisfactory compromise has to be created to satisfy both requirements.

Fig. 4.21 Block diagram of a
closed-loop control circuit
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The evolution of the steady-state signal values in a closed-loop control circuit
could also be demonstrated by a four-quarter-plane figure. On the four axes the
error signal (e), the measured signal (y.), the controlled signal (y) and the control
signal (1) are indicated, respectively. Generally positive signal values are supposed.
The block diagram is shown in Fig. 4.21. Generally the static characteristics of the
plant and of the sensor are non-linear (but usually they are linearized in a vicinity of
a given operating point). Stable behavior is supposed.

For a O-type system, the four-quarter-plane curves are shown in Fig. 4.22. The
right upper quarter represents the element creating the difference signal, where the
location of the straight lines depends on the signal r. The static characteristic of the
controller (left upper quarter) is generally linear, possibly saturating. The static
characteristics of the plant (generally non-linear) is in the left lower quarter, here the
effects of a disturbance and of parameter changes on the characteristics can be
demonstrated. The right lower quarter shows the characteristic of the sensor, i.e. the
measurement equipment, which sometimes is also non-linear. In the case of a
0-type system there is a steady state error (e(oo) # 0).

In Fig. 4.22, which shows the four-quarter-plane static relations, it can be seen
how the static states change if, e.g., the reference signal change. It can be inves-
tigated how the steady states change if y(u), i.e., the static characteristic of the plant,
changes as a consequence of parameter changes. (A similar four-quarter-plane
representation was first introduced by SziLAGY1.)

Figure 4.23 shows the static curves for a 1-type closed-loop control system. As
now the static error for a step reference signal is zero, only the two lower quadrants
of the plane are of interest. Now it would be sufficient to draw only these two, but
for the sake of comparability the same coordinate system is given as before.

Fig. 4.22 Static
characteristic curves of a
0-type closed-loop control
system

Yo
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Fig. 4.23 Static
characteristics curves of a
1-type closed-loop control
system
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4.6 Relationships Between Open- and Closed-Loop
Frequency Characteristics

In a closed-loop control system L = CP is called the loop transfer function
(Fig. 4.24). The overall transfer function of a closed-loop realized by negative
feedback (Fig. 4.25) calculated between the output signal and the reference signal is
T = CP/(1+ CP) = L/(1+ L), which is also called the complementary sensitivity
function. Observe that T=1-S=1—-1/(14+L), where S=1/(1+CP)=
1/(1+L) is the sensitivity function. Regarding the frequency course of this
function, approximate considerations can be given.
In the frequency range where

L) >1, [T(jo)~1; (4.16)
Fig. 4.24 Open-loop control
" y
o C P ——
Fig. 4.25 Closed-loop ’ e y

control C P >
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Fig. 4.26 Typical course of 10°
the amplitude-frequency
functions of the open- and the
closed-loop

10° . .
10? 10" 10° 10'
while in the frequency range where
L) < 1 |T(o)| ~ [L(o). (4.17)

The approximations are not valid in the vicinity of the cut-off frequency.
Figure 4.26 shows typical amplitude-frequency curves of the open- and the
closed-loop. The open-loop is a first order lag element serially connected to an
integrating element. Curves 1, 2, 3 give the Bobe amplitude-frequency diagrams of
the open- and the closed-loop for three different loop gains. The highest gain is in
the case of curve 3. It can be seen that the closed-loop diagrams approximate the
value 1 up to the cut-off frequency of the open-loop, and then follow the course of
the open-loop diagrams. For higher loop gains, the closed-loop curve shows an
amplification in the vicinity of the cut-off frequency, which indicates the appearance
of complex conjugate poles in the closed-loop transfer function and transients with
decreasing oscillations in the unit step response. Figure 4.27 gives the unit step
responses of the closed-loop system with the three different loop gains.

Fig. 4.27 Unit step
responses of the closed-loop
system
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If there is no amplification in the amplitude diagram of the closed-loop, the
closed-loop can be approximated by a first order lag element with unit gain and
time constant reciprocal to the cut-off frequency ®.: T(s) ~ 1/(1 + s/.). The next
time constant which changes the slope of the approximating amplitude curve to
—40 dB/decade can be neglected in this case. The unit step response approximates
the steady state exponentially, and approximately within 3 time constants reaches
its steady state within 5% accuracy. Increasing the loop gain the slope of the curve
around the cut-off frequency will be —40 dB/decade, and the time of decaying of the
oscillations can be approximated by 10 times the time constant (1/®,) of the second
order oscillating element. Thus the settling time can be given by the following
approximate relationship:

3 10
— <t<—. (4.18)
,

C C

To avoid oscillations a long section of slope —20 dB/decade has to be created
around the cut-off frequency (before and after it) in the Bope amplitude-frequency
diagram of the open-loop. To accelerate the system the cut-off frequency has to be
set to higher values.

4.6.1 The M — o and E — B Curves

For a deeper analysis of the relationship between the frequency functions of the
open and the closed-loop systems, let us analyze the following considerations. The
complementary sensitivity function of the closed-loop system is given by

_ CWP) L)
1+ C(s)P(s) 1+L(s)

T(s) (4.19)

In controller design, the relationship between the transfer function 7'(s) of the
closed-loop and the transfer function L(s) = C(s)P(s) of the open-loop is taken into
account. This relationship seems to be simple, but actually it means a conformal
non-linear mapping from the L(s) complex plane to the T(s) complex plane. The
complexity of this non-linear relationship is the reason why the controller can not
always be designed unambiguously using simple methods.

For each point of the complex plane the mapping point (complex vector)
according to relationship (4.19) can be determined. The absolute value of this
vector is depicted on the vertical axis in Fig. 4.28. (The phase angle can also be
visualized similarly.) Let us plot on the complex plane the Nyquist diagram of the
open-loop (shown as a thick line in the figure). If the points of this NyQuisT curve
are projected to the three dimensional curve, the absolute values of the frequency
function of the closed-loop are obtained. The Bope amplitude-frequency diagram of
the closed-loop is visualized drawing these values versus the frequency.

The frequency function of the closed-loop can be given by its amplitude and
phase angle:



4.6 Relationships Between Open- and Closed-Loop Frequency Characteristics 177

25~

0.5 -

FN=]

Fig. 4.28 The relationship between the amplitude diagrams of the open- and the closed-loop

T(jo) = % = M(o)e*®). (4.20)

From Fig. 4.28 it can be seen that for high amplifications in the open-loop (in the
horizontal plane, points which are far from the origin) the amplification of the
closed-loop approximates the constant value 1. This relationship is seen also from
the approximation

I

o), = (4.21)

|LI>1

As in control systems the amplification of the open-loop in the low frequency
domain is generally high, the amplification of the closed-loop here is approximately
1. Similarly it can also be seen that for points with low amplification in the
open-loop (in the horizontal plane points close to the origin) the corresponding
closed-loop points are of low amplification values, too.

L(jw) s
i)+ 1 ~ |L(jo)|.

IL|«1

o)l = |

As the amplification of physical systems decreases at high frequencies, this
relationship shows that at high frequencies the amplifications of the open- and the
closed-loop are approximately the same, i.e. negative feedback at these frequencies
does not change the open-loop.
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It can also be seen that the curve has a singularity at the point ( — 1 + 0j) of the
complex plane, therefore for controller design the investigation of the neighborhood
of this point will have a great importance. The closer we are to ( — 1 4 0j), the
higher the amplification of the closed-loop will be. When designing a control
system, among the given quality specifications the prescribed value of the allowed
overshoot is an important requirement. The overshoot in the step response of the
closed-loop system is a time domain property, which is determined by the ampli-
fication of the amplitude in the frequency domain. Therefore it is important to
investigate the location of the points in the complex plane where the closed-loop
amplitudes |T| = M are identical. The points of the frequency function of the
closed-loop system where the amplitudes are identical are located on circles in the
complex plane. This can be seen easily, solving the equation

/ u? +12
= . 4.22
14+ 2u+u? +12 ( )

The equation of the curves belonging to a constant amplitude M are obtained by
rearranging the above equation as

M2 2 ) M 2
(u 1o MZ) +Vv = (—1 M2> : (4.23)

This is the equation of a circle with radius r and center point (u,,v,), where

M‘ L(j o) " u+jv

1+ L(jw) I+u+jv

2

o =100

M

m and Vo = 0. (424)

=

The circles belonging to different constant M amplitude values of the closed-loop
are shown in Fig. 4.29.

The M = 1 constant curve is a vertical line at u = —0.5. For M > 1 the curves
are to the left, and for M <1 they are to the right of this line. If M tends to infinity,
the curves shrink to point ( — 1+ 05), and if M tends to zero, the circle will be of
infinitesimal radius around the origin.

Similarly to the circles belonging to constant M values, curves belonging to
constant o values can also be given (4.20), which are also circles. These circles
(both for constant M and constant o values) are called ARCHIMEDES circles. The two
curve systems together are called M — o curves.

If the NyqQuist diagram of the open-loop is plotted in the complex plane where
the constant M curves are also drawn, the amplitude-frequency diagram of the
closed-loop can be obtained by reading the appropriate M values corresponding to
the individual points of the NyqQuistT diagram. The highest amplitude of the
closed-loop is determined by how close the Nyquist diagram of the open-loop
approaches (— 14 0j). The highest value of M will be determined by the
circle-tangential to the NyQuisT diagram.
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Fig. 4.29 Constant M curves

Some characteristic features of the M curves are shown on the complex plane in
Fig. 4.30. The frequency oy, where the frequency function L(j®) intercepts the

circle of M = 1/+/2, gives the so called bandwidth of the closed-loop system. In
the figure the cut-off frequency . and the frequency o, where M = /2 are also

Fig. 4.30 Some characteristic features of the M curves in the complex plane: shape of the unit
step response and the amplitude-frequency characteristics
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indicated. At the frequency ®p,, the closed-loop system has its maximal amplitude
value. The maximal value is the highest value of M belonging to the
circle-tangential to the NyquisT curve of the open-loop. The amplitude-frequency
diagram of the closed-loop has amplification only if the Nyquist diagram of the
open-loop intersects the vertical line corresponding to M = 1, thus there is a fre-
quency range where the NYQUIST curve is to the left of this line. At the intersection
frequency |T(j®)| = 1.

Approximate relationships can be given between the maximal amplification
My, = Mpx of the closed-loop amplitude-frequency curve and the maximum value
vm of the step response (Fig. 4.30).

Mn>15 Vi < Mp — 0.1
125 <My <15 vy~ My (4.25)
My <125 Vin <My,

To avoid oscillations and a big overshoot in the time response, high amplifi-
cation is not allowed in the amplitude-frequency diagram of the closed-loop. The
ideal and the real frequency curves of the closed-loop are shown in Fig. 4.31. Here
o is the cut-off frequency of the closed-loop.

Similarly to the M — o curves of the T(j®) frequency function, the so called
E — B curves can be constructed based on the overall error transfer function S(j ®)
(sensitivity function).

S(o) = HL;(]@) = E(0)eP®). (4.26)

Drawing the curves belonging to constant values of E is very simple, as

1
860 = 7re (4.27)
M,
i M () 1| M{w)
142
0 afm)
: B W @ |0y, W
o] o o(m) \

Fig. 4.31 Ideal and real frequency function of the closed-loop system
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Fig. 4.32 Curves corresponding to M = 1, E=1and |[L| =1

and the |1 +L(jo)| in the denominator is equal to the distance from the point
(— 14j0). These curves are concentric circles around ( — 1+ 0j) with radius 1/E.
The curve belonging to E = 1 has special significance.

In Fig. 4.32 the curves belonging to M =1, E =1, |L| =1 also the distance
|1 + L] are indicated. It is shown how to determine the maximal value M, with the
open-loop Nyquist diagram. The interception points ®; and ®, of the L(j®)
characteristics and the E = 1 circle indicate the range where |S(j ®)| < 1.

4.7 The Sensitivity of a Closed Control Loop to Parameter
Uncertainties

The parameters of a process are never known quite accurately. Also, the process
may change over time. The environment of the process may change and as a
consequence the parameters of the process may also change within a given range.
Negative feedback decreases the sensitivity of the system to parameter changes. In
controller design it is advisable to take the possible parameter changes into con-
sideration. The behavior of the control system has to be acceptable not only for the
nominal parameter values, but throughout the whole possible range of the parameter
changes.
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Let us analyze the behavior of the system if the transfer function of the process
changes from its nominal value P,(s) to P(s) = Po(s) + AP(s). The overall transfer
function of the open-loop is L = CP, whose small change is

oL
AL =22 AP = CAP. (4.28)

The relative change is expressed by

AL CAP AP
ar_tar_av (4.29)
L cp P

The overall transfer function of the closed-loop realized by negative feedback
(Fig. 4.25) is

cp
T=—— 4.
14+ CP’ (4.30)
whose small change is
oT C
AT = —AP = ——SAP. (4.31)
or (1+cCP)

The relative value of the change is

AT 1 AP _AP
== =5

= —=85— 4.32
T 1+CPP P’ (432)
where S is the sensitivity function of the closed-loop:
AT/T 1
= == = . 4.33
AP/P 1+CP (433)

The sensitivity function shows how much a relative change of the process
(AP/P) influences the relative change of the resulting transfer function (AT /T). In
the frequency range where |L(j ®)| — oo, the sensitivity function takes small val-
ues, thus even big parameter changes in the process have a small effect on the
resulting closed-loop transfer function, and also on the output signal of the
closed-loop.

For an infinitesimally small change (AP — 0):

=50 (4.34)
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whence

_OT/T  OnT

5= oP/P OlnP’

(4.35)

The resulting transfer function T of the closed-loop is also called the comple-
mentary sensitivity function, as the following relationship holds:

S+T=1. (4.36)

Typical amplitude-frequency curves of the loop transfer function L, the sensi-
tivity function S, and the complementary sensitivity function 7 are shown in
Fig. 4.33.

Let us consider now the sensitivity of the control system with respect to
parameter changes in the feedback element (Fig. 4.34). This sensitivity function can
be defined by the following relationship:

AT/T
Sy = AT (4.37)
AH/H
10" G 10" p
o (Jjw) ;
A NC
- ~_ |T(jo)| -
10° ; —— 10° (5]
10 r ] el L 00)]]
10? i 1 10° \\
10? = = , 107 = = 1
10 10 10 10 10 10

Fig. 4.33 Typical amplitude-frequency curves of the loop, the sensitivity function and the
complementary sensitivity function

Fig. 4.34 Feedback control
circuit, the sensor has L, e C I P Y -
dynamic characteristics
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Now

P T P)’

T = Cf thus AT = a—AH = — (Ci)zAH, (4.38)

1+ CPH OH (1+CPH)
and

AT AH CPH AH L AH
— =Sy (4.39)
T H 1+CPH H 1+L H

As Sy = —L/(1+L) = —T has to take approximately the value of 1 in a wide
frequency range to ensure good reference signal tracking, the parameter changes in
the feedback element may significantly influence the output signal. Therefore it is
required to measure the output signal very accurately, or to realize unity feedback.

Formulas (4.6)—(4.8) giving the relationships between the input and the output
signals can also be given by the sensitivity functions.

h<
=

I

=

($)T(s)R(s) + S(8)Yno(s) + P()S(s) Yni(s) — T(s) Y, (s) (4.40)
E(s) = F(s)S(s)R(s) — S(s)Yno(s) — P(s)S(s) Yni(s) — S(s)Y.(s) (4.41)
U(s) = F(s)C(5)S(s)R(s) — C(5)S(s)Yno(s) — T(s)Yni(s) — C(5)S(s)Y,(s) (4.42)

So with the sensitivity functions, not only the effects of parameter changes can
be investigated, but also the signal transfer properties of the control system can be
analyzed.

4.8 Requirements for Closed-Loop Control Design

A closed-loop control system has to meet prescribed quality specifications. These
specifications depend on the control aims, on the technology of the considered
process and also on the process itself.

In a rolling-mill, e.g., the uniform thickness of the steel sheet has to be ensured
with high accuracy. The aim of the utilization of the steel sheet will also influence
the desired accuracy. In a heat treatment process the temperature has to be set
according to a given program. In the treated material undesirable alterations should
not happen. This requirement influences the prescribed accuracy of the reference
signal tracking. The accuracy of directing an airplane into a path and then tracking
the path is important to reach the destination station while ensuring the avoidance of
other airplanes. The prescription of the required settling time is also important. This
requirement has to consider the dynamics of the process. In case of a very slow
process, a big acceleration can not be expected, as this would require too high,
practically unrealizable manipulating input signals. The prescriptions should be



4.8 Requirements for Closed-Loop Control Design 185

tailored to the opportunities. The prescriptions consider both the static and the
dynamic properties of the closed-loop control system.
The requirements set for a closed-loop control system are:

— stability

— appropriate static accuracy for reference signal tracking and disturbance
rejection

— attenuation of the effect of measurement noise

— insensitivity to parameter changes

— prescribed dynamic (transient) behavior

— consideration of the restrictions stemming from the practicality of the
realization.

A linear closed-loop control system is stable, its steady state is achieved, if the
roots of the characteristic equation are on the left side of the complex plane (see
Sects. 4.2 and 4.5).

Static accuracy of the control system for typical input signals (step, ramp,
parabolic input) is determined by the number of the integrators in the open-loop
(Sect. 4.5).

Disturbance rejection, attenuation of measurement noise, and the effects of param-
eter changes can be investigated by the sensitivity functions (Sects. 4.6 and 4.7).

The prescribed dynamic behavior is generally given by the characteristic
parameters of the unit step response v(z) of the closed-loop system (Fig. 4.35).

+2-5%

0.9v

g8

max

Fig. 4.35 Dynamic specifications of a control system
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The static error for a unit step input is
1 - Vss- (443)
The overshoot of the unit step response is

o = Jmax T Vs 0007 (4.44)

Vss

The settling time # is the time when the unit step response of the closed-loop
system reaches its steady state within £(2 — 5)% accuracy.

During the rise time 7 the step response starting from 10% reaches 90% of its
steady state value. The time of reaching the maximum value is denoted by Ty,.

In control techniques the main point of controller design is to find an acceptable
compromise between a large overshoot and a long settling time. This compromise
can be formulated on the one hand by prescribing the distance of the loop frequency
function from the point ( — 1+ 0j), which characterizes the stability limit (see
Sect. 5.6). On the other hand, a quality index can be formulated, which can be the
minimum (optimum) value of an integral criterion. This optimum value indicates a
balance between the two extreme transients. In this case the quality of the control
performance is evaluated on the basis of an integral of the error signal
e(t) = v(oco) — v(t). The controller parameters are chosen to reach the minimum of
this error integral.

The formulas for the different criteria involving integrals are as follows:

I = Te(t)dt linear control error area (4.45)
0
(it can be applied only to aperiodic systems, it can be evaluated analytically)
L= ofoez(t)dt quadratic control error area (4.46)
0
(it can be calculated analytically)

I; = [ |e(t)|dr = IAE Integral of Absolute value Error (4.47)
0

o0

Iy = [ tle(t)|dt = ITAE Integral of Time multiplied by Absolute value Error  (4.48)
0

Iy and 14 can be evaluated only by simulation.
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Linear control error area.

With simple considerations the following relationship can be obtained:

t

E
I = lim | e(t)dt = limosﬂ = E(0), (4.49)
1—00 5— s

0

where E(s) = £{e(z)} is the LapLACE transform of the error signal. For an aperiodic
control system given by the transfer function T'(s) where T(0) = A (see Fig. 4.36)

T(s) = AM = AT'(s), (4.50)

let us calculate the linear control error area. According to (4.49),

I /OO (A— (1)) dr = [(A - T(s))l] =4 [1_4””} »

s| s
—A(i%in)
= k=1

The time constants in the denominator of the transfer function increase the linear
control error area, but the time constants in its numerator decrease it. Thus by
introducing zeros, the system can be accelerated.

For aperiodic transients an equivalent dead time 7. can be defined, which is the
dead time of the step function of amplitude A measured from time point ¢t = 0,
whose linear control error area is equal to the control error area of the step response
of the considered transfer function.

(4.51)

I
=

H;:l (1 +STj) =[S (T+smw)
s[T (1+5T5)

s=0

v(r)

Fig. 4.36 Linear control area of an aperiodic process
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3
3

=5N71-5 1 (4.52)

Quadratic control error area

The quadratic control error area can be evaluated also in the frequency domain
using the PARSEVAL theorem.

b= / ez(t)dt:%j / E(—s)E(s)ds:% / IE(j o) do. (4.53)
0 —00 0

The quadratic control error area can be calculated analytically. For lower degree
cases for strictly proper LapLACE transforms of the error signal (m < n) of the form

Z"":o Ci st
E(s) =&==0"" 4.54
(s) ST dy (4.54)

calculation formulae have been derived for evaluation of the I, integral for a given
degree and for given c¢; and d; parameters. A general formula in algorithmic form
can also be given, which provides a special, not too complex recursive algorithm. It
should be mentioned that minimizing the quadratic error area as a function of a
controller parameter generally results in a flat minimum. Unfortunately the optimal
transient generally gives a quite high overshoot (20-25%), so this optimal controller
can not be used in high quality control systems.

Absolute value criteria

It is difficult to evaluate a criterion using the absolute value of the error. Instead of
analytical calculation the minimum can rather be determined by simulation or with
searching optimization methods. The minimum of the cost function is generally
sharp. The Integral of Time multiplied Absolute value Error (ITAE) criterion
punishes the error values at the beginning of the time scale less than those occurring
at later time points. The optimum (minimum) of this criterion provides beautiful
transients with ~5% overshoot.

4.9 Improving the Disturbance Elimination Properties
of the Closed-Loop

An adequately designed closed-loop control system ensures good reference signal
tracking and also the rejection of the effects of input and output disturbances. If
along the path from the disturbance to the output there are signal components with
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large time constants, then the disturbance rejection will be slow. Of course, in
controller design considerations related to disturbance rejection have to be also
taken into account.

Disturbance rejection can be improved if not only the effects caused by the
disturbance in the output signal are utilized for disturbance rejection, but possibly
some internal measurable signals are also used in which the effect of the disturbance
appears already earlier than in the output signal. Utilizing the available information
in the control circuit, better, deliberate decisions can be made, and thus the quality
of the control system can be improved.

4.9.1 Disturbance Elimination Scheme (Feedforward)

If the disturbance is measurable, the quality of the control system, especially its
disturbance rejection properties, can be significantly improved by letting it drive a
feedforward. Based on the measured value of the disturbance it is possible to execute
actions to reject it before its effect would appear in the controlled variable. The block
diagram of feedforward control is shown in Fig. 4.37. With appropriate design of the
feedforward controller C,(s) the effect of the disturbance can be significantly
decreased or even totally compensated. The disturbance acts on the output through
two paths. The resulting transfer function between the output and the disturbance is

Y(s)  Pu(s)+ Ca(s)P(s)
Yo(s)  1+C(s)P(s) (4:35)

The effect of the disturbance will not appear in the output signal if the numerator
of the above expression is zero, i.e. if

C(S) P(s) ——>

Fig. 4.37 Block diagram of feedforward control
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Pa(s) + Ca(s)P(s) = 0. (4.56)

Hence the transfer function of the feedforward compensator is:

Cals) = — -2 (4.57)

If this transfer function is realizable (i.e. if the degree of its numerator is not
higher than the degree of its denominator and furthermore P(s) does not contain
dead time), the effect of the feedforward is perfect: the effect of the disturbance does
not appear at all in the output signal. If Cy(s) is non-realizable, its transfer function
has to be approximated by the best realizable controller.

Feedforward supplements the closed-loop control circuit with an open-loop path.
The efficiency of the feedforward compensation depends on how accurately the
effect of the disturbance on the output signal is known, and how much it is possible
to compensate it with the available manipulations.

As an example let us consider the control scheme of a belt dryer furnace shown
in Fig. 4.38. In the electrically heated furnace the material to be dried goes through
the conveyor G driven by the motor M. The controlled signal is the moisture
content of the material leaving the furnace. At a given conveyor speed the material
abides in the furnace for a given time. The manipulated variable is the heating
power, which can be changed by a voltage u across the resistance R. The humidity
of the material leaving the furnace is measured. It is compared to the reference
signal. In case of deviation, the heating power is modified through a PI controller.
(A PI controller consists of a proportional (P) and an integrating (/) element con-
nected in parallel, see Chap. 8). The main disturbance source is the change of the
humidity of the incoming material. Time is needed to eliminate the effect of the
disturbance. The control system comes into operation only after the effect of the
disturbance has been detected at the output. Thus for a certain time the humidity of
the outcoming material will differ from its desired value. If the humidity of the
incoming material is measurable, then based on this measured value the heating
power could be immediately set to a value which on the basis of a priori knowledge
expectably would be needed to ensure the prescribed humidity value through the P
part of the controller. (The integrating part of the controller can not be included in
the feedforward path, as its output can not reach a finite steady state because of the
constant input signal.) The feedforward part of the controller is denoted by the
dashed line in Fig. 4.38. Then the closed-loop control circuit has to eliminate only
the error component resulting from the inaccuracy of the a priori knowledge.

4.9.2 Cascade Control Schemes

Several times the processes can be separated into serially connected parts, and
besides the output signal the intermediate signals can also be measured. Figure 4.39
shows the block diagram of a process which consists of two serially connected
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Fig. 4.38 Control scheme of a belt dryer furnace with feedforward

) Vi

— ) 2R s) Y

measurable measurable

Fig. 4.39 A process which can be separated into two serially connected parts

parts. The disturbances may act on the output or between the two parts of the
process. It is supposed that the disturbances themselves are not measurable.

The block diagram of the conventional feedback control is shown in Fig. 4.40.
The closed-loop control system is able to track the reference signal and also to
reject the effect of the disturbances. To activate the disturbance rejection it is
necessary that the effect of the disturbance should appear at the output. Then an

C(s) Py (s) B(s)

Fig. 4.40 Block diagram of feedback control
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error signal appears in the closed-loop which activates the control circuit to elim-
inate the effect of the disturbance. If the Py (s) part of the process contains the larger
time constants, the rejection of the disturbance y,, acting between the two parts of
the process will be slow.

It is worthwhile to create an inner loop using the measurable y, signal, which is
capable of supporting a fast rejection of the inner disturbance. As the effect of the
inner disturbance appears sooner in signal y, than in the output y;, the inner loop
can rather quickly decrease the effect of the inner disturbance. The outer loop
ensures good reference signal tracking, the rejection of the output disturbance and
further attenuation of the effect of the inner disturbance which has been already
decreased by the inner loop. The block diagram of the control circuit with two loops
——called a cascade control—is shown in Fig. 4.41. The advantage of cascade
control compared to a single-loop feedback control is manifested if part Py (s) of the
plant contains the large time constants and/or dead time, while part P,(s) contains the
smaller time constants. The controller of the inner loop C;(s), is designed for fast
performance of the internal loop, thus the inner loop will quickly reject the internal
disturbance. With the controller C(s) of the outer loop, good reference signal
tracking and rejection of the external disturbance is to be ensured. The inner
controller could be of structure P or PD. In the inner loop the feedback provides
acceleration, thus because of the smaller time constants the compensation of the
outer loop will be easier. The controller in the outer loop which ensures the quality
specifications could be of structure PI or PID. (A PID controller consists of parallel
connected proportional (P), integrating (/) and differentiating (D) elements, see
Chap. 8.)

In some applications it is expedient to put a saturation after the external con-
troller. As the output of the external controller provides the reference signal of the
internal loop, by restricting its value, the internal signal y, can also be kept within
prescribed limits.

Of course if the process can be separated into more than two components, where
the internal signals are measurable, a cascade control can be realized with several
nested control circuits.

Cascade control is applied generally in the speed or position control of electrical
drives, where the output variable is the speed or the position, and the internal variable is
the current. In this case the aim of cascade control is mainly the restriction of the armature
current. Namely, the current may reach very high values when starting, breaking or
loading the motor, while the speed is developed more slowly because of the mechanical
inertia of the system. Thus it is not enough to feed back only the speed, the current also

Fig. 4.41 Block diagram of cascade control



4.9 Improving the Disturbance Elimination Properties of the Closed-Loop 193
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Current sensor
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Fig. 4.42 Cascade control of a DC motor

has to be observed, and its value has to be kept within the allowed range. The cascade
control of a DC motor is shown schematically in Fig. 4.42.

Figure 4.43 shows a cascade control solution for room temperature control. The
controlled variable is the ¥} temperature of room T, which is set to the required value
by the air blown across the steam heated heat exchanger H. The manipulated variable
is the steam blowing through the heat exchanger, which is set by valve B. The main
disturbance is the pressure of the steam, as the amount of the steam, i.e. the heating
power entering the heat exchanger H depends on the pressure in a given valve
position. For the cascade stage the internal controlled variable could be the temper-
ature ¥, of the steam coming out of the heat exchanger, as the effect of the change
of the heating power is observed sooner in ¥ than in the room temperature .

T -« -
- T (OO -— @i
E "
9
i — —o > C. > G B
air < T
steam

Fig. 4.43 Cascade solution for room temperature control
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In a single loop closed-loop control circuit only the output signal is fed back. In
cascade control, besides the output signal, one or more measurable internal signals
are also fed back, thus improving the quality of the control. The control system will
be faster, and could reject the internal disturbances more effectively. These internal
variables generally are the state variables of the system.

In a system, the internal variables, the so called state variables, determine the
dynamic behavior of the system. Their instantaneous values depend on the previous
moves of the input signal. With the knowledge of the actual values of the state
variables and the input signal, the states of the system and the output signal at the
next time point can be determined.

When building a closed-loop control system not only the measurement of a
single output signal or of some additional inner signals considered in cascade loops
is important, but it is essential to measure and feed back all the state variables (in a
system described by a differential equation of order n, their number is n). This
control concept is called state feedback, which can be considered as a generalization
of the cascade control concept. Chapter 10 deals with state feedback control in
detail.

4.10 Compensation by Feedback Blocks

If some internal signals of a process are measurable, applying feedback on them the
performance of the control system can favorably be influenced. The block diagram
of feedback compensation is shown in Fig. 4.44. The equivalent series compen-
sation can be determined in a straightforward way. The advantage of feedback
compensation is that besides modifying the performance of the closed-loop system
it linearizes the relationship between the output and the input signals of the internal
loop and considerably decreases the effect of parameter changes. The internal loop
is also effective in rejecting internal disturbances. Compensation by a feedback
block may also show an advantageous behavior when the control signal is saturated.

yn2 ynl

Fig. 4.44 Block diagram of compensation by a feedback block
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Fig. 4.45 Block diagram of a control system with two loops applying an auxiliary manipulated
variable

With appropriate internal feedback, the inverse of the process can be generated,
providing a favorable control solution.

Generally it is sufficient to have an internal loop working only in the transient
state, while in the steady state only the external loop is efficient. This can be
accomplished by feedback through a differentiating element combined with a first
order lag: C,(s) = Ayst/(1+sT)).

4.11 Control with Auxiliary Manipulated Variables

Typically there are several possibilities for manipulation at the process input.
Depending on the properties of the process one of the manipulated variables is
fundamental, while the others can be used as auxiliary possibilities applied, in
general, only temporarily.

The block diagram of a control system with an auxiliary loop is shown in
Fig. 4.45. As an application example, let us consider the control of the belt dryer
furnace shown earlier in Fig. 4.38. If the humidity of the material coming into the
furnace changes abruptly, without feedforward its effect on the output is recognized
only when the furnace is already full of the material of changed quality. In this case,
if only the heating of the furnace is modified, a relatively large amount of the
material comes out of the furnace with humidity that differs from the required value,
as the thermal inertia of the furnace is big and the temperature can only be changed
slowly. The manipulation becomes more effective if the speed of the conveyor is
also changed temporarily by changing the speed of the motor M. Thus the residence
time of the material in the furnace is shortened. The auxiliary manipulation can only
be temporary, which can be achieved by e.g. using a proportional controller in the
auxiliary loop, that influences the armature voltage of the motor. In the main control
loop, a PI controller is applied, thus in steady state the error signal is zero, and then
the auxiliary circuit becomes inactive.



Chapter 5 )
Stability of Linear Control Systems Skl

In practical applications, the stability of the control system is an important
requirement. A control task can not be realized with an unstable control loop. The
stability of a control system has to be distinguished from the stability of the process
itself. There are cases when an unstable process has to be stabilized and controlled
with a closed-loop control system. There are processes which would not even
operate without control, the closed-loop control stabilizes the process. The best
known examples of such systems are the control of an airplane, or in everyday life,
riding a bicycle.

Closed-loop control circuits may present surprising phenomena. These phe-
nomena are due to the process dynamics, inertia and time-delays. Therefore the
processes can not follow immediately the commands acting on their input.
Generally, the time of the response of a process is not within the time scale of
human reactions (sometimes it is much slower, and sometimes much faster). In
some cases the short time response does not agree with what we would experience
waiting for a bit longer time (e.g., non-minimum phase processes). Therefore
experimental investigation of the stability is not acceptable in operating and con-
trolling real processes, which are generally very expensive. Precise mathematical
methods are needed to analyze the stability of control systems.

5.1 The Concept of Stability

If a system has the property that it will get back into the equilibrium state again after
moving away from its equilibrium state, then it is stable.

If the system is non-linear, its stability depends on the input signal and also on
the operating point. In this case, stability is a characteristic of a state of the system,
and not of system as a whole. In case of a linear system, stability is characteristic for
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the system. Stability depends on the system’s structure and parameters, but does not
depend on the input signal. As far as stability is concerned, a number of various
formulations exist.

Stability of an un-excited system

A system is stable if after removing it from its equilibrium state and allowing it to
move freely, it returns to its original state. If the system moves away from its
original state, its behavior is unstable. The system is on the boundary of stability
and unstability if after removal from the equilibrium state it does not return to it, but
remains in its close vicinity, which depends on the extent of the removal (e.g. it
makes un-damped oscillations with bounded amplitude around the initial state). In
non-linear systems, the system is also considered stable if in the boundary case
removing it from the steady state it returns to an arbitrarily prescribed small vicinity
of the steady state. The system is asymptotically stable if after removing it from its
equilibrium state it returns to its original state. A stable linear system is asymp-
totically stable. In the case of asymptotic stability the weighting function w(z) of a
linear system is decreasing in the following sense:

lim w(f) =0 (5.1)

1—00

and furthermore w(z) is absolutely integrable, i.e.

oo

/ lwi(#)|dt < 00 (5.2)

0

Stability of an excited system

A system is stable if it responds to any bounded input signal with a bounded output
signal, from any initial condition. Stability of the excited system is called Bounded-
Input—Bounded-Output (BIBO) stability.

For linear systems, stability is a system property. Stability does not depend on
the magnitude of the excitation. Additionally, for linear systems, if the un-excited
system is stable, then the excited system is also stable. Stability can be checked
unambiguously from the system response to a simple input signal.

Internal stability

A closed-loop control system fulfills the requirement of internal stability if its
output signal and all of its inner signals respond in a stable way to any outer
excitation signal. Let us investigate the control system shown in Fig. 5.1. Besides
tracking the reference signal r the rejection of the effect of disturbance y,; and yy,
acting at the input and the output of the plant P, respectively and the effect of the
measurement noise y, on the output are also investigated. The system is stable if for
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Yn

Fig. 5.1 Block diagram of a closed-loop control system

all the considered bounded input signals the controlled output signal y, the
manipulated control variable u and the error signal e are bounded. It can be shown
that in the structure of Fig. 5.1 it is always sufficient to choose two arbitrary
external and two arbitrary internal signals. Internal stability requires the investi-
gation of the stability of the following four overall transfer functions: CP/(1+ CP),
1/(1+CP), P/(1+CP), C/(1+ CP). This can be characterized by the transfer
matrix of the closed-loop control circuit

cp P
_ |T+cP Twcp

T, = [ L } (53)
T+CP T+CP

A closed-loop control system has the property of internal stability if 7', is stable,
i.e. all its elements are stable. Internal stability is equivalent to the stability of the
excited system if the open-loop system has no non-observable or non-controllable
right side poles (i.e. the zeros of the controller do not cancel the pole in the right
half-planes of the plant). (It has to be emphasized that it is not allowed to cancel an
unstable pole of the plant with a right side zero of the controller, as the unstable
pole would become invisible only in the relationship between the output signal and
the reference signal, but would remain in the relationship between the output signal
and the disturbance acting at the input of the plant.)

Lyapunov stability

According to the LAGRANGE energy theorem a system is in balance if its potential
energy is minimal. LyApuNov prescribes the determination of a scalar function of
energy property (the so called Lyapunov function) belonging to the differential
equation or state equation of a general nonlinear system with constant coefficients.
If in the considered range of the state variables this function is positive and its
derivative is negative, the system is asymptotically stable. The methods of
Lyapunov provide sufficient conditions for the determination of the stability
properties of nonlinear systems. Choosing a Lyapunov function is not always a
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simple task. Lyapunov suggests first the investigation of the stability of the lin-
earized system at individual operating points. Of course, the method of Lyapunov
can also be applied to investigate the stability of a linear system. But for linear
systems, it is expedient to use simpler direct methods.

5.2 Stability of the Closed-Loop System

Negative feedback, which is the basic structure of a closed-loop control system,
also involves the risk of instability. To demonstrate this let us consider the control
loop shown in Fig. 5.2. Assuming a step-like abrupt change of the reference signal,
the output signal starts to grow from zero. Then the error signal decreases starting
from an initial value of 1. If the gain of the controller is high, first a large input
signal appears at the plant input, which results in a sharp rise in the output signal.
The dynamics of this change is determined by the dynamics of the process P and
the controller C, i.e., by the gains and the time constants of the corresponding
transfer functions. When the output signal reaches its required value, viz., the one
prescribed by the reference signal, the error signal reaches zero. But because of the
inertia of the system, the signals will not be settled immediately at their required
values, but maintaining their trend they will continue changing further, according to
their actual slope. If the output signal exceeds its prescribed value, the error signal
becomes negative, and after a while the output signal will start decreasing. With
large time constants of the process and high gains of the controller, the overshoot
may be significant. Steady or increasing oscillations may appear in the control
system. The problem of stability emerges because the system uses the information
supplied by the error signal in a delayed manner, and if the gains are high, during
the delay time the output signal “runs away” so much that the control system will
not be able to bring it back to its required value. The parameters of the controller
always have to be chosen in such a way that the control system is stable.

The instability of a feedback control system is caused by large time constants
and high gains. This phenomenon is illustrated by the behavior of the control
system shown in Fig. 5.3. The process is represented by a pure dead-time with unit
gain, given by its step response. The dead-time element follows its input signal u
after a time specified by Ty. The controller is a pure proportional element with gain
A, thus the loop gain is K = A. Let us investigate the signals in the control circuit
for K=0.5, 1 and 2. The evolution of the signals can be easily followed.

. —7
y

Fig. 5.2 Dynamics of a
control system
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Fig. 5.4 Signals in a control circuit with dead-time

Figure 5.4 shows the reference signal, the error signal, and the controlled output
signal. With K = 0.5 the control system is stable (but it is inaccurate: the output
signal settles at 1/3 instead of the required value 1). In the case of K = 1, steady
oscillations appear: the system is on the borderline between stability and instability.
With K = 2, the system is unstable.

The values of the individual signals can also be given analytically in the con-
sidered time ranges according to Table 5.1.

Table 5.1 Signal values in a

Time range ¢ Error signal e Output signal y
closed-loop control system ]
with dead-time 0-Tq 0
Ty—2T, 1-K K
2T4—3Ty 1-K(1-K) K(1-K)
3Ty—4Ty 1—-K[1—-K(1—-K)] |K[1—K(1-K)]
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It is seen that with the progress of time the error signal e can be given by a
geometrical series with quotient —K. If K <1, the series converges to
lime(f) =1/(14K), and the limit value of the output signal is
1—00

lim y(f) = K/(1 4 K). Thus the stability limit is K = 1. The higher the value of K,
1—00

the smaller the steady error in the control circuit, but the requirement of stability
sets a limit for increasing K. Stability and static accuracy are often contradictory
requirements. In the design of a control system, an appropriate compromise has to
be realized to ensure both stability and the required static accuracy.

Stability is an important property for a linear system. In the case of instability the
control system “runs away” even if it is excited only temporarily by some noise,
e.g. an impulse acts at its input. Figure 5.5 shows the signals in the case of K = 2
when the reference signal is a short time impulse of amplitude unity.

5.3 Mathematical Formulation of the Stability
of Continuous Time Linear Control Systems

If an un-excited closed-loop control system is asymptotically stable then the time
function describing its transients contains components that are decreasing functions
of time. The transient time function is a combination of exponential components
whose exponents are the roots of the characteristic equation of the system.

In a controllable and observable control system (when the zeros of the controller
do not cancel the poles of the plant) the roots of the characteristic equation are
identical to the poles of the overall transfer function of the closed-loop. Formally,
the characteristic equation of the differential equation describing the system is
equivalent to the denominator of the overall transfer function of the closed-loop
system.

That is, the overall transfer function of the closed-loop between the output signal
y and the reference signal r is

Y6 P C)P)
R(s) 1+4+C(s)P(s) 1+L(s)"

T(s) = (5.4)

The differential equation of the system is the inverse LAPLACE transform of
[1+L(s)]Y(s) = C(s)P(s)R(s) (5.5)
and the characteristic equation is, formally,
1+L(s) =0. (5.6)

Thus the roots of the characteristic equation are the same as the poles of the
overall transfer function of the closed-loop system.
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Fig. 5.5 The signals at the s
output of an unstable system
“run away” even if a short
time signal acts at its input
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If the loop transfer function is a rational fraction, i.e. L(s) = N(s)/D(s) where

N (s) and D(s) are polynomials, then the characteristic equation can also be given
in the following form:
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A(s) =D(s) + N(s) =0 (5.7)
or
s+ ay 18" Fars a0 = an(s —p1)(s—pa)...(s—p.) =0. (5.8)

If the system is described by its state equation with state matrix A, then the
characteristic equation can be given by the relationship

det(sI —A) =0. (5.9)

(see also Chap. 3).

If the coefficients of the characteristic equation are real numbers, then the roots
of the equation are real numbers or pairs of complex conjugate numbers.

The condition for asymptotic stability is that the real part of the poles p; of the
closed-loop have negative real parts, as this condition ensures that the transients are
decreasing function of time. This condition can also be formulated as follows: a
closed-loop control system is asymptotically stable if all of its poles lie in the left
half-plane of the complex plane.

If any of the poles lies in the right half-plane, the system is unstable. If besides
the poles in the left half-plane there are poles in the origin, then there is an inte-
grating effect in the system, for step input its output signal goes to infinity. If there
are pairs of complex conjugate simple poles on the imaginary axis, then steady
oscillations do appear in the transients. In the case of multiple poles, the amplitudes
of the oscillations are increasing. In practice, only asymptotic stability is acceptable.

5.4 Analytical Stability Criteria

Stability can be decided from the location of the roots of the characteristic equation
which are the poles of the closed-loop system.

If there is no dead-time, the characteristic equation is an algebraic equation,
whose roots can be given analytically provided the degree is less than 5 (GaLois
theorem). For higher degrees, numerical root searching methods can be applied
which determine the roots with a given accuracy.

If the system contains dead-time, then the characteristic equation is a tran-
scendental equation D(s) + A (s)e™*T¢ = 0, whose solution is not simple, and in the
case of instability it is difficult to decide how to stabilize the system. In this case, the
characteristic equation can be approximated by a rational functional approximation
of the dead-time, or the investigation has to be done in the frequency domain (see
Sect. 5.6).

Several procedures have been elaborated to determine the stability without
solving the characteristic equation. These procedures are referred to as stability
criteria.
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If there is no dead-time, then based on the relationships between the roots and
the coefficients of the algebraic equation it can be checked with analytical stability
criteria whether all the roots lie in the left half of the complex plane, i.e., whether
the system is stable or not.

A necessary condition for stability is that all the coefficients of the characteristic
equation must be of the same sign and none of the coefficients can be zero. This can
be seen easily based on Eq. (5.8). That is, if all the poles have negative real parts,
then by multiplying the root factors, all the coefficients will be positive. If there are
also pairs of complex conjugate roots with negative real parts, then multiplying the
root factors the obtained coefficients are also positive. Suppose p;, = —a £ jB,
where oo > 0 and B > 0. Let us multiply together the two corresponding factors
[s — (—ou4jB)][s — (—o — jB)] = s> + 2as + o> + B2. The coefficients are evidently
positive. In the first- and second-degree cases the sameness of the signs of the coeffi-
cients is not only a necessary, but also a sufficient condition for stability. In the sequel,
two analytical methods will be given, without proof for checking stability.

5.4.1 Stability Analysis Using the RourH Scheme

Let us build the following scheme from the coefficients of the characteristic
polynomial given in (5.8):

Ay ap—2 Qp—4 dp—6
ap—1 4p-3 dp-5 dp—7 ...
byo by_4 by byg ... (5 10)
Cp3 Cpn5 Cn-7 Cp9

where
ap—1ap—2 — Apdp-3 ap—1ap—4 — Qpdp—5 Ap—1ap—6 — Apdp—7
bn72:—7bl7,74:—7bn76:—7"'
ap—1 ap—1 ap—1
bn—2an—3 _’an—lbn—4 bn—Zan—S _'an—lbn—é
Ch—3 = y Cn—5 =

S
bn—2 bn—2

(5.11)

The length of the rows is decreasing. If the degree of the characteristic poly-
nomial is n, the scheme consists of n+ 1 rows. The arrangement given by (5.10)
and, (5.11) is called the RouTtH scheme.

A system is stable if all the coefficients of its characteristic equation are positive
and all the elements of the first column of its RouTH scheme are positive. If not all
the elements in the first column are positive, the system is unstable, and the number
of the changes in the signs gives the number of poles of the closed-loop system that
lie in the right half-plane. A zero in the first column indicates that the characteristic
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equation has a root on the imaginary axis. In this case, the scheme can be continued
by taking an arbitrarily small € value instead of zero.

Example 5.1 Suppose the loop transfer function of a control circuit is
L(s) = K/s(1+5)(1+5s). In a closed-loop circuit, a unit negative feedback is
applied. Let us determine the value of the critical gain K that brings the control
system to the stability limit. The characteristic equation is

K
1+L(S):l+mzo,

or
55+ 657 +s+K=0.

As all the coefficients have to be positive, the necessary condition for stability is
K >0.

N W
o)~

The RoutHschemeis :  _

NO\’U!
=~

To ensure stability, all the elements of the first column have to be positive. Thus
the condition for stability is

0<K<1.2. u

5.4.2 Stability Analysis Using the Hurwitz Determinant

Let us build the following HurwiTz determinant of dimension n x n from the
coefficients of the characteristic polynomial (5.8)

ap—1 Qap-3 dp-5 dp—7

Ay ap—2 Qp—4 dp—6
0 dp—1 Q4p-3 d4p-5
0 ay ap—2 dp—4 (5 12)
0 0 ap—1 ap-3

Elements with negative indices are taken to be zeros. The system is stable if all
the coefficients of the characteristic equation are positive and all the subdetermi-
nants along the main diagonal are also positive: A; > 0. The subdeterminants are:
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ap—1 ap-3 A5
s A3 = a An_2 dAp—4 |y An- (513)
0 ap—1 ap-3

ap—-1  Qap-3
Ay ap—2

Ay =lap], A =

Example 5.2 Let us investigate the stability of the system analyzed in Example 5.1
on the basis of the HurwiTz determinant. The characteristic equation is

5534+ 65°+s+K=0.

As all the coefficients have to be positive, K > 0.
The Hurwitz determinant is

6 K O
51 0 (5.14)
0 6 K
The subdeterminants along the main diagonal are
A1 :6>0; A2:6—5K>0andA3 :KA2>0.
Thus the condition of stability is 0 <K <1.2. ]

5.5 Stability Analysis Using the Root Locus Method

The root locus gives the location of the roots of the characteristic equation of the
closed-loop system in the complex plane as a parameter (generally the loop gain)
changes between zero and infinity.

If the roots are in the left half-plane, the system is stable. At the critical gain the
root locus crosses the imaginary axis. At gains where the root locus has moved to
the right half-plane, the system becomes unstable.

From the root locus, not only the stability of the closed-loop system can be
checked, but from the location of the roots, also the dynamic properties can be
determined approximately.

For drawing the root locus, the characteristic equation has to be solved for
different parameter values. Today’s computer techniques and CAD programs pro-
vide considerable help in drawing the root locus branches. But often there is the
need for a rapid qualitative analysis to assist the designer in design considerations.
Therefore, several rules have been elaborated to support the quick sketching of the
root locus. (It is also called the Evans method, after the name of the developer of
the method.)
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5.5.1 Basic Relationships of the Root Locus Method

The characteristic equation of the closed-loop control circuit 1+ L(s) = 0 can be
written also in the following form:

(5.15)

where Z denotes the number of zeros, P is the number of poles and %, is the loop
gain factor of the pole-zero form.
For all the points of the root locus the absolute value condition

IL(s)| =1 (5.16)
and the phase condition
¢ ==£NI180°; N=1,3,5,... (5.17)

have to be fulfilled.

This means that for the construction of the root locus, those points in the
complex plane are to be looked for that fulfill both the phase condition and the
absolute value condition.

Let us denote the absolute value of the vector connecting the zero z; with an
arbitrary point s of the complex plane by C;, and its phase angle with the positive
real axis by y;. The absolute value of the vector connecting the pole p; with the
same point s is denoted by D;, while its phase angle is denoted by J; (Fig. 5.6). That
is

s —z = Celli (5.18)
Fig. 5.6 Notation for the N Ims
vectors connecting the points C;
of the root locus with the
poles and zeros of the L) s
open-loop %
D!.
Res
#;
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and
s —pi = D’ (5.19)

The phase condition can be given in the following form:
z P
> ov— > 8 =+NI80% N=1,35,. .. (5.20)
or

P A
> 8= v =FNIS; N=135,. .. (5.21)

7: = k. (5.22)

A point in the complex plane is a point of the root locus if for that point both the
phase condition and the absolute value condition are fulfilled.

The phase condition can also be formulated as follows: a point s on the complex
plane is the point of the root locus if from the sum of the angles of the vectors
connecting the zeros of the open-loop with that point s one subtracts the sum of the
angles of the vectors connecting the poles of the open-loop with s and gets an odd
multiple of +180°.

The absolute value condition states that a point s is the point of the root locus if
dividing the product of the absolute values of the vectors connecting the poles with
point s by the product of the absolute values of the vectors connecting the zeros
with point s yields the loop gain factor.

Generally, the points of the root locus are determined from the phase condition,
and the value of the loop gain factor corresponding to the considered point is
obtained from the absolute value condition. Then from the loop gain factor, the loop
gain K belonging to the time constant form of the transfer function of the open-loop
is calculated by

HJ‘Z:1 (_Zj)

K== M oy

(5.23)
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5.5.2 Rules for Drawing Root Locus

There are some simple rules which facilitate drawing the root locus:

1. The root locus is symmetrical with respect to the real axis.

2. The number of its branches is equal to the number of poles of the open-loop
transfer function.

3. The root locus starts from the poles of the open-loop when K = 0 and runs to
the zeros or to infinity when K — oo. If the number of poles is P and the
number of zeros is Z, then Z branches of the root locus run to the zeros and
P — Z branches run to infinity. If P = Z, the whole root locus is located in a
finite range of the complex plane.

4. Sections of the root locus will be on the real axis if to the right of the considered
point the sum of the poles and zeros is odd. (It is sufficient to count the real poles
and zeros, as the complex poles or complex zeros appear in pairs.)

5. The direction of the asymptotes of the root locus is given by the angles

N180°
w=Fp—i N=135... (5.24)

6. The asymptotes of the root locus cross the real axis at the point calculated by the
following relationship:

P z P z
i Pi— 2% D Repi— 3 Reg
? P-Z P-Z '

(5.25)

7. The location of leaving or entering the real axis can be determined by the
equation

LI N N, (5.26)

X=pi ‘Hx—g

8. The critical gain factor can be determined from the characteristic equation by the
RoutH scheme or the Hurwitz determinant. The crossing points with the
imaginary axis can be calculated from the characteristic equation assuming that
in this case two of its roots are pure imaginary complex conjugate roots.

Explanation of the drawing rules

1. As the coefficients of the characteristic equation are real numbers, its roots are real
or complex conjugate pairs. Therefore the root locus is symmetrical to the real axis.
2. The degree of the characteristic equation is equal to the number of the poles
of the open-loop. Namely, if the transfer function of the open-loop is a
rational fraction, L(s) = N (s)/D(s), the characteristic equation is
1+L(s) =1+N(s)/D(s) =0, or D(s) + N (s) = 0. As the degree of D(s) is



5.5 Stability Analysis Using the Root Locus Method 211

greater than or equal to the degree of A(s), the degree of the characteristic
equation will be equal to the degree of D(s), and the number of its roots will be
equal to the number of poles of the open-loop. Thus with a change of the loop
gain the root locus will have as many branches as the number of poles of the
open-loop.

3. From relationship (5.15)

Hf:l (s —pi) .
HJ‘Z:I (S - Zj) 7

k = 0 holds if s = p;. Thus the root locus starts from the poles of the open-loop
when k = 0. k = oo holds if s = z; or s — oo. Thus if X — oo the roots of the
characteristic equation run into the zeros of the open-loop, or if P > Z then the
number P — Z of the roots goes to infinity.

4. If a point s of the root locus is on the real axis, the vectors connecting it with the
complex conjugate poles (or zeros) make an angle of 0° or 360° considering the
pairs, therefore they can be disregarded. The real poles or zeros if they are to the
left of the considered point s, make an angle of 0°, while if they are to the right
of the point, they make an angle of 180°. To fulfill the phase condition (5.17),
the sum of the number of the poles and the zeros to the right of s has to be odd.

5. The asymptotes approach the very distant points of the root locus, from where
the p; poles and the z; zeros of the open-loop are all seen under the same angle o:

k= P>Z. (5.27)

Po — Zo = FN180° (5.28)
hence the angles of the asymptotes are

N180°
a=Fo—5 N=135.. (5.29)

6. Taking into consideration the poles with weight +1 and the zeros with weight
—1, the crossing point of the asymptotes with the real axis is just at the center of
gravity, as looking at the system from a longer distance it can be replaced by its
center of gravity. The rule can be derived analytically as well.

7. The phase condition is fulfilled also for a point x where the root locus steps out
or arrives at the real axis. According to Fig. 5.7 leaving the real axis with a small

Fig. 5.7 Determination of
the place where the root locus
leaves the real axis

Ims

Ly
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¢ distance perpendicularly and replacing the small angles with their tangents the
following relationship can be written:

P zZ

Yoy -E o (5.30)

P =

Now (5.26) follows from (5.30).
8. On the borderline between stability and unstability, the characteristic equation
has roots on the imaginary axis.

5.5.3 Examples of the Root Locus Method

Example 5.3 Let us consider the system given in Examples 5.1 and 5.2. The loop
transfer function is L(s) = K/s(1+s)(1 +5s). A negative feedback of unity is
applied. The loop transfer function in zero-pole form is

I k
(s) = s(s+1)(s+0.2)’

where k = 0.2K is the loop gain. Determine the root locus. The varying parameter

is the loop gain %.

On the basis of the construction rules it can be seen that the root locus has three
branches. The branches start from s; = 0, s, = —0.2, and s3 = —1, the poles of the
loop transfer function, and go to infinity. On the real axis the root locus has a
section between the points 0 and —0.2, and in the range between —1 and —oo.
Between the points 0 and —0.2 the root locus steps off of the real axis. The angle of
the asymptotes going to infinity is o = £N180°/(3 — 0): at N = 1 the angle is
+60°, and at N =3 it is 180°. The asymptotes cross the real axis at

—1.2/3 = —0.4. The point where the root locus steps out of the real axis is cal-
culated by solving equation 1 + =5 + =155 = 0. The solutions are: x; = —0.7055
and x, = —0.0945. Only x, can be a solution, since the root locus may not have a

point at x;. Figure 5.8 shows the root locus. The critical loop gain k. can be
determined from the characteristic equation by either the RoutH or the HurwiTz
criterion. The root locus crosses the imaginary axis at this gain. In Examples 5.1
and 5.2 its value was calculated by both methods. The stability range of the system
is 0<K < 1.2 or 0 <k <0.24, respectively. The characteristic equation at the critical
value k., = k = 0.24 is:

s(s+1)(s+0.2)+0.24 =5* +1.25% +0.25 +0.24 = 0
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Fig. 5.8 Root locus of an Im s
integrating two lag element
with negative unity feedback

(f(m{ =024

-0.0945

Re s

0.4472

Two of the roots are on the imaginary axis. Thus

s7+1.25° 4025 +0.24 = (s+7)(s+jn)(s —jn) = (s+7v)(s* +n?)
= P4y s+l

Comparing the coefficients, we obtain

y=12 and n=+02=04472.

The oscillation frequency is determined by the m interception with the imaginary
axis. |

Further examples for root loci

The root loci of some systems (without proper scaling) are shown in Table 5.2.
Comparing the figures, it can be seen that a new pole pushes away the branches of
the root locus, while a new zero attracts them.

Figure 5.9 shows that in the case of three poles, the introduction of a zero,
modifies the shape of the root locus. By appropriate location of the zero the
closed-loop system can be stabilized over the whole range of the gain factor.

Figure 5.10 gives the root locus of an unstable open-loop system. The transfer
function of the open-loop is

 k(s+1)
)

This open-loop system has an unstable pole. Inserting an additional zero can
ensure that the closed-loop system becomes stable with for appropriate choice of
the gain (k > k. = 7.5).
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Table 5.2 Root loci of typical systems

P |Z
0 1
Transfer function Root locus Transfer functions Root locus
1 |K K 14T,
s 1+sT,
T, > T,
—e—= - ———n>
K 14T
1+sT 1+sT,
T, >T
—_— > —
2| kK \ K(1+5T»)
(L+sT1)(1+5T2) (14 sTy)(1+sT3) 2L >0
>
T3>0 5T,
K K(1+sTy)
1+ $2ET + 5277 1+ 52ET + s2T2
»
TR SR, >
'
A
3 K K(1+sTy)
(14 sTy)(1+4sT2) (1 + 5T3) (14 sTy)(1+sT2)(1 +5T3) A [
[ O—Ep 2 w ‘
K K(1+5T>)
(14 526T) +52T2) (1 +5T») 7 (14 28T, + 8277) (1 + 5T3) .w [

The shape of the root locus shows an analogy to the electrostatic field. If positive
and negative charges are located in a plane, the asymptotes of the electrostatic field
take the shape of the root locus, if the positive charges are replaced by the poles and
the negative charges by the zeros. (Generally the analogy with the potential field of
sources and sinks can be considered.)
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Fig. 5.9 The effect of a zero to the root locus

Fig. 5.10 Stabilization of an
unstable open-loop with
negative feedback by
inserting a zero
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5.5.4 Root Locus in the Case of Varying a Parameter
Different from the Gain

If the root locus is to be determined as a function of a parameter different from the
gain factor, then the characteristic equation has to be transformed to the form

aH(s) = —1

where o is the varying parameter and H(s) is the transfer function obtained as a
result of the transformation. Drawing the root locus, o takes the role of the gain and
H(s) is a constructed loop transfer function.

Example 5.4 The procedure will be presented when the open-loop is a proportional
element with two time lags where, instead of the gain factor, a pole (the time
constant) of the system varies from zero to infinity. The transfer function of the
open-loop is

10

L) = raeTy

The varying parameter is now alpha (the pole is —at). The characteristic equation
is

(s+a)(s+2)+10=0
or
s(s+2)+oa(s+2)+10=0.
Rearranging yields

n s+2
N =
s2+2s+10

The root locus is determined for the transfer function

s+2

His)=o—— "
(s) OCs2—i—2s—|—10

(see Fig. 5.11). It can be seen that for small values of o (0 <o <8.3246) there
are decaying oscillations in the closed-loop system. If o increases further, the
transients is aperiodic. u

Today’s modern computer techniques make possible—beside the effect of the
change of the loop gain—to observe the effect of an additional parameter as well. In
this case the usual root locus is calculated for the discrete values of the other
parameter (e.g., o), and an array (in layers) of curves is drawn in three dimensions
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Fig. 5.11 Root locus of a
proportional system with two
time lags when one of its
poles is varied

Ims

N

(3D). The fundamental two dimensions are represented by the complex plane itself,
above it the further root-loci are plotted “in layers”. Thus the third axis is for the
variable o. For 3D graphical representation, a variety of powerful software tools are
known, which makes it possible to depict very useful surfaces.

5.6 The Nyquist Stability Criteria

With the analytical RoutH-Hurwitz stability criteria, the stability of a closed-loop
control system can be determined based on the coefficients of the characteristic
equation, but in the case of instability it is difficult to tell how to change the
parameters of the system to ensure the appropriate dynamical performance.

The root locus gives an expressive picture of the change of the location of the
roots of the closed-loop characteristic equation in the complex plane versus a
parameter, thus a comprehensive view can be obtained of the stability and
dynamical properties of the system.

With the Nyquist stability criterion, the stability of the closed-loop control
system can be determined based on the frequency diagram of the open-loop. The
method is expressive, and in the case of instability it can be easily determined how
to modify expediently the structure and the parameters of the system. By appro-
priately forming the frequency function—i.e., introducing new zeros and poles—
the prescribed properties of the closed-loop system, in addition to its stability, as
well as its required static and dynamical properties can be ensured.

5.6.1 Illustration of the Evolution of Undamped Oscillations
in the Frequency Domain

The characteristic equation of a closed-loop control system is 1 + L(s) = 0, where
L(s) is the open-loop transfer function. Substituting s = jo it can be checked
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Fig. 5.12 Nyquist diagram Im
f -1 trol
of an open-loop contro y e —lj Re y
system, where the closed-loop >
is working at the stability (DOW
limit _ L(jo)
B
K

whether the equation has a solution on the imaginary axis. If there exists a fre-
quency o, fulfilling the condition 1 + L(jo,) = 0, that is L(jo,) = —1, then in the
closed-loop system, an un-damped oscillation arises with this frequency, thus the
system gets to the borderline of stability. In this case the NyqQuist diagram of the
open-loop goes through the point —1 4 0j of the complex plane.

The evolution of un-damped oscillations can be illustrated as follows. Let us
consider the control loop in Fig. 5.12. The Nyquist diagram of the open-loop goes
through the —1 + 0 point at frequency ®,. Imagine that the system is opened at
points B-K. Let the reference signal r be a sinusoidal signal with frequency ®,. The
system transfers this signal with the same amplitude but with opposite sign. If now
the points B-K are connected again, because of the negative feedback the error
signal e coincides with the sinusoidal input signal. This un-damped sinusoidal
signal will be maintained in the system even if the reference signal is removed.
Oscillations with this frequency do appear in the system even in the case when the
reference signal is not the considered sinusoidal signal, but a different deterministic
signal, e.g., a unit step. That is, since in the frequency spectrum of the reference
signal all the frequencies do appear, the reference signal can be built from these
sinusoidal components. A component of frequency ®, is maintained in the system.

5.6.2 The Simple Nyouist Stability Criterion

Let us suppose that the transfer function of the open-loop has no poles on the right
half of the complex plane, thus the open-loop is stable.

Let us draw the frequency function in the complex plane for the domain
—00 <®< 00 (the complete Nyquist diagram). Go through the Nyquist diagram in
the direction of increasing frequencies.

If the Nyquist diagram does not encircle the point —1 + 0, the closed-loop control
system is stable.

If the NyquisT diagram crosses the point —1 + 0j, the system is at the stability limit.
If the Nyoquist diagram encircles the point —1 4 0j, the system is unstable.

In a simpler formulation, it is sufficient to draw the NyqQuist diagram only for
positive o. If we go through the diagram from ® = 0 to oo, and the point —1 + 0j is
to the left of the curve, the closed-loop control system is stable. If the curve crosses
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Fig. 5.13 The simple NyquisT stability criterion can be proved by conformal mapping

the point —1 4+ 0j, the system is at the stability limit. If the point —1 + 0j is to the
right of the curve, the system is unstable.

The simple NyqQuisT stability criterion can be proved based on conformal
mapping. The Nyquist diagram of L(jm) is the conformal mapping of the imaginary
axis by the function L(s) as ® changes between —oo and + oo (Fig. 5.13). Let us
consider the straight lines —c + jo and o + jm, which are parallel to the imaginary
axis. Here, o is a given positive number.

Conformal mapping preserves the angles and ratios. Therefore a conformal
mapping of the straight line —c + jo according to L(—a + jo) lies to the left of the
curve L(jo), while conformal mapping of the straight line ¢ -+ j® according to
L(c +jo) lies to its right. So if the curve L(jo) crosses the real axis to the right of
the point —1 + 0j, and thus does not encircle it, then the equation L(s;) = —1 can be
fulfilled only for roots with negative real part, i.e. the transients are decreasing. In
this case the closed-loop control system is stable. Similarly, if the curve L(jo)
crosses the real axis to the left of the point —1 + 0j, and thus encircles it, then the
equation L(s;) = —1 can be fulfilled only for roots with positive real part, therefore
the amplitude of the transients is increasing and the system is unstable.

Example 5.5 Let us consider the closed-loop control circuit in Fig. 5.14. Let us
determine the critical loop gain based on the NyQuisT stability criterion.

Figure 5.15 shows the Nyquist diagram of the open-loop for the case of the
stability limit. The Nyquist diagram goes through the point —1 + 0j of the complex

Fig. 5.14 Stability analysis

of a proportional system with K
three time lags —P 3 >
(1+sT)
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Fig. 5.15 Nvyquist diagram
of a proportional system with
three time lags at the stability
limit

Im

plane at frequency ®,. At this frequency the phase angle of the frequency function
is —180° and its absolute value is 1. So we have

¢(w,) = —3arctg(w,T) = —180°,

whence ®,7 = v/3. Thus Kiyjy = (\/ 1+ o2 T2)3: 8, which does not depend on the
value of the time constant 7. |

Example 5.6 The NyquisT stability criterion can also be applied to systems with
dead-time. Let us consider a control system containing dead-time (see Fig. 5.3).
The NyquisT diagram of the open-loop is a circle with radius K which keeps on
circling itself infinitely many times as the frequency increases (Fig. 5.16). At the

Fig. 5.16 Nyquist diagram

of a pure dead-time system Im

I
>
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stability limit, it crosses the point —1 4 0j, thus K. = 1, in agreement with
Fig. 5.4., and the convergence condition given in Table 5.1. |

5.6.3 The Generalized Nyouist Stability Criterion

The generalized NyquisT stability criterion gives a condition for stability even for
the case when the open-loop has poles in the right half-plane, i.e., the open-loop is
unstable. The question is whether the closed-loop can be stabilized with negative
feedback.

The generalized NyqQuisT stability criterion can be formulated as follows: If the
open-loop is unstable and the number of its poles lying in the right half-plane is P,
then the closed-loop control system is asymptotically stable if the complete NyQuisT
diagram (—oco<m<oo) of the open-loop encircles the point —1+ 0j counter-
clockwise (considered as the positive direction) as the number of the poles of the
open-loop is in the right half-plane (i.e., P times).

The complete Nyquist diagram is given now more precisely than in the for-
mulation in the previous subsection. In the s plane the straight line s = jo
(—oo<®<00) is closed with a half-circle on the right side with infinite radius, as
in Fig. 5.17. The conformal mapping of this closed curve by the function L(s) gives
the complete Nyquist diagram of the open-loop. (If the degree of the denominator
of the rational fraction L(s) is higher than the degree of its numerator, then the
half-circle of infinite radius is mapped into the zero point.) If L(s) has a pole on the

Fig. 5.17 Creating the Im
complete NyqQuist diagram
0 =+
s plane
n o
)f
k¢
Re
N
®=-c0
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Fig. 5.18 The closed curve Im
to be mapped when L(s) has a

pole on the imaginary axis s

x
x

Re

imaginary axis, then the closed curve is modified to get around the given point from
the right or from the left with a half-circle of infinitesimal radius §. If the curve gets
around the pole on the imaginary axis from the right as pictured in Fig. 5.18., then
the pole can be considered as a pole in the left half-plane. If the roundabout is
executed from the left, then the pole is considered as being on the right side.

The generalized NyYQUIST stability criterion can be demonstrated through con-
siderations related to complex functions. Let f(s) be the following function of the
complex variable s: f(s) = (s — s,)", where s, is a given point. Let us investigate
how the vector f(s) changes if the final point of the vector s — s, goes through a
closed curve on the s-plane clockwise, where on this curve the function f(s) is
regular (differentiable).

If s, is inside the closed curve (Fig. 5.19a), then the vector s — s, starting from
an initial point and passing through the curve clockwise gets into its original
position, and its phase angle changes by —2n. In the meantime the mapping by the
function f(s) rotates from the starting point by an angle of —m2m on the curve
determined by f(s). This curve encircles the origin a total of m turns clockwise (m is
positive) or counter-clockwise (m negative) (Fig. 5.19b). But if the point s, is
outside the closed curve (Fig. 5.19c¢), passing through the closed curve the angle of
vector s — s, first is increasing in one direction, then it is decreasing with the same
value in the other direction, and finally the curve described by f(s) does not encircle
the origin (Fig. 5.19d).

Let us apply the above considerations to the characteristic function of a
closed-loop control system. Let the transfer function of the open-loop be a rational
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Fig. 5.19 Considerations in the complex plane

fraction whose numerator and denominator are the polynomials A (s) and D(s), so
that, L(s) = N (s)/D(s). The characteristic function is then

N D) EN() (- a)s—2) s 2)
) = S = D) s p)s—p2) 5 —pa)

The roots of the numerator are denoted by z;, which are the zeros of 1+ L(s).
The roots of the denominator are denoted by p;, which are the poles of 1+ L(s).
Here, k is a constant. The poles of 1+ L(s) coincide with the poles of the transfer
function of the open-loop. (Multiple poles appear in the expression when there are
multiple, i.e. repeated factors.)

Let us consider the closed curve on the complex plane shown in Fig. 5.17. Go
through the curve on the imaginary axis from —oo to + oo, then close the curve
with a half-circle on the right half plane whose radius tends to infinity. Map this
curve according to the characteristic function given by (5.31). For all the factors in
Eq. (5.31), the above considerations related to complex functions are valid. (For the
Zeros S, = 21,22, ---,2, and m = 1, while for the poles s, = p,p2,...,p, and
m = —1.) The phase angle of 1+ L(s) is the sum of the phase angles of the
individual factors taken with the appropriate signs. If the function 1+ L(s) has Z
zeros and P poles in the right half-plane, inside of the curve in Fig. 5.17, then the

(5.31)



224 5 Stability of Linear Control Systems

Fig. 5.20 Relationship of Im
vectors L(s) and 1+ L(s)
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number of times the conformal mapping by the function 1 + L(s) of the considered
closed curve encircles the origin clockwise is the difference of the number of zeros
and the number of poles inside this curve. The difference between the phase angles
of the initial and the final states is —27m(Z — P), and the number R of windings
around the origin is

R=P-Z (5.32)

where a counterclockwise encirclement is defined as positive (see the detailed
derivation in A.5.1. of Appendix A.5).

Simply consider the function 1+ L(s) as if looking at the curve produced by
L(s) from —1+0j (Fig. 5.20). The mapping of L(s) along the closed curve in
Fig. 5.17 (the so-called complete Nyquist diagram) encircles the point —1 + 0j
point R = P — Z times.

Now, P is the number of the poles of the characteristic function in the right
half-plane. But these poles, according to (5.31), coincide with the right side
unstable poles of the open-loop. Also, Z is the number of the zeros of the char-
acteristic equation in the right half-plane. In the case of stable behavior, the char-
acteristic equation has no zeros in the right half-plane. Thus the condition for
stability is

Z=0 ie. R=P. (5.33)

The simple Nyquist stability criterion can be derived from the generalized
Nyquist stability criterion. If the open-loop system has no poles in the right
half-plane, i.e. if, P = 0, the closed-loop is stable if R = 0, so the NyqQuist diagram
does not encircle the point —1 4 0j. In most practical cases the open-loop is stable,
and it is in the closed-loop system that the feedback may cause unstable behavior.
But sometimes unstable processes have to be dealt with, that is they are to be
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Fig. 5.21 A juggler can
balance the rod underpinned
at its bottom edge

Fig. 5.22 Stabilizing the
motion of an inverted
pendulum

stabilized by control systems with negative feedback. For example the inverted
pendulum is an unstable process. A juggler in the circus is able to balance the
leaning rod using the appropriate motions, which are faster than the dynamics of the
rod (Fig. 5.21). Thus his body realizes a controller in a closed-loop control system.
The automatic solution for stabilizing the motion of the inverted pendulum is shown
in Fig. 5.22.

5.6.4 Examples of the Application of the Nyguist Stability
Criteria

Example 5.7 Consider the open-loop transfer function

Let us analyze the stability of the closed-loop control system.
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Fig. 5.23 Stability analysis of an unstable system with negative feedback

The system has a pole in the right half-plane, thus P = 1. The Nyquist diagram
is shown in Fig. 5.23. As the Nyquist diagram does not encircle the point —1 + 0y,
R = 0, thus the closed-loop is unstable.

The system can be stabilized if a so called compensation element of a constant
gain by A = —1 is connected into the forward path. This element changes the sign
of the points of the Nyquist diagram reflecting it about the origin (dashed-dotted
curve). Thus the number of windings around —1 4O will be R =P = 1. |

Example 5.8 Let us consider for example the case when the open-loop is an L(s) =
K, /s integrator, whose pole is at the origin. The closed curve is created by getting
around the pole from the right. By mapping this curve according to L(s) the
complete NyquisT diagram shown in Fig. 5.24a is obtained. The case involving
getting around the pole from the left is demonstrated in Fig. 5.24b. In the s-plane,
the points denoted by 1, 2 and 3 on the small circle surrounding the pole are mapped
into the points 1’, 2’ and 3’ in the L(s)-plane. In case (a) P = 0 and R = 0, in case
(b) P =1 and R = 1, thus in both cases the stable behavior of the system can be
established. |

Example 5.9 Let the transfer function of an open-loop be a proportional element
with three time lags, L(s)=K/[(1+sTi)(1+sT>)(1+4sT3)]. The poles
p1 = —1/Ty, ps = —1/T,, p3 = —1 /T are all in the left half-plane, thus P = 0. Let
us apply the generalized NyQuisT stability criterion. The complete NyqQuisT diagram
obtained by mapping of the curve given in Fig. 5.17 is shown in Fig. 5.25. If the
Nyquist diagram goes through —1 450, the system is at the stability limit. If the
Nyquist diagram does not include the point —1 40 (K; loop gain), R=P =0,
thus the control system is stable. If the NyqQuist diagram includes the point —1 + 0j
(K> loop gain), R # P, thus the control system is unstable. To determine the number
of windings R, let us put the spike of an imaginary compass on the point —1 + 0j,
and with the other end of the compass pass through the NyQuist diagram from
®=—00 to +o00. The number of windings is R = —2 (clockwise). The
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Fig. 5.24 Stability analysis of a control circuit (an integrator is fed back by a unity constant gain)

characteristic equation has two roots in the right half-plane, so, Z = 2, and as
R=-2=P—-Z7Z=0-—7Z, in this case the system is unstable. |

In the case of a stable open-loop, it is sufficient to use the simple NyQuisT
stability criterion. In the stable case —1 + Oj lies to the left of the Nyquist diagram
drawn for positive frequencies, whereas in the unstable case it is to the right of that
curve. The simplified stability investigation can be applied also to the cases when
the open-loop contains integrators, and thus there are poles at the origin.
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Fig. 5.25 Stability analysis
of a proportional system with
three time lags

5 Stability of Linear Control Systems

5.6.5 Practical Stability Measures

In case of a stable open-loop, the closed-loop is stable if the Nyquist diagram of the
open-loop does not encircle the point —1 + 0j. It can be said that the system has a
certain amount of stability reserve, if the Nyquist diagram is kept sufficiently far

from the point —1 4 0j.

Some measures can be defined indicating how far is the Nyquist diagram of the
open-loop from the point —1 4 0j. Such measures include the phase margin, the
gain margin, the modulus margin and the delay margin.

Fig. 5.26 Interpretation of
the phase margin
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Phase Margin

Let us draw the Nyquist diagram of the open-loop for positive frequencies. Let us
determine the intersection point of the Nyquist diagram with the circle of unit
radius. The frequency belonging to this point is called the cut-off frequency and is
denoted by m.. Let us connect the origin and the intersection point with a straight
line. The angle formed by this straight line with the negative real axis is called the
phase margin (Fig. 5.26):

¢, = (o) + 180° = argL(jo.) + 180°. (5.34)

If the phase margin is positive, the system is stable. If the phase margin is zero,
the system is at the stability limit. If the phase margin is negative, the system is
unstable.

Thus for the stability of the control system the following statements can be
made:

@, > 0 Stablesystem
¢, = 0 Boundary of stability (5.35)
®,<0 Unstable system

The stability of the system can be evaluated based on the phase margin as a
single measure only if the Nyquist diagram of the open-loop crosses the unit circle
only once.

Gain Margin

Let us determine the intersection point of the NyqQuisT diagram with the negative
real axis and also the distance k = |1+ L(jmigo)| of this point from the point
—1+40j (Fig. 5.27). the distance « is called the gain margin. It is apparent that for
K > 0 the stability domain of the simple NyQuisT criterion is obtained. The stability

Fig. 5.27 Interpretation of

the gain margins Im
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of the system can be evaluated based on the gain margin as a single measure only if
the Nyquist diagram of the open-loop crosses the negative real axis only once.

The modified gain margin ', is defined by the intercept ¥’ = L(jwig0) = 1 — K
seen in Fig. 5.27. If ¥’ <1, the system is stable. If k' = 1, the system is at the
stability limit. If ¥’ > 1, the system is unstable. Thus for the stability of the control
system the following statements can be made:

K'<1  Stable system
k' =1 Boundary of stability (5.36)
k' > 1 Unstable system

The meaning of k is more expressive than that of ¥’, however the reciprocal of &’
specifies the factor by which multiplying the actual loop gain the system reaches the
stability limit. Therefore it is straightforward to also use the measure g, = 1/x’' =
1/|L(jo1s0)| as the relative gain margin. Multiplying the loop gain by g the value
of the critical gain is obtained. With simple considerations, the inequalities
&> Mn/(My — 1) and ¢, >2arcsin(1/My,) can be derived. (See (4.25) for the
interpretation of M,.)

Figure 5.28 shows the Nyquist diagram of a system where neither the phase
margin nor the gain margin can be interpreted. (Such a Nyquist diagram is formed
if oscillating elements and zeros are included in the transfer function of the system.)
In this case the whole NyquisT diagram has to be considered. Based on the simple
Nyquisr stability criterion the stability can be evaluated: as going through the curve
the point —1 + 0j is to the right side of the curve, the system is unstable.

Besides stability, the relevant transient performance is also required. To ensure
an overshoot less than 10% in the step response of a closed-loop system, the desired
phase margin is about 60°, and the desired relative gain margin g is about 2
(k =~ k' ~ 0.5). These values can be considered characteristic if there are no res-
onant frequencies in the loop frequency function.

Fig. 5.28 When the phase
margin and the gain margin
can not be interpreted
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Fig. 5.29 When the dynamic ki A
behavior of the system is not
satisfactory even if the phase
margin and the gain margin
are of appropriate values W {
Re
L

The appropriate phase margin and gain margin do not give reliable information
about the stability margin of the system in every case. Let us consider, e.g. the
Nyquist diagram in Fig. 5.29. In spite of the fact that both the phase margin and the
gain margin are appropriate, there may occur high amplifications in the frequency
function L/(1+ L) of the closed-loop in the vicinity of the cut-off frequency, as
with increasing frequency the amplitude of L is only slightly changed, while the
amplitude of 1+ L decreases significantly. High amplification in the
amplitude-frequency curve of the closed-loop in the vicinity of the cut-off frequency
indicates oscillations in the unit step response. Furthermore, if the parameters of the
plant change a little, the closed-loop system may even become unstable. The phase
margin and the gain margin characterize the stability properties of the system only if
the Nyquist diagram does not go too close to the unit circle before and after the
cut-off frequency.

Fig. 5.30 Interpretation of
the modulus margin
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Modulus Margin

The p,, is the minimum of the distance of point —1 + 0j from the Nyquist diagram,
i.e., it is the radius of the smallest circle tangential to the diagram and centered at
—1+0j (Fig. 5.30). The modulus margin shows how far the most sensitive point of
the system is from the stability limit. As a reasonable prescription, let the modulus
margin be p,, > 0.5.

The modulus margin is also called Nyquist stability margin. An important
formula is that p,, can be expressed as the reciprocal of the maximum of the
absolute value of the sensitivity function (see Chap. 6):

1

S SR P DN ‘
Pm = max[S(jo)| min|$~! (jo)| = min|1 + L(jo)| (5.37)
(0]

The three margins ¢@,, k, p,, are analogous concepts, as each of them tries to
guarantee somehow the distance from the point —1 + 0j.

Delay Margin

The delay margin gives the smallest value of the dead-time Ty, by which—
inserting it serially as an extra dead-time into the loop—the closed-loop control
system would reach the stability limit. The delay margin can be calculated from the
phase margin measured in radians by the following formula:

Toin = 2 (5.38)

where o, denotes the cut-off frequency.
With these stability margins, not only can the stability be evaluated, but it can
also be established, “how far” the system is from the stability limit.

5.6.6 Structural and Conditional Stability

Let us suppose that the open-loop is stable, thus the stability of the closed-loop can
be evaluated according to the simplified NyQuisT stability criterion.

Most systems generally are stable for small loop gains: they reach the stability
limit at a given critical gain, then increasing the gain further they show unstable
behavior. (Such a control system is obtained by negative feedback of a proportional
plant with three time lags, see Examples 5.5 and 5.9.)

But there are also systems which—because of their structure—remain stable at
any value of the loop gain. Such systems are called structurally stable systems. For
example a first order or a second order lag element or a pure integrator or an
integrator serially connected to a first order lag with negative constant feedback
have this property, as their Nyquist diagram does not encircle the point —1 + 0j
even if the loop gain is arbitrarily increased. By increasing the loop gain the system
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Fig. 5.31 Nvoquist diagrams Im
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will not become unstable, but its stability margins do decrease. The NyquisT dia-
grams of such systems are shown in Fig. 5.31.

There are systems which are stable in given regions of the loop gain, while in
other regions they show unstable behavior. In the case of such systems the loop
gain has to be set carefully. These systems are called conditionally stable systems.
Figure 5.32 shows an example of the NyqQuist diagram of a conditionally stable
system. Besides being influenced by the poles, the course of the Nyquist diagram is
influenced by the zeros as well. If the gain is small, the point —1 + 0j is to the left of
the Nyquist diagram, so for small gains the control system is stable. By increasing
the gain, the point —1 4 0j will be to the right of the diagram, so the control system
becomes unstable. By increasing the gain further, the point —1 + 0j will get to the
left of the diagram, so the control system will become stable again. Increasing the
gain even more the diagram will encircle again the point —1 4 0j, causing again
unstable performance.
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5.6.7 Stability Criteria Based on the Bope Diagrams

The phase margin and the gain margin can also be read from the Bopk diagram. The
absolute value of the frequency function at the cut-off frequency . is 1. The Bobg
amplitude-frequency diagram crosses the horizontal 0 dB axis at this frequency.
The deviation of the phase angle from —180° at this frequency gives the phase
margin. The absolute value at the frequency where the phase angle is ¢ = —180°
gives the value of the parameter x in dB-s, and from this the gain margin can be
determined (Fig. 5.33).

If the open-loop is of minimum phase (i.e. its transfer function does not contain
zeros or poles in the right half-plane), and furthermore the control system does not
contain dead-time, the stability can be determined very simply from the approxi-
mate Bope amplitude-frequency curve of the open-loop.

Then from the Bope amplitude diagram the course of the phase angle follows
unambiguously, as the phase angle belonging to the poles is negative and the phase
angle belonging to the zeros is positive, changing according to arctangent curves.

A minimum phase system which does not contain dead-time is stable if the
asymptotic Bope amplitude diagram of the open-loop crosses the frequency axis at
a straight line section of slope —20 dB/decade. The system is surely unstable if the
slope of the crossing is equal to or greater than —60 dB/decade. If the slope of the
intersection is —40 dB/decade, then the system can be stable or unstable depending
on the phase margin, which in this case is surely very small (Fig. 5.34).

The above statement can be shown based on the following deliberations. Let us
consider the asymptotic Bobg diagram in Fig. 5.35. The cut-off frequency lies on a
straight line of slope —20dB/decade. The phase angle in the vicinity of the cut-off

IL(G®)|an

¢ =-180°

Fig. 5.33 Reading the phase margin and the gain margin from the BobEe diagram



5.6 The Nyquist Stability Criteria 235

|L{jen)| {a)

(b)

w
-40dB/decade
mt

-20dB/decade [L(jw)|
(c) @

~~—

IL(Go)|

1
-60 dB/decade

or more - 180° & Ll
®

P2

Fig. 5.34 Stability of a minimum phase system without dead-time can be determined from the
approximate Bobe amplitude-frequency diagram

frequency . approximates —90°. The phase angle resulting from a breakpoint
which is to the right of the cut-off frequency (especially if it is far away from ., at
least located at Sw, or at a still higher frequency) will only slightly affect the phase
angle at .. Before the straight line of slope —20dB /decade the approximate Bopg
diagram might have a horizontal section or a section with slope —20 or —40 dB/
decade. The courses of the phase angle resulting from these parts of the Bobg
diagram are indicated in the figure by dashed, dotted and dashed-dotted lines,
respectively. The effect of these sections on the phase angle at frequency @, is small
(especially if the breakpoint before @, is far away, located at less than @, /5). Thus
the system surely has a positive phase margin, which is expected to be satisfactory
not only for ensuring stability, but also for guaranteeing the appropriate transient
behavior.

If the cut-off frequency is located at a straight line of slope —40 dB/decade, the
phase angle at frequency ®. may approach or even exceed —180° with the phase
angle resulting from the previous breakpoints. Thus the system will get close to the
stability limit (Fig. 5.36). In this case, evaluating the stability requires calculating
the value of the phase margin.
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Fig. 5.35 The system surely has positive phase margin if the cut-off frequency is located on a

straight line of slope —20 dB/decade

Fig. 5.36 The system is close to the stability limit if the cut-off frequency is located on a straight

line of slope —40 dB/decade

If the cut-off frequency is located on a straight line of slope —60 dB/decade or

more, then the phase margin surely will become negative.

Thus, to ensure stability, the cut-off frequency has to be located on a straight line
of slope —20 dB/decade. (This section has to be long enough to ensure a satis-

factory phase margin of about 60°.)
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If the open-loop is of non-minimum phase type, or contains also dead-time, then
the stability can not be evaluated considering only the Bobe amplitude diagram. In
this case the Bope amplitude and phase diagram have to be jointly taken into
account.

5.7 Robust Stability

Generally, the parameters of the plant are determined from measurement data. The
parameters may change around their nominal values in a given range. The
closed-loop control system has to be stable throughout the given uncertainty ranges
of the parameters.

Suppose that the open-loop is stable. The controller designed for the nominal
plant ensures the stability of the nominal closed-loop control system. Let us analyze
whether the system remains stable with the parameter uncertainties of the
open-loop. Stability is maintained if the NyqQuist diagram of the modified open-loop
does not encircle the point —1 + 0j.

The uncertainty of the plant is expressed by the absolute model error

AP=P—P (5.39)
and the relative model error
AP P—P
f=—=——, (5.40)
P P
Im
—_ ] :
" - 0 Re
1+ L(jay)
~ (01
L(jay)— L(joy) ) L(jo)
L(jo)

Fig. 5.37 Change of the Nyquist diagram of an uncertain system
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where P is the available nominal model used for the design, and P is the real plant.

If there is an uncertainty of AP (or parameter change) in the transfer function of the

plant, then applying the same controller this uncertainty appears in the absolute

error AL = CAP of the loop transfer function, while its relative error

o= AL:LTL:CP_ACP:PTP:E (5.41)
L L CcP P

is equal to the relative model error. Here I denotes the nominal, while L denotes the
real loop transfer function.

Robust stability means, that the closed-loop control system should not reach an
unstable behavior even in the worst case of the parameter changes. The bound for
AL can be formulated based on Fig. 5.37 taking into account simple geometrical
considerations: the Nyquist diagram will not encircle the point —1+0j, if the
following relationship is satisfied for all the frequencies:

|AL(jo)| = |£(jo)||L(jw)| <|1 + L(jw)| Veo. (5.42)

With further straightforward manipulations on (5.42) the necessary and sufficient
condition for robust stability can be obtained as

1+ L(j 1
10(jo)| <. i _(’(”)’ - Vo, (5.43)
L(jo) |T(jo)]
where T = l:/ (1 =+ l:) is the nominal supplementary sensitivity function. Condition
(5.43) can also be expressed as

I7(io)| < ﬁ Yo, (5.44)

It is a common practice to express the above inequalities for robust stability also
in the following form:

|T(jo)||(|<1 Vo. (5.45)

This form is also called the dialectic relationship of robust stability. In the design
process, the first factor |7"(/(x))| is calculated for the supposed (known) nominal

parameters of the plant, thus it depends on the designer. The second factor |¢| does
not (or only partly) depend on the designer, as it contains the uncertainties in the
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knowledge of the plant or its unexpected parameter changes. In those frequency
ranges where the uncertainty is large, unfortunately only a small transfer gain can
be designed for the closed-loop. Where ‘T(]w)| is high, very accurate information
has to be available to guarantee a small error. The higher the absolute value of the
complementary sensitivity function, the smaller the permissible parameter
uncertainty.

Condition (5.43), which considers the whole frequency range, is fairly strict,
therefore generally it is replaced by a more practical condition if the maximum

value of |T(](D)‘ is known. Suppose
Tn= maxﬁ(jco)’ (5.46)
o

With this value, (5.43) can be simplified to the following satisfactory condition:

1
T

[¢(jm)| < Vo (5.47)

(Let us refer to Chap. 4, where M(®) is defined as M(®) = |T(jo)|.)

If the open-loop is unstable, and the feedback stabilizes the nominal system, then
the closed-loop system remains stable with the parameter uncertainties if the
number of the poles of the open-loop in the right half-plane does not change, and
the number of windings of the NyqQuist diagram around the point —1 + 0j does not
change either.



Chapter 6 M)
Regulator Design in the Frequency ki
Domain

A closed-loop control system has to meet several prescribed quality specifications.
These specifications are:

— stability

— prescribed static accuracy for reference signal tracking and disturbance rejection
— attenuation of the effect of measurement noise

— insensitivity to parameter changes

— prescribed dynamical (transient) behavior

— consideration of constraints resulting from practical realization.

Generally the performance of a control system does not meet all these
requirements. The required operation can be ensured by an appropriate design of
the control system. The most frequent control scheme is the serial control loop
shown in Fig. 6.1. For the plant to be controlled a serially connected controller is to
be designed which ensures the stability of the closed-loop control system and
fulfills the prescribed quality specifications.

In the control loop P(s) is the transfer function of the plant, while C(s) is the
transfer function of the controller (regulator). The controlled output signal y is fed
back with a negative sign and compared to the reference signal. The disturbance is
taken into account by a signal y,(#) acting on the output of the plant. This distur-
bance model is generally satisfactory to handle practical situations.

In the sequel, some considerations are given for controller design based on
relationships in the frequency domain.
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r(1) e(1) c® u(t) )
R(s) - E(s) U(s)

Fig. 6.1 Closed loop control system with serially connected controller

6.1 On the Relationships Between Properties
in the Time- and Frequency-Domain

The quality specifications can be demonstrated in the frequency domain, looking as
well at the course of the frequency functions of the open-loop and of the
closed-loop.

The stability and the susceptibility of the system to oscillations is characterized
by the amplification of the Bope amplitude-frequency curve of the closed-loop.
Amplification may occur in the vicinity of the cut-off frequency in the open-loop
diagram. To determine the stability, the oscillatory behavior, the transient response
the course of the frequency function has to be investigated in the middle frequency
range (Sect. 4.6). As shown previously the settling time can be estimated from the
cut-off frequency. Stability investigation on the basis of the Nyquist and the Bobg
diagrams has been dealt with in detail in Chap. 5.

Static properties of the control system can be determined from the course of the
frequency function in the low frequency range. As seen, the error of the reference
signal tracking and of the disturbance rejection in the case of step, ramp and
quadratic input signals depends on the type number (the number of integrators in
the open-loop) of the control system and on the value of the loop gain. In the case of
a type 0 control, the approximate Bope amplitude diagram of the open-loop starts in
the low frequency range with a straight line parallel to the O dB axis with the value
K, of the loop gain. For control systems of type 1, the diagram starts with a straight
line of slope —20 dB/decade. Extending this line it crosses the 0 dB axis at the
frequency K; corresponding to the loop gain. In the case of control system of type
2, the BopE diagram starts with a straight line of slope —40 dB/decade, whose
extension crosses the horizontal axis at v/K,. To ensure the static requirements, the
low frequency range of the open-loop Bobpe diagram has to be shaped appropriately
(Fig. 6.2).

Based on the relationship of the open-loop and the closed-loop frequency
functions (Sect. 4.6) several statements can be given. These statements have to be
considered as criteria to design control systems able to ensure good reference signal
tracking, disturbance and noise rejection, and to compensate the effect of parameter
uncertainties:
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|L(jo)|

i=2

=40 dB/decade

-20dB/decade

Fig. 6.2 Static accuracy of the control system is characterized by the low frequency range of the
open-loop amplitude-frequency curve

— for good reference signal tracking, |L(jo)| should be large.

— for effective rejection of the input and output disturbances, |L(jo)| should be
large.

— for good rejection of measurement noise, |L(j®)| should be small.

— to compensate the effect of the parameter uncertainties of the plant, |L(jo)]
should be large.

— to avoid too high actuating control signals, the acceleration should be moderate
and, o should not be too high.

Some requirements are contradictory, and can not be ensured simultaneously for
a given frequency range. Therefore different prescriptions have to be given for
different frequency ranges. Section 6.2. formulates the quality requirements in the
frequency domain in more detail.

6.2 Quality Requirements in the Frequency Domain

As already seen in Chaps. 4 and 5, the quality specifications can also be demon-
strated in the frequency domain on the course of the closed-loop and the open-loop
frequency functions. The behavior of the closed-loop control system is character-
ized by the overall frequency function of the closed-loop system. As previously
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seen, the maximal amplification M, of the amplitude-frequency function of the
closed-loop characterizes the overshoot of the step response in the time domain. An
experimental observation is that if My, <1.25, then there is no significant overshoot
in the step response. Many times a closed-loop system can be well approximated by
a dominant pair of poles, thus it can be replaced by a second order oscillating
element, whose damping factor determines the maximal value of the overshoot. If
there is no amplification in the amplitude-frequency curve of the closed-loop, then
there is no overshoot in the step response. If the damping factor of the approxi-
mating oscillating element is higher than 0.5, the transients will be aperiodic. If the
value of the damping factor is around 0.6-0.7, then the overshoot of the step
response is about 5-10%.

On the basis of the relationships between the transfer functions of the open and
the closed-loop, instead of analyzing the frequency function of the closed-loop we
may analyze the amplitude-frequency curve of the open-loop, as well. The over-
shoot is related to the phase margin. If ¢, ~ 60°, the damping factor is & ~ 0.7; &
also increases by increasing ¢,. With ¢, > 90°, the transient behavior becomes
aperiodic. If the phase margin decreases, the damping factor also decreases. For
¢, ~ 30°, the damping factor range of £ ~ 0.2 — 0.3, which results in significant,
but still decaying oscillations. These simple considerations are satisfactory for
orientation.

The control system has to be designed to meet the quality specifications. This
can be accomplished by designing an appropriate controller. The Bobk diagram of
the open-loop has to be shaped to ensure the prescriptions (this procedure is called
loop-shaping, [see Fig. 6.3]).

The prescriptions for reference signal tracking and for disturbance rejection, and
for attenuating the effects of measurement noise, are contradictory in relation to the
shape of the BopE amplitude diagram |L(j®)|. But in practice, generally, the
characteristic frequency range of the reference signal and that of the measurement
noise are different: the reference signal contains components in a lower frequency
range, while the measurement noise mainly contains high frequency components.
Thus |L(j®)| can be large in the low frequency domain, and small in the high
frequency domain.

The course of the amplitude diagram in the low frequency domain determines
the static properties. In case of type number O the BopE diagram starts horizontally,
with type number 1 the initial slope is —20 dB/decade, while in case of type 2 it is
—40 dB/decade. The prescribed static accuracy determines the required type
number of the control system.

The middle frequency range determines the stability and the dynamical prop-
erties of the control system. As shown in Chap. 5, to ensure stability the cut-off
frequency . has to be located on a quite long straight line with a slope of =20 dB/
decade. This condition is sufficient to ensure stability if the system is of
minimum-phase and does not contain dead-time. Otherwise the value of the phase
margin or the gain margin has to be calculated. A positive phase margin, or gain
margin whose value is higher than 1, ensures stability. Besides stability, the
appropriate dynamic behavior (an overshoot less than 10%) can be provided if the
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Fig. 6.3 Considerations for loop-shaping on the Bope amplitude-frequency diagram

phase margin is about 60°. Later it will be seen that for minimum-phase systems
containing dead-time T the phase margin will be about 60° if the cut-off frequency
is chosen to be ®. ~ 1/2Ty = 0.5/T4. The settling time is related to the cut-off
frequency. The higher o, is, the shorter the settling time is. As seen in Chap. 4, the
settling time can be estimated as 3/m, <t; <10/ ;.

In a conventional control structure (Fig. 6.1) in open-loop systems containing
dead-time, the cut-off frequency can not be increased beyond one half of the
reciprocal of the dead-time. This sets a limit to the acceleration of the system. To
achieve a higher o, an advanced control scheme should be considered (e.g. a SMITH
predictor, see Chap. 12).

By shaping the low frequency and the high frequency sections of the Bope
amplitude diagram according to Fig. 6.3 the suppression of the measurement noise
and the insensitivity of the control system to the parameter uncertainties can be
ensured, as well.

Often the different requirements are contradictory. A satisfactory compromise
has to be reached to ensure stability, a good dynamic response, fast performance
and the required constraints on the value of the control signal. The control system
can be accelerated only by applying a large control action. This high control signal
is to be ensured by the actuator which generally has limits due to its physical
realization.
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In practice the controller is able to provide signals only within a given range. It is
important that during the operation the control signal () remains within this range,
that is, its maximum value should not exceed the physically reachable maximum
value. If a command is given that would require a control signal value exceeding
the maximum, the actuator will be saturated: its output will be at the maximum
value until—with an increase of the output signal—the error signal reaches such a
small value that the output signal of the controller would go out of the saturation
domain. The designer of the control system has to consider this phenomenon
already in the controller design phase.

Thus during the controller design process the shape of the open-loop frequency
function around the point —1 4 0j has to be formed. In the complex plane, the point
—1+0j can be described by two conditions, namely the gain is 1 and the phase
angle is —180°, that is, |L(jo)] = 1 and ¢ = —180°.

In the design procedure these two conditions can be handled as follows: in the
case of the fulfillment of one of these conditions, how far is the second one from the
value given above? If the gain is 1, then the phase deviation is given by the phase
margin at the cut-off frequency, whereas if the phase angle is —180°, then the gain
margin can be calculated from the value of the gain. If the controller is designed for
a prescribed phase margin, then the phase angle of the frequency function has to be
set at the frequency belonging to the unity gain (which is the cut-off frequency).

Thus the shape of the open-loop frequency function around the cut-off frequency
. 1is critical. In some cases it is not sufficient to determine the phase angle only at
this frequency, but the shape of the frequency function has to be examined also in
its vicinity.

Figure 6.4 shows two NyquisT diagrams with identical phase margins. The
diagram of L; after the cut-off frequency goes quickly to the origin, whereas the
diagram of L, approximates the point —1 + 0j. For the first system the amplitude of
the closed-loop system |T| = |L/(1+L)| = |L|/|1 + L| quickly decreases after e,
whereas in the second case it may show significant amplification. In this latter case
the absolute value of the sensitivity function |§] = 1/|1 + L| also has amplification
in this frequency range.

6.3 Methods to Shape the Open-Loop Frequency
Characteristics

Employing the frequency function H (j®) for control system analysis let us consider
the BopEk theorems. The first Bopk theorem states that under some conditions (stable
and minimum-phase system without dead-time) the amplitude-frequency function
of H(jo) unambiguously determines the phase-frequency function. That is at a
given frequency m,
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According to this relationship, at a given ® = ®,, the complete shape of the
phase-frequency curve contributes to form the value @(w,) through the expression
of the definite integral above. At the same time, because of the inner weighting
function

®+ o,
log|—— 6.2
g)m — | (62)

the far points have only a barely noticeable effect on the function in the vicinity of
®,. Equation (6.1) means that if in the vicinity of a point, the slope (in logarithmic
scale) of the approximate amplitude curve is + 1, then the corresponding phase
angle is 4+ 7/2. (In decibels +20 dB/decade corresponds to a slope of + 1).

A similar relationship can be given for how the amplitude-frequency function
relates to the phase-frequency function, that is, the relationship is unique and
mutual. The relationship is not unique for non-minimum-phase systems.

If the breakpoint frequencies of the frequency function are far enough from each
other, then the phase-frequency curve belonging to the long straight lines of the
approximated amplitude-frequency curve is horizontal with a value of
¢(®) ~ £jm/2, whereas close to the breakpoints, it is not horizontal and the phase
angle can be approximated by ¢(0) =~ £(2j+ 1)n/4.
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In the previous chapters it was shown that the stability and robustness properties,
static and dynamic behavior of the closed-loop system all can be designed by the
loop-shaping of the frequency function of the open-loop. Bopg, partly on an
empirical basis, came to the conclusion that the optimal (ideal) form of the loop
frequency function L(jo) is

1
(joo)"

If m is not an integer, then in the complex plane the NyQuist diagram is a straight
line going through the origin. Integrators of order n are special cases of this general
form when m is an integer. But non-integer forms cannot be realized by lumped
parameter linear systems, therefore this expectation is only of theoretical signifi-
cance and we can only try to approximate it. If at the cut-off frequency o, the phase
margin @, were set according to a characteristic given by Li4(j»), then any
uncertainty in the gain of Liy(jo) would not influence the design condition (i.e., the
prescribed ¢,). The ideal case is best approximated if the slope of the phase
characteristic d@/do is minimal at the cut-off frequency ®.. This can be ensured if
the breakpoint frequencies in the neighborhood of ®. are far away from it (see
BopE’s first theorem).

Discussing the interpretation of the modulus margin, it was seen that its value is
the reciprocal of the maximum absolute value of the sensitivity function. According
to the geometric representation its value is the closest distance of the NyqQuisT
diagram from the point —1 4 0j. For NyqQuisT curves which have parts in the third
and the fourth quadrant (these are the so-called positive real systems) the absolute
value of the sensitivity function can not be higher than 1. But among the non
positive real systems there can also be such systems where the sensitivity is less
than 1. On the basis of the M — o and E — B curves (see Sect. 4.6.) the range where
both conditions, |S(jo)| = E(0) <1 and |T(jo)| = M(®) <1 are fulfilled at the
same time can be given simply. Figure 6.5 shows the restricted area (crosshatched),
where there will already be amplification in |S(jo)| or in |T(jo)|. In the figure the
sensitivity function S(jo) belonging to L(jw) has no amplification. The necessary
condition to achieve this is that the pole excess of L(s) be 1, that is, if ® — oo the
condition L(jo) ~ —jo is fulfilled. (In the figure as a curiosity it is also shown, that
for systems of integrating type generally Re[L(jo)],_,,7# O, that is, the curve starts
not from the imaginary axis, a fact not widely known). On the basis of the geo-
metrical interpretation it can easily be understood that for the so-called positive real
frequency functions (Re[H (jow)] > 0) (which have less significance in control the-
ory, but more importance in telecommunication) the condition of avoiding ampli-
fication in S(jw) is automatically fulfilled.

The intersection points of L(jo) with the unit circle E = 1 and the straight line
M =1 also contain significant information about the course of the frequency
characteristics of the open and the closed-loop.

According to Fig. 6.6 the sensitivity function S(j®) at low frequencies starts
from zero. At o it reaches the value 1, then at o, the absolute value of L(jw) will

Lid(j(D) = (63)



6.3 Methods to Shape the Open-Loop Frequency Characteristics 249

Fig. 6.5 Areas restricting
amplification of the sensitivity
and the supplementary

sensitivity functions
2%

Im

~NE=1
\ Re
)

7

B

N

N

AN

NS

_L(jo

) Re{L(jo)l| .

Fig. 6.6 Following the

course of S(jo) and T'(jo) M =1 Im

1
|L(jw)|=1

be 1. Exceeding its maximum value at @3 again it will satisfy [S(jo)| = 1. If at high
frequencies L(jo) tends to zero, then S(jo) tends to 1. From this analysis we can
conclude that the frequency functions of dead-time systems (which may also
contain lag elements, integrators, etc.) can never avoid the circle E = 1, therefore
|S(jo)| always has amplification. (The condition E =1 is also called the
Karman-Ho condition).

Based on the construction rules of the M — o and E — B curves it is easy to
construct the circles (crosshatched areas) shown in Fig. 6.7 to ensure the conditions
|S(jo)| <2 and |T(jw)| <2. The frequency belonging to M = 1/2/2 is the band-
width of the closed-loop system.

\
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Fig. 6.7 Restricted areas
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Unfortunately there are also theoretical limits to the arbitrary shaping of the
sensitivity function. According to the second Bopk theorem, if L(jo) tends to zero
more quickly than 1/jo for high values of @ (that is, the pole excess is at least 2),
then the following integral equation is valid:

oo o0

. 1
/log|S(]0))|d(n = / logmdm = nZRepi, (6.4)
0

0

where the p; denote the unstable poles. Consider the simplest case, when there are
no poles in the right half-plane, so L(s) is stable or is on the boundary of stability.
Then

oo

/ log|S(jw)|dw = 0. (6.5)

0

This equation can be interpreted more easily, as it represents the so-called
water-bed effect, which means that if |S(jo)| is pressed at one point, it will bulge at
another one. If for example for low frequencies we make an effort to decrease the
values of |S(jo)|, then at high frequencies it will be high. This is because we
calculate the integral of the logarithm of an absolute value, thus the area of |S(jo)|
below 1 will be equal to the area above 1 (in logarithmic scale the area below the
zero dB scale will be equal to the area above it).

Note that drawing the Nyquist diagram and also considering the relationships
discussed above can convince one, that significant properties, such as the stability and/
or robustness of the control system, can be determined from the course of the fre-
quency function. These properties can be recognized in a somewhat more involved
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way from the Bope diagram. Unfortunately the quantitative properties cannot be
concluded exactly from either the NyQuist diagram nor the BobE diagram.

Example 6.1 Let us consider the control system with the open-loop transfer
function

147
L(s) = ————~. 6.6
(S) STI(I —I—STI) ( )
The frequency function is
) 1 +jot 1—T 140t )
L(jo) = - - = — = Re(w) +jIm(m).
Ue) = ot rjoly) ~ T+ 1) on(l+errs) - et Hime)
(6.7)
The value of the real part at zero frequency is
_r—Tl_ T Tl_ >0, if 1>T
and
t—T .
Re(w — 0) = T <1, if <1+ T (6.9)
I

which is a necessary condition to avoid amplification in the supplementary sensi-
tivity function T'(jo). The pole excess of the loop transfer function is 1, which is the
necessary condition to avoid amplification in the sensitivity function. Let us
examine the sufficient condition as well. The sensitivity function is obtained by a
simple calculation according to

1 Ti(1 4T
s—_ L shl+4sh) (6.10)
I1+L  sTi(1+sTy)+ (1+s7)
The frequency function of the sensitivity function is
ioTi(1+ joT —*TiT; +joT
S(jo) = —JOmULOT) CULEON (61)
joTi(1+joTy) + (1 +jot) (1 — ?TiTy) +jo(Ti +1)
The function S(jo) has no amplification if

o’ T7 (1 + 0*T7

|S(jo)’= E* = i ) (6.12)

(1 — OJZT]Tl)z + OJZ(T] —|—T)2 -
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Solving the inequality above, the following sufficient condition is obtained:

T 2T1
= 2>4/14+—=—-1 6.13
T~ + Ty ( )

The complementary sensitivity function is

L 1
T= - ot (6.14)
1+L  sTi(1+4sT;) 4+ (14 s7)
and its frequency function is
T(jo) = 1+ jor . 1+jot (6.15)
~joTi(1+joTy) + (1+jot) (1 — @®TiTy) +jo(Ti+1) '
Now, T (jw) has no amplification if
1 2.2
T (o) = M? = o <1. (6.16)

(1 — 0T + (T +1)° ~

From the solution of the inequality t>T; — T1/2 is obtained as a sufficient
condition. So there is no amplification if

Tl—T1/2§t§T1—|—TI (617)

With the root locus method it can be seen that the closed-loop system is
structurally stable. If T > T7, then there are only real poles. If T < T, then real poles
are obtained only for the ranges Ky <K; and K| > K3, and in the range K; < K; <K,
the poles are complex conjugate pairs, where

2T 2T :
K, = (Tl—l) + (Tl_l> ~1. W (6.13)



Chapter 7 )
Control of Stable Processes Check or

In the initial period, heuristic, trial-and-error methods based on rule of thumb were
widely used for controller design. At the same time a great effort was made to
elaborate a general mathematical methodology for a theoretical approach to design
methods. The transfer function of an mth-order controller has (2m + 1) unknown
parameters. While tuning the higher order controllers it was noticed that a certain
design goal can be reached by many parameter sets, moreover, as a consequence, in
many cases the parameters were not independent, so the parameterization of the
controller was redundant. The main question is how to parameterize a general,
stable controller to solve the basic design tasks of a closed-loop control system with
a minimum number of non-redundant parameters. The most important solution is
provided by the so-called YourLa-parameterization. The Youra-parameter, as a
matter of fact, is a stable (following from its definition), regular transfer function.

C(s) c

o) — for simlicit _
0O(s) 71+C(S)P<S) or, forsimplicity, Q T4Cp’

(7.1)

where C(s) is a stabilizing controller and P(s) is the transfer function of the stable
process. The inner stability of a system is defined by the fact, that introducing a
bounded input signal at any point of the system provides a bounded output signal at
any other point of the loop (see Sect. 5.2). For the investigation of inner stability,
the so-called transfer matrix of the closed-loop has to be constructed

CP P
_|1+cP 14cP| 1 [cp P
TP.C)=1" ¢ | 1+cp{c 1] (72)
1+CP 1+CP

The transfer matrix represents the connection between two independent outer
and two inner signals. The closed-loop is inner stable, if and only if, all elements of
T((P, C) are stable.
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7.1 The YouLa-Parameterization

The transfer matrix can also be expressed by the YourLa parameter Q(s) instead of
the controller C(s):

(7.3)

1@&D={%)Pg:§p}

Here it can be easily seen that the inner stability is ensured by any stable Q(s) for
a stable process.

It follows from the definition of the YouLa parameter that the structure of the
realizable and stabilizable controller is fixed in the control loop parameterized in
this way, i.e.,

o)
1— 0(s)P(s)

0

C(s) —op

or, forsimplicity C =

(7.4)

The YouLa-parameterized (YP) control loop is shown in Fig. 7.1, where r is the
reference signal, e is the error signal, u is the output of the controller (the actuating
signal), yy is the disturbance signal affecting the output, and y is the output signal of
the process, i.e., the controlled variable.

The overall transfer function of the closed-loop (the complementary sensitivity
function) is

C(s)P(s) cp

T(S) = W = Q(S)P(S) or, more Sll’l’]ply7 T = m = QP, (75)

which is linear in Q(s). (This linearity, as will be seen later, will facilitate to a great
extent the design of the required dynamics of the one degree of freedom (ODOF)
closed-loop.) The sensitivity function has the form

1
S(s) = T5COP0) =1-—Q(s)P(s) or, forsimplicity, 76
1 .
S=1yep- 179

Fig. 7.1 The YP control loop Yo
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The relationship between the most important signals of the closed-loop can be
obtained by simple calculations:

u=Qr—Qy,
e=(1-0P)r—(1—QP)y, = Sr— Sy, (7.7)
y=QPr+ (1 — QP)y, = Tr + Sy,

The effect of r and y, on u and e is completely symmetrical (not considering the
sign). Thus in this system the input of the process depends only on the outer signals
and on Q(s).

It is interesting to see that the YP controller of (7.4) can be realized by the simple
control loop of positive feedback shown in Fig. 7.2. Using this scheme the control
loop of Fig. 7.1 can be transferred to the equivalent block scheme of Fig. 7.3 by
identical conversions. This latter scheme is called an internal model control (IMC).
The basic principle of this control is that only the deviation (g) (i.e. the error signal)
of the process output and the model output is fed back. This error signal is zero in
the ideal case when the inner model is completely equivalent to the process. This
case is presented in Fig. 7.3. In reality, however, the transfer function ﬁ(s) of the
inner model is only a good approximation of the true process P(s), since the
original system is not known. For simplicity, only the ideal case is investigated
here.

Fig. 7.2 The realization of
e + u
the YP controller > — Q(s)
+
P(s)
Fig. 7.3 The equivalent IMC rtoTT T oy !
100p : PA;AOSE{?ER : : PROCESS Yo :
| [ |
| r 1 u + y |
— 0 1 P =T
X l
[ I
L
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Fig. 7.4 Block schemes for “opening” the closed-loop

Based on the last equation of (7.7) it can be seen that the IMC has the transfer
function QPr for the tracking of the reference signal. If the inverse of Q is con-
nected in series to the control loop of Fig. 7.1 according to Fig. 7.4a, then the
tracking performance becomes independent of Q, i.e., it becomes that given by Pr/,
which means that practically the closed-loop is “opened”. It can be easily checked
that this block scheme is equivalent to that of Fig. 7.4b. It has to be noted that here
the reference signal has a direct effect on the input of the process: it does not go
through the controller and the whole closed-loop. The effect of the controller
(concerning the reference signal) is in operation only when the inner model is not
equal to the real process.

Following the above train of thought, the extension of the YouLa-para-
meterization can also be introduced for two-degree of freedom (TDOF) control
loops. To do this let us simply introduce the parameter Q; for designing the tracking
behavior and connect it in series to the control loop of Fig. 7.4. Then we get the
block scheme of Fig. 7.5. The resulting transfer characteristics of this system are

u= err - QYn
e = (1 - QrP)yr - (1 - QP)yn = (1 - Tr)yr — Syn (7-8)
y= 0Py + (1 = OP)yy = Try; + (1 = T)yn = Try: + Syn

where the tracking performance can be designed by choosing the parameter Q; in
T: = Q.P, while the performance of the disturbance rejection can be designed by
choosing Q in T = QP. Thus these two performances can be handled separately.
The reference signal of the whole system is noted by y,. The same preconditions are
valid for O, and Q. The transfer function of the TDOF closed-loop referred to the
reference signal T is analogous to the complementary sensitivity function Tof the
ODOF system for the tracking.

C I
Ve . e 0 PN Y
o i —or |+ P =

INTERNAL
MODEL

Fig. 7.5 Two degree of freedom version of the YP-controller
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The IMC of Fig. 7.3 can be further developed according to Fig. 7.6. Here the
predicted value y, of the output noise y, is constructed from the difference &
between the output of the process and the model by the predictor R,. Similarly the
predictor R; provides the prediction y, of the reference signal y,. The disturbance
compensation of the loop works by giving the predicted value —3, through the
inverse of the process to the input of the process, thus in the case of an exact
estimation, the disturbance is eliminated. The tracking works in a similar way. Here
the operation of R, can be referred to as a reference model (the desired system
dynamics), therefore the introduced predictor is also referred to as a reference
model. It is generally required that these predictors have to be strictly proper with
unit static gain, i.e., R,(® =0) =1 and R,(w =0) = 1.

The best operation of a TDOF control loop can be attained by the special
conditions R, = R, = 1 or 1 — R, = 0, but,—as will be shown later,—it can not be
realized in most practical systems.

The block scheme of Fig. 7.6 can be redrawn to the equivalent form of Fig. 7.7.
Note that the transfer function—in the ideal case, i.e., when the inverse of the
process is realizable and stable—is

(RaP~") 0 Ry

=T RP P T-0P 1 —Rnp_l’ (7:9)
which is the YP-controller with the YouLA parameter
Q=R,P . (7.10)
For the tracking, however, the parameter is
O =RP". (7.11)

It can be seen that the controller Ciy is realizable if the pole excess of R, is
greater than or equal to that of the process, i.e., a pole excess of j can be easily

ensured by the reference model R, = 1/(1 +sT,)’.
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Fig. 7.7 Equivalent ideal control loops using the extended IMC principle

The most important signals of the closed-loop for the ideal case are

Uig = Rrpilyr - Rnpilyn
eia = (1= R)yr — (1 — Ry)yn = (1L — T1)y; — Siayn (7.12)
Yid = Royr + (1 = Ro)yn = T + (1 = Tia)yn = T%; + Siayn

thus in the ideal case, 7' = R, and Tiq = R, which are our design goals.

Note that the previously followed thoughts presented only the main idea of the
YouLa-parameterization and its equivalency with the control based on IMC. There
is, however, a very critical point of the realizability of the resulting schemes,
namely the realizability of the inverse of the process P. Unfortunately, this, in
general—disregarding some rare exceptions—is not true for continuous-time (CT)
systems. For practical applications, versions of the above approach have to be found
where all elements of the TDOF system are realizable.

To introduce a generally applicable controller, let us assume the transfer function
of the process has the following factored form
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P(s) = P, (s)P(s)_= P (s)P_(s)e """, or, forshort,

_ (7.13)
P=P.P_=P.P """,
where P is stable, and its inverse is also stable and realizable (ISR). The inverse of
P_ is unstable (Inverse Unstable: 1U) and not realizable (IUNR). P_ is inverse
unstable (IU). Here, in general, the inverse of the dead-time part e~*¢ is not
realizable, because it would be an ideal predictor. The generalized IMC principle
can also be applied to the general process structure that is shown in Fig. 7.8.
The block scheme of Fig. 7.8 can be redrawn into the equivalent form of
Fig. 7.9, where the realizable YP-controller of optimal structure obtained for the
general case has the form

-1
o= T~ T= RGP e~ T= R~ oG (119
where the optimal YouLA parameter is
Oopt = RGoP' = R\K, where K, = G,P_ (7.15)
and
0 =RG,P.' =R.K, where K.=G,P7. (7.16)

The obtained general control loop—due to the YP — gives structurally the best
controller for stable processes. Further optimality of the controller can be set by the
embedded transfer functions G; and G,. To understand this, let us consider again
the most important signals of the TDOF closed-loop in the optimal case:
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Fig. 7.8 The optimal control loop based on the generalized IMC principle
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Fig. 7.9 The equivalent optimal control loop corresponding to the generalized IMC principle

unpt - RrGerrlyr - RnGnP;,lyn

ecpt = (1 - RrGrP—eisTd)yr - (1 - RnGnP,ef‘“T“)yn = (1 - T:’pt)yr - Sgptyn

Yop = ReGeP_e 1y, + (1 = RaGyP_e™ 1) yy = TPy + (1 = TP )y = TPy + Sy
(7.17)

where the equalities 7' = R,G,P_e*T¢ and T = R,G,P_e*T¢ occur.

Compare the ideal output yiq of (7.12) with the optimal output yoy of (7.17). It
can be easily seen that the ideal and the designed transfer functions determined by
the reference models R; and R, can not be reached, only approximated. The element
P_e~*Ts appearing in the approximate transfer functions can not be eliminated,
therefore it is called an invariant factor. Thus the dead-time e~*"¢ and the inverse
unstable (IU) term P_ of the process can not be eliminated by any controller. In
case of CT processes, this latter term contains the unstable zeros of the
non-minimum phase processes and those poles of the stable poles which could not
get into the invertible P of (7.13). In practice, only the necessary number of the
slowest poles (whose number corresponds to the number of the stable zeros in P) of
P are usually included in P, the rest should be added to P_. The effect of the
invariant P_ can only be attenuated by the transfer functions G; and G,.

The formulation of the deviation of the outputs of the ideal and best reachable
(optimal) control loops is

Ay = Yid — Yopt = Rr(l - GrP—eide),Yr +Rn(1 - GnP—eisTd)ym (718)

where the error comes from the transfer function Ry(1 — GxP_e *"¢)| _  both for
the tracking and noise rejection. The minimization of this error in terms of different
criteria (in theoretical investigations, the so-called H, and H,, optimality) can be

accomplished by the optimal choice of Gy| (The discussion of optimality is not
the subject of this book.)

Further equivalent forms of the best reachable optimal control loop are shown in
Fig. 7.10. From these the simplest one that is realizable has to be chosen.
Figure 7.10b gives advice for the realization of a system having dead-time. The
control loop shown in Fig. 7.9 is called the most general (generic) form of a TDOF
systems. (The YouLa-parameterization has been extended to TDOF systems by
KEeviczky and BANYAsz by introducing two further parameters, R, and R, instead of

X=r,n"
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Fig. 7.10 Equivalent forms of the best reachable (optimal) control loops

O (called the K-B-parameterization). The derivation of the generic schemes and

their optimization possibilities are also connected to their names).

The questions of realizability can be dealt with in long discussions. If the design
of the optimal controller includes also the optimization of G; and G, then the
procedure itself must also ensure the realizability of the transfer functions G,P_ and
G,P_, and the realizability of the other factors, (like RrGrPf, RnGnP’+1 and

I

In

+

Fig. 7.11 A realizable YouLA-parameterized control loop with the choice G, = G, =1
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R,G,P_), has to also be considered. As was mentioned earlier, the theory con-
cerning the optimality of G, and G, is not discussed here. In this case the choice
G; = G, = 1 does not change the invariant P_, i.e., it appears, as a consequence,
unchanged in the signals of the system

U= RrP:_lyr - RnP:Llyn

e=(1-RP_e*")y, — (1 =RyP_e ")y, = (1 — T;)yr — Soyn

y=RP_e” "y 4 (1 = RaP-e")yo = Toye + (1 = Ta)yn = Tryr + Suvi
(7.19)

furthermore the realizability of the transfer functions R,P;l, R,,P;1 and R,P_ is
required. It is evident that in this case the realizability can be simply handled by the
appropriate choice of the order of the reference models R; and R,,, and of the pole
excess, e.g., by prescribing R, = 1/(1+ sTr)j (and the same for R,). A realizable,
but not optimal control loop can be seen in Fig. 7.11.

Although the controller is theoretically realizable, it can not be expected in
practice that for CT systems an ideal dead-time element modeling the time-delay of
the process can be realized in the inner positive feedback loop of the controller and
in the serial compensator. Therefore in the case of time-delay CT systems, the
above discussed optimal control scheme has only theoretical importance. In some
cases, the time-delay term can be approximated by higher order Papg-series. In
computer controlled cases (for sampled DT controls), however, the method can be
fully applied (see Chap. 12).

Example 7.1 Let the controlled system be a first order time-delay lag

1 1 D —
p —5s jie. P, =—— - = —3s d P_=1 7.20
= 1 1 Se 1.€ + = 1 105‘7 e an ? ( )

which should be sped up by the control. Let the tracking and disturbance cancel-
lation reference models be

- 1
1425

R.=— and R,

= 7.21
1+4s ( )

Since P_ = 1, there is nothing to be optimized, i.e., G; = 1 and G,, = 1 can be
chosen. The optimal controller is

R.G,P! 1 1 1+ 10s
Copt = + = R.,P' =
LRGP s 1 —Rye T T L e 1425
14 10s
T T (7.22)

and the serial compensator has the form
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Fig. 7.12 The optimal control loop of Example 7.1

RK; =RGP' =RP.' = (1+10s)/(1+4s), (7.23)

thus the optimal TDOF control loop has the structure shown in Fig. 7.12. Observe
that Copl(s = 0) = o0, i.e., the controller has integrating behavior, which results
from the condition R,(s = 0) = 1.

It can be easily checked, that the output of the closed system is

1 1

ot = Rr —sTq . 1 _ Rn —sTq y = —5s . 1 _ —5s ,

Yopt = Ree ™y + ( e 1)y T y+( 225
(7.24)
which completely corresponds to the designed TDOF control loop. [ |

Example 7.2 Let the controlled process be a second order lag
1+5s)(1+6

po UHSIUL6) o p ) (7.25)

(14 10s)(1 + 8s)

Suppose that the tracking and disturbance cancellation models are again of the
form (7.21). Since P_ = 1, there is nothing to be optimally compensated, i.e.,
G; =1 and G, = 1 can be chosen. Now the optimal controller is

In
+ +
Vr (1+10s)(1 + 85) I 1 (1+105)(1+85) u » b v,
(14 45)(1+5s5)(1 + 65) 2s (1+35s)(1+6s) | + +
y Copt

Fig. 7.13 The optimal control loop of Example 7.2
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RGP Ry 1 (14+10s)(148s)
1 —R,G,P_eTs 1—R, 25 (14+5s)(1+6s)

Copt = (& (726)

thus it corresponds to the ideal controller. The serial compensator, however, has the
form

_ _ 1+ 10s)(1+8s)
RK, =RG.P' =RP ! = ( ) 7.27
e ' (1+4s)(1+55)(1+65) (7.27)

It is evident, that the controller is of integrating type, as is also shown in
Fig. 7.13.

Note that in ideal case the term R,/(1 — R,) in the controller corresponds to an
integrator, whose integrating time is equal to the time constant of the first order
reference model R,. [ |

7.2 The SmitH Controller

The handling of the time-delay of the processes has required the special attention of
the designers of the control loops from the beginning. First Otto SmiTH suggested a
technique by means of which it was thought for a long time that the controller can
be designed without the consideration of the dead-time. To understand his method
let us consider a simple dead-time process of (7.13)

P(s) =P, (s)P_(s) =P, (s)e”*™ or, moresimply, P=P P =P e’",
(7.28)
where P . is stable. Figure 7.14a shows the original idea of SmitH. Since this figure

is equivalent to Fig. 7.14b, his main goal can be clearly seen, namely to separate the
original dead-time loop into a closed-loop which does not contain the time-delay

I
L
r L i
M) C, H P+€le
[
I
i

N a(l—e"“)

Fig. 7.14 The block scheme of the SmitH controller
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Fig. 7.15 Equivalent SmitH controller block schemes

and a serially connected dead-time. So the controller C regulating the process P
can be designed by a conventional method.

By simple block manipulations, Fig. 7.14a can be redrawn to the equivalent
forms of Fig. 7.15a, b.

The IMC structure of the Fig. 7.15a clearly shows that the SmitH controller is a
YP-controller with a special YouLA parameter

_C_ CuPy Ly
1+C.P, 1+4C P, * 1+L,

0. P! =Rr.P (7.29)

if the controller C stabilizes the delay free part of the process P, . Here L, =
C, P is the loop transfer function of the closed system of Fig. 7.14b, furthermore
the complementary sensitivity function

L
+

will be the reference model R . . Since in the IMC structure the inner model predicts
the output of the process, the name SmiTH-predictor derives from this phenomenon.
At the time of its introduction the IMC principle and the YouLa-parameterization
were not yet known.

Figure 7.15b shows the equivalent complete closed control loop, where the
serial (YouLa-parameterized) controller is

0+ C+

C§ = =
ST 1-Q.P.e>Tt 14C, P, (1—eT)

= C,Ks, (7.31)

which, at the same time, also shows the inner closed-loop referring to the real-
ization. Here Kg means the serial transfer function by which the SmitH controller
modifies the effect of the original controller C ;.
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Thus
1 1
Ks = = . 7.32
STI+C P (1—e ) 14+L,(1—e M) (7.32)
At the stability limit L, = —1, we get
! 1 ST, jo. T,
KS - = = ¢S4 m~: o/ d, (733)

L+ (=1)(1—e>Ta) 1 —1+esTs

which causes the SmiTH controller to add a significant positive phase advance to the
original closed-loop, which is why it can be applied very successfully for stabi-
lization in many cases. At the same time it is very sensitive to a change of the
parameters.

Unfortunately it should be repeated that in the practice for CT systems one
cannot expect to realize an ideal dead-time element only its higher order lag
approximation can be implemented for the application of a SmitH controller (see
what was stated about Example 7.1 of the previous chapter).

To complete the evaluation of the SmiTH controller it has to be also mentioned
that it can be used only for the design of a one-degree of freedom (ODOF) system,
i.e., for tracking. The controller designs the tracking of the reference signal only in
an indirect way, as the expression 7, = R of (7.30) shows. From the elaboration
of the concept of YouLa-parameterization it has been known that simple design
method is also available for TDOF systems both for tracking and disturbance
rejections via the design of the reference models.

7.3 The TrRUXAL-GUILLEMIN Controller

Prior to the YouLa-parameterization, TRuxaL and GUILLEMIN recommended a simple
algebraic method for the control design of ODOF systems. According to the
method the required design goal has to be formulated for the transfer function of the
closed-loop

Fig. 7.16 The realization of the TRUXAL-GUILLEMIN controller
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CcP

R,=T= 7.34
1+CP (7:34)

from which a simple algebraic equation results for C:
CP =R, + CPR,. (7.33)

Solving for the controller we get
R, 1

C= — = Crg. 7.36
5= Crg (736)

Note that this form is the same as the simple case of the Youra controller Cjg in
(7.9). The realization of the controller can be made according to the Fig. 7.16.

Thus R, corresponds to one of the reference models of the YourLa method. For
the ODOF case, however, R, = R,. Let the reference model be R, = B,/ A,, and
the process be P = 3/.A. So the polynomial form of the controller is

B, A

CC =1 T"BB

(7.37)

The controller is realizable if the pole excess of R, is greater than or equal to that
of the process. If R, has unity gain (R,(0) = 1), then the type of the controller is
one. TRUXAL observed that the loop transfer function L = F/s*D = CP of type k
can be established by the reference model

N fotfis+. . +fiors!
TN FSHD T fy b fist A fioast U sk b b dy s TR
B fo+fis+ ...+ fioisF!
ot fist o fisE U b sE (L A dy s

R, =T

(7.38)

);nR—k—lzn—m
where the first k terms of the denominator are equal to the numerator.

7.4 The Effect of a Constrained Actuator Output

The control signals applied in the closed control systems, or the output of the
actuator whose task is to increase that signal to the proper level, are always
amplitude constrained.

|u(2)] < Unax (7.39)

This means that a jump of any size in u, or a significant change in the starting
value of the signal related to its final value, i.e., arbitrary overexcitation is
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Fig. 7.17 Typical control
output (actuator signal) in the Uax
case of overexcitation
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impossible. It was shown in Sect. 2.4 that a pole cancellation can be made by
adding extra zeros which results in speeding up the system. This speeding up
always requires overexcitation (energy surplus). The optimal control methods
discussed in this chapter almost always applied a certain kind of pole cancellation,
i.e., overexcitation (see Fig. 7.17). The above mentioned amplitude constraints in
practice mean, that in spite of computing the optimal control parameters, the pro-
vided output cannot be realized because of the constraints. The reachable speed-up
really depends on the applicable overexcitation.
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The design of the signal domain for the control output needs special care and the
knowledge of the equipment employed. In general, the working point is set to the
center of the signal domain, and the possible changes compared to this point have to
be designed to perform without saturation (Fig. 7.18).

In spite of the most careful design it may happen that the control output violates
the signal domain. In this case the original design goal has to be reduced. The
advantage of the KB-parameterization of the generic TDOF control loops is that in
this case it is enough to redesign only the problematic (very demanding) reference
models R; or R, by less demanding design conditions. This process can usually be
made in small steps by iteration. The iteration steps may include both the model
simulation and an experiment on the real system. (In case of lower order reference
models it is possible to elaborate explicit design formulas for determining the time
constant of the model (bandwidth) with the knowledge of the process model and the
amplitude constraints Upy.)

In many cases not only the amplitude of the control output has constraints but its
changing velocity is also limited in practice. Let us think of the control valves of big
pipes, where the motor needs time to transfer the valve from one position to
another. Handling these so-called velocity constraints by analytic methods is more
difficult, so only simulation and practical experiment remain as a solution. The
applied method is the same as earlier: the demand required by the design goal has to
be reduced.

Summarizing, it can be stated that the fastest reachable control depends, pri-
marily and to a great extent, on the limitations of the control output. This limitation,
however, does not depend on the control design method, but on the type of the
equipment used in the given technology. So any improvement can be made only by
changing the equipment itself or by redesigning the whole technology.

The Concept and Computation of Dynamic Overexcitation

In control systems the actuator signal u(¢) has an important role because this is the
input of the process and the physical constraints appear here. Due to the change of
the reference signal r(¢) transient processes take place according to the dynamics of
the system. During a transient, in general, the actuator signal might have a higher
value than its static one. The extent or magnitude of this can be described by the
dynamic overexcitation. The definition of dynamic overexcitation is

Upnax u(0

u(t = 00) Uy

=

IR

Uy —

In general the maximum value is the initial value, therefore, for the sake of the
simplicity of the computations, this is used as an approximation. The dynamic
overexcitation can be interpreted this way only when u. is not equal to zero. This
happens when the process contains an integrator, since in this case the system can
get to a steady state only if the input of the integrator becomes zero. Here the
dynamic overexcitation is replaced by Upx.
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7.5 The Concept of the Best Reachable Control

7.5.1 General Theory

In the previous section, the basic importance of the constraints relating to the output
of the actuator for ensuring the reachable/attainable/obtainable best control has been
emphasized. Based on the Sects. 7.1-7.3, however, further constraints not
depending on us have to be mentioned. Of these, the dead-time of the process is the
most important, which is invariant for any kind of regulation method, i.e., its effect
can not be eliminated.

Other such factors are the unstable zeros of the process, which also can not be
eliminated by any method. The effect of the invariant zeros on the transients can be
compensated (decreased or attenuated) to a certain extent. (This compensation can
be made by the optimal choice of the embedded filters G, and G,, which is not the
topic of this book.)

Thus both the dead-times and the unstable zeros are considered independent
features of the process that can not be influenced by the control design methods,
only by the redesign of the whole process or technology.

So far, in the long discussion of the different control design methods, it was
supposed that the transfer function P of the process is known. In reality the exact
transfer function of the process is not known: only its model P is available. This
distinction was used, until now, only in the discussion of the concept of robust
stability in Sect. 5.7. For the closed-loop control design it should be noted that the
complementary sensitivity function

cp

T= . (7.40)
14+ CP
resulting from the ODOF model based design is not equal to the real one
CcpP ~1+4
_ it (7.41)

T = .
1+CP " 14+7¢

Here ¢ means the relative uncertainty of the process model of (5.40). The sen-
sitivity function of the real closed-loop can be written in the following decomposed
form:
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Sperf

S = (1 _Rn) + (Rn _’IAW) - (T_ ’IA") :Sdes +Srea1+Smod
—— —_—— ——

Sdes Sreal Simod
= (1 - Rn) + (Rn - T) = Sdes +Spetf = (1 - T) + Sinod (742)
—— —— ——
Sdes Sperl' Scomr
= (1 — 'IAW) + Smod = Scontr + Smod
——
Sdes + Sreal

Here Sges = (1 — Ry) is the design loss, Sie = (Rn — T) is the realizability loss,
and Syod = — (T — T) = T — T represents the modeling loss part of the sensitivity
function. In the other form Scope = (1 — T) is the term referring to the control loss,
and Spert = (Rn — T) is the performance loss. Each term can be simply interpreted
and explained very easily. The meaning of the reference model R, has been dis-
cussed in the previous chapters. It is obvious that there are trivial equalities S =
lfTandS‘:IfT,Where

a 1 .1 .
S=—— S = =S — = S+ Shod- 7.43
1+CP 1+CP "1+417¢ ¢ (7.43)
The term Sy0q can be further simplified:
o s 7S¢ . .
Smod =S —-8S=T-T=— — =T8¢, ,~ —TSL. (7.44)
1477 ﬁ

It can be seen easily that |7"S’ | has its maximum at the cut-off frequency ., so the
model must be the most accurate in the vicinity of this frequency.

For TDOF control loops the complete transfer function corresponding to the
concept of the complementary sensitivity function is obtained by adding an
extension as 7, = FT, in general. For the model based control

1
1, =7, L (7.45)
1+1¢

again, as it was in (7.41).

Obviously the triviality S, = 1 — T; and the triple decomposition introduced in
(7.42)

Sr = (1 - Rr) + (Rr - Tr) - (Tr - Tl‘) = Srdes +S§eal +Sr

mod

(7.46)
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also exist.
The term ST, ; can be further simplified

¢ g g IS

tod = Tt Rk ~T:8t|, s~ —T:S¢. (7.47)

The ideal control loop has to follow the signals prescribed by R, and R, (more
exactly 1 — R;), thus the ideal output of the closed-loop is

Yid =Y = Riyr — (1 = Ry)yn =30+ 0 (7.48)

according to (7.12).
Theoretically, instead of (7.48) only

y=Ty —Syn =Ty — (1 - T)yn (749)

can be obtained, and even this has to be modified according to the model based
design

9 =Ty — Syn = Toyr — (1- T)yn. (7.50)
The deviation between the ideal and the theoretically reachable output is
Ay =) =y =R = T:)yr — (Rw = T)¥n = SpertVr — Spert (7.51)

where S refers to the performance loss concerning the tracking and S = Sperr
means the performance loss concerning the disturbance rejection. A similar
expression can be obtained for the deviation between the ideal output (y°) and
obtained by the model based design

Aj} = yO —y= (Rr - ’IA—‘r)yr - (R“ o ?)yn = ;ealyr - S?ealyn' (752>

Note that in the above expressions the terms Sy and S}, can be made zero only
in the case of inverse stable systems, while these terms can never be made zero for
inverse unstable systems.

The above triple decomposition of the sensitivity functions gives a good insight
into the limit-optimality of the closed-loop control systems, i.e., to the characteri-
zation of the best reachable control. To this end, distinct optimality criteria have to
be created for each term, i.e.,

Jtl’dtkln?: <‘](ries +Jeal +/J, mod = HSdeSH + HseaIH + HSmodH

N (7.53)
Jeontrol < Jdes +Jreal +J mod - ”Sdes” + HSreal” + ||Smod||
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both for the tracking and disturbance rejection behaviors. Here the notation ||. . .|| is
used for expressing the optimality criterion. (Strictly speaking, in mathematical
analysis this notation is used to refer to the chosen norm of the transfer function.)

Optimization of the Design Loss

The optimization of the first term primarily means the determination of the best
(fastest) reachable reference models R, = R%" and R, = R, i.e. the solution of the
optimization task under the following limitations

uclU }

} = arg{min|1 — Ry
uclU R
uEU}

} = arg{min|l — Ry
uclU Ry
where the chosen criteria J}

tes = ||1 — Re|| and Ji., = ||1 — Ry|| express that each
reference model has to approach as closely as possible the ideal term. This task has
to be solved under the limitation u € U concerning the output of the controller.
Here U usually means the allowed domain for u, e.g. the amplitude constraints
U: |u| <1 [see Sect. 7.4].

Equation (7.54) constitutes a very difficult optimization task because the solu-
tion is always on the border of the constrained domain. An analytical solution,
except for some low order simple cases, can not be found. The optimal reference
models are usually determined by simulation CAD tools. Note that for the solution
of the task (7.54), under the given constraints, faster reference models can not be
applied. Quite the opposite: if no solution is obtained for a reference model pro-
viding the required goals under a given constraint, then there is no other possibility
than to choose a less demanding (usually slower) reference model. Thus the best
(fastest) reachable output of the closed-loop basically depends on the limitations of
the controller output. In (7.54), of course, both the controller and the process, i.e.,
the whole real closed-loop, appear in a very complicated way, therefore its opti-
mality depends on the process, on the model and also on the invariant factors.

Since the reference model is an important parameter of the general YouLa design,
the condition of robust stability shown in (5.45) can also be guaranteed with it. Based
on (7.5) it can be seen easily that the condition (5.45) for YP control loops is

R = arg{n}lén (Jies)
(7.54)

R = arg { nllein (J ges)

|0P¢|<1 Vo. (7.55)

This condition can be further simplified to the condition

1
|Ry|<— or <

Vo. 7.56
I (7.56)

1
Rl
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Based on this condition it can be stated that by choosing a first order reference
model R;, robust stability can be ensured even for the case of 100% relative model
error.

Optimization of the Realizability Loss

The purpose of this task is to optimize the realizability losses J;,, and J3,; in terms
of

G = arg{ngn(fﬁeal)} = arg{ng;irnHRr - Tr”}

(7.57)
Gyt = ane{ min(72,) } = are{in, - 71}

which can be ensured by the optimal choice of G, = G and G, = G (see
Sect. 7.1). As was mentioned earlier the conditions R, = T, and R, = T}, can be
theoretically reached in the ISR case, which means the trivial solution G, = G, = 1.
For the more general [U case, the optimal transfer functions have to be determined.

The Optimization of the Modeling Loss

The optimization of the modeling loss J; ; means the determination of a special
optimal excitation y, = y°* applied as a reference signal, and the optimal process

model P = PP obtained as the solution of the so-called minimax problem below

PPt = arg{mjn [max (med)} } = arg{mjn [maxHanOdH] } (7.58)
r P Yr

P

This task has two steps: The optimal reference signal (depending on the crite-
rion) usually provides the maximum variance in the output in the case of an
amplitude constrained y,. Measuring the output of the closed-loop the process
model ensuring the minimum of the optimality criterion HSrmOdH of the modeling
loss has to be determined by a proper modeling (identification) method. The task
(7.58) is called worst case identification task.

It is not an easy task to optimize all the three terms simultaneously. In practice,
an iteration technique is used where in a particular step the solution of only one
optimality problem is solved.

(As a criterion ||. . .|| mentioned above, usually the H, or H, norms, frequently
applied in the higher level control theory, are chosen. As it was mentioned earlier,
these tasks are not discussed in this book, although a short description can be found
in Chap. 16.)
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7.5.2 Empirical rules

It has already been seen in the investigation of the best reachable control systems
that the basic constraint derives from the saturation of the actuator signal and the
process dynamics itself. One of the most important dynamical limits is the
dead-time of the process, which can not be eliminated, since the system can not
respond in a shorter time than the dead-time. The first-order PADE approximation of
a dead-time lag has already been discussed, according to which

Ty Nl—sTd/Zzs—Z/Td:s—zj
1+sTg/2  s+2/Tqs  s+z’

(7.59)

i.e., by the right-hand zero z; approximation it corresponds to a time-delay lag
Tq = 2/zj. This also means, at the same time, that the right-hand zeros of the
process correspond, in any way, to certain limits. An unstable zero with a small
value corresponds to a high dead-time.

It can be assumed that the unstable poles of the process can also result in
constraints. It can be expected that in order to stabilize an unstable process, a
sufficiently fast controller is required.

Summarizing, the constraints can derive from the dead-time and the unstable
zeros (zj) and poles (p;) (located in the right half-plane) of the process dynamics.
Based on fundamental theoretical considerations and practice, the constraints are
the following:

— a right-half-plane unstable (RU) zero z; has the following limit for the cross-
frequency

®e <0.57 (7.60)

A slow RU zero has especially a very bad effect.
— the dead-time also limits the cross-frequency, based on the practice

1
0.5— 7.61
0 < T, ( )

— an RU pole requires a high cross-frequency

®c > 2p; (7.62)
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— systems, having both RU zeros and poles simultaneously can not be controlled,
in general, only if the poles and zeros are far enough from each other.

pj > 6z (7.63)

— unstable dead-time systems can not be controlled, unless the separation (dis-
tance) condition

1
P <016 (7.64)

is fulfilled.



Chapter 8 M)
Design of Conventional Regulators ki

The aim of controller design is to ensure that the closed-loop control system meets
the quality specifications. A block diagram of a control system is shown in Fig. 6.1.
This structure is called a series control structure, as the regulator (sometimes called
controller) is serially connected to the plant. The regulator is designed considering
the properties of the plant and the specifications.

After the choice of the control structure, the parameters of the regulator have to
be set. In the frequency domain with the appropriate choice of the regulator the
frequency function of the open-loop is shaped according to the quality specifica-
tions (Fig. 6.2).

In Chap. 7 we could see, that for stable processes, precise theoretical methods
are available to determine the optimal structure and the optimal parameters of the
regulator for different cases. But already long before the elaboration of these the-
oretical methods, a well established class of control equipment was widely used in
the control of industrial processes. This type of regulators has its determining
significance even today. The development of the technology of electronic devices—
which made possible the realization of more and more complicated transfer func-
tions—played a significant role in the development of these conventional or clas-
sical regulators. Passive R-L-C circuits and precise operational amplifiers provided
the technological basis for the development of the simple so-called PID regulator
family. (In the case of regulators using mechanical, pneumatic, etc., signals only
some restricted forms were realized, mainly because of realization constraints.)

PID regulators react proportionally to the current error value, take into consid-
eration the past error signal history with the integral of the error signal, and count
the future error signal trend by the differential of the error. Figure 8.1 shows [1] that
the PID regulator calculates the manipulated variable (the control signal) with the
P effect which is proportional to the error, with the I effect, the integral of the error,
and the D effect, the differential of the error.

Application of PID regulators is quite general: more than 90% of the realized
industrial control systems work with this type of regulator. In industrial process
control the most frequently applied controllers are the PID regulators, as the quality
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Fig. 8.1 The PID regulator error
calculates the manipulated

variable from the current, the past future
past and the future trend (the
slope) of the error signal

present

t t+d time

specifications mostly can be fulfilled applying them, they have an easily realizable
simple structure, and the effect of the parameter changes can easily be evaluated.
The design of PID regulators can be discussed as a design method in the frequency
domain or as a pole-zero cancellation technique.

8.1 The PID Regulator Family and Design Methods

The transfer function of the ideal PID regulator can be given in the following two
forms:

1 1 Ap 1 +sTi + s°TiTh
Cop = Ap( 1+ — +sTp | =Ap+ki— +hkps = —————— 1P (g1)
sTy s T s

Here the regulator parameters are Ap, the proportional transfer gain, 77 the
integrating time constant, and Tp the differentiating time constant. The unit step
response of the regulator is expressed as

1 A
V(l) = E_l |:; CPID(S):| =Ap+ Tpt +APTD6([) t>0, (82)
1

which is seen in Fig. 8.2.

Fig. 8.2 Unit step response
of the ideal PID regulator
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The PID regulator consists of parallel connected proportional (P), integrating
(I) and differentiating (D) effects. The analytical expression (time function) of the
ideal regulator, that is the operation executed on the error signal, e(7) is given by

u(t) = Ape(t) + ky / e(t)dt+ kp dfi(;t)' (8.3)

0

This expression clearly shows the mentioned characteristics of the three regu-
lator channels.

The regulator has a pole at the origin. It also has two zeros, which in the case of
T1 > 4Tp, are located on the negative real axis. This condition requires a significant
separation of the integrating and differentiating time constants, which requires a
fourfold distance at least of the corresponding breakpoints in the
amplitude-frequency diagram.

The location of the poles and zeros of the PID regulator in the complex plane is
shown in Fig. 8.3. Its asymptotic Bope amplitude-frequency and phase-frequency
diagram is seen in Fig. 8.4. The ideal PID regulator is non-realizable, it is used only
for theoretical considerations and explanations. By ensuring the realizability of the
D effect (combining it with a serially connected lag element with a small time
constant) an approximate, but realizable PID regulator is obtained.

The transfer function of the approximate PID regulator can be given in the
following form:

~ 1 sTp Apl+s(Ti+T)+s*Ti(Tp + T)
Cep =Ap| 1+ — =— 8.4
b P( T 1—|—sT> Ty s(1+sT) (8.4)
The unit step response is expressed as
- 1~ A ApT;
v(t) =L {—CPID(S)} =Ap+ TPr+ %e—fﬂ t>0 (8.5)
s I

and is shown in Fig. 8.5. The location of the poles and zeros of the approximate
PID regulator is shown in Fig. 8.6. The asymptotic Bope amplitude-frequency and
phase-frequency diagram is given in Fig. 8.7.

Fig. 8.3 Poles and zeros of
the ideal PID regulator @
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Fig. 8.7 Asymptotic Bobe diagram of the approximate PID regulator

Now the regulator has two poles, one at the origin and the second at —1/T in the
complex plane, and its two zeros located on the negative real axis if
o <(T1 — T)2 /4T;. Again, this condition requires a significant separation of the
integrating and the differentiating time constants, that is, a significant distance
between the corresponding breakpoint frequencies.

The unit step response of the approximate PID regulator does not now start with
the 6(¢) (Dirac delta) function at r = 0, nevertheless the value of the initial jump
expressed by Ap(1 + Tp/T) may exceed the linearity range of the actuator and the
equipment could be saturated. This situation is to be avoided, as on the one hand the
normal operation mode of the actuator is ensured only in the linear range, and on
the other hand the tuning of the regulator for stable performance, for the prescribed
quality specifications, accuracy, etc., ensures the required behavior only in the case
of linear models. The ratio Tp/T which determines the initial jump is called the
overexcitation. Its value in real control systems should not exceed the limit of
Tp/T < 10, and frequently should be even lower, with an allowable upper value of
4 <Tp/T <6. This realization limit determines first of all the fastest reachable
transient (the cut-off frequency) for a control system of a given process.

Note that a modified version of PID regulators is often used, which significantly
attenuates the effect of a possible abrupt change of the reference signal on the
output signal in the closed-loop control system through a simple mechanism. In
these regulators the manipulated variable—instead of the usual relationship (8.3)—

is calculated by the expression u(f) = Apey(f) + ki [ e(t)dt + kpdeq(t) /dt, where
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ep(t) = br(t) and eq(t) = cr(t), setting parameters b and ¢ whose values generally
are between 0.2 and 0.8.

From the ideal PID regulator, the following different types of regulators can be
obtained:

P Ap
1 K
I ST s
S
Pl AI 14 (50
P ST]

PD Ap(l +STD)

In the approximate PID regulator, the PD effect is considered by the transfer
function

1+STD

PD .
P 1+sT

(8.7)

This element is also called a phase-lead or phase-lag element, as in the case of
Tp > T it realizes an approximate differentiating (PD), whereas if Tp <7, it pro-
vides an approximate PI effect.

In many practical cases the parameterization of the approximate PID regulator
can be given in the following form:

(l +STI)(1 +STD)

Crp = A
PP P T (1+ 5T)

(8.8)

The advantage of this form is that it locates the breakpoint frequencies exactly at
1/Ty, 1/Tp and 1/T, which belong to the given integrating, differentiating time
constants and to the time constant of the lag element. The location of the poles and
the zeros is seen in Fig. 8.8.

Now the poles of the regulator are at the origin (p; = 0) and at p, = —1/T and
the zeros are at —1/Ty and —1/Tp.

The PID regulator can also be considered as a general second order regulator,
which has sufficient degrees of freedom to provide an appropriate solution for many
simple control applications.

Fig. 8.8 Location of the

poles and zeros of the @
approximate PID regulator

according to (8.8)

T -\T, -y, |P
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8.1.1 Tuning of P Regulators

The P regulator (Cp(s) = Ap) generally results in a O-type control system (except if
the process itself contains an integrating effect). The O-type control system has a
finite steady error with a value of 1/(1+K), and the gain of the closed-loop
transfer function is K/(1 + K), where K = ApP(0) is the gain of the open-loop (and
not of the regulator!). It is also called the loop-gain and P(0) is the gain of the
process. In this case, when realizing the regulator, a static compensation factor (a
calibration factor) with a value of (1 + K)/K is applied to ensure accurate reference
signal tracking. The proportional regulator means the multiplication of the transfer
function of the process by a constant factor, which influences only the amplitude of
the frequency function, and has no effect on the phase characteristic: |Cp(jo)| = Ap;
¢(0) = arg{Cp(jw)} = 0.

By changing the value of the constant Ap the loop gain and thus the cut-off
frequency can be set. The Bope amplitude diagram can be shifted parallel, thus the
cut-off frequency can be changed to ensure the appropriate phase margin for the
control system.

The control system can be stabilized by a P regulator, the overshoot of the unit
step response can be kept within the permissible limit by setting the appropriate
phase margin. As the cut-off frequency can not be increased significantly, the
control system will work slowly. If the process does not contain integrating ele-
ments, the control system is of O-type, which can track only the unit step reference
signal. The control system works with a constant steady state error.

In industrial regulators, instead of the Ap gain of the proportional regulator, the
so-called proportional band (PB) is set, which is defined as PB = [1/Ap|100%. The
proportional band is that range of the input signal in which the output signal runs
through its entire range.

In the P regulator only one parameter, the Ap gain, can be set. This means that
the prescribed static error and the prescribed phase margin can not always be
ensured at the same time. These two prescriptions can be fulfilled together only in
fortunate cases. In the usual design procedure first the maximal loop gain Ky.x(®@,,)
is determined belonging to the prescribed phase margin ¢,,. The maximal reachable
loop gain gives the minimal reachable static error

€min = min{e(s)|s:0} = 1/[1 4 Kmax(¢10)]- (8.9)

If the task is given in a reverse way, that is, if K, has to be calculated from the
maximal allowed error, then

Kmin - (l/emax) - la Cmax < 1. (810)

If the condition K, < Ky is fulfilled, then the twofold criterion has a solution,
otherwise it does not. P compensation shifts the Bope amplitude-frequency diagram
of the process parallel to the horizontal axis with the value of the regulator gain
Ap = K/P(0). The value of the shift initially is determined by Kpyax OF Kpin.
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8.1.2 Tuning of I Regulators

The aim of applying an I regulator is to ensure a 1-type control system which
provides zero steady state error in the case of a step reference signal. The design of
the I regulator given by the transfer function

1 K;
Cl=—=— 8.11
! sTy K ( )

is relatively simple, as it has only one parameter. Thus the maximal loop gain
Kmax (©,,) Which provides the prescribed phase margin ¢,, can be determined easily
with the usual design methods, then K = Kiax/P(0).

8.1.3 Tuning of PI Regulators

In the case of P regulators one could see that the allowable maximal loop gain
Kmax (0y,), Whose value depends on the performance criterion generally is not high
enough to ensure a small enough steady state error. To eliminate this problem PI
regulators can be used, which ensure at least 1-type number for the control system,
thus the steady state error will be zero in the case of a step-like reference or
disturbance signal. The transfer function of the regulator is

1 1+ST1
Cpi(s) =Ap| 14+ — ) = K] . 8.12
pi(s) P< +sTI> [ ( )

With the choice T} = max{7;} = T}, the largest time constant of the process can
be cancelled. Then the maximal loop gain Ky.x(®,,) that provides the prescribed
phase margin ¢, can be determined by the usual design methods, and then the
integral gain of the regulator is calculated by Kj = Ap/Ti = Kuax/P(0). The
amplitude-frequency diagram of the open-loop L(jo) starts with a slope of —20 dB/
decade at low frequencies, as the PI regulator reallocates the smallest breakpoint
frequency (1/T7) belonging to the largest time constant of the process to the origin.
Furthermore it shifts the amplitude-frequency diagram of the process parallel to the
horizontal axis by K.

Based on the parallel form of the transfer function, the unit step response of the
regulator can be drawn easily, whereas the product form provides the possibility of
easily sketching the asymptotic Bobe amplitude diagram. Figure 8.9 gives the unit
step response and the Bope diagram of the PI regulator, the latter is plotted for
Ap = 1. If the gain is different, the BobE amplitude diagram is shifted parallel.

PI regulators ensure a high gain in the low frequency domain. The integrating
effect increases the type number of the control system by 1. In case of a propor-
tional process, the static error will be zero for a step-like reference signal. By
appropriately placing the cut-off frequency, a stable control system can be obtained
with the required phase margin. As the cut-off frequency can not be put into the
high frequency domain, the control system will be slow.
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Fig. 8.9 The unit step response and the approximating Bobe diagram of the PI regulator

An approximate realization of the PI regulator is the phase-lag element described
by the transfer function

= CPL(S), (813)

where T > T;. Now by the choice T = max{T;} = T; the smallest breakpoint
frequency (1/Ty) is shifted left to the point 1/7. The amplitude-frequency diagram
of the loop transfer function L(jw) starts now with 0 slope, thus the control system
remains of 0 type. By applying Cpy the straight line section of slope —20 dB/decade
becomes longer, thus a higher allowable Kax (¢,,) gain can be ensured than with a
simple P regulator. A single approximate PI regulator can reallocate a single
breakpoint to a lower frequency.

Figure 8.10 gives the unit step response and the Bope diagram of the phase-lag
element. It can be seen that this element approximates the characteristics of the P
element for small time instants in the time domain and in the high frequency range

|Cjw)| dp =1

1
i

M|

1
: ®
]

=

—

=
b

-20dB/dec

TI //—__
P

<

|

1
I
I
I
I
| w
I

_ggu

Fig. 8.10 Unit step response and the approximate Bobe diagram of the phase-lag element
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in the frequency domain. For sinusoidal inputs the output signal is phase-delayed

related to the input signal. As this regulator does not contain an integrating effect, it
does not ensure zero steady state error.

8.1.4 Tuning of PD Regulators

The ideal PD regulator given by the transfer function Cpp(s) = 1 + sTp can not be
realized, therefore only the approximate realizable phase-lead form

Cep(s) = Ap IITSTTD = Ap (1 + fsT); Tp =T+t (8.14)
has practical applications, which formally is the same as Cpy. The difference is that
here Tp > T, and the time constant of the differentiating channel is 7. With the
choice Tp = T», where T, is the second largest time constant of the process, the Crp
regulator lengthens the higher frequency part of the straight line of slope —20 dB/
decade by shifting the breakpoint frequency 1/T; to the right to point 1/7T. This
improves the phase conditions, to reach a given phase margin the value of ®. can be
increased, which results in a faster settling process. There is a limit for the choice of the
time constant 7, as in the unit step response of the regulator at # = O there is a jump of
value ApTp /T, which decreases asymptotically, its final value is Ap. So the value of
the overexcitation is N = Tp /T, which is the same as the pole placement ratio. Not
every actuator can execute this jump. The big mechanical actuators can tolerate
2-3-fold, whereas the more advanced electronic devices can bear at most a 10-fold
jump. Therefore during regulator design an average 3-5-fold jump is allowed, then
in practice it is tested whether the regulator is saturated (that is reaches the limit of
its signal range). In some cases the choice of Tp = T3 (where T3 is the third largest
time constant) is also possible, but the effect of this has smaller significance.

Figure 8.11 gives the unit step response and the Bopk diagram of the PD reg-
ulator. The latter is drawn for Ap = 1. If the gain is different, the BopE amplitude
diagram is shifted parallel. This element is also called a phase-lead element, as its
phase angle is positive, that is in case of a sinusoidal input signal the output signal
is accelerated in phase relative to the input signal.

The accelerating effect of the control system can be understood the most easily in
case of a PD regulator. The inertial behavior of the processes can be overtaken only
by conveying extra accelerating energy. This is ensured by the overexcitation (see
Sect. 2.4).

The PD regulator is used if the system has to be accelerated. This acceleration is
reached if the straight line section of slope +20 dB/decade of the PD regulator is
placed in the frequency range where the slope of the BobE diagram of the process is
—40 dB/decade. Thus the straight line section of the loop transfer function with
slope —20 dB/decade is lengthened, and the cut-off frequency can be placed at a
higher frequency. The higher the value of the parameter m, the bigger the
acceleration.
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Fig. 8.11 Unit step response and the approximate Bobe diagram of the PD regulator

Thus the PD regulator places one single breakpoint (generally the second one) of
the BopE diagram at a higher frequency, but at the same time an overexcitation is
produced which is equal to the ratio of the new and the old breakpoint. The
amplitude-frequency diagram of the process is shifted parallel to the horizontal axis
by AP.

With the PD regulator the system can be stabilized. The system can be accel-
erated. Setting an appropriate phase margin the prescribed dynamic behavior can be
reached. But as the regulator is of proportional type, with proportional processes the
control system will have a static error for unit step reference signal.

The acceleration effect can be explained by the fact that at the beginning the
error signal—exciting the PD regulator—produces a high signal at the regulator
output, and the process temporarily starts to track this higher signal with its time
constant. Thus the output signal starts with a big slope. In the control system then
the error signal decreases, and the output signal settles at its steady value.

8.1.5 Tuning of PID Regulators

The simplest PID regulator parameterization is given by (8.8), that is

(1 —|—STI)(1 +STD)
sTy(1 4 sT)

Cpp = Ap (8.15)

This regulator is the combination of the previous two (Pl and PD) regulators,
resulting in their series connection. Thus the design procedure shown previously
has to be repeated here. The integrating time is set by the choice
Ti = max{T;} = Ty, whereas Tp = T is chosen for the differentiating time. By this
design the straight line section of slope —20 dB/decade on the BopE diagram of the
loop transfer function is lengthened by the maximal possible extent provided by the
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structure of the regulator. In the control circuit after determining Kax (@), the
maximal integrating gain belonging to the prescribed phase margin @,,, the inte-
grating gain factor of the regulator is obtained according to K; = Ap/Ti =
Kmax/P(0). Regarding the choice of the time constant 7 of the approximate dif-
ferentiating effect the considerations discussed in the design of PD regulators are
also valid here, but the overexcitation in control circuits containing integrating
effects is calculated in a different way. As the output of an integrator is changing
until its input reaches the zero value, therefore the steady state of the control system
is reached if the error signal has settled to zero. The initial jump of the PID regulator
in the case of a unit step reference signal is ApTp/T. The steady state value of the
process input is 1/P(0). The overexcitation now is calculated by m =
ApP(0)Tp/T = KTp/T. Thus the overexcitation is obtained by the product of the
loop gain and the pole placement ratio.

The form (8.15) of the regulator can be used straightforwardly for the analysis in
the frequency domain. Figure 8.12 gives the unit step response and the BobpE
diagram of the PID regulator, the latter is drawn for Ap = 1. If the gain is different,
the Bope amplitude diagram is shifted parallel.

PID regulators are used when the static accuracy of the control system has to be
increased and the system also has to be accelerated. With the initial =20 dB/decade
slope of the Bopk diagram of the PID regulator, the low frequency range of the
open-loop BobpE diagram is modified, thus increasing the type number and the static
accuracy. With the straight line section of slope +20 dB/decade of the BopE dia-
gram of the regulator, the performance in the middle frequency range is modified.
As by ensuring the appropriate phase margin, now the cut-off frequency can be
placed to a higher value, thus a faster behavior of the control system can be reached.

The performance of the PID regulator can be approximated by the so-called
phase-lag-lead element. Its transfer function is

1+ST1 1+ST2
P1+ST31+ST4’

CFKS(S) =A where T3 >T; > T, > Ty.
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Fig. 8.12 Unit step response and the approximate Bobe diagram of the PID regulator
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Fig. 8.13 Unit step response and the approximating Bope diagram of the phase-lag-lead element

The unit step response and the approximate Bope diagram of the phase-lag-lead
element is given in Fig. 8.13. As this element does not contain an integrating effect,
it will not ensure a zero steady state error in the control system.

The regulator is designed for the process (or for its model) to fulfill the quality
specifications. First a decision has to be made about the regulator structure con-
sidering the given process and the prescriptions. Then the parameters of the reg-
ulator are chosen. For example in a PID regulator there are four free parameters,
Ap, Ty, Tp and T. Regulator design means the choice of the parameters. The design
can be executed in the time or in the frequency domain. Several procedures and
methods have been elaborated to execute the design. The diversity of the design
methods comes also from the fact that in the individual applications the design
specifications may differ significantly. In many cases the prescriptions create con-
tradictory requirements. In the general case, this corresponds to an optimization
problem, when a proper compromise is formed to satisfy the contradictory
requirements. In practice often some iteration procedure (intelligent guessing) is
applied instead of executing the optimization (Table 8.1).

The presented P, PI, PD and PID regulators are also called compensators.

Let us summarize the practical rules for the design of the PID-like regulators
using pole cancellation.

Table 8.1 Summarizing the regulator design

Regulator T Tp A K

P Ap = K/P(0)

I KI = Kmax/P(O)
Pl Ty Kp1 = Kinax/P(0)
PD T Kpp = Kunax /P(0)
PID T T Kpip = Kinax/P(0)
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The P regulator can be used if there are no high requirements for the static
accuracy of the control system, and the control system can be slow. If the process
contains an integrating effect, then the static accuracy will be appropriate also with
the proportional regulator.

PI regulators are used if accurate tracking is required in steady state for a unit
step reference signal. The integrating effect will ensure an accurate settling. With Pl
regulators, the control system will be slow.

PD regulators accelerate the control system. This effect is reached by the
overexcitation provided by the regulator.

PID regulators are used if both the static accuracy and the speed of the control
system have to be increased.

In the case of a proportional process, the parameters of the regulator applying
pole cancellation technique are chosen as follows: the parameter 77, the integrating
time constant is chosen equal to the largest time constant of the process (this is the
pole belonging to the smallest breakpoint frequency), and the parameter Ty, is taken
equal to the second largest time constant. Thus the zeros of the regulator cancel the
poles of the process. The parameter T which appears in the denominator of the
realizable differentiating element is given in by T = Tp/n, where 1 is the pole
placement ratio, which specifies the frequency shift of the compensated pole
realized by the PD element. If it is chosen to be a higher value, the control system
will be faster at the price of a higher maximum value of the control signal. As Ap
does not influence the phase-frequency course of the open-loop, it is used to set the
prescribed phase margin.

If the process is not proportional, the type of the regulator can be decided on the
basis of the approximate Bope diagram to fulfill the quality specifications. Pole
cancellation can be applied expediently also in this case.

8.1.6 Influence of the Dead-Time

The effect of the dead-time can be considered relatively simply in the case of series
compensation, as

Hy(s) = e 7 = Hy(jo) = e 7*Tt = ¢7/% (8.16)

This means that L(jo), the frequency characteristic of the loop transfer function,
is modified by an element of unit amplitude and of phase angle ¢4 = —®Ty, thus
only the phase characteristic is changed. This can be taken into account by pre-
scribing the required phase margin to be (p{]0 = @, + 0Ty instead of the original @,,.

As the transfer function of the dead-time is a non-rational function, computer
programs which are not prepared for handling such functions (e.g., MATLAB®)
can not easily take its effect into account. In this case the transfer function of the
dead-time can be approximated by a rational fraction.

Rational fractional approximations of the dead-time were discussed in Sect. 2.5.
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8.1.7 Realization of PID Regulators

Analog regulators can be realized based on different physical conceptions (elec-
tronic, pneumatic, hydraulic, etc.). The electronic realization is built by a feedback
operational amplifier (Fig. 8.14). The operational amplifier has a very high voltage
amplification (10°~107), its input resistance is also high. The relationship between
its output and input is: C(s) = —Z,(s)/Zy(s), where Z,(s) is the feedback impe-
dance and Z,(s) is the input impedance. Figure 8.15 shows a realization of a pure
integrator, and of a PI circuit.

Different versions of the circuits can be given. For example an aspect can be the
realization of a circuit where changing the value of one element (generally a
resistance) sets only one regulator parameter, and has no effect on the others.

Approximate phase-lag, phase-lead and phase-lag-lead regulators can be built
from passive elements, the circuit does not contain operational amplifier.
Figure 8.16 shows the circuits of these regulators with resistors and capacitors.

A compact regulator is produced by firms that manufacture automatic elements.
In this regulator, the structure (P, PI, PD or PID) can be set by a switch, and the
parameters generally can be tuned by setting potentiometers.

Fig. 8.14 Realization of a regulator with an operational amplifier

—o Uy J’
> Tt [~ T Uout
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Fig. 8.15 Realization of an / and a P/ regulator
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Fig. 8.16 Realization of phase-lag, phase-lead and phase-lag-lead regulator with resistors and
capacitors
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Fig. 8.17 Block-scheme of a PID regulator with manual-automatic switch-over

The regulators realize a bumpless transfer when switching from manual mode to
automatic mode, and in the case of saturation, also handle integrator
windup. Figure 8.17 gives a block diagram of a PID regulator, also showing the
manual-automatic switch-over. The reference signal can be switched over between
two signal generators. The system can be switched over between manual and
automatic modes of operation. In the case of slow processes, when switching over
from automatic operation mode to manual mode, the operator sets the value of the
manipulated variable shown by the measuring instrument with the potentiometer to
create the manual manipulated variable, and then executes the switch-over.
Switching-over from manual mode to automatic mode is more critical, as during
manual operation the signal on the integrating channel of the regulator is likely to
“run away”. Figure 8.18 shows a possible solution for manual-automatic
switch-over in the case of a PI regulator, avoiding windup. During the manual
mode, the capacitor C is charged to the voltage of the manual manipulated signal,
and after the switch-over the integration starts from this initial value. In manual
mode the resistor R ensures the feedback of the operational amplifier, thus it will
not be saturated. Handling of saturation will be discussed in Sect. 8.4.

Nowadays, instead of analog techniques, it is more and more the programmable
logic controllers (PLC-s) or process control computers that realize the regulator.
The process is connected to the computer via an A/D converter. The PID control
algorithm is realized by a computer program. The regulator output is connected to
the process input through a D/A converter. The program has to handle saturation
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Fig. 8.18 PI regulator with
manual-automatic switch-over
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effects and also ensure bumpless transfer between the manual and the automatic
operation modes. Digital PID regulators will be discussed in detail in Chap. 13.

8.2 Design of Residual Systems

For some typical cases, regulator design can also be executed analytically. In the
design of the usual regulators one can see that in the generally used simplest method,
the breakpoints corresponding to the integrating and differentiating time constants of
the PID regulator are fitted to the breakpoints belonging to the two largest time
constants of the process. Then the only free parameter of the regulator is the gain,
which has to be tuned appropriately. The gain is chosen to ensure a prescribed phase
margin, gain margin, or NyQuisT stability margin. If after cancellation of the two
dominant time constants the order of the so-called residual or reduced system is low,
then the design can be executed easily, several times providing an explicit analytical
result. If the residual system is a higher order, more complicated system, then only
numerical methods (MATLAB®) can be applied. In the sequel, the design of the loop
gain will be executed for some typical residual systems.

8.2.1 Simple Residual System with Dead-Time
and Integrator

As seen previously, a pure dead-time element with negative feedback is at the
borderline case of stability with unit loop gain. The control system can be stabilized
and also its static accuracy can be improved applying an integrator instead of a
proportional regulator. The considered residual system is shown in Fig. 8.19; its
loop transfer function is
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Fig. 8.19 Residual system
containing an integrator and + Ke Tl
dead-time s
KefsTd e*STd Kefjde .
L(s) = =——: L(jo) = ——=a(n)*), (8.17)
s sTy jo

The amplitude-frequency curve of the open-loop is a straight line of slope
—20 dB/decade, and the loop gain K = 1/T; gives the cut-off frequency of the
open-loop. If @, is the prescribed phase margin, then both the phase condition

—n/2 — 0Ty = -1+ @, (8.18)
and the absolute value condition

K
—=1 8.19
- (8.19)

have to be fulfilled. Solving for the two equations the loop gain yields

:TC/Z—(pt:‘n:—Z(pt_

K =K. 8.20
Td 2Td P ( )

If the gain of the regulator is A; and the gain of the process is Ap, then the gain of
the regulator is

Ao =2, (8.21)

The resulting formula (8.20) can be used also for the design of a pure integrating
regulator if the process contains only a pure dead-time. Thus the integrating time
constant of an integrating regulator used for compensation of a pure dead-time
process is designed to be

1 1 1
h=—=—-=—. (8.22)
Ki K K,
Relating it to the dead-time the following relationship is obtained:
Ti 1 2
L (8.23)

Ty S—o m—2¢
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Some typical values: if @, = 30° = 1t/6, then T1/Tq = 3/n = 1; if ¢, = 60° =
n/3, then Ti/Ty=6/m~2. At the borderline of stability ¢, =0, and
T1/Tqg = 2/m = 0.637.

Thus in the case of a minimum phase system which also contains dead-time it is
not sufficient to place the cut-off frequency on the straight line section of the Bobg
amplitude diagram of slope —20 dB/decade: to ensure a phase margin of about
¢, = 60° it has to be located around one half of the reciprocal of the dead-time.

Let k be the prescribed gain margin (see Sect. 5.6). Now the phase condition is
given by

T

— 5 —oly = —m, (824)

whence the intersection frequency of the open-loop Nyquist diagram with the
negative real axis is expressed as

0, = — (8.25)

and the absolute value of the loop frequency function at this point is

K K
0=, a

The loop gain is obtained from the solution of the last two equations:

ﬂi(l—K).

K =
2Ty

(8.27)

A typical value: if @, = 0.5, then Ty/Tq = 4/n = 1.2. The borderline of stability
(a; = 0) again is obtained at T1/Ty = 2/7 ~ 0.637.

The tuning relationship of the integrating time constant of an [ integrating
regulator used for compensating a pure dead-time process is given by

T 2
L= HiTH (8.28)

The NyquisT stability margin p,, = p, is defined as the smallest distance of the
loop frequency function L(j®) from the point —1 + 0j. Generally it is not easy to
give this distance as an explicit algebraic expression, as it can be derived from the
solution of an extremum seeking problem. Therefore generally its graphical rep-
resentation is employed. In Fig. 8.20 p,,;, is plotted versus the ratio 77/Ty.

As seen in Chap. 5, a control system built of a pure dead-time element with unity
negative feedback is stable only if its loop gain is less than 1. But then the static
error is very high. Therefore the above considerations are frequently used not only
when the pole cancellation regulator design technique is applied, but also in the
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Fig. 8.20 Nvquisr stability 1
margin p;, versus 7i/Ty
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case of a pure [ regulator. The Bope amplitude-frequency diagram of the open-loop
for the case of @, = 60° = n/3 is shown in Fig. 8.21. From (8.23) it can be seen,
that when compensating a dead-time system, the cut-off frequency has to be placed
at about on the half of the reciprocal of the dead-time on the long straight line
section of slope —20 dB/decade. At the borderline of stability ¢, =0 and then
KI = ﬂ/ZTd ~ 157/Td

An aperiodic process can be quite well approximated by a first-order (or
second-order) lag element (see Sect. 8.3). To meet higher quality requirements,
instead of an [ regulator, a PI regulator can be used. With the zero of the PI element,
the pole of the process can be cancelled, and instead an integrating effect is
introduced. With this PI compensation the open-loop is given as an integrating
element with dead-time:

14T, er_'YTd . Apre_STd . Ke T

L(s)=A =
() Py 1+sT) K K

(8.29)

The parameter K, which also gives the cut-off frequency of the open-loop, can be
designed to ensure 60° for the phase margin according to Sect. 6.2:



8.2 Design of Residual Systems 297

v()

1

u(r)

10 20 50 100

Fig. 8.22 Output and control signals of a dead-time system compensated by a PI regulator in the
case of a unit step reference signal

K = o, =~ 1/2T4. The output signal and the control signal of the control system for
a unit step reference signal is shown in Fig. 8.22 in the case of Ty = 10 and 771 = 2.
The dead-time can not be eliminated from the system; the output signal starts to
change only after the dead-time.

(Note that in the case of a dead-time process with first order lag it makes no
sense to add a PD compensation as well. In case of a dead-time process with two
time lags, adding a PD effect will accelerate the system only if the time constants of
the lag elements are the dominant ones. If the dead-time is intermediate or the
largest time constant, then because of the significant phase shift of the dead-time,
the phase margin can not be increased significantly by the effect of the PD, thus it
makes no sense to apply it. As the increase of the cut-off frequency is limited by the
dead-time, the behavior of a control system containing dead-time will be slow.)

8.2.2 Simple Residual System with Integrator and Time Lag

The residual system is shown in Fig. 8.23. Its loop transfer function is

Fig. 8.23 Residual system
consisting of an integrator and + K
a first order lag s(1+sT)
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K 1 K

= i maaen L) = e gar) = @ (830)

L(s)
Using (8.30) the overall transfer function of the closed-loop system, that is the

supplementary sensitivity function, is

K 1 1
T K+4s+Ts2 1+ %S—F %sz 1428 ts 1282’

T(s) (8.31)

which is a second order oscillating element whose damping factor can be set
accurately by the loop gain. Comparing the coefficients the following relationships
are obtained:

=48 (8.32)

A damping factor, &= /2 /2 =0.707, which provides a “nice” transient
response is obtained by a loop gain of K = 0.5/T. In some applications, an ape-
riodic transient is required. The limiting case of aperiodic response is & > 1, which
corresponds to K <0.25/T.

Let @, be the prescribed phase margin. Then based on the loop transfer function
the following relationship can be written for the phase condition:

- g —arctg(oT) = -+ @ (8.33)

and for the absolute value condition,

K
— =1 8.34
®V1+ 02 T? (8:34)
From the solution of these two equations, the loop gain is obtained as

1 1 sin(90 — @,)
K =—1tg(90 — 1 +tg2(90 — = T 8.35
T g( (pt) + g ( (pl) TC052(90 _ (Pt) ) ( )

where the trigonometric identity

e /1 +1g2(n) = —Sn) _ sin(x) (8.36)

1 —sin®(x)  cos?(x)

was taken into account.
Some typical values: if ¢, = 45° = n/4, then KT = /2 = 1.414; if ¢, = 60° =
n/3, then KT =2/3 = 0.667. Also, the ¢, corresponding to a given & can be
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calculated. If & = 1/2/2 = 0.707 is required, then the corresponding phase margin
is obtained as @, = 65.53°.

As the Nyquist diagram of this residual system does not step across the third
quadrant of the complex plane, therefore now the gain margin can not be designed
(k. = 1.0). This system is structurally stable.

Here p,,,, the NyQuist stability margin, can be obtained only graphically. Its
graph versus T1/T is seen in Fig. 8.24.

A residual system containing an integrator and a first order lag is obtained for
instance if a proportional second order lag element is compensated by a PI regulator
using the pole cancellation technique. The loop transfer function is

L( ) A 1+ST1 KP APKP K 1
S) = = = =
s (U +sT)(1+5Ty)  s(1+sTy)  s(1+sT)  sTi(1+sT)’

(8.37)

which is of form (8.30), and the design formulae above can be applied. In the case
of a prescribed damping factor &, the gain of the regulator can be calculated. If
& = 1, then K = 1/4T5, and the system has two coinciding real poles. The unit step
response of the closed-loop just will not have any overshoot. If & = v/2/2 ~ 0.7,
then K = 1/2T5, and the phase margin of the system will be ¢, = 65.53°. The
overshoot of the unit step response of the closed-loop system will be about 5%. As
K = ApKp is the gain of the whole circuit, the gain of the regulator is obtained by
Ap = K/Kp = 1 /2KpT>.
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8.3 Empirical Regulator Tuning Methods

Besides the model-based regulator design methods, which provide an outline of the
foreseeable properties of the closed-loop control system, several experimental PID
regulator tuning methods have been suggested in industrial process control, mainly
for stable processes. These methods are often used during the installation of the
regulator. The recommendations, the “recipes” for regulator parameter tuning, are
based on some preliminary measurements executed on the process, or on simula-
tions and practical observations.

Note that these methods are appropriate for fast regulator tuning when putting
the control system in operation, but model based design methods provide a better
basis for and overview of the behavior of the control system, or for modifying the
tuning in case of changes. Usually, experimental methods are considered as the
initial settings before introducing theoretically elaborated more extensive methods.

8.3.1 Methods of ZIEGLER and NICHOLS

Frequency response method

It is supposed that the technology of the process allows operating the closed-loop
control system for a short time on the borderline of stability applying only a
proportional regulator. During this experiment the integrating and the differentiating
channels of the regulator are switched off (71 = oo and Tp = 0), then by cautiously
increasing Ap the borderline of stability is reached, when sinusoidal oscillations
appear. After each change of Ap we have to wait for the new steady state to settle
down, which can take a long time. Let Ap ., denote the critical gain and T, the time
period of the constant sinusoidal oscillations. ZIEGLER and NicHoLs suggested the
following Table 8.2 regulator tuning rules of thumb.

These tuning rules correspond to a damping factor of about £ = 0.25 (which
corresponds to a quite high overshoot of about 40%, thus in practice they can be
used only for compensating slowly changing disturbances).

Tuning method based on the unit step response

The unit step response of several industrial processes shows an aperiodic charac-
teristic with dead-time (Fig. 8.25). The straight line fitted to the inflection point of

Table 8.2 Regulator tuning according to ZIEGLER-NIcHOLS (I)

Regulator T To Ap

P 0.5Ap
PI 0.85T; 0.45Ap ¢
PID 0.5T 0.125T, 0.6Ap o
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Fig. 8.25 Shape of the
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measured unit step response
of the process
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Table 8.3 Regulator tuning Regulator T To Ap
according to ZIEGLER-NICHOLS
an P 1/TLM,

PI 3Ty 0.9/T My

PID 2T 0.5T¢ 1.2/TMy,

the step response determines two quantities indicated in the figure, the so called
latent dead-time (71.) and the latent slope (M, = AL /Tr). Based on these quantities
ZIEGLER and NicHoLs suggested tuning rules summarized in the Table 8.3.

From the above tables it can be seen, that the tuning of the three parameters
{Ap, T1, Tp} in both cases is based on two observed values, then the D-channel is
set as Tp = T7/4. Of course this is a source of further design freedom.

8.3.2 Method of OpPELT

Several grapho-analytical methods can be used to fit an approximate first order lag
element with dead-time given by (8.38) to the measured unit step response of the
process.

. A —
P(S): L e_STL; AL:M; TL=t1—t, and Tg=1 — 1.
1+ 5Tk Uso — Uy
(8.38)
Fig. 8.26 Approximation
of an aperiodic process by
a first order lag with /
dead-time
AL
Yo
Zy h ) N
7
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Table .8.4 Regulator tuning Regulator ApM Ty, /Ty, To/TL
according to OPPELT
P 1
PD 1.2 0.25
PI 0.8 3
PID 1.2 0.42

Let us set manually the nominal operating point, where for an input signal u, the
value of the output signal is y,. At time #, let us apply a step input, when the input
signal # jumps from u, to uy,. The output signal is seen in Fig. 8.26. (The definition
of the time constant 7 in the two figures is different, as OpPELT does not suppose an
inflection point.)

The tuning parameters according to OppELT were determined for a damping
factor of & = 0.25 considering the parameters of the approximate model given by
(8.38). Therefore similarly to the ZIEGLER-NICHOLs method, in this case also a quite
high overshoot can be expected. The proposed tuning values are summarized in the
Table 8.4.

8.3.3 Method of CHIEN-HRONES-RESWICK

For the tuning of the regulator parameters, CHIEN, HRONES and REeswick suggested
the values summarized in the Table 8.5.

8.3.4 Method of STREIC

StreIC approximated the process by the model given by the transfer function

Table 8.5 Regulator tuning according to CHIEN-HRONES-REswICK

Regulator Fastest aperiodic transient Fastest oscillating transient with 20% overshoot
P Ap = 0.3T¢ /Ty, Ap = 0.7T¢/TL
PI Ap = 0.35T¢/ Ty, Ap = 0.6T¢/TL.
T =1.2T¢ T = 1.0T%
PID Ap = 0.6T¢ /Ty, Ap = 0.95T% /Ty,
T = 1.0T% Ty = 1.35T¢
Tp = 05T, Tp = 0471,
Table 8.6 Regulator tuning Regulator Ap T To
according to STREIC P 1
AL(n—1)
PI n+2 T(n+2)
4A1L(n — 1) 3
PID Tn+ 16 T(7n+16) T(n+1)(n+3)
16AL(n —2) 15 Tn+16
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. AL
P(s) = ——. 8.39
) =TTy (839)
On the basis of the parameters of the approximate model, he gave tuning pro-
posals according to the Table 8.6 to set the parameters of the PID regulator family.

8.3.5 Relay Method of AsTrom

In the case of real industrial processes, it is rather difficult to set the critical loop
gain corresponding to the borderline of stability of the closed-loop control system.
Generally, approaching this range is not permitted because of safety requirements.
If we want to use regulator tuning rules based on the critical loop gain, then it is
expedient to determine its value with a different method. Astrom suggested a
method which can well be applied in practice. In a closed-loop system, the PID
regulator has to be replaced by an amplifier realizing a relay characteristic with
hysteresis (see Fig. 8.27).

For the stability analysis of special closed-loop nonlinear systems, the so called
describing function method can be applied. The describing function N(jo,a) is
obtained by harmonic linearization, when the static nonlinear element is excited by
a sinusoidal signal of amplitude a, and then the complex division of the basic
harmonic of the output signal and the input sinusoidal signal is executed. Generally
N(jo, a) is a complex function with parameter a. In analyzing the stability, the role
of the point —1 + 0 is replaced by the function —1/N(jo, a). The system is at the
borderline of stability at the point (@, ac) where the Nyquist diagram of the loop
frequency function L(jo) intersects the inverse negative describing function
—1/N(jo,a), that is,

L(®e)N(0¢r, ar) = —1, de. —1/L(0g) = N(@cr, der)- (8.40)

Here, a. is the approximate amplitude of the periodic oscillation in the bor-
derline case of stability. (It is not an entirely accurate value, as the harmonic
linearization considers only the first harmonic.) From the time period 7., of the

Fig. 8.27 Tuning of a PID E

regulator with the relay
method .
— / P(s)

PID |
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periodic signal, a good approximation of the angular frequency belonging to the
critical point can be calculated by ®, = 27/ T,.

Let the deadband of the hysteresis be zero, so the regulator is a two-position
relay. In this case the input of the process is a rectangular signal, and the process
output in steady state is a periodic signal. In the linear case for the critical gain the
characteristic equation is written as

1+ L(0g) =1 +ApP(0g) =0, ie. Ape = —1/P(0). (8.41)

From (8.40) and (8.41), a simple relationship can be obtained to estimate the
critical gain:

Aper = —1/P(0e) = N(®er, ). (8.42)

If steady oscillations of amplitudes 4+ Au and + Ay are measured at the process
input and at the process output, respectively, then the critical gain is

4Au

AP,cr = N(a) = TC_Ay

; (8.43)

where now N(a), the describing function of the relay, depends only on the
amplitude. The most important advantage of this method is that the oscillation of
the process output can be gradually set to a still allowed value, namely to Au = h,
which is one half the height of the relay characteristic, and Ay = a. If an integrator
is serially connected to the relay, then the loop gain belonging to the phase angle of
—270° can be determined with this method.

Based on the describing function belonging to the hysteresis characteristic

T .8 T . T8
—1/N@)=——+Va*—g—j—-=——VAP? - g —j— 8.44

IN(@) = =g V& =& gy = g VY T8 gy B4
which is a straight line parallel to the negative real axis. Here g is the half-width of
the hysteresis. Hence it can be easily checked that again the relationship

_ 4Au

Aper = \N(a)| = TE—Ay

(8.45)

is obtained. Nowadays, in advanced electronic compact regulators, tuning with the
relay method is already a built in possibility. (By changing the values 4 and g of the
relay characteristic, further points of the Nyquist diagram also could be analyzed.)
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8.3.6 Method of Astrom-HAiGGLUND

This method also uses the simple approximation of the process according to (8.38)
as a starting point, but as a design parameter it also uses the maximum value M«
of the complementary sensitivity function. The corresponding M curve character-
izes the distance measured from the point —1+0j, thus to some extent the
robustness of the regulator could be considered as well. The expression of the PID
regulator used in this method is given by

de(r)
dr

u(t) = Ap | Br(t) — y(1) + Tl / e(t)dt + Tp (8.46)

I
0

where in forming the error signal the reference signal r(¢) and the output signal y(¢)
are taken into account with different weights. (B is the weighting factor of the
reference signal.) On the basis of the approximate form (8.38), introduce the fol-
lowing relative parameters:

L

—_— (8.47)
L+ Tk

T
oc:AL?]L: and y=

AstroM and HAGGLUND suggested setting the regulator parameters according to
the following function:

f(v) = acexp{ary +av*}. (8.48)

Table 8.7 Tuning of the parameters of the P/ regulator

My = 1.4 Mpax =2
f(y) o a a da, a a
aAp 0.29 2.7 3.7 0.78 —4.1 5.7
/Ty, 8.9 —6.6 3.0 8.9 —6.6 3.0
Ti/Tr 0.79 -1.4 24 0.79 -1.4 2.4
B 0.81 0.73 1.9 0.44 0.78 —0.45

Table 8.8 Tuning of the parameters of the PID regulator

My = 1.4 Mpax =2

f(y) a, a a a, aj a
oAp 3.8 —-8.4 73 8.4 —9.6 9.8
TI/TL 52 2.5 -14 3.2 -1.5 0.93
T/ Tr 0.46 2.8 2.1 0.28 3.8 -1.6
To/TL 0.89 -0.37 —4.1 0.86 -19 —0.44
To/Tr 0.077 5.0 —4.8 0.076 3.4 -1.1

B 0.4 0.18 2.8 0.22 0.65 —0.051
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The Tables 8.7 and 8.8 give the coefficients a,, a; and a, of (8.48) which
determine the parameters of the PI and PID regulators, based on experimental
considerations.

Similar tables have been elaborated for integrating processes.

8.4 Handling Amplitude Constraints: “Anti-Reset
Windup”

Regulator design should take into account the limitations set for the control signal
u(t). These limitations may originate from several sources. The limitation may be
the property of the actuator structure. Often the actuator is not able to provide an
output value higher than a given maximum. For example, a valve in its fully open
position provides a maximum flow rate. If it gets a command to transfer a higher
value than its maximum, it is not able to execute it, it will be “saturated”. The role
of a deliberately applied saturation at the process input is to prevent the process
from a harmful level of overexcitation which would cause failure in the process.

Whether the restriction occurs because of the properties of the process, or is
artificially introduced into the control loop, its effects have to be taken into account.
It is expedient to consider the restrictions already in the phase of regulator design,
and to design a regulator whose output signal will not reach the limit value. If this is
not possible, then the additional phenomena appearing when the restriction occurs
have to be handled.

Thus the linear range of the regulator or of the actuator operated by the regulator
is finite. The relation of this amplitude limitation with the design goals has already
been discussed in Sect. 7.4. During saturation, the closed-loop control system
behaves similarly to the open-loop, as the output of the saturation is constant and
thus the input of the process is also constant. The process output is settled according
to its dynamics. But in the case of regulators which contain an integrating element,
another problem may also occur: if the value of the error signal is high, the reg-
ulator output may reach the horizontal section of the saturation characteristic. If the
integrator works further on, then the input of the saturation characteristic contin-
uous to increase, and a long time has to pass till the sign of the error signal changes
and the input signal gets back to the linear section of the characteristic, if this

Fig. 8.28 Regulator and 1.(1) uc(t)‘ T ‘ ul?) ‘ 1)

actuator with saturation — REGULATOR ‘ ‘ ‘ ‘ ‘ PROCESS

SATURATION
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Fig. 8.29 Control system SATURATION
with an extended regulator ¥ () REGULATOR u(t) u(7) PROCESS (1)
ensuring the ARW effect Y
¥
Y

happens at all. Therefore the time of the transients will be increased unacceptably,
and also steady oscillations may occur which are harmful to the process.

The problem can be solved by the technique of Anti Reset Windup (ARW) or
“antiwindup”, for short. The main point of this technique is that it uses the model of
the static saturation characteristic and with an appropriate feedback it guides the
operating point to the crossing point of the linear and the saturated section. The
usual saturation characteristic can be described by

Unax; if Mc(t) > Unax
u(t) = < u(?); if  Juc(t)]| <Umax (8.49)
—Umax; if  u.(t) < — Unax

which is a more detailed form of (7.39). A closed-loop control system with the
saturation is shown in Fig. 8.28.

The ARW effect can be reached by the simple feedback illustrated in Fig. 8.29.
The extra inner feedback works until the process input is on the horizontal satu-
ration section of the characteristic. This ensures that the regulator output is set to
u(r) = uc(t), belonging to the breakpoint of the characteristic.

In a continuous system this solution can be realized if the signal u(¢) is
available. If the regulator output and the manipulated variable are distinct, then both
uc(¢) and u(z) are measurable, and the feedback can be easily realized through the
constant element 7. If this is not the case, then a model of the saturated process has
to be built. (The realization of such algorithms is much easier in the case of sampled
data systems, see Chap. 13.) It has to be ensured an appropriate choice of 7, that the
inner feedback acts faster than the dynamics of the process itself.

Another possibility is also available: to reset the integrator component of the
regulator when observing saturation. The disadvantage of resetting of the integrator
in the case of saturation is that when the regulator comes out of the saturation, there
is a mismatch between the state variables of the regulator and those of the process,
which results in a deterioration of the control behavior. This can be compensated by
a regulator structure where the input of the regulator and the input of the process are
similarly restricted, that is, the regulator is put into the feedback path of the satu-
ration. A typical example of this solution is the Foxsoro regulator (Fig. 8.30),
which corresponds to a saturated PI regulator.

Now, if there is no saturation, then the overall transfer function of a proportional
element fed back through a first order lag element with positive feedback results in
the transfer function of a PI regulator:
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Fig. 8.30 The FoxBoro SATURATION
regulator r(t) - e(1) A : | 1“ ult) P(s) (1)
- +
=
1+sT,
1 1+ sT
C(s) = Ap —=A4p SELly (8.50)
T T+shy sTy

In this structure, windup does not occur.

Most solutions set the integrator output to a given value after leaving the satu-
ration. Several methods have been elaborated (some of them are rather complex) to
calculate and set the “reset” value. There is no single procedure which ensures in all
cases the appropriate behavior, but the above simple procedures in most cases
provide satisfactory operation. Several other methods are known for taking the
effect of saturation into account, but these are not discussed here.

8.5 Control of Special Plants

In the sequel, two examples will be shown of the regulator design of special plants,
namely for a process containing two integrators, and for compensation of unstable
processes. It will also be presented how in some cases the design can be executed
analytically, approximating the plant by its dominant pole pair model.

8.5.1 Control of a Double Integrator

Let the transfer function of the process be P(s) = K/s?. The process contains two
integrators, in a closed-loop control system with feedback unity and with a

Fig. 8.31 Nvyquist diagram
of a control system containing
two integrators

-1 Re
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Fig. 8.32 Bobkt diagram of a L(i

control system containing two ILGo)l

integrators

N _-40dB/decade
\@c - -JE
(0]
Y
(0]
-180°

proportional regulator working at the borderline of stability. The characteristic

equation is 1 —|—K/s2 =0, or s+ K = 0. Its roots S1p = j:j\/l_( are located on the
imaginary axis. Instead of a good control system this system rather realizes a good
oscillator. The Nyquist diagram of the open-loop is shown in Fig. 8.31. The
Nyquist diagram crosses the point —1, thus the system is at the borderline of
stability. The BopE diagram is given in Fig. 8.32.

The quality specifications set for the control system are as follows: stability; the
phase margin should be about 60° to ensure an appropriate dynamic response; and
for step and ramp reference signals, the tracking error in steady state should be zero
(that is, the type number of the control system after the compensation has to remain
2).

These requirements can be fulfilled applying a compensation element which is
able to improve the phase conditions. The phase angle of the loop frequency
function with the regulator is expressed as
oL(®) = @c(®) + @p(®) = () — 180°. The regulator has to provide a positive
phase margin by ¢ (o) = 180°+ ¢ (0.) = ¢c(0), because @p(®) = —180°.
A phase-lead (approximate PD) regulator described by the transfer function

1
Clo)=A—0 o5

U 4T

guarantees the addition of a positive phase angle (see also Sect. 2.4), as ¢¢(®) =
arctan(wt) — arctan(wT) > 0, if T > T. The higher the ratio t/T, the higher the
values that @ (®) can take. The phase lead element is also called an approximate
PD element, as from the form
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Fig. 8.33 Bobk diagram of a .
s . . ILGo)|
ystem with two integrators
compensated by a PD
regulator \ —40dB/decade

®

9(w)
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71 800—_
Im
Fig. 8.34 Nyquist  dia-
gram of a system with
two integrators compen-
sated by a PD regulator
-1
Re
o, > O/R
mC
14 st 1 48T+ st —sT s(t—T
Cls) = A - _af1425=0)
1+sT 1+sT 1+sT

it can be seen, that C(s) can be obtained as the parallel connection of a proportional
and an approximate (that is realizable) differentiating channel. The transfer function
of the regulator is often given in the form

~ ~ 1+STD
Cpp(s) =App————; Tp>T 8.51
PD(Y) PD 1 +sT ' D s ( )

where the notation t = Tp is introduced for the differentiating time constant, see
also (8.14). Instead of the correct denomination “approximate PD”, often the
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Fig. 8.35 Root locus of a
system with two integrators
compensated by a PD
regulator

Im

X
Y
Q

Re

slightly simpler denomination “PD” is used. Nevertheless this sloppiness is rea-
sonable, since an accurate PD regulator without the pole is non-realizable (its high
frequency gain would be infinity).

Figure 8.33 shows that with the PD regulator a straight line section of —20 dB/
decade slope can be formed on the Bobe amplitude-frequency curve. The cut-off
frequency is placed on this section. Thus the system will have a positive phase
margin; its performance will be fast, as o, is shifted toward the higher frequency
domain. The gain of the regulator may be chosen to maximize the phase margin.
The reachable maximum phase margin depends on the ratio Tp/7T. This ratio also
influences the maximum value of the control signal appearing at the input of the
process at the time instant when the unit step reference signal is switched on. The
maximum value of the control signal iS tm,x = ApTp/T.

As seen from the Bope diagram, the control system is structurally stable: the
phase margin is positive for any value of the loop gain.

The NyquisT diagram of the compensated system is shown in Fig. 8.34. (Note
that in the case of processes containing integrators, when there are poles at the
origin of the complex plane, it is not necessary to apply the generalized NyQuisT
criterion to evaluate the stability from the properties of the conformal mapping of
the closed curve shown in Fig. 5.18 surrounding the origin by a circle of
infinitesimal radius according to the loop frequency function. It is sufficient to plot
the Nyquist diagram only for the positive frequencies and to check whether when
going through the curve from ® = 0 to ® = oo, the point —1 4 0j is to the left of
the curve or not. If it is to the left, then the control system is stable, and the phase
margin or the gain margin can be used to measure the distance from the borderline
of stability.)
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Figure 8.35 gives the root locus of the system. The points of the root locus,
which are the roots of the characteristic equation, lie in the left half of the complex
plane for all gain values, indicating that the control system is structurally stable.

8.5.2 Control of an Unstable Plant

In state space, the state variables are attached to the poles of the transfer functions
of the process and the regulator. These state variables together form the state
variables of the open-loop. When an undesired pole of the process is cancelled by a
zero of the regulator, actually the corresponding state variable becomes inaccessible
from the output or from the input side, namely the system becomes unobservable or
uncontrollable (Sect. 3.4). But in spite of the fact that these variables do not appear
in the overall transfer function of the loop, they remain parts of the system. To
ensure the stability of the control system, not only do the poles of the transfer
function have to be at left half side of the complex plane, but so do the unob-
servable and the uncontrollable poles.

Unstable poles of an unstable process must not be cancelled by the zeros of the
regulator. This prohibition can be justified also by the fact that as seen in Chap. 4,
the behavior of a closed-loop control system is characterized not only by the overall
transfer function between the output and the reference signal, but also by the overall
transfer functions between the output signal and the input and the output distur-
bances, and the overall transfer function between the control and the reference
signal. The unstable pole does appear in the transfer function between the output
signal and the input disturbance, thus in spite of the compensation the instability of
the control system is maintained.

A further consideration is that in real systems, the values of the parameters are
not accurate: generally they are obtained by measurements and lie within a range of
their possible values. Therefore, an accurate cancellation of an unstable pole is not
possible, and the instability is maintained in the control system. This phenomenon
can be illustrated by the root locus. Let us consider as an example the control
system in Fig. 8.36b. The loop transfer function is given by a proportional system
with two lags, where one pole is unstable. From the root locus (Fig. 8.36a) it can be

@ m (b) (c)

C K
(s+1)(s—95) Re

1 5 Re T -1 5

Fig. 8.36  With imperfect zero-pole cancellation the root locus has a branch on the right half of the
complex plane
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Fig. 8.37 Control of an unstable process with a proportional regulator: the system can not be
stabilized!

seen that the closed-loop control system is unstable for all values of the gain. If the
unstable pole could be accurately cancelled by the zero of the regulator, the control
system would become structurally stable and the root locus would have a single
branch on the left half of the complex plane. But as practically perfect cancellation
can not be realized, there will remain a branch of the root locus on the right half of
the complex plane, and thus the closed-loop control system remains unstable
(Fig. 8.36¢). (Note that in compensation, a zero by itself can not be realized, it
always appears together with a pole.)

When compensating unstable processes, the generalized NyqQuist stability cri-
terion has to be considered to ensure the stable behavior of the closed-loop control
system. PID-like regulators can be used as compensating elements in such cases as
well.

Example 8.1 Let us analyze whether the processes given by the transfer function

1 0.2
P = 6 =9 - T =02y (8:52)
and
1 0.2
Pa(s) = —D+5)  (1—s)(1+02s) (8:53)

can be stabilized by the proportional regulator C(s) = Ap or not.

As there is an unstable pole in the open-loop, stable behavior can be ensured if
the Nyquist diagram encircles the point —1 4 jO once anticlockwise.

For the first process, the Nyquist diagram of the open-loop is shown in
Fig. 8.37a. As seen, the diagram can encircle the point —1 + 0 only clockwise, thus
this process can not be stabilized by a proportional regulator. This property is
demonstrated also with the root locus, which contains a pole in the right half-plane
at any gain value. (Here, the stabilization of the system can be tried with a PD-like
compensation, such as C(s) = Ap(1+0.2s)/(1 +0.02s).)

The second process can be stabilized by a proportional regulator, as the direction
of encircling by the Nyquist diagram is counterclockwise, thus choosing an
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Fig. 8.38 Control of an unstable process with a proportional regulator: the system can be
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Fig. 8.39 Bobt and Nyquist diagram, and the root locus of the unstable process compensated by

a PI regulator

Fig. 8.40 Unit step response
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appropriate gain (K > 5) the Nyquist diagram will encircle the point —1 + 0j once
(Fig. 8.38a). This is also demonstrated by the root locus shown in Fig. 8.38b. By
increasing the gain, the root locus will get into the left half of the complex plane.
The type-number of the control system is zero, thus it has a static error. The
static accuracy can be improved by a PI regulator which does not cancel the
unstable pole. The transfer function of the regulator is: C(s) = Ap(1 +5)/s.
The loop transfer function is:

1+ 0.2

L(s) = C(s)P2(s) = —Ap s (1—s)(1+0.2s)"

(8.54)

The Bobk diagram of the original and of the compensated system is shown in
Fig. 8.39a, the Nyquist diagram of the compensated system (whose course can be
derived from the BobEe diagram) is given in Fig. 8.39b, and the shape of the root
locus is provided in Fig. 8.39c. It can be seen that increasing the gain beyond a
defined value the closed-loop control system will be stable, the generalized NyQuisT
diagram encircles once the point —1+0j in the positive (counterclockwise)
direction. The parameter Ap can be designed for maximum phase margin. (The
concept of phase margin can be used in this case as well.) Figure 8.40 shows the
unit step response of the control system. ]

Example 8.2 The transfer function of an unstable process is:

0.5 1
Pls) = 5—0.0)(+1)(s+5)  (1—10s)(1+s5)(1+0.2s) (8:35)

Let us design a regulator which ensures stable behavior, tracking the unit step
reference signal without static error, and the initial value of the control signal does
not exceed the value of 50.

A qualitatively correct Nyquist diagram of the open-loop with a proportional
regulator is shown in Fig. 8.41. As the loop transfer function has one pole in the
right half-plane, the closed-loop will be stable if —1 -+ 0j lies within the left side
curve in the figure. The condition for that is that the usually interpreted phase
margin indicated in the figure be positive.

The asymptotic Bope amplitude-frequency and the phase-frequency diagrams
are shown in Fig. 8.42. To reach a more favorable phase margin, PD compensation
is applied. Thus the section of slope —20 dB/decade is elongated, and the cut-off
frequency can be relocated to o, ~ 1. To remove the static error, a further PI
regulator is used. The transfer function of the entire PID compensator is

1+10s 14
) =100 1502y (8:56)
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Fig. 8.41 Nvyquist diagram of an unstable process compensated by a proportional regulator

The loop transfer function is:

o 14 10s
L) = s(1 —10s)(1+0.25)* (8.57)

In the Bope amplitude diagram at frequency o = 0.1, the breakpoint disappears
because of the contradictory effects of the zero and the unstable pole, but it remains as
a corner-point, where the phase angle asymptotically changes from —270° to —90°.

The cut-off frequency and the phase margin of the open-loop are @, = 0.964,
and @, = 56.25. The initial value of the control signal in the case of a unit step
reference signal is just 50. The output and the control signals are shown in

Fig. 8.43. |
IL(jo)
Py
Ns - e
0.1 I o
9
Lo)]
-180°
- 270

Fig. 8.42 Bope diagram of an unstable process compensated by a PID regulator
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Fig. 8.43 Output and control signals of an unstable process compensated by a PID regulator in
the case of a unit step reference signal
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8.6 Regulator Design Providing a 60° Phase Margin
by Pole Cancellation

A regulator is designed so that the process (or its model) meets the quality
requirements set for the control system. A common compensation technique is pole
cancellation, when the zeros of the transfer function of the regulator are chosen
equal to the poles of the process: the unfavorable poles of the process are “can-
celled”, and instead more favorable poles are introduced. As an example let us
consider a proportional process with three time lags. The transfer function of the
process is

1

PO = s A ) (L T3)

T, > T, > T;. (858)

(a) Suppose the prescription for the control system is stable behavior and an
overshoot less than 10%. This latter requirement can be fulfilled in the fre-
quency domain by ensuring a phase margin of about 60°.

The requirements can be met by applying a simple proportional regulator:
C(s) = Ap. The approximate Bope diagram of the open-loop is shown in Fig. 8.44.
To ensure stability the cut-off frequency o, has to be placed at a straight line section
of slope —20 dB/decade. To reach the required phase margin, o, is located at the
frequency where the phase angle is ¢ = —120°. First the loop frequency function is
analyzed supposing Ap = 1 (dotted line in the figure), then Ap is set to the recip-
rocal of the amplitude belonging to the phase angle ¢ = —120°.
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The given requirements can be fulfilled with a proportional regulator. The
control system will be slow, as ®. has to be placed at the straight line section of
slope —20 dB/decade, which is in the low frequency domain. The control system is
of O-type, so it tracks the unit step reference signal with a static error, whose value
depends on the loop gain.

(b) Suppose the prescription for the control system is stable behavior and an
overshoot less than 10%. Furthermore, that the static error be zero for step
reference signal.

These prescriptions can be fulfilled by a PI regulator.

1+ST1

C =A
PI(S) P ST,

(8.59)

Let us choose the time constant 77 equal to the largest time constant of the
process, Ty = T} (we “cancel” the largest time constant of the process, and “in-
troduce” an integrating effect instead). According to Fig. 8.45 a long straight line
section of =20 dB/decade slope is formed in the low frequency domain of the Bobe
amplitude diagram of the open-loop. Changing the gain Ap of the regulator, the
Bobpe amplitude diagram is shifted parallel until the cut-off frequency is located to
ensure the required ~60° phase margin.

With a PI regulator the type number will be 1, and besides meeting the pre-
scriptions for stability and dynamic response, the control system also fulfills the
static requirements. But as the cut-off frequency can be placed only in the low
frequency range, the control system will be slow.

(c) Let the prescription for the control system be stable behavior and an overshoot
less than 10%, as well as that the operation of the control system has to be
faster.

[LGe)|

(O]

Fig. 8.44 Series compensation with proportional regulator
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Fig. 8.45 Series compensation with a PI regulator
These specifications can be fulfilled by using a PD regulator.
1 + STD
G =Ap———; Tp>T 8.60
P ($) Pl T D ( )

Let us choose the time constant T, equal to the second largest time constant of
the process, Tp = T» (that is, equal to that time constant for which the slope
changes from —20 dB/decade to —40 dB/decade at the corresponding breakpoint of
the Bobe amplitude diagram). The ratio 1 = Tp/T is chosen according to the
practical limit of the control signal. (We “cancel” the unfavorable time constant of
the process and “introduce” a much smaller time constant instead.) Then changing
the gain Ap of the regulator, the Bope amplitude diagram is shifted parallel until the
cut-off frequency is located to ensure the required ~60° phase margin. The effect
of the compensation on the Bopk diagram of the open-loop is shown in Fig. 8.46.

The control system will be stable, it has a small overshoot, it will be fast, but as it
remains of O-type, it will have a static error, depending on the loop gain when
tracking a unit step reference signal. The acceleration results from the high initial
value u(t = 0) = Apn of the control signal.

(d) Let the prescription for the control system be stable behavior, an overshoot less
than 10%, fast operation and zero static error for tracking a step reference
signal.

These prescriptions can be fulfilled by a PID regulator, combining the possi-
bilities of the PI and the PD regulators.
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1+ST11+STD

C =A
P (s) P sTy  1+sT

(8.61)

Two of the four free parameters are chosen considering the poles of the process.
The parameter 77 is chosen equal to the largest time constant of the process, and the
parameter Tp is set equal to the second largest time constant. With this choice
Ty =T, and Tp = T, the loop transfer function can be simplified, that is the “in-
troduced” zeros “cancel” poles of the process.

14T 1+5T, 1
sTy 14T (1+45Ty) (1 +5T2) (1 + 5T3)

- sTy (14 sT)(1 +sT3) (8.62)

It can be seen that the transfer function of the residual system became simpler,
thus the further steps of the design become easier.

The remaining two parameters are chosen considering the prescriptions set for
the acceleration and the overexcitation. The parameter T is chosen based on the
pole placement ratio. The phase margin (and the overshoot of the step response)
can be set with Ap. It can be seen in the Bobe amplitude diagram of the open-loop
that the section of slope —20 dB/decade will be longer because of the choice
T <Tp. With the gain Ap of the regulator, the Bobe amplitude diagram is shifted
parallel until the cut-off frequency is located to ensure the required ~ 60° phase
margin. This is done by checking the frequency where the phase angle is about
—120°, and Ap is then set to the reciprocal of the amplitude corresponding to this

[L(jw)| PD regulator
e T
w
1
5
— 1

o | ?
e e
T . Ve,
: -40Y.

o~ =120°

Fig. 8.46 Series compensation with a PD regulator
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Fig. 8.47 Series compensation with PID regulator

Fig. 8.48 In compensation

pole cancellation is virtual 2
R i I

e(1) C(S) u(t) P (S) i 2

Y
Y

frequency. This frequency will be ®., which is located now in the higher frequency
domain, therefore the control system will be faster (Fig. 8.47).

But let us observe that the pole cancellation is just formal: in reality the poles do
not disappear. The process can not be changed, its poles do exist. Actually the zeros
and the poles do not cancel each other, only their effects compensate each other.
Figure 8.48 demonstrates that in the case of zero-pole cancellation the overall
transfer function of the serially connected regulator and process behaves as if a real
pole cancellation has happened, but the effect of the zero of the regulator does
appear in the signal u(¢). The overexcitation in the control signal depends on the
ratio of the zero and the pole of the regulator. The so called acceleration area in the
control signal decreases the so called decelerating area of the process which
characterizes the settling time of its unit step response, thus yielding a faster
response of the control system.

The main point of the pole cancellation method is that the unfavorable poles of
the process are cancelled, and the poles of the regulator ensure a more favorable
dynamics for the control system. As no real pole cancellation occurs, it is not
necessary to set the zeros of the regulator quite accurately. The tuning can also be
refined later, by moving the zeros a bit away from their pole cancellation location.
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Fig. 8.49 Series PID compensation with additional P/ regulator

(e) Let the prescription for the control system be its stable behavior, an overshoot
less than 10%, fast operation, and zero static error for tracking both a step and
also a ramp reference signal.

To meet the static requirements the control system has to be of 2-type containing
two integrating effects. The low frequency part of the Bopbe diagram has to be of
—40 dB/decade.

Table 8.9 PID-like regulators designed for a proportional system with three lags and the
characteristic measures of the control systems

C(S) L(S) €0 Umax (L8
P 7.51 7.51 0.1174 |7.51 |0.62
(14 10s)(145)(1+0.25)

PI 504 14 10s 5.04 0 5.04 |0.45
10s 10s(1 +5)(1+0.2s)

PD 16.55 1+s 16.55 0.057 827 |1.51
14-0.25 (1+10s)(1+0.25)°

PID 1427 1+10s 1+ 14.27 0 71.36 |1.33

10s 1+0.2s 10s(1+0.2s)?

PI — PID 14.31+5051+10s 1+s 14.3(1 4 50s) 0 71.5 1.34

50s  10s 1+0.2s |500s2(140.25)
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Fig. 8.51 Control signals of the compensated control systems

The previous regulator designed for pole cancellation is extended by a PI effect,
which forms the Bope diagram of Fig. 8.49. The transfer function of the regulator is

1 —|—ST11 1 +ST12 1 +STD
STH STIZ 14T ’

Cpi-pip(s) = Ap (8.63)

where Ty, > Ty;. This ratio is selected by the designer, its advisable value is
TH ~ 5T12.
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This regulator, considering Fig. 6.3, ensures not only a better reference signal
tracking, but also a favorable disturbance rejection and less sensitivity to parameter
changes.

Example 8.3 Let the time constants of the above process be T} = 10, T, = 1,
T3 = 0.2. The regulators designed for the above requirements and the character-
istics of the control system are given in Table 8.9.

Figure 8.50 shows the unit step responses of the control circuits, whereas
Fig. 8.51 presents the corresponding control signals. As can be seen, the static error
is zero only in the cases when there is an integrating effect in the regulator. The
control system with the P and the PI regulator is slow, whereas with the PD, PID
and the PI-PID regulators it is fast, at the cost of high overexcitation. |



Chapter 9 M)
Control Systems with State Feedback Skl

In Chap. 3. the description of processes in state-space was investigated. In many
cases, this is the kind of description that is primarily available, and not the transfer
function of the controlled system. This is the explanation, in part, for why there is a
control design methodology directly based on the state-space description. For
illustrative purposes, let us consider the state-space representation of an (LTI)
process to be controlled,

dx

& i —Ax4b
q r oAb (9.1)
T

y=cx
which corresponds to (3.10) for the case of d = 0. This, as was mentioned earlier,
does not impair generality, because it is a very rare case when the model contains
proportional channel directly affecting the output. The block scheme of (9.1) is
shown in Fig. 9.1.

Here u and y are the input and output signals of the process, respectively, and
x is the state vector. According to the equivalent transfer function (3.17) we get

_ B(s) B(s) bis" '+ +b,s+b
P(s) =c"(sI —A)"'b = = = : —.
(S) ¢ (s ) det(sl 7A) A(S) s" +alsl171 + - +an—ls +an

9.2)

Figure 9.2 shows the so-called classical closed control system directly fitting the
state-equation description, where r denotes the reference signal. In the closed-loop,
the state vector is fed back with the linear proportional vector k™ according to the
expression below

u=kr—k'x (9.3)
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Fig. 9.1 Block scheme of .
the state-space equation of the u_ b + X J‘ X T y
LTI system ¢
+
A
Lo ol [ o B
- +
A |
T <
k

Fig. 9.2 Linear controller with state feedback

Based on Fig. 9.2, the state-equation of the complete closed system can be easily
written as

dx _ o T
o = (A —bK")x+kibr 0.4)

y=c'x

i.e. with the state feedback the dynamics represented by the original system matrix
is modified by the dyadic product bk" to (A — ka).
The transfer function of the closed control loop is

cT(sl —A) "bk,

_Y(s)_TS_ T\ 1 -
Tn(s) = Ris) ¢ (s —A+bkT) bk = 1+ (sT —A)"'b ©95)
k; kB(s) '
= T — P(s) = T
L+k' (sI—A)"'b A(s) +k P(s)b

which comes from the comparison of the equations valid for the LAPLACE transforms
X(s) = (sT —A)"'bU(s) [see (3.12)], U(s) = kR(s) —k"X(s) [see (9.3)] and
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Y(s) = ¢"X(s) [see (9.1)] using the matrix inversion lemma (for details, see A.9.1
in Appendix A.5). Note that the state feedback leaves the zeros of the process

untouched and only the poles of the closed-loop system can be designed by k™.
The so-called calibration factor &; is introduced in order to make the gain of Tyy

equal to unity (Try(O) = 1). The open-loop is obviously not of integrator type, it
cannot provide zero error and unit static transfer gain. It can be assured only if the
condition

o —1 K'AT'p -1
L oTA—bk") s TAT'D

(9.6)

is fulfilled [see A.9.2 in Appendix A.5.]. The special control loop shown above is
called state-feedback.

9.1 Pole Placement by State Feedback

The most natural design method for state feedback is the so-called pole placement.
In this case the feedback vector k' has to be chosen to make the characteristic
equation of the closed-loop equal to the prescribed (or design) polynomial R(s),
ie.,

R(s)=s"+rs"" 4+ +ras+m =[] (s —s) = det(s] — A +bk")
i=1

= A(s) +k"¥(s)b (9.7)

A solution always exists if the process is controllable. (It is reasonable if the
order of R is equal to that of .A.) In the exceptional case when the transfer function
of the controlled system is known, then the canonical state-equations can be written
directly. Based on the controllable canonical form (3.47) the system matrices are

—a; —day ... —dp—1 —a
1 0 0 0
AC: O 1 O O 5 cCT: [blabZa 7bn]7 and

0 0 0 1 0
b.=11,0,...07

Considering the special forms of A, and b, it can be seen that according to the
design equation
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[—a; —ay ... —a,-1 —a, 1
1 0 ... 0 0 0
A.—bkl =] 0 ... 0 0 | —|0&T
L O 0 0 1 0 0
[—ry —Ip ... —Iy_1 —Iy
1 0o ... 0 0
= 1 0 0 (9.9)
L O 0 0 1 0
the choice
kT:kZ:[rl—al,rg—az,...,rn—an] (9.10)

ensures the satisfaction of the characteristic equation (9.7), i.e., the prescribed poles.
The choice of the calibration factor can be determined by simple calculations

an"’ 'n — dy 'n
krz#zb— (9.11)

Based on Egs. (9.4) and (9.6) it can be seen that in the case of state feedback
pole placement, the transfer function turns out to be

Ty (s) =

(9.12)

as was shown at (9.5).

Example 9.1 Consider an unstable process with transfer function

-8 1 -8 -8

Pls) = (s+2)(s—4) (1+055)(1—0255) s2—25—8 Als)

where A(s) = (s +2)(s —4) = s> — 25 — 8 = s> +a;5 +ay. To stabilize the pro-
cess we should mirror the right half-plane unstable pole p§ = 4 into the left plane,
i.e. p§ = —4 is to be obtained. This can be arranged by the choice of the polynomial

R(s) = (s+2)(s+4) =s>+65+8 =s>+ris+r. So the necessary stabilizing
feedback vector is

kT:[rl—al n—al=[6—(-2) 8—(-8)]=[8 16]

|
The most frequent case of state feedback is when rather than the transfer
function, the state-space form of the control system is given. In relation with
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Eq. (3.67) it has already been discussed that all controllable systems can be
described in controllable canonical form using the transformation matrix

T.=M; (MC)_I. This linear transformation also refers to the feedback vector

k' =k T, = k;MM!

K" =b"M_'R(A) = [0,0,..., 1]M.'R(A) 6-13)

The design relating to the controllable canonical form (9.10), together with the
linear transformation relationship corresponding to the first row of the
non-controllable form (9.13) is called Bass-Gura algorithm. The algorithm in the
second row of (9.13) is called AckerRMaNN method after its developer (see the
details in the A.9.3 of Appendix A.5).

In the Bass-Gura algorithm, the inverse of the controllability matrix M. has to
be determined by the general system matrices A and b, on the one hand, and the
controllability matrix M of the controllable canonical form [see (3.61)], on the
other. Since this latter term depends only on the coefficients a; in the denominator
of the process transfer function, then the denominator has to be calculated:
A(s) = det(sI —A). Since [0,0,...,1]M_" is the last row of the inverse of the
controllability matrix, and besides this R(A) has to be also calculated, in the
ACKERMANN method it is not necessary to calculate A(s).

It can be easily seen that state feedback formally corresponds to a serial com-
pensation R, = A(s)/R(s) (Fig. 9.3a). The real operation and effect of state
feedback can be easily understood by the equivalent block schemes using the
transfer functions shown in Fig. 9.3. The “controller” R;(s) of the closed-loop is in
the feedback line (Fig. 9.3b). The transfer function of the closed-loop (9.12) is

o) = R0 = A £ B T A R )~ RO
(9.14)
where
LT e o ST
and the calibration factor is
r :kTA"b -1 1+Kk(0)P(0). 9.16)

cTA 'y P(0)

Based on the block schemes of Fig. 9.3 it can be stated that the state-feedback
also stabilizes the unstable terms, since due to the effect of the polynomial
K(s) = R(s) — A(s), there is a pole allocation for any process, so by choosing a



330 9 Control Systems with State Feedback

Fig. 9.3 Equivalent schemes (a)

of the state feedt?ack design p .A(s) B(s) y
by transfer functions and — k= —> >
polynomials R(S) .A(s)
Ry(s) P(s)
(b)
AN k, * u P(s) y
Ri(s)
Ky (s)
(c) 1
r + u y
Ltk B(s) YO
R(s)=A(s)

stable R(s), the stabilization is achieved. The feedback polynomial K(s) corre-
sponds formally to k”. The fact that the numerator B(s) of the process is present in
the denominator of Ky (s) requires special consideration. It is used to be said in these
cases that the controller can be applied only to minimum-phase (inverse stable)
processes, where the roots of B(s) are stable. As a consequence of the special
character of the state feedback, however, here B(s) is not replaced by its model

~

B(s), but the method itself realizes the exact 1/B(s).

Further methods have been developed for the calculation of the pole placement
state feedback vector kT. From among these, the so-called MaYNE-MURDOCH
method is briefly shown here, on the basis of which useful statements can be made.
In the Bass-Gura and AckerMANN methods the controllable canonical form has a
special role. A similarly important canonical form is the diagonal form. Let the
diagonal form Ay = diag[/y, .. ., 4,] be built with the eigenvalues ;, i.e. the roots
of A(s), and let the roots of the design polynomial R (s) be the prescribed values of
{W,.. -, 1, - Assuming that the eigenvalues are single, the MAYNE-MURDOCH
method gives the following closed form expression for the product kl‘.ib?,
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me, (h —

kfbf:M i=1,...,n (9.17)
szl(x,»—xj)
i#j

from which k¢ can be easily determined. Here the coefficient b¢ is an element of the

parameter vector b¢ = [b‘lj7 ey bg]T: By, Bn]T of the diagonal form [see also
(3.38)]. The most interesting consequence of (9.17) is that it clearly shows that the
absolute value of the feedback gain k¢ required by the pole placement increases
directly proportionally to the “moving” distance between the poles of the open- and
closed-loop.

9.2 Observer Based State Feedback

The method of state-feedback shown in the previous section requires the direct
measurement of the state vector of the state-equation describing the process. Only
very rarely can this be fulfilled: generally only in the case of low order dynamics
(e.g., in mechanical systems measuring the values of the distance, velocity and
acceleration). Thus the usefulness of the method depends on the possible mea-
surement or estimation of the state vector. To determine the state vector the
so-called observer principle has been developed. This method requires the
knowledge of the system matrices A, b and ¢”, by means of which an exact model
of the process is realized and using the same excitation that is applied for the
original process, this model (observer) provides estimated values X and y of the
variables x and y. The state-feedback is realized by using x. The principle is shown
in Fig. 9.4.

More strictly the estimated values A,b and ¢" in the observer should have been
used instead of A, b and ¢T. The speciality of the observer, however, is that it
applies not only a parallel model, but it calculates an error € =y — y from the
deviation of the original and estimated output values of the process, and has a
feedback via a proportional feedback vector [ to the input of the integrator of the
observer. This feedback is in operation until the error exists, i.e., until the output of
the process and the observer become equal. This operation can tolerate a rather
large error in the knowledge of the system matrices.

It can be seen in the figure that now the state-feedback is

u=kr—k's (9.18)
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Fig. 9.4 Observer based state-feedback

thus simply X is used instead of x. Through a long and very complex deduction,
whose details will not be discussed here, we get the overall closed-loop transfer
function in the form

B k.P(s) _ kB(s)
C1+kT(sI—A)'B R(s)’

Try(s) (9.19)

which, perhaps surprisingly, is exactly equal to (9.12), i.e., to the case of
state-feedback without an observer. (A detailed proof can be seen in A.9.5 of
Appendix A.5.) This means that the tracking property of the closed-loop does not
depend on the choice of the vector I. (The theoretical explanation for this phe-
nomenon is that the observer is the non-controllable part of the whole closed-loop.)
The feedback “controller” introduced in Fig. 9.3 can also be determined now as

KT(sT —A+bk") "1

Re=k"(sT —A+bk" +1c") "1 = -
1+cT(sT —A+bk") 1

(9.20)

which has a more complex form than in (9.15).
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To investigate the operation of the observer, let us define a new state vector error
as

F=x—x (9.21)

which can also be written as

dx

—=(A-1I")x 9.22

o= (- 9.22)
which is very similar to (9.4) without excitation. For the design of observers, a
method very similar to what was used in the case of the state-feedback, is applied,
where by the choice of I our goal is to ensure the dynamics of (9.21) by the second
characteristic polynomial

det(sI —A+Ic") = F(s) =s"+fis" '+ - +fim1s+f, (9.23)

A solution always exists if the process is observable. (It is reasonable to assume
that the order of F is equal to that of .A.) It is an exceptional case when the transfer
function of the process to be controlled is known, by means of which the canonical
state-equations can be directly written. Based on the observable canonical form of
(3.53), the system matrices are

—aq 1 0 0
—a, 0 1 0
Ay = : Do | P =11,0,...,0); by =[b1,bs,....b,]"
—a,_;1 0 O 1
—a, 0 0 0

(9.24)

Considering the special form of A, and ¢! it can be easily seen, that according to
the design equation

—a 1 0 ... 0
—-a, 0 1 ... 0
Ay — el = oLt = [L,0,..,0l =

—a,.1 0 O 1
| —a, 0 0 .0

[ -4 1 0 . 0

- 0 1 ... 0

=1 (9.25)

—fi-1 00 1

| —f» 0 0 0
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the choice

=1, = [fl —anfh—ay,.. . fh— an]T (9'26>

ensures the satisfaction of the characteristic equation of (9.23), i.e. the prescribed
poles.

The general case now is that the state-space form of the process to be controlled
is given instead of its transfer function. Referring to Eq. (3.79), it has been dis-
cussed that all observable systems can be written in observable canonical form by
(]
o

. . . -1 o .
using the transformation matrix T, = (M ) M,. This similarity transformation

has an effect also on the feedback vector
1= (T,)"'l, = M;'M°l, (9.27)

To calculate (9.27) the inverse of the observability matrix M, is required using
the system matrices A and ¢'. Similarly the observability matrix M2 of the ob-
servable canonical form has to be formed [see (3.73)]. Since this latter one depends
only on the coefficients g; in the denominator of the transfer function of the process,
so the denominator has to be calculated: A(s) = det(sI — A). This method of cal-
culating the observer vector is called the ACKERMANN method, after its developer.

There is an interesting similarity in the design methods of the dynamics of the
observer and the state-feedback, often called duality, i.e., they correspond to each

other under the conditions: A < AT, b < T, k — I', M® (Mg)T
Based on the equations of the error (9.21) and the process (9.1), the joint
equations of the state-feedback and the observer are

d H A—bk"  BKT [x]Jr[krb}
qa _ ,
dr | 0 A—I"||x 0 (9.28)

e=y—y=cx

Since the system matrix of the right hand side is block diagonal, the charac-
teristic equation of the closed-loop is

det(sI — A +bk")det(s] — A +Ic") = R(s)F(s) (9.29)

Thus the polynomial is the product of two terms: the first term relates to the
state-feedback, the other one to the observer. It is important to note, that F(s), in
spite of (9.29), does not appear in the transfer function T}y (s) of the closed-loop of
(9.5). This interesting fact can be explained by the re-definition of the whole system
given in the block diagram of Fig. 9.4, applying appropriate transfer functions.

Equation (9.29) of the observer based state-feedback, according to which the
state-feedback and the characteristic equation of the observer are independent, is
called the separation principle.
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9.3 Observer Based State Feedback Using Equivalent
Transfer Functions

The block scheme containing transfer functions has already been applied in the
Fig. 9.3. A further generalized form of the approach used there can also be applied,
which is shown in Fig. 9.5.

It follows from Fig. 9.5 that the resulting equivalent serial compensator is now
again

U R SR (C) B, (C)
UL+ RP O LHKP A(s)+K(s)  R(s)

(9.30)

It must be stated that Ry is a fictitious term: it is used only for demonstrating the
final signal formation, i.e., kRsP ensures the same T}y as (9.14). If the pole can-
cellation represented by Rj is intended to be performed by a serial compensator,
then it cannot be applied to unstable processes, since the unstable zeros and poles
cannot be eliminated by cancellation. The signal x (which is not the same as x)
introduced in Fig. 9.4 represents that finally both the state-feedback and the ob-
server are SISO subsystems which can be performed by transfer functions, i.e., it is
always possible to find equivalent representations for the input and output.
Applying this approach and based on Fig. 9.4, the block scheme using transfer
functions can be drawn as shown in Fig. 9.6.

After a long transformation procedure and block manipulations the block scheme
of Fig. 9.6 can be traced back to the very simple, unit feedback closed-loop shown

Fig. 9.5 The further (a)
equivalent schemes of the

state feedback with transfer "ok + u p( S) y
functions ! r/

P(s) |
Rf
Kk
(b)
Tk R, | P(s) ——
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Fig. 9.6 State-feedback and
observer using transfer Ik y
functions
+
X /)
N
K, ~—
1+PK PK, K
AN k. L]+ K 58 ul p ) y
PK, K, 1+P(Kk+K,)

Fig. 9.7 The reduced block scheme of the state-feedback and observer

in Fig. 9.7. Here the relationship (9.15) defining Ky is also used, and K; is intro-
duced in a similar way

K = s Kil) = . (931
where the design polynomial equations
K(s) =R(s) — A(s) and L(s) = F(s) — Als) (9.32)

result from the conditions of the two kinds of pole placements.
It is easily seen that the resulting transfer function of the inner closed-loop

P2 KK, PK,  PK, K £ KC

- = =—— 9.33
1+P(Kk+K])+P2KkKl 1+PKy14+PK, A+KA+L RF ( )
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— Ki(s) (~ P(s) (T Ki(s) = P(s)

Fig. 9.8 Equivalent observer block schemes of the inner system

has a special form, but its denominator completely corresponds to the characteristic
equation (9.29), i.e., represents two serially connected independent closed-loops
(see Fig. 9.8). This fact is called the separation principle of the state-feedback and
the observer. To ensure stability, both loops must be stable. This can be arranged by
proper pole placement design.

At the same time, the transfer function of the whole system is

Io(s) = k 1+PK. PK, PK k.P ke 5 kB kB(s)
r S) = T = = = = 5
Y PKiKy 1+PK/1+PKe 1+PK 1+85 A+K  R(s)

(9.34)

B
A

which is completely the same as (9.19). As expected, the poles of the observer do
not appear in T;y. The inner character of the whole system can be better seen from
the final block scheme shown in Fig. 9.9 for the tracking properties.

This simple structure is not valid for the disturbance rejection capabilities of the
closed-loop. This can be simply seen if the sensitivity function of the closed-loop is
constructed,

1 1+ P(K¢+K)) L L
= =(1+=)(1-= 9.35
P’KK; 1 + P(Ky + K;) + P2KK; < TR F)’ (9:35)

1 +P(K +K))

which shows that both R and F appear in the transfer function of the disturbance
rejection according to (9.29). Equation (9.35) has a special form, since formally it is
the product of the output noise rejection transfer functions of two serially connected
closed-loops, while it is known, that the tracking properties are indeed the result of
a product of the transfer functions, but this phenomenon is not valid for the

K, Lol P(s)

Fig. 9.9 The reduced block scheme of the state-feedback and the observer for the tracking
properties
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sensitivity functions. Note that the resulting noise rejection properties are not
independent of the tracking ones, therefore the joint application of the
state-feedback and the observer is not appropriate to realize an actual TDOF control
loop.

9.4 Two-Step Design Methods Using State Feedback

It has been already seen in the discussion of the state-feedback based control that
the most advantageous features of that method are:

— the applicability of the method does not depend on whether the process is stable
or not

— the tracking property does not depend on the applied observer, thus it can be
directly designed

— the method is not very sensitive to the exact knowledge of the parameter
matrices of the state-equation.

(This last feature is usually demonstrated by experimental and simulation
examples, but it can be proved that the error, using an observer, can be reduced by
the [1+4 K;(s)P(s)] part of the original one, compared to the modeling error
obtained by the simple parallel model of the state-equation of the process, thus
being like that which would be obtained via a closed-loop 1/[1 + K;(s)P(s)]. So it
can be reduced by the feedback K;(s) of the observer in a specific frequency region.
If the model of the process is applied, which is quite conventional practice, then
both loops of the Fig. 9.8 must be robust stable.)

The unfavorable (unwanted) features are:

— the state feedback is basically a zero-type control, therefore the remaining error
can be eliminated by the calibration factor, which, in the case of using a process
model, never provides a precise result

— the state feedback can not change the zeros of the process

— the disturbance rejection property can not be designed directly.

Mostly because of these latter features, usually further steps are applied to the
state-feedback based control systems. The necessity of the calibration factor can be
eliminated in the simplest way by using a cascade integrating controller, as shown
in Fig. 9.10.

Instead of (9.4), the joint state-equation of the closed-loop can be written as

=[-8 L[
= (A" —b"KD)x* (1) +vr(r)
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Fig. 9.10 Joint state-feedback and integrating controller

by introducing the new state variable §(¢), which is the integral of the error e(r) =
r(¢) — y(#) in the outer loop. In this extended state-equation, the notation

ol eeBh L e

and the new extended feedback equation
t
(g7 X(0) | _ oy T
u(t) = —[k" k]| =—kx"(t) =k [ e(t)dt —k x(¢) (9.38)
0

are employed. Equation (9.38) clearly shows the integrating effect. The term ka(t),
however, can be considered as a generalization of the differentiating effect.

Thus the closed control loop including an integrator can be formulated by a
state-equation of order greater by one, where besides the coefficient kT, now k; has
to be also determined. To design the extended system, the characteristic polynomial
R*(s) of order (n+ 1) has to be required, and then the design Eq. (9.10) of the
AckerMANN method can be directly applied here too. If the process is not presented
in the transfer function form, then first the general state-equation has to be trans-
formed into the controllable canonical form, as was already shown in (9.13).

Note that the extended task can not be solved sequentially, i.e., in such a way
that first the k' relating to R(s) is determined, then k. based on R*(s) =
R(s)(s — s, +1) is calculated. The task must be solved in one step for k! by R*(s).

An integrating effect can also be included by the design of the state-feedback for
a modified process P*(s) = P(s)/s instead of the transfer function P(s). Note that
the two state feedback vectors, obtained for the previous case and for this approach,
are not equal!

Obviously beside the I-controller, other—higher order—controllers can be also
applied, but the pole placement is not always automatically given by the
AcCkerMANN method, and can result in complicated systems of non-linear equations.
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In the case of observer based state-feedback, at the feedback of the observer
error, not only zero-type, but one-type or higher-type controllers can also be applied
by the methods shown above.

The untouched zeros of the process can be modified by a serial compensator

N(s)

Ks(s) = Gs(s) B.(s)

(9.39)

too, where the numerator of the process B(s) = B, (s)B_(s) is assumed according
to the method applied in the Chap. 7. Here B is stable, B_, however, contains the
unstable zeros. For realizability, N (s)/B + (s) must be proper, thus only as many
zeros can be placed in the transfer function of the closed-loop as many stable zeros
are in the process. Finally the resulting transfer function has the form

Tiy(s) = ';\e/‘((gker(s)B_ (s) (9.40)

where the effect of the invariant B_(s) can be optimally attenuated by the filter
G,(s). In many cases, however, the simple, but not optimal, choice Gs(s) =1 is
used.

An acceptable design of the disturbance rejection feature can be reached by the
application of the YouLa-parameterized controller in the outer cascade loop. It can
be done because by the state-feedback any process, even an unstable one, can be
stabilized. The qualitative control of the unstable processes has two steps in general.
In the first step the process is stabilized by the controller, then the required qual-
itative goals can be reached by a second outer control loop or even in TDOF
structures.

The state-feedback based stabilizing controller can only be applied to processes
without dead-time. If the process has considerable time-delay, then one possibility
is to approach the dead-time by rational fractions [see Sect. 2.5]. The other solution
is to use computer based sampled data control [see Chap. 15].

9.5 The LQ Controller

The method shown in the previous sections of this chapter could perform arbitrary
(stabilizing) pole placement by the so-called state feedback from the state vector of
the process. By this state feedback technique further optimization tasks can also be
solved. The goal of this task is to optimally control the LT7 process (9.1) by the
minimization of a complex optimality criterion
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I = % / (OO Wox(r) + Wil ()] . (9.41)

Here Wy is a real symmetrical positive semi-definite matrix weighting the state
vector, and W, is a positive constant weighting the excitation. The solution mini-
mizing the criterion is a state-feedback

u(t) = —k x (1) (9.42)

[see (9.3)], where the feedback vector kEQ has the form

1
kio=—"b"P. 9.43
= o (9:43)

Here the symmetrical positive semi-definite matrix P comes from the solution of
the algebraic RiccATI matrix equation

1
PA+A™P - WPbbTP = -W,. (9.44)

u

Since this RiccaTi equation is non-linear in P, it has no explicit algebraic
solution. The CAD systems frequently used in the control technique, however,
generally provide several numerical algorithms for the solution of this equation.
This controller is called Linear Quadratic (LQ) controller. This stands for: linear
regulator—quadratic criterion.

The state-equation of the LQ controller based closed-loop is

% — (4 —bkly)x; A=A bk, (9.45)

The details of the LQ based method are given in A.9.6 of Appendix A.5. (The
above controller is very simple, but its derivation is quite time consuming.)

If the transfer function of the process is known, then the controllable canonical
form can be easily given. For special A and b, Eq. (9.10) gives the classical state
feedback design algorithm. In the LQ method the feedback vector kEQ is obtained
from the design (from the solution of the RiccaTi equation). So turning back the
derivation of (9.10) the characteristic polynomial R(s) of the resulting closed-loop
system can be given by its coefficients as

[Py r2y e i) = kEQ—l—[al,az,...,an]T. (9.46)

It is also possible to employ an observer for constructing the state vector in LQ
control.
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In engineering practice it is simpler to solve the stabilizing task by pole allo-
cation state-feedback, since there the prescribed poles are directly known. It is
evident, however, that in this case the quality of the transient processes are less
known. The LQ controller, beside the stabilization, also makes it possible to design
even the quality of the transient processes, but it needs long term practice to
determine the proper weighting matrix W and weighting factor W, usually
through a trial-and-error method.

A simpler version of the LQ controller is when, instead of the states, only the
square of the output is weighted, similarly to the input, i.e., instead of (9.41) the
criterion

1= % / [Wyy? (1) + W (1) ] dt (9.47)
0

is used. This task (in the case of d = 0), after some identical manipulations, can be
traced back to the original LQ controller

Wy = yWyy = xTeWye'x = xT (cWye")x = xT (Wyee")x (9.48)
by a special choice of the weighting matrix like

W, = Wyee. (9.49)

Observe that the state-feedback kEQ leaves the process zeros untouched.



Chapter 10 )
General Polynomial Method Skl
for Controller Design

It was shown in Sect. 7.1 that the YouLaA-parameterization can well be used for the
design of optimal controllers in the case of stable processes. The only disadvantage
of the general method is that it cannot be applied to unstable processes, so different
kind of parameterization is required. Let us find the controller C(s) in the form of
rational function.

C(s) = ;?)28 - % (10.1)

Let the prescribed stable characteristic polynomial of the closed-loop be denoted
by R(s), i.e., the characteristic equation is given by R(s) = 0. Similarly to state
feedback, here the design of the stability and performance is also carried out via
prescribed poles (pole-placement). Let the transfer characteristics of the delay free
process be

_B(s) B
P(s) = m e (10.2)

The characteristic equation expressing the design goal is
A(s)X(s) + B(s)V(s) = AX +BY =R =R(s) (10.3)

where A, B and R are known polynomials, the unknown parameters to be deter-
mined are in polynomials X and ). Equation (10.3) is called a DIiOPHANTINE
equation (DE). Since it is not assumed that the process is stable, the resulting
controller is therefore also called a stabilizing controller.

This DE has solution if, and only if, all common factors of .4 and B are also the
common factors of R. If A and B are relative prime (i.e., they have no polynomial
common factor), this DE always has a solution for any R, and the number of the
solutions is infinity. If a pair X,, ), fulfills the equation, then the pair
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X=2X,+DB;, Y=Y,—DA (10.4)

is also a solution of this DE, where D is an arbitrary polynomial. If the process
polynomials are relative prime (if A # 0) then there is always a solution X, ), of
this DE such that either ), = 0 or deg{)), } <deg{.A}. This latter solution X,, Y,
is called the minimal one, because there is no other solution X, ) whose poly-
nomials have degree less than the degree of ),.

Since there are an infinite number of solutions of this DE, there exists a special
one satisfying the assumption

deg{X'} <deg{B}. (10.5)
Similarly, there exists a solution for which
deg{YV} <deg{A}. (10.6)
Both assumptions are fulfilled at the same time (simultaneously), if
deg{ A} +deg{B} >deg{R}. (10.7)
In the case of (10.6), the DE has a special minimum order solution if
deg{X} = deg{)}. (10.8)

If (10.6) is not valid, then there exists a solution when X" or ) is minimal.
In practice, two basic cases can be distinguished:

(a) Let R(s) be an arbitrary polynomial of order deg{R} = 2deg{A} — 1. In this
case the solution of the DE can be sought by controller polynomials of order
deg{X} = deg{A} — 1 and deg{)} = deg{.A} — 1. Consequently the con-
troller will be proper.

(b) Let R(s) be an arbitrary polynomial of order deg{ R} = 2deg{.A}. In this case
the solution of the DE can be sought by controller polynomials of order
deg{X} = deg{A} and deg{Y} = deg{.A} — 1. Consequently the controller
will be strictly proper.

Therefore for a process of degree n usually a stabilizing regulator of degree
(n — 1) is searched, because in this case DE always has solution. It can be seen
from (10.4), that the order of ) can be less than the order of A. Theoretically X
could be of lower order than B3, but in this case the obtained controller cannot be
realized. That is why the stabilizing controller is sought as a transfer function of
order (n —1).

It seems to be a reasonable choice if the order of R is equal to the order of A. In
a fortunate case it is possible to find a stabilizing controller of corresponding order
and pole excess to a process having a pole excess bigger than one. This procedure,
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ros e Y u B y
X A
C(s) P(s)

Fig. 10.1 One-degree-of-freedom (ODOF) stabilized closed-loop controller

however, cannot be performed in a systematic way and according to (10.7) the
solution is not surely minimal.

Equation (10.4) is also valid for the rational function D = G/D. In this case
besides R, D also appears in the denominator of the overall transfer function of
the closed-loop. The form (10.4) parameterizes all stabilizing controllers by
D. The parameter D is called the YourLa-KUCERA parameter.

It can be seen easily that the transfer function of the one-degree-of-freedom
(ODOF) stabilized closed-loop shown in Fig. 10.1 is

BY Y

T=x%+BV "R

B=R.B. (10.9)

Equation (10.9) shows that stabilization is achieved, but the numerator of the
process and the polynomial ) resulting from the solution of the DE appears in the
numerator of the overall transfer function. Note that none of them can be directly
influenced, so the numerator of the transfer function of the closed-loop cannot be
designed. (See the similarities with the results obtained for state-feedback.)

In spite of the not completely preferable design possibilities, a TDOF control
loop can be constructed where the reference signal tracking, at least, can be
designed. This system is shown in Fig. 10.2a. An equivalent block scheme is
presented in Fig. 10.2b which can be directly compared to the generic TDOF
(GTDOF) control loop obtained by a YouLa parameterized controller for stable
processes according to Fig. 7.10a. The controller is obviously different now.

The transfer function of the control loop shown in Fig. 10.2 is

T. = R.B. (10.10)

Here Y already does not appear, only the numerator of the process, and R; is
independent of Ry, thus it is really a TDOF control. The noise-rejection behavior
can be computed from T

S:I—T:I—R;B:I—%B. (10.11)

It has been already seen in the discussion of the YouLa-parameterized controller,
that in the numerator of the transfer function of the process only the stable zeros can
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(a)
RO RrE L+ e Yy u B y
Y X A
C(s) P(s)
(b)
X0R, ) R u B Y
X A
P(s)
R =2
R

Fig. 10.2 TDOF stabilized closed-loop

be cancelled. This method can be extended to the stable poles of the denominator in
the design method using the DE. Assume that the transfer function of the process is

P(s) =P (s)P_(s) or, for short, P=P_ P_, (10.12)

where P is stable, its inverse is also stable (SIS: Stable Inverse Stable). P_ is
unstable, and its inverse is also unstable (UIU: Unstable Inverse Unstable). Thus a
practical factorization is

B B.B. (B,\/[/B-
p=2_ = (== ) (=) =P, P_. 10.1
AT AA (A+>(A-> " (10.13)

Here A, contains the stable poles of the process and .4_ does contains the
unstable ones. Similarly 5 contains the stable zeros and 5_ the unstable zeros.
The DE has to be constructed to make possible the cancellation of the stable roots
B, and A, . In order to define the design procedure in a completely general way,
predefined polynomials )4 and Xy are introduced in the numerator and denomi-
nator of the controller. The following design DE can be written for this most
general case:

(AL A) (B4 XgX) + (B4 B-) (A1 YVa) =R=A.B.R

10.14
A X + B Yy =R' ( )



10 General Polynomial Method for Controller Design 347

A lower order DE can be obtained by simplifying with the reducing factors

X)X + (B '=R
A Ty (10.15)

where A' = A_X4 and B = B_))4 are known, and the controller is obtained as

Y ALY

C*E*B;def'

(10.16)

It is evident, that the stabilizing controller cancelled only the stable zeros and
poles, and introduced the desired polynomials )y and X4 into the numerator and
denominator. The YouLa regulator is an integrating one, if a unit gain concerning
the reference model is ensured: R,(® =0)=R,(s=0) = 1. This cannot be
automatically ensured for the stabilizing controller resulting from a DE. It can be
guaranteed only if X'y brings a pole s = 0 into the denominator.

Since now Y, can be considered as the numerator of the reference model, and R,
however, as the denominator, it follows that in the general case, the corrected
reference model is

Y

R, = = (10.17)

which depends only on us, so it can completely be designed.

Equivalent block schemes of the general stabilized control loop are shown in
Fig. 10.3.

(a)
Vr R.G, |+ e | ANVY | u
—> > P
R’ B.X X’
(b) Yn

Ve + e AR u y
2> R.G, P BAT P ()

R

Fig. 10.3 TDOF general stabilized closed-loop
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It can be easily checked that the transfer function of the whole loop is
T, = P.G.B_ (10.18)
and the sensitivity function of the closed-loop is
S=1-P.YB_. (10.19)
So the transfer characteristics of the whole closed-loop control is
y =Ty +Syn = RG:B_y; + (1 — R,V B_ ) y. (10.20)

It is evident that the filter G, can be freely chosen, and can be optimized to
attenuate the effect of B_. Unfortunately, the same is not valid for the optimal
design concerning the disturbance rejection, because there, )’ results from the
modified DE (10.15), so it cannot be freely chosen, therefore the attenuation of the
effect of )’ cannot be easily solved, as has been seen in the YouLA-parameterization
for the tracking problem (10.20).

The form of the resulting stabilizing controller shown in (10.16) can be further
simplified:

/ &/ / )
_AYY o @YA  PY A (10.21)

C_ - - 2
By XeX' B,(1-RYB.) 1-PYB B,

which is very similar to the form of the optimal YouLa regulator (7.14). Observe
that though only the stable factors A, and B, are cancelled, formally the con-
troller cancels the whole denominator of the process.

If the feature obtained for the noise-rejection in (10.20) cannot be accepted, an
outer cascade control loop has to be applied, which can already be designed by the
YouLa-parameterization, since the system has already been stabilized by the inner
loop. This two-step method was discussed in detail in the chapter on the control
loops applying state-feedback [see Sect. 9.4].

The stabilizing controller obtained by the DE can be applied only to delay free
processes. If the process has significant dead-time, then there is the possibility of
approximating the delay by a rational function [see Sect. 2.5]. The other possibility
is to use sampled data control system [see Chap. 14].

Example 10.1 Let the controlled system be a first order (n = 1) unstable process

B 0.5 -1

P— -
A 1-05s s-2’

(10.22)

whose pole p =2 is on the right half of the complex plane. Find the controller
C = Y/ X that stabilizes the process by prescribing the characteristic polynomial
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R(s) = s+2 = 0. The controller is sought in the form of order n — 1 = 0, which
can be ensured by the structure

K
1=K (10.23)

i.e., by a proportional controller. Based on (10.3) one can write

AX+BY =R

Y (10.24)
(s—=2)—K=s+2

where C = K = —4 is obtained for the controller. It can be checked by simple

computation, that the transfer function of the closed-loop is

4 2

T=—=—— 10.2
s+2 14055’ (10.25)

thus the unstable pole can be mirrored about the imaginary axis, and by this means,
the system is stabilized. The static gain of the closed-loop system is not unity,
because the controller is proportional and not an integrating one. To reach better
quality in performance, it is reasonable to use a further outer cascade control loop,
as was seen with the state feedback controllers. Based on (10.4), the resulting
stabilizing controllers C(s) and T'(s) are given for different parameters D(s) = G/D
in Table 10.1. ]

The first row of the Table 10.1 contains the first solution obtained in (10.23) and
(10.25). It is well seen, that only the first controller can be realized, so the other
solutions have only theoretical importance. For higher order processes the
expressions are more complicated, but even for these cases it is reasonable to
summarize the different order solutions in tables and choose the lowest order
realizable controller. In the same way it is also reasonable to give the solutions
being lower order than the (n — 1) order controller.

Example 10.2 Let the controlled system be a first order (n = 1) stable process

B 1 0.1

A 1+10s s+01°

(10.26)

Table 10.1 . D(s) = G/D C(s) T(s)
4
0 —4 s+2
s—6 S—
! 7 -5
s=s—6 $°—5—6
I4s s+2 T s+2
s+2 s2—4s—8 I
s+1 25+3 (+D(s+2)




350 10 General Polynomial Method for Controller Design

which we would like to speed up. Assuming an ODOF system, the design goal is
expressed by the reference model

1 0.5
R =R, = = . (10.27)

N

The Youra-regulator

R,P! 1\ 14105 1+10s
Copp=Ca=—>"1-=(1- = 10.28
T HETT R, < 1+—2s> 1425 2s (1028)
is now an integrating one, so the transfer function of the closed-loop is
1
T(s) (10.29)

142

For the DE design, based on (10.27), the characteristic equation is
R(s) =s+0.5 = 0. As in the previous example, the controller is again sought in a
form of n — 1 = 0 degree, thus the proportional controller (10.23) is employed. The
Eq. (10.3) now becomes

AX+BY =R
(s+0.1)+0.1K =5+0.5 (10.30)
where C = K = 4 is obtained for the regulator. It can be easily checked that the
transfer function of the closed system is

0.4 0.8
T_s+05_1+%' (10.31)

The prescribed pole —0.5 is successfully placed, but the control loop has zero-type,
therefore for the gain of T the value 0.8 is obtained. The above two examples well
represent the practice of how the YouLa-parameterization can be reasonably applied to
stable processes, while for stabilizing unstable processes the application of DE or the
state-feedback discussed in Chap. 9 can provide a solution. |



Chapter 11 )
Sampled Data Control Systems e

In practice, most of the results delivered by control theory are realized by digital
computers equipped with appropriate real-time facilities. Depending on how many
control loops are implemented for a given application, the digital controller can be
realized by various devices ranging from single-chip microcontrollers via single
board controllers to PLCs or industrial PCs. The reliable network technology
available today allows system developers to implement the controllers in a dis-
tributed topology, as well.

The digital realization of control algorithms also reflects the contemporary
available computing technology. The control devices applied in industry integrate a
number of open-loop and closed-loop control components as a single compact
digital unit.

A simple scheme of a sampled data control system is shown in Fig. 11.1. Most
of the processes control engineers deal with are continuous in nature. In this chapter
it will be assumed that the control signal applied to the process (control input), as
well as the process variable (output signal), are both continuous-time (CT) signals.
While the input and output signals of a process are assumed to be continuous
(called ‘analog’ in practice), the digital processing assumes the data is available in
discrete-time (DT) form as a sequence of numbers. Consequently, the analog world
represented by physical signals should be interfaced to the world of data used by
digital computations. These interfaces are the sampler transforming the analog
signals to discrete ones, and the holder transforming the discrete signals to analog
ones. In practice, these interfaces are typically implemented by analog to digital (A/D)
and digital to analog (D/A) converters, respectively. As far as Fig. 11.2 is concerned,
observe that a real-time clock governs the operation of the digital computer to control
the sampling and holding in a synchronized way. To distinguish the analog and discrete
versions of the signals involved in sampled data control systems, the following notation
will be used:
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Fig. 11.1 Schematic diagram of closed-loop sampled data control systems
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Fig. 11.2 Detailed set-up of sampled data control systems
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— x(r): CT signal
— x[k] = x(kTy): DT signal, where T; denotes the sampling time and kT with
k=0,1,2,... assigns the sampling instants.

Comparing the sampled data control system in Fig. 11.2 to a CT closed-loop
control system it can be seen that the control signal u(z) is produced by a CT
regulator C(s), while the sequence of the control signal u[k] is produced by a digital
control algorithm running in a real-time digital environment. At each sampling
instant the digital regulator carries out the following actions:

— Receive the sampled process variable and transmit the digitized data to the
sampled data control algorithm.

— Receive the set value previously adjusted at a Man-Machine Interface (e.g.,
typed in) or delivered by a communication network (as a result of a calculation
performed at a higher hierarchy level).

— Realize the digital control algorithm to calculate the digital control input u[k]
and send this digital value to the D/A converter.

The progress of the digital technologies surrounding the digital controller
(intelligent sensors and actuators, advanced Man-Machine Interface devices, a wide
range of cheap, though powerful and reliable network technologies) indicate that
digital controllers will dominate the field over CT controllers in the future.
A comparison of the continuous and digital control technologies can be summarized
in favor of digital controllers as follows:

— The digital technology applied is more reliable and cheaper.

— Its flexibility is superior considering both the implementation and the variety of
the control algorithms.

— Possible modifications and/or extensions are far easier to accomplish.

— Accuracy is kept constant over a long period of time.

— There are easy ways to deliver the set point value for the controller, to overwrite
the controller’s parameters, as well as to monitor the controller’s operation.

There are, however, a few issues requiring special care:

— Between two samples the control system is left to operate in open-loop.

— The sampling rate should carefully be selected to be in harmony with the
dynamics of the process and to comply with the capabilities of the real-time
environment (performance and the number representation employed).

— The output of the digital controller (control signal) must be interpolated from a
digital sequence to a CT function, thus the waveform of the control signal is
restricted.

— Sampling introduces additional difficulties for the design (dead-time and
unwanted dynamics).
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11.1 Sampling

From the operation of a CT process information can be collected by observing the
CT input/output signals of the process. In case this information is elaborated by a
digital device, these CT signals will be represented by their samples. Assuming
equidistant sampling (constant sampling time), an important result of systems
theory helps us to decide whether a CT signal can be reconstructed from its samples
or not. Namely, for band limited CT signals, SHANNON’s sampling theorem requires
that at least two samples must be available from the highest frequency component
of the band-limited CT signal for a reconstruction. Concerning the importance of
SHANNON’s sampling theorem, we refer to the fact that this theorem constitutes the
basis for the usability of a flexible, programmable, digital environment in CT signal
processing (visualization, analysis in the frequency domain, etc.).

As was mentioned earlier, sampling is physically performed by A/D and D/A
converters governed by the real-time clock of the controller. The A/D converter is
driven by an analog signal x(¢) and produces a sequence x[k] in a coded digital
form. The operation of an A/D converter is commonly symbolized by a periodically
closed switch (Fig. 11.3).

For various applications an A/D converter is selected according to several of the
parameters attached to the converters. The speed of the conversion is characterized
by the conversion time, which can be even less than 1ps. Further parameters are the
noise rejection and the resolution specifying the number of bits used for the digi-
tized code (typically a value from 8 to 16).

Using again the notation introduced earlier, a sampling according to f[k] =
F(kTy) is also called mathematical sampling. The sequence f[k] can be derived by
impulse modulation according to

£ = 3 s -y, (11.1)

n=—00

where f*(¢) is a sequence of Dirac-impulses, and f[k] is a sequence of numbers
made out from the area of these Dirac-impulses. Figure 11.4 shows the impulse
modulation supposing f(nTs) = 0, (n<0). Applying mathematical sampling, fun-
damental analysis can be carried out in the frequency domain. The analysis also
points out the necessity of appropriate sampling according to the sampling theorem.

Fig. 11.3 Periodically Open
controlled switch symbolizing
the operation of the A/D
converter Closed ——
T,
x(1) x[k]
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Fig. 11.4 Impulse modulation

Consider a CT signal f(¢) with a frequency spectrum of F(jo). The theorem of
signals and systems specifies the frequency spectrum of f*(¢) to be

o0

F*(jo) :Ti > Fljo+jko,), (11.2)

S k=—00

where g = 21t/T; is the sampling radian frequency.

It is seen that the Fourier transform of the sampled signal is a sum of the side
frequency components exhibited by F(jo+ jkws). The frequency folding phe-
nomenon is avoided if ®g>20max (Or ®g/2 > Omax) holds, where @pax is the
maximum frequency of the band limited f(¢) CT signal. The frequency ®s/2 is of
great importance for the spectrum of the sampled CT signal, and is also called the
NyQuisT frequency. The phenomenon is presented by the Figs. 11.5, 11.6 and 11.7,
where the spectrum of the CT signal, the spectrum of an appropriately sampled DT
signal, as well as the spectrum of the inappropriately sampled signal are shown,
respectively. Figure 11.8 explains how a non-existing (alias) signal may appear as a
consequence of a slow sampling rate. In this example the slow sampling rate
applied to the high frequency sinusoidal signal produces samples, which can be
interpreted as samples of a non-existing, low frequency sinusoidal component. In a
closed-loop control system, control actions to compensate this low frequency
component are unnecessary and would only induce an additional disturbance in the
closed-loop. To avoid aliasing, a low pass filter (also called an anti-aliasing filter)
must be placed between the measured output signal and the A/D converter. The
fundamental component of the spectrum of the DT signal is

F*(jo) :TiSF(,'w). (11.3)
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Fig. 11.6 Spectrum of a DT signal assuming an appropriate sampling rate
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Fig. 11.7 Spectrum of a DT signal assuming an inappropriately low sampling rate
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Fig. 11.8 Appearance of the non-existing component according to the low sampling rate

11.2 Holding

Signals in a sampled data control loop form a hybrid system simultaneously pre-
senting CT and DT signals. From a systems engineering point of view a, CT
process and the resulting DT signal processing in the controller should be interfaced
to each other. Sampling performs the continuous-discrete transformation. However,
a functional unit to perform the discrete-continuous transformation should inevi-
tably be inserted into the loop to ensure closed-loop operation. The holding unit is
also a controlled element to receive and decode a digital input signal, as well as to
produce a CT approximation between two samples. As far as the nature of the
approximation is concerned (constant, linear, quadratic, etc.), there is no general
requirement. However, the easy realization of the constant approximation
(zero-order holding) has become a practical standard. Applying a zero-order
holding (ZOH) unit results in a staircase waveform for the CT output (see
Fig. 11.9). Note that MATLAB® offers the application of the stairs function to
perform a ZOH discrete-continuous transformation.

Fig. 11.9 Application of a
ZOH unit

. 2T. 3T, 47,
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As mentioned earlier, the signal dynamics between two sampling instants is not
limited to be a constant, but it could follow a first- or second-order course. In the
case of first-order holding, the output of the holding unit is determined by a straight
line defined by the last two sampled data (see Fig. 11.10). As in practice zero order
holding satisfies all the requirements, holding with higher-order approximations
will not be considered in the sequel.

The mathematical description of the ZOH unit should comply with the operation
shown by Fig. 11.11. Consider the impulse response of the ZOH unit:
1(¢f) — 1(z — T;). As the unit step response is produced by an integrator driven by a
Dirac impulse and the delay by 7 can be taken into account by a transfer function

of e, Fig. 11.12 allows seeing that the transfer function of the ZOH unit is
1 e 1 =T
Wzon(s) = - — =— (11.4)
S S S

Once its transfer function is known, the frequency function of the ZOH unit can
easily be determined (see A.11.3 of Appendix A.11.1). Some fundamental
frequency domain properties of the ZOH unit, however, can be discovered using the
following TAYLOR series approximation in the low-frequency domain:

.\':( )
‘4
rd
b e x(1)
~
L7 t
T, 2T, 3T, 4T,

Fig. 11.10 Application of a first order holding unit

Fig. 11.11 Impulse response &

of the ZOH unit o) zero order ‘

hold
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Fig. 11.12 Impulse response components of the ZOH unit
272
l_efsTs 1—(1—STS+S2TS—...) 5T,
WZOH(S): = %Ts(l_;+...>
s s 2
~ Tse—STS/Z
(11.5)

According to the discussion of the spectral properties of sampled data systems in
Sect. 11.1, the frequency function of a CT system built up as a series connection of
a ZOH unit and a CT process given by a transfer function H(s) can well be
approximated as

Hy(jo) = Tiﬁ(jm) ~ TLTSe’j‘”TS/zH(ja)) = ¢ T2 H(jo), (11.6)
where H is the approximate transfer function of the joint ZOH unit and the given
CT system. The low-frequency approximation indicates that the ZOH unit inserts a
delay by T, /2 into the loop. As pointed out earlier, the appearance of any delay in
the loop is an unwanted effect in the control loop both considering the stability of
the closed-loop system and the quality of its transient response. It is to be
emphasized, however, that the application of a holding unit is an absolutely
inevitable element in the control loop to interface the DT and CT signal domains.
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Fig. 11.13 Scheme to demonstrate the delay of the ZOH unit
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Fig. 11.14 Detailed block diagram of a closed-loop sampled data control system

The physical arrangement in Fig. 11.13 verifies the validity of the above
approximation. Samples of a sinusoidal CT signal drive a ZOH unit. The output of
the ZOH unit is a staircase signal whose fundamental harmonic component has also
been drawn together with the original sinusoidal CT signal. The exact phase delay
between these two sinusoidal signals depends on the sampling time. However, the
approximation according to a delay of Ty/2 is rather convincing.

Selecting the sampling time is certainly a new aspect of DT design in com-
parison with simple CT systems. This issue will be discussed later on. However,
selecting a sampling frequency ®s, a NyQuist frequency of oy = ms/2 is also
selected, which will suggest the application of a proper low-pass filter to avoid
frequency folding. That is, the low-pass filter should pass a highest frequency
component M,y to satisfy the oy > o, condition. A detailed block diagram of a
closed-loop sampled data control system is drawn in Fig. 11.14. The time-domain
behavior of the signals involved are also shown.
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11.3 Description of Discrete-Time Signals,
the z-Transformation and the Inverse
z-Transformation

The z-transformation is a widely used way to describe DT signals and systems.
Given a sequence f[k] (k=0,1,2,...) of data, its z-transform is defined by the
infinite series

o0

Z{fky =) 0] +z '] +2%2) + -+, (11.7)

k=0

where z is the complex valued operator of the transformation. Note that f[k] is
assumed to be a positive-time-function, i.e., f[k] = 0, (k<0). Though Z{f[k]} is a
function of z~!, in practice the notation F(z) = Z{f[k]} is used for z-transforms.

The region of convergence (ROC) in the complex plane is given by a circle of
radius R;. The infinite series in (11.7) is assumed to be convergent outside of the
circle given by Ry, ie., F(z) =f[0]+z 'f[1]+z2f[2]+ -+ is convergent for
|Z‘ > Rj.

Discussing CT closed-loop control systems, the application of the LAPLACE
transformation turned out to be a very useful tool both for analysis and design,
provided that inverse LAPLACE transformation capabilities are also available. In a
similar way inverse z-transformation techniques are to be developed for DT system
analysis and design. An analytical expression for the inverse z-transformation is
given by the following integral:

flk] = Z27HF(z)} = 21{ % F(2)77dz, (11.8)

R,

where the integration runs along the circle R, around the origin in the complex
plane with a radius allowing all the poles of F(z)z*~! to be within the circle. The
inversion integral above is of theoretical importance. The proof of (11.8) is given in
A.11.2 of Appendix A.5.

11.3.1 Basic Properties of the z-Transformation

Consider a DT signal f[k](k=0,1,2,...) with the z-transform of F(z) = Z{f[k]}.
Multiplication by a constant coefficient

If ¢ is a constant coefficient, then the z-transform of g[k] = ¢f[k](k= 0, 1,2,...) is
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Z{glk]} = f:szg[k] = cf[0] +z " ef (1] + 2 2f 2 + - = ciz*k

k=0 k=0
= cF(z).
(11.9)
Linearity
If ¢; and ¢, are constant coefficients, we have
Z{efilk + ek} = D" (eifilk] + eaphlk) = c1Fi(2) + 2Fa (), (11.10)
k=0

which is considered as the linearity property for the z-transform: the z-transform of
the linear combination of two signals is equal to the linear combination of the z-
transforms of the signals involved.

Shift in the time-domain

Find the z-transform of f[k — n], where f[k — n] is derived from a DT signal f[k] b
a delay of n steps, assuming that n is a positive integer. For the delayed signal

Z{flk —n]} = z7"F(z) (11.11)

holds, as introducing m = k — n and taking note of the fact that f[m] = 0, (m <0),

E{fle—nly =3 flk—alet = oSl — a6
k=0 k=0
=z Z fimz" =2 flmle ™" =2"F(z)
m=—n m=0

follows. In a similar way, assuming # is a negative integer, a bit more involved
relation can be derived for advanced signals:

Z{flk+n]} = f: flk+n)z7* = 2" i Flk 4 nlz*+m
k=0 k=0

o n—1 n—1

= Z"{Z Flktnle S £ N " flke ™ = f[k]z"‘}
k=0 k=0 k=0
0 n—1 n—1

= Z"{Zf Kz *=>"f [k]zk} = Z”{F ()= _flkz™* }
k=0 k=0 k=0

="F(z) = 2'f[0] — " f[1] — - - - — zf[n — 1].
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Multiplication by a*
Given F(z) as the z-transform of f[k] the z-transform of the DT signal a*f[k] is

2{d'flK} = ia"f[k]f" = if[k] (a'2) " =F(a'2). (11.12)
k=0 k=0

Observe that the above derivation even allows a to be complex. Also, intro-
ducing @ = e~?, the multiplication rule can be expressed in the following form:

2ty = Y e Mk =Y (@) =R (L)
k=0 k=0

11.3.2 The z-Transformation of Elementary Time Series

In the sequel, the z-transforms of a few elementary DT signals will be derived.
Unit impulse: flk] =1, k =0, otherwise f[k] =0

o0

ZUIY => MK =1+> z*0=1. (11.14)
k=0 k=1
Unit step: flk| =1 (k=0,1,2,...) and f[k] =0, (k<O0)
Apply the relation valid for the sum of a geometric series provided the
ROC |z > 1:

o0

1 Z
E _ E —k1 _ _

k=0

Unit ramp: flk| = kT, (k=10,1,2,...)
Again, provided the ROC is |z| > 1, we have

Z{flk]} = Zzik = szkkTS =Tz} (1 +27 1437724+ - )
= ’ (11.16)
-1 1 Tz
== TSZ 5 — 3
1=z (z—1)
Power function: f[k] = a* (k = 2,...) where a is a complex constant.

0,1,
Provided the ROC is |z| > |a|, Z{f[k]} turns out to be

Z ot === 11.17
(/1] ; ;Z R P R ( )

Applying the rule developed earlier for the multiplication by a*, the above
relation can be derived in a straightforward way:
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Z{d'} = 2{d"1[K]} =

Exponential function: f k]

2R = > |
=0

Sinusoidal function: f[k] = sin(wkTs) (k=0,1,2,...)

=
—1],_

k] _ Zz—ke—akTS —

k=

Sampled Data Control Systems

1

=e % (k=0,1,2,...)
Using the relation derived for the power function, assuming the ROC is
2] > [e="],

et, a'z—1 1—az! '

Z

1 — efaTszfl = 7 — e—aTls '

Applying the relation obtained earlier for the exponential function with

1, . ]
Sin(OkT,) = o (¢ — ¢ 4:)
J

(11.19)

and assuming the ROC is |z| > 1, the following relation can be derived:

Z{fk]} =

The results derived so far, together with some extensions are summarized in

Table 11.1.

NgE

k

I
=}

7 *sin(kTy) =

zsin(@Ty)

Table 11.1 LaprLAck and z-transforms of some functions

72 —2zcos(®Ty) + 1

F(s) f() Sk = f(kT,) F(2)
1 3(¢) 3[k] 1
5 1(7) 1[k] s
s )
1 el o—aKT z
s+a z—e
1 t kT, Tsz
2 (-1’
1 te kTye= s Tee "z
(s—i—a)2 (z— engS)Z
1 2 (T,)? T22(z+ 1)
(=1’
b—a ot _ bt o~ 0kTy _ p—bAT, (e=T — ¢7P1)7
(s+a)(s+D) (z—e ) (z— e PT)
@ sin(wr) sin(wkTy) zsin(oTy)
§2 + o? W
s cos(or) cos(wkTs) 72 — zcos(oTy)
s+ ?

72 — 2zcos(oTs) + 1

(11.18)

(11.20)
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As far as the application of the this table is concerned an important comment
should be added here. Table 11.1 contains four columns. However, an unambiguous
mapping exists only for the pairs of f(¢) < F(s) and f[k] < F(z). More precisely,
given a CT signal f (¢), the table always indicates a z-transform F'(z), however, given a
z-transform by F(z), only a CT signal can be obtained, whose samples are only
defined at the sampling instants. In such a way a number of CT signals can be derived
with diverse intersampling behavior.

11.3.3 The Inverse z-Transformation

Assume that F(z) is the z-transform of the DT signal f[k]. Here we ask the question of
how to find the DT signal f[k] once F(z) is given. This task is called the inverse z-
transformation. In theory, the answer to our question has already been formulated by

=2 F QY =5 § FO (11.21)

In practice one of the following three options are used:
Polynomial division

Assume F(z) = 10z/[(z — 1)(z — 0.2)] then divide the polynomial in the numerator
by the polynomial in the denominator and read the samples of f[k] (k =0,1,2,...)
as the coefficients obtained along the division:

(IOz):(z2 —1.224+0.2)=f[0] +z 'f[1] + 2 *f[2] + - --

Thus for the first few samples f[0] = 0, f[1] = 10, f[2] = 12, f[3] = 12.4 are
obtained. The method is not quite efficient. In addition there are CAD tools leading
to numerical results in a far more efficient way.

Calculating the DT impulse response

Consider F(z) as an impulse response function (see later on the pulse transfer
function) between a DT input signal with a z-transform of U(z) and a response with
a z-transform of Y(z):

Y(z) = F()U(2). (11.22)

Applying a unit impulse input with U(z) = 1, then for the z-transform of the
response Y (z) = F(z). The calculated samples obviously match the values obtained
by polynomial division.

Partial Fractional Expansion (PFE)

The key point here is to decompose F(z) to a sum of components existing in tables
of z-transform pairs. Observe the structure of F(z) in the rightmost column of
Table 11.1. To ensure the appearance of z in the numerator set up the PFE form as
follows:
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F(z C c c C
Q:L’_'_ 1 4 2 I
Z Ve Z—D1 —Dp2 Z— DPn

(11.23)

In this decomposition simple real poles have been assumed. As an example,
consider

F(z) 12.5 12.5 12.5z 12.5z
= — F = —
Z z—1 z—-02 or (2) z—1 z-02’

which lead to

12.5z_ 12.5z
z—1 z-0.2

flkl=2"YF(z)} = Zl{ } =125(1-02%,k=0,1,2,...

Observe that unlike the first two methods, the PFE delivers f[k] in analytical
form, so its value can be easily computed for arbitrary £ > 0.

Handling complex poles

Setting up the PFE form becomes more involved in the case of complex poles of
F(z) even for a simple complex pole pair.

Example 11.1 Consider

Following the PFE procedure,

F(2) 0.5 0.643 c ¢
—=——+ + — —,
z Z z—2 z—p z-—p

is obtained, where ¢ = 0.429 4 j0.0825 and p = —0.5 — j0.866, and ¢ and p denote
their complex conjugate values, respectively. Evaluating the last two terms as one
second-order component, two sinusoidal components can be reconstructed based on
the last two rows in Table 11.1. Combining these two sinusoidal components into
one single sinusoidal form yields

fIk] = —0.558[k] +0.643(2)" + c(p)* +2(p)*
= —0.55[k] +0.643(2)" + cos (4?” + 10.89")
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by using the trigonometric identity
c(p)f +&(p)*= 2Co*cos(Qk + O),

where ¢ = Cé/® and p = ce. [ ]
Handling multiple poles
Example 11.2 The discussion concerning repeated poles will be reduced to a
numerical example. Consider
62 +272 — 2
F(z) =—4————.
) P —22—z+1
The structure of the PFE is governed by the poles of F(z). In this case p12 = 1
and p3 = —1, i.e., p;» = 1 is a double pole. Accordingly,

F(z) 525 3.5 0.75
= + >+ .
Z z—1 (z—1) z+1

Observe that in the PFE form the repeated pole shows up in single and double
forms, as well. The inverse z-transformation then leads to

fIk] = 5.25(1)" +3.5k+0.75(-1)", k=0,1,2,.... |

General method for single poles

If the LapLace-transform of a CT signal has the form F(s) = F,(s)/Fp(s), where
F.(s) and F(s) are the numerator and denominator of F(s), respectively, then the
z-transform of the sampled signal is given by

~F.pi) oz ~ F.(pi) 1
Fz) = _ . 11.24
& ; Fo(pi) z — er™s ; Flo(pi) 1 — erTiz! (1124)

For single poles the simple ‘cover up’ technique to determine the residues can be
used

1 lim( ) 1
= 1lm(s —p;) ——
f’({li) S=pi fp(S)

(11.25)

to ease the evaluation of F(z). The application of this method assumes that the
denominator is available in factored form. One component of the sum can be
calculated by covering up s — p; and substituting s = p; in the rest.
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11.3.4 Initial and Final Value Theorems

Once F(z) is given, the initial and final value theorems provide tools to determine
f10] and klim fIk] in a direct way, without performing the inverse z-transformation.
Initial value theorem (k — 0)

Starting from the definition of the z-transform

o0

Z{fk}y =) 0]+ 'f]+27f12] +

k=0
it can be seen that f[0] can be easily determined as z — co:

£10] = lim F(z). (11.26)

7—00

Final value theorem (k — 00)

The basic idea is to separate the ‘last’ element of the sequence f[0] by subtracting
the original and the delayed sequences:

Jim £l = lim{F(z) -z 'F(2)}
= (10 #1424 ) = (T 710 A1)+ ),
Assuming positive-time-functions (f[k] = 0, k<0) results in

lim (k] :m{@ -z )F(2)}- (11.27)

The final value theorem can only be applied if the signal has a steady state value.

11.4 Description of Sampled Data Systems
in the Discrete-Time and in the Operator
and Frequency Domain

Discussing CT systems, the need for an abstract system description for closed-loop
analysis and design was seen. Considering sampled data systems, the value of the
control input and that of the samples of the output only change at the sampling
instants. It seems to be reasonable then to create a mathematical model to describe
the system behavior only at the sampling instants. The process of describing the
behavior of a sampled CT system will be referred to as discretization. As a starting
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point, the state-space description will be discussed, then the methods of the impulse
response function (pulse transfer function) and the difference equation will be
derived. This triple is in complete harmony with the triple used for CT systems
(state-space, transfer function, differential equation).

11.4.1 The State-Space Model

Assume the LTI state-space model of the CT system to be discretized along with a
sampling time of T (see 3.10):

x(1) = Ax(t) + bu(r)

. (11.28)
y(1) = ¢ x(¢) + du(r)

The solution of the state equation as discussed earlier for CT systems (3.2.1)
with the initial time #, and the initial state vector x(z,) is

x(t) = A x(1,) + /eA”bu t)dt = Ay /ef‘” t)dt|b

(11.29)

Assuming that the discretized model will contain a ZOH unit (in other words the
continuous control input will be a staircase function) perform the integration from
kT to (k+ 1)Ts:

kT + T
x(kT, + 1) = Tx(KT,) + / AW Dy (1) de
KT
kTs‘:FTe
= AT (KTy) + bu(KTy) / AR AHT=1) o
KT
Ti
= T (KTy) + |u(kTy) / M| b

0

The above manipulations used the fact that u(t) = constant within each sam-
pling period ([kTs < t< (k+ 1)Ty]), that is, u(t) = u(kTs). Furthermore, to simplify
the evaluation of the integral, A = kT + T5 — T has been introduced. Using the
standard notations x(kTs+ Ts) = x[k+ 1], x(kT) = x[k] and u(kT;) = ulk], the
above equation can be rewritten as
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x[k+1] = ATx[k] + /ef“dx bulk]. (11.30)
0

Introducing the parameter matrices for the discretized model

T
F="" and g:/e“dxb (11.31)
0

the following discretized state-model is obtained: x[k + 1] = Fx[k] 4+ gu[k]. Note
that if A is invertible, then the integration in the expression for g can be carried out
and this leads to the closed-form formulag = A~! (eATS -1 )b. The output equation
of the CT state-model of y(¢) = ¢Tx() + du(z) can simply be sampled by substi-
tuting ¢ = kT;:

y(kTy) = ¢"x(kT,) + du(kT)
or, to emphasize the DT nature of the model,
y[k] = e x[k] + dulk]. (11.32)

The DT state-model can be summarized as follows. The DT state difference
equation

x[k + 1] = Fx[k] + gul[k] (11.33)

and the DT output equation according to (11.32) form the DT state-model for
k=0,1,2,.... Comparing the DT state-model with the CT state-model, (11.31)
shows how to derive the parameter matrices of the DT state difference equation
from the parameter matrices of the CT state-model, while the parameters of the
output equation (¢" and d) are identical for the DT and CT state-models. The matrix
F will be called the state transition matrix, in particular assuming zero excitation, it
governs the transition between x[k] and x[k + 1] according to

x[k+ 1] = Fx[k]. (11.34)

Example 11.3 To study the nature of the operations while discretizing a system and
the influence of the sampling time on these operations, consider a second order
example, namely a double integrator. Select the state variables as shown in
Fig. 11.15.

Fig. 11.15 CT double u(t) 1 x2() 1 y(t) =x,(f)
integrator 1 > 2
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The CT state equations:

The CT state-model:

w0~ [55]- [2 0 [t

hence

0 lT
F=T=¢ 0 0]"

To determine the above matrix exponential evaluate the infinite series (see 3.20
and 3.26)

1
A =T+AT + EAZTS2 +

note that A¥ = 0 (k >2), thus

1 1 0 0 T 1 T
T, _ a2 o s| s
A fI+ATS+2ATS+ I+ATS[0 1}+[0 0][0 1]

and

- feo- [0 ol [ o 7]

In the case of higher order systems the application of CAD tools is advised. B
Given the initial state x[0], the solution of the state difference equation is well
known from the theory of “Signals and Systems”:

x[K] ZF" m-lg (11.35)

m=

where the first term depends on the initial value of the state vector, while the second
is a weighted sum of the input samples at 0, 1,. .., (k — 1). It can be seen that in the
above solution the F state transition matrix plays a key role. It will be shown later
on that F has a fundamental role in determining other important system properties,
like stability, as well.
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11.4.2 Input-Output Models Based on the Shift Operator

The input-output models will be presented according to the operators used to
describe the relation between the input and output samples. First an expressive
modeling approach based on the application of the shift operator will be shown.
This approach directly supports the discussion using the concept of difference
equations. Just as the LapLack-transform played a fundamental role in the
description of CT systems, the application of z-transforms will be useful for DT
systems.

Discussing CT systems, it has been shown that an input-output model given by a
differential equation or by a transfer function can be transformed into an infinite
number of input-output equivalent state-models. On the contrary, input-output
equivalent state-models always exhibit one single input-output model. This prop-
erty is valid for DT systems, as well. To present this property, first introduce the
shift operator according to

gx[k] =xk+1] (k=...,—1,0,1,...). (11.36)

The function of the g operator is to advance a scalar- or vector-valued DT
sequence x[k] by one single step. The repeated application of the shift operator leads
to advancing the sequence by several steps. E.g., for m steps,

q"xlk] =xk+m] (k=...,—1,0,1,...) (11.37)
is to be applied. A delay can be realized by using the inverse of the operator g:

g ‘x| =xk—1] (k=...,—1,0,1,...) (11.38)
or

g "x[k| =x[k—m] (k=...,—1,0,1,...).

1

In the sequel, the operator g~ will be referred to as the delay or shift operator.

Apply g to the DT state-model:

x[k+ 1] :q;c k] = Fx[k] + gulk] (11.39)
ylk] = ¢ x[k] + dulk]
Solving for x[k]
x[k] = (gI — F)'gulk] (11.40)

allows rewriting the output equation as
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YK = (g — F) "' gulk] + dulk] = [CT(qI “F) g+ d} ulk]. (11.41)

The dependence of the output sequence on the input sequence can be expressed
by

ylk] = Glayulk] = [¢"(al — F)"'g +d]ull], (11.42)

where G(gq), the transfer function operator, has been introduced. Analyzing G(g), it
can be seen that it is a rational function

radj(gl — F)
det(gI — F)

g+d=@ (11.43)

Glg)=c"(gI —F) 'g+d=c A

where det(ql — F) and c"adj(ql — F)g are polynomials in the operator ¢ with real
coefficients:

etigl —F) = q"'+aid" ' + - +a,
anB+b1an71+~~~+an

Alq) =

11.44
B(g) = ( :

d
b

As far as the degrees of the introduced polynomials A(g) and B(g) are con-
cerned, n is the number of the state variables, while ng is subject to the constraint
ng <n. For d =0, which holds for most systems, (11.43) is a strictly proper
rational function, so it is reasonable to rewrite (11.44) for ng = n — 1 as

Alg) =det(gl —F) =q"+aiq" ' + --- +a,
=q"(1+aig' + - +aq™") =q"A(g")
B(q) = big" ' +byg" 2+ - +b,
=q"(big " +bag P+ - +bug ") =q"B(q7")

(11.45)

Similarly to the terminology introduced for CT systems, the roots of A(g) = 0
will be called the DT poles and the roots of 5(g) = 0 will be called the DT zeros.

Based on the introduced polynomials and utilizing the time domain interpreta-
tion of the shift operator, another model of DT systems, namely the difference
equation model, can be derived. As discussed earlier,

Yk = Glq)ulk] = =S ulk], (11.46)
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which can be written as
Alq)ylk] = B(q)ulk]. (11.47)
Further substitution gives
(" +arg" '+ - +a,)yk] = (b1g" " +bag" >+ -+ +Db,)ulk]  (11.48)
and finally
yk+n)+ayk+n—1]+ - +ayylk] = biulk+n—1]+biufk+n — 2] + - - + b,ulk].
Divide both sides of (11.48) by ¢":
(I+aig™" + - +ang")ylkl = (b1g " +b2g > + -+ +bag ")ulk] (11.49)
and rearrange it

ylk] = byulk — 1] + boulk — 2] + - -+ 4+ byulk —n] — ajylk — 1] — - - - — a,y[k — n]
(11.50)

which is the input-output difference equation. Another interpretation suggests
considering (11.50) as a recursive formula to calculate the output sample. It can be
seen that to derive the recursive formula, the polynomials of (11.50) have been used
in their form arranged by ¢~ '. Thus the pulse transfer function operator can
equivalently be defined as follows:

Blg) Bl
Al@™) 1+ A’

G(g") = (11.51)

which is also called the filter form, for based on (11.51) the recursive formula by
(11.50) can always be derived:

vkl = B(g™")ulk] — A(q")ylK]
= bulk — 1)+ bulk — 2]+ - + bulk —n] —ayyk — 1] — - - - — a,y[k — 1]
(11.52)

which is linear-in-the-parameters {a;; b;} and ready to be implemented in a com-
puting environment.

Example 11.4 Find the pulse transfer function operator G(q) for the double inte-
grator discussed earlier in Example 11.3. Apply T = 1:
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Glq) =c"(gl —F) 'g+d =1 0}[‘151 -1 ]_1[0-5}0-5@1“)

q-1 1 (q—1)
_0.5¢+05
@ —2q+ 1
Both poles of the system are equal to pg,, = 1, while the single zero is zg = —1.

11.4.3 Modeling Based on the z-Transformation

The z-transform of a DT sequence f[k], (k =0,1,2,...) is defined as follows:

o0

Z{KY =) 0l +z '] +2 2]+ -, (11.53)

k=0

It can be shown that the complex variable of the z-transform (z) is in a close
relationship with the complex variable of the LapLACE-transform (s). As a guiding
principle, a discretization is looked for where the values attached to the sequence of
impulses are identical to those obtained from sampling. The theory of hybrid
systems calls this principle impulse invariance. Consider the mathematically
sampled form of a CT signal f():

o0

£ =D f(mT)d(t — mTy), (11.54)

m=0

then find the LapLAcE-transform of f*(¢):
E{f {Zf I’I’lT l — st)} :f(o) "‘f(Ts)e*STs +f(2TS)6725T5 4o

Note that f*(¢) is a DT signal. To comply with the impulse invariance principle

L{f (0} = Z{f [k} (11.55)

is obtained, which leads to

FO)+f(T)e™ T +f2T)e > 4 - = fl0] + 2 'f[1] + 22 + -+,

implying that
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z=eT. (11.56)

To emphasize the importance of the relation z = ¢*7* find the stability region for
DT systems. For CT systems, the left half-plane of the s = o+ jo complex plane
turned out to be the stability region concerning the poles of the CT system. The
z = e'Ts maps this left half-plane into the unit disc in the complex z-plane. To see
this, observe that z = ¢*”> maps the borderline of the stability of the s-plane s =
Jo (—oo<®<00) to the unit circle. As the frequency increases the region of sta-
bility is to the left of the borderline in the s-plane, so will happen in the z plane.
More exactly, sampling will map the fundamental band —1/Ty <o <m/T; in the
s half-plane into the unit disc (bands outside the fundamental band repeat them-
selves). The two lines parallel to the negative real axis in the s-plane at ® = £jn/T;
will be transformed to one single line (the negative real axis of the z-plane). Poles
according to the limit of the SHANNON sampling law will be transformed to the
negative real axis of the z-plane.

The simple basic building blocks for DT models can be determined by
approximating the CT operators while acting on the sequence of sampled data. Start
with simple differentiation.

Backward difference:

Based on

dy yk|—ylk—1] 1-z"
i 4] T[ ]: T y[k] (11.57)

= = . 11.58
GD(Z) TSZ TS ( )
Forward difference:
dy ylk+1] -y _z-1 [,4_1*_271 K] (11.59)
i T T. y Tl YK, .

suggests using

Go(r) = =% (11.60)

as the DT equivalent of the CT differentiation.
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Consider now the simple integration by Hi(s) = 1/s.

Right hand rectangular rule:

k

k
W(e) = /u(r)dr ~ N uli)To = 1.3 ) = y{K] = ylk — 1]+ Taft], (11.61)

0 i=0 i=0
allows setting up the following recursive formula:
y[k] — vk — 1] = (1 — 27 ") y[k] = Tsulk]. (11.62)
Consequently,
T, Tz

Gla)=1—5="7 (11.63)

Left hand rectangular rule:

! k k
0= [u()de = 3 )T = 73 a) = k) = fk — 1]+ Tk~ 11,
0

i=0 i=0
(11.64)
leads to
ylk+1] — ylk] = (z — 1)y[k] = Tulk]. (11.65)
Consequently,
T, Tz !
Gile) = — == (11.66)

To recapture the methodology used for discussing CT systems, LAPLACE-trans-
forms were effectively used by introducing various transfer functions. For DT
systems the z-transforms may play a similarly important role once the notion of
pulse transfer function is introduced as the ratio of the z-transforms of two signals.
A natural requirement here is that both the input and the output signal should be DT
sequences. This means that the ZOH unit should also be taken into account.
Figure 11.16 shows the proper arrangement driven by the DT input u[k] and gen-
erating the DT output signal y[k].
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Fig. 11.16 A CT block )
extended by a ZOH and a ulk] ZOH u) H(s) 20) A/D A4l
sampler (D/A)

The pulse transfer function of the discretized system (assuming zero initial
conditions) is

_ Z{lk}
Z{ulk]}

G(z) (11.67)

For an arbitrary input the sampled response can be calculated by

vk = 2001} = Z{ L7 0V = Z{LTVOHO) L - (11:68)

It can be seen that the above expression is input-dependent, in other words
instead of a general DT model, only a DT model valid for a given class of inputs
can be formulated. Aim at setting up a Step Response Equivalent (SRE) DT model
valid for a unit step sequence of u[k| resulting in a CT step response u(¢) input:

vk = z{cl [@] rm}. (11.69)

In this case the CT and DT models will exhibit identical outputs at the sampling
instants. Observe that the LapLACE-transform yields the step response of the CT
system:

H
Ll{ﬂ} = (1), (11.70)
s
whose samples determine the DT step response
H
vik] = £ {(s)} : (11.71)
S L=k,

thus the DT model can be written as

G(z) = 2:[[];% = Z{LM} =2 ; ! ZEKY=(1—-2")Z{K}.  (11.72)

z—1

Note that the above relation can be found in some textbooks as
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G(z)=(1 —1_1)2{@}. (11.73)

The above form is rather expressive, however, it is not correct in the mathe-
matical sense, since a LAPLACE-transform obviously has no z-transform. The correct
procedure is to perform an inverse LAPLACE-transformation, then sampling the CT
signal, a DT signal is obtained by substituting # = k7. In principle, the SRE
transformation matches the case of using a ZOH unit, i.e., between the sampling
instants there are always step-like excitations.

In a similar way, Ramp Response Equivalent (RRE) DT models can also be

derived:
ylk] = z{gl [%‘)] B } (11.74)

In principle, the RRE transformation matches the case of using a first order
holding unit in the closed-loop. In this arrangement, there are always ramp-like
excitations between two samples.

Example 11.5 Apply the results obtained so far for setting up a DT model dis-
cretizing a double integrator. The unit step response of the double integrator is

2
V(I)ZE (t>0), (11.75)
or in a sampled form
(KTy)?
vk === (k=0), (11.76)
z-transformation gives
s 3
2Pk} =72z + /(2 = 1), (11.77)

and finally
= 1T z(z41)  T7 (z+1)

2 2(z-17 2(z-1)?
(11.78)

G) = (1= ) 2Dk} == Z0lk)

Specifically, G(z) = (z+1)/2(z — 1)* = (0.5z+0.5)/(z% — 2z + 1) is obtained
for Ty, = 1. |
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Observe the formal coincidence of the forms derived by the pulse transfer
operator G(g) and by the z-transforms. For the relations of the z-transformation the
interpretation of multiplication by z is advancing a sequence by one sample and the
interpretation of multiplication by z~! is delaying a sequence by one sample, in
general it can be stated that G(g) can be obtained by substituting z = g in G(z).
Despite the formal matching keep it in mind that the shift operator and the variable
of the z-transforms are different notions!

Repeating the derivation used for the shift operator it can be shown that
Gl2) B(z) T adj(zI — F)
A(z) det(zl — F)
to be det(zI — F) = 0. For the stability of the DT model then |z;| <1 (i = 1,2,..,n)
applies.

g +d. From this the characteristic equation is found

Example 11.6 Derive an analytical relation to determine the SRE DT model of the
first order lag given by H(s) = K/(1+sT). Use the simplified expression of
G(z) = (1 -z ") Z{H(s)/s}

Go) = (1- z‘l)Z{H‘ES)} (- z_l)Z{ﬁ} —(1- z—1)3{§ - I_I%Tﬁ}

Kz Kz z—1 1—e BT
_ S N _ 1 e I S - =
= (-2 )z—l (1-2 )z—e*Tf/T K(l z—e*Ts/T) K e
B K(l _ e*TS/T)Zfl B b]Zil
L= e Tl 14az!

(11.79)
s |-
v(t)
/ va(t)
1
T, =2 sec 50 !

Fig. 11.17 CT and SRE DT step responses of a first order lag
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Figure 11.17 shows the step response for K = 5 and T = 10. Check the initial
and final value of the step response using the initial value and final theorems:

7 K(1—e /T _o
=1 z—e T [

y[0] = lim Y(z) = lim{U(z2)G(z)} = lim{

Z—00 7—00 7—00
and

Jim ylk] = lim{(1 - z"") ¥ ()} = lim{(1 - 27" )U(:)G(2)}

:lim{(l—z1)Z31K(1_‘3T‘*/T)} - K

z—1 z—e” /T

It may be of interest to analyze the dependence of the coefficients b; and a; on
T and Ty, respectively. Introducing the relative sampling rate as x = T, /T we get

b = K(l —e)

ap = —e

(11.80)

It is easy to check the steady-state gain: G(z = 1) = K. The pole of G(z) turns
out to be pd = —a; = e™*. |

Example 11.7 To derive the DT SRE model of a second order CT process is a far
more tiresome procedure, though this relationship is frequently needed. For a
process with a complex pole pair pj, = a £ jb, the well-known expressions using

the damping factor of & and the natural frequency ®, are a = —&wm, and
b = we\/1 — E%. The DT pair of complex conjugates takes the following form:

(z—p1) (z—p)) =& — [2¢*Tcos(bTy) |z + T, (11.81)

11.4.4 Analysis of DT Systems in the Frequency Domain

The analysis of systems driven by sinusoidal signals forms a fundamental method
of system analysis. Consider the response of a stable DT model by

b b P+, B(2)
ta M a4 o +a, A(2)

G(2) (11.82)

driven by a sequence of sinusoidal samples
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ulk] = K cos(mok)
From Table 11.1,

72 — zcos(w,Ty)

U@ = 2{ulll} = K 5 cos(eTy) + 17

and the z-transform of the output is

B B 72 — zcos(w,Ty) B 2 —zcos(w,Ts)  B(2)
¥(@) = U)6(e) = K12 +2zc0s(0oT) + 1 6z) = K12 +2zcos(,Ts) + 1 .A(z)

Further manipulations give

Y(z) K 7 — cos(®oTs) B(z)

z (Z — ejmoTs)(Z — e_jﬁ)oTs) A(Z)
and the PFE turns out to be

Y 1% c
QY9 ¢
7 Al z— % z— el

where V(z) is a polynomial with degree less than n, while the coefficient ¢ equals

0] Y(Z) K j0o T
C:|:(Z_€]°TS>7:| ‘ ::EG(EI T‘).
z=el®

As ¢ is the complex conjugate of c,

~ 2V(z) N K [zG(e™") N 2G (T
A(Z) 2 Z— eijTS z— gjons

is the sum of a transient y,[k] and a steady-state component yg [k]:

YK = yulk] + yes[K]- (11.83)

Stability requires klim Yu[k] = 0 and the steady-state component is
—00

yss[k] = K|G (™)

cos(w,Tsk + O), (11.84)
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where
G(e™™) = ’G(eiwaT<)|e/‘®, (11.85)

The sinusoidal excitation causes the steady-state response of a stable DT system
to be sinusoidal with the same frequency but an amplitude of

G(2)|,_yowre= G(™T) = |G(™T) |e©. (11.86)

The above result is in harmony with the result obtained earlier for CT systems.
The results are obviously different, however, the DT and CT systems share identical
properties.

Based on the discussion of DT systems so far, it is rather general that in the
expression of the G(z) pulse transfer function and that of the transfer function
operator G(q) involve the variables z~! and ¢~!, rather than z and ¢, respectively.
To derive the filter forms G(z~!) and G(¢~") can be derived from G(z) and G(q) by
dividing both their numerator and the denominator by the highest power term.
These forms are

(=) - B(z") bz ' +bz 4 by
AizY) 1+az ' +az 2+ - +a,z"

(br+byz + -+ by )

= 11.87
ltaiz ' +az 2+ -+ +az" ( )
or
Glq) = Bg") _ big ' +bag A+ +bug "
Alg™) 14+aig ' +ag2+ - +aq™
bi+byg '+ - +b,g"D)g!
_(bit+bag '+ +bg " V)g (11.88)

ltaig ! +aq?+ - +ang™

Note that if the transfer function of the CT system is strictly proper, than the SRE
transformation results in transfer functions G(z) and G(g) with pole excess one.
The CT time-delay e—*7¢ will be represented by

74 . g1 (11.89)
where
T
d= int{—d} (11.90)
T

with d = int{. ..} meaning the separation of the integer part. z¢ corresponds to the

general delay relationship by (11.11). The z~! and ¢~' terms in the expression of
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G(z~') and G(g "), respectively, are not part of the z=¢ and g~ terms representing
the time-delay. Thus for a process containing an actual time-delay it is reasonable to
use the pulse transfer function

by+byz '+ - bz Y @+

Gz ') = , 11.91
=) ltaiz ' +az?+ - +az" ( )
which is the SRE transform of the general CT system given by

H(s) :knfl (S_Z")e’ST“' m<n. (11.92)

[Ties (s —pf) 7

In the CT state-model form the gain of the direct constant channel is zero
(d=0).

11.4.5 Transformation of Zeros

The allocation of poles and zeros of an nth order G(z) pulse transfer function is an
interesting issue. Assume the SRE transformation is used for the discretization.
Based on the example elaborated earlier for a first order lag, it can be seen that the
transformation of the poles follows pf = e, where x; = T,/T; and the pole of the
CT system is —1/T;. (The relation is valid for complex conjugate poles as well,
however, it is reasonable to handle those poles as complex conjugate pairs.
Anyway, the transformation relationship will be far more involved.) The expo-
nential relationship will map stable CT poles to stable DT poles, for the complete
CT stability region (the left half-plane) is transformed into the stable DT region (the
unit disc). Also, unstable CT poles (in the right half-plane) will be transformed into
unstable DT poles (outside the unit disc). The transformation of the zeros, however,
does not follow this pattern. Note first that G(z) always has (n — 1) zeros. Provided
that the CT system has only m stable zeros, then m out of the (n — 1) DT zeros are
transformed approximately by zJ ~ e~ (the exact relationship is far more
involved). The rest of the zeros—there are (n — m — 1) of them—follow a different
law, as those zeros have no CT counterparts. Typically, these (unmatched) zeros are
located on the real axis. If the pole excess is larger than one, even for minimum
phase systems (having stable zeros), the unstable zeros (out of the unmatched zeros)
should be accounted for. In short, even minimum-phase CT systems may turn into
non-minimum phase DT systems after the SRE transformation.

Similarly, an important observation is that a fractional time-delay (a delay which
is not an integer multiple of the sampling time) may result in unstable zeros. As
unstable zeros play an important role in the DT controller design procedure, it
should be noted that nonminimum-phase CT systems represent a very special class.
However, DT nonminimum-phase systems are rather common.
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11.5 Structural Properties of State Equations

The state-space description of a sampled data system consists of the state difference
equation

x[k+ 1] = Fx[k] + gu[k] (11.93)

and
y[k] = ¢ x[k] + dulk]. (11.94)

Introducing a shift element the realization of the system is shown in Fig. 11.18.

The state difference equation describes the development of the states of the
system, whereas the output equation gives how the output depends on the state
variables and incidentally directly on the input. The pulse transfer function of the
system (supposing zero initial conditions) is given by

G(z) = gg[ﬁ (I —F) g +d. (11.95)

Similarly to CT systems, an infinite number of state space representations can be
derived from a given pulse transfer function, which provide the same output signal
for a given input signal (therefore these representations are called input-output
equivalent descriptions). To verify this statement, in the sequel several different
input-output equivalent state space descriptions will be derived from a given pulse
transfer function.

Example 11.8 Consider the pulse transfer function

B+ P+ bhz+by b +byz+bs

G(z = +d, 11.96
@) P ra?+azta Pra?+azta ( )
d
lx[OJ
! +
ulk] ¢ + x[k+1] - x[k] o . y[k]

Fig. 11.18 Block-diagram representing the state equation of a discrete system
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Transform it to the form

b+ bz 2 + b3z 3
l+aiz7 ' +az 2 +azz™3

G(z) (11.97)

Then

_ biz ' bz bz
l+aiz' +az? +azz™?

Y(z) U(z) +dU(z). (11.98)

Observe that the value of d is non-zero only if the degrees of the numerator and
of the denominator of G(z) are identical (the degree of the numerator can be at most
the same as that of the denominator).

Let us realize first the relationship

Y(z) = [(briz '+ bz P+ b3z ) /(1 +aiz  + @z + a3z )| U(2),
then the value of dU(z) has to be added to the output. By cross multiplication

Y(2) +arz'Y(2) + apz 2Y(2) + a3z Y (2) = biz ' U(2) + baz 2U(2) + b3z > U(2)
(11.99)

is obtained. Rearranging the equation Y(z) can be expressed as

Y(z) = [0U(z) —a1Y(2)|z ' + 02U (2) — ax¥ (2)]z 2 + [b3U(z) — a3 Y (2)]z .
(11.100)

The realization will provide a block-scheme, which besides the constants and the
summation elements, contains shift blocks with pulse transfer function of 74
realizing a one step delay. As seen from the equation above, the signal
[b1U(z) —a1Y(z)] has to pass through one delay element, the signal
[b2U(z) — a2Y(z)] has to pass through two, whereas signal [b3U(z) — a3Y(z)] has
to go through three. Based on these considerations the block-diagram showing the
realization is drawn in Fig. 11.19. The state variables can be chosen at the outputs

of the shift elements. Thus the state equation can be written as

X1 [k+ 1] = —daszX3 [k] +bgu[k]

)Q[k—f— 1] =X [k] — arX3 [k] +b2u[k]

x3lk + 1] = xa2[k] — a1x3[k] + byulk] (1L.101)
Ylk] = x3[k] + dulk]

In the figure the time domain and z domain notations appear at the same time,
thus the equations of the given realization can be directly “read”: if the output of a
shift element is x;[k], then its input is x;[k + 1]. It is easily seen in the figure that a
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ulk] Mk

Fig. 11.19 Block-scheme of the observable canonical form

direct channel between u[k] and y[k] without dynamics exists only if d # 0. This
means that an abrupt change in the input signal causes an immediate change in the
output signal only if the degrees of the numerator and of the denominator of the
pulse transfer function are identical. If this condition does not hold, then a change in
the input signal affects the output signal only in later steps. Finally, arranging the
equations derived above according to the state space form yields

xi[k+1] 0 0 —u3 b3
xk+1]= [ xk+1]| =1 0 —a |x[k]+ | by |uk] = Fox[k] + g ulk]
x3[k—|—1]_ 01 —a by
x1[k]
yk=[0 0 1]|x k]]+du elx[k] + dulk]
[K]

(11.102)

Note that the derived state space description gives the so called observable
canonical form (see the explanation of this phrase around the formula (3.55) in the
CT case).

Derive now another realization of the subsystem by

Y(z) = [(b1z_l +byz b3z_3)/(1 +aiz ' raz t+ a3z_3)] U(z)

(the realization of the dynamic subsystem will be extended by the dulk] element
afterwards). The method is the following: after cross multiplication an intermediate
variable is defined; first this variable is created from the input signals, then the
output is built using the intermediate v[k] variable. Now the pulse transfer function
is arranged as
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Y(2) _ Uz)
biz 4 bz 2+ b3z 14aiz ' tar? +asz

5= V(2). (11.103)

Let us consider first the equation

U(z)

l+taiz ' +az 2+az? V@), (11.104)

which in the time domain provides the recursive relationship
vik] = ulk] — aivlk — 1] — apv[k — 2] — azv[k — 3]. (11.105)

Regarding the realization let us start with three serially connected shift elements
driven by the input u[k] (Fig. 11.20). Coming back to the equation V(z) =
Y(z)/(b1z7 ' + baz"% + b3z ?) the difference equation in the time domain describing
the output signal can be written as y[k] = byv[k — 1] + byv[k — 2] 4 b3v[k — 3], thus
the whole realization can be drawn as given in Fig. 11.21. Based on Fig. 11.21 the
following equations can be written:

X1 [k+ 1] = —a1xX [k} — ClzXz[k} — a3x3[k] + M[k]
xalk+ 1] = x; [K]
11.106
X3 [k+ 1] = )Cz[k] ( )
y[k] = b1x1 [k} + bz.Xz [k} + b3X3 [k] + du [k]
ulk) v[k] 5 v[k-1] : v[k-2] - v[k-3]

=) ¢

~

=y

Fig. 11.20 Creating an intermediate variable
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Fig. 11.21 Realization of the controllable canonical form

Thus the state space model is

xi[k+1] —a, —a —-a3 1
xk+1]= | nk+1]| =] 1 0 0 [x[k]+ | O |u[k] = Fx[k] + g ulk]
x3[k+1] 0 1 0 0
x1 k]
yik| =[b1 by b3]| xafk] | +dulk] = e x[k] + du[k]
x3[k]
(11.107)

This model is called the controllable canonical form (see the explanation of this
phrase for the formula (3.46) in the CT case). ]

The solution of the DT state space system in the form x[k] = (I — F) 'gulk]
directly shows that in the case of a diagonal state transition matrix F the matrix
inversion can be avoided; therefore transforming the pulse transfer function to a
form which results in a diagonal representation will lead to an advantageous
structure. Generally let G(z) be

G(Z) _ blZ_l +b2Z_2 + - +bnflz_(n_l) +d= - Biz_l +d (11 108)
l+taiz ' +az 24 - +az™ — 1 +oz7! '

then introducing the state variables by

xi[k—i— 1] = B,u[k] — otixi[k] (11109)



390 11 Sampled Data Control Systems

the state difference equation will be

xi[k+1] —oy 0 0 0 x1 K] B
xalk+1] 0 - 0 0 x2[k] B,
xk+1] = : = 0 0 0 : + : ulk|
Xn [k + 1] 0 O O —0t, Xn [k] Bn
= Fyx[k] + gqulk]
(11.110)

and the output equation is given by
vkl =11 1 ... Lx[k]+dulk] = elx[k] +dulk]. (11.111)

It was supposed that the poles of G(z) are single and real. The derived form is
also called parallel canonical form. The realization is shown in Fig. 11.22.

It can be easily seen that besides Fy = diag[—o;, —0l, . . ., —0,] the state space
model with

x[k+1] = Fax([k] + gqulk]

T (11.112)
k] = el + dulk]
» d
5 ? | xi[k]
-1y [
ulk) xal k] y yK]
» [ %?—4 z! > >
-0y &
xq[k]
» P :T NS
=0y [*

Fig. 11.22 Block-diagram of the parallel canonical form
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gives a parallel canonical form, where g;c; = g; = B, is fulfilled. (Comparing this
with the CT forms (3.38), (3.39) it can be seen that in the DT form, simply y; = 1
was chosen.)

(In the state space forms—following the conventions—the gain of the direct
constant channel was denoted by d, whose value is the same both for the CT and the
DT case. As in the DT case its value generally is zero, it was not so disturbing, that
the same letter was used also for the discrete dead-time.)



Chapter 12 )
Sampled Data Controller Design e
for Stable Discrete-Time Processes

Comparing Chaps. 7 and 9 it is worth distinguishing stable and unstable processes
at the design step of a CT controller. For stable processes precise mathematical
methods—based on or derived from YouLA-parameterization—are available. Even
the conventional PID regulator—under the usual tuning—corresponds to a rough
approach of the Youra-controller. The unstable processes require different methods,
where the most important task is to stabilize the process. For this task, in Chap. 9,
a general polynomial method based on state-feedback and observer was presented,
and in Chap. 10 another method based on DiopHANTINE-equations (DE) was pre-
sented. For sampled data systems, a similar logic will be followed to design the
controllers. The main difference is that the establishment of the different
signal-forming items realizing the different methods for DT control loops in
computer based control systems is significantly simpler.

In this section the transfer function operators G(. . .) are functions of z and z~! or
g and g~' depending on the character of the DT description. The design methods
presented here are practically polynomial (algebraic) methods, so they can be
applied to all models discussed for the sampled systems, only the chosen model
form has to be applied correspondingly.

12.1 The YourA Controller for Sampled Data Systems

In Chap. 7 a general control parameterization method and a design method based
on that was shown. The so-called YouLa-parameterization method was suggested
for the design of one- or two degree of freedom (ODOF, TDOF) control loops. The
advantage of the method is that the design of the closed-loop is assigned to two
reference models, namely the reference signal tracking behavior may be assigned to
R, the disturbance rejection to R;,, and the design of the controller can be given in a
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relatively simple closed form. The disadvantage of the method is that it can be
applied only to stable processes.

The presentation of the YouLa-parameterization, its relationship to the IMC
principle, the optimality and the best reachable control, were discussed in a very
general way, so—in many cases—it is enough to replace the transfer functions with
the pulse transfer functions, and all the relations are valid here, too. Therefore the
general statements of Chap. 7 are not repeated here, instead the differences and
deviations are emphasized. Consider the DT process

G(z') =G+ (z")G_(z") =G (z")G_(z ")z ? or (12.1)
G=G,G_=G,G_z
where G is stable, its inverse is also stable and realizable (ISR). The inverse of G_
is unstable (Inverse Unstable: IU) and non-realizable (IUNR). In general the inverse
of the delay z“ is unrealizable, because it would mean an ideal predictor.
The optimal controller obtained for the general case [see (7.14)] is

RyG,G !
Cone =1 —R;elfll;nc; 1 —ngpt(; TToRGG GG (122)
where the optimal YouLa parameter is
Oopt = RyGoG}' =R,K, and K, = G,G' (12.3)
and
0: =RG,G,' =RK, and K,=GG (12.4)

For sampled systems the equivalent optimal control system corresponding to the
generalized IMC principle is completely the same as seen in Fig. 7.9, whose sim-
plified version is shown in Fig. 12.1.

Yr -1 * RnGnGII u M
— R.G,G G —_—— G > 7>
rIrY+ 1— R.G,G_ Z—d + ¥

Copt

y

Fig. 12.1 Optimal sampled-time control system based on the generalized IMC principle
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The most important signals of the TDOF closed-control loop are

Uop = R:G,G 'y — RyGyG ' yy

eopt = (1 = RG,G_z9)y; — (1 = RiGaG—_z )y = (1 — Ty, — SPy,

Yopt = ReG:G_2 %y: + (1 = RiGaG-z )y = T®'ye + (1 — TP )yn = TP'y: + Sy,
(12.5)

where the equalities TP = R,G,G_z ¢ and T = R,G,G_z ¢ are valid. The
further equivalent forms of the best reachable optimal control systems are shown in
Fig. 12.2. (These figures are for illustration only, their realizability has to be
investigated in each case!).

As mentioned earlier, the theory of the optimality of G, and G, will not be
discussed here. The choice G; = G, = 1 employed in this simple case leaves the
invariant process factor G_ unchanged, so it appears unchanged in the signals of the
system.

r--r-r=--=="="7"7"7"7"7777"7"7~"7~"7777 ! lyn

| |

I Y + P! ", y y

: AN R.G, > hs — —:> G —>Q——>

| 1-R,G,G_z | +

| ’ |

| COpt |

| |

| |

| |

| |

I RnGn T

| CONTROLLER ;

(b)

:r E PROCESS |y,

:yr RrGr + + I/t: y
L RG G G G,Z_d >

' |RG, o + N

1 - + 1

X REALIZABLE ,

, INVERSE

| MODEL

| oo T

1 1

1 1

1 1

' CONTROLLER !

Fig. 12.2 The equivalent forms of the best reachable optimal sampled data control loop
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e ‘ In

| I+ +
Ve o _al u y
—>R,G G,G_z ‘ G ™ —

1]

Fig. 12.3 YouLa-parameterized realizable sampled control loop with the choice of G, = G, =1

u=RG. 'y, — R.G 'y,
e=(1-RG_z %)y, — (1 = RyG_-z“)yn = (1 = T1)yr — Suvn (12.6)
y= Rrsz_dyr + (1 - Rntz_d))’n =Ty + (1 = Ty)yn = Toyr + Suyn

so the realizability of the transfer functions RrGjrl, RnGjrl, and R,G_ has to be
ensured, respectively. It can be clearly seen that the realizability can be simply
handled by the appropriate choice of the order and pole excess of the reference
models R, and R,. A realizable but not optimal control system is shown in
Fig. 12.3.

In the case of sampled data systems it is worth noting, that using the SRE
transformation it is always true for the delay-free part (G + G_) in the pulse transfer
function of the process—independently from the pole excess of the CT process—
that the pole excess is equal to one. So the realizability of the items RrG;1 and
Rnt is ensured even for first order reference models R, and R,,.

Example 12.1 Let the controlled system be a first order process with delay

0.2z7! 3 02774 . 0.2z7!
frd T = .C. = d — = 1
08 1° ~1_o0871 @ G+=7T_ggz1 ™ G

G
(12.7)

and the goal of the control is to make it faster. Let the tracking and disturbance
rejection reference models be

0.8771 0.5771
R=——"—"— d Ry=—-——. 12.8
"I o021 MY T o5 (12.8)
Since G_ =1 there is nothing to be compensated optimally, i.e., G; = 1 and

G, = 1 can be chosen. The optimal controller is
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. i
| 4(1-0.8:7) 027 [t 25(1-0.827") 02t |

y
1-0.277"! 1-0.877" 1-0.5271-05:74 | + 1-0.8:7" |+ [
G y Copl G
Fig. 12.4 The optimal control loop of Example 12.1
R,G,G! 1
Copt = = R.G*!
Pl —RGyG 24 1 =Rz "t 1o
7 1 052! 1-08z"'  251-08z7") (129)
1-— 193%;]4 731 -05z71 0.2z7! 1—-0.5z71—05z+4
and the serial compensation has the form
0.8z7! 1-08z" 4(1-0.87"

RG =% o _ X <) (12.10)

T 1-02z771 02770 1-0.2771

so the optimal TDOF control loop has the scheme shown in Fig. 12.4 (see
Fig. 12.2b). Note that Cop(z =1) = 00, i.e., the controller has an integrating
character, which comes from the condition R,(z =1) = 1.

It can be easily checked that the output of the closed-loop is

0.8z7" 0.5z7"
_p—d —d\, _ -3 -3
o = Ry (1= Rod ™o = G770t (1 TTo0s T )y"
B 0.877% (1 0.577%
T1-02:1" 1—05:1)"
(12.11)
which completely corresponds to the designed TDOF control system. |

12.2 The SmitH Controller for Sampled Data System

Let us consider a simple process with delay based on (12.1) in the sampled data
control system

Gz =G+ ("G (") =G+ (z")G_(z7")z? or

i (12.12)
G=G,.G_.=G,G_777,
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(b)

r o+

Fig. 12.5 The scheme of the sampled data SmitH controller

where G is stable. For the DT process of (12.12) the SmitH-predictor principle
discussed in Chap. 7.1. is shown by the control system given in Fig. 12.5a. Since
this control loop is equivalent with the scheme given in Fig. 12.5b, the goal of the
control is clearly seen, to separate the original closed-loop containing the delay to a
delay-free closed-loop and the delay appears serially connected. So the controller
C for the process G+ can also be designed by a conventional method (not taking
the delay into account).

Figure 12.5a can be redrawn for the equivalent forms (a) and (b) of Fig. 12.6 by
simple block-manipulations.

The IMC structure of Fig. 12.6a clearly shows that the SmitH controller is a
YouLa-parameterized special controller with YouLa parameter

Cy CiGy -1 L. -1 -1
— = Gl = G.'=R.G 12.13
Qs 1+C,G, 1+C,G, * 1+L, * +Gh | )

if the controller C, stabilizes the delay-free part G, of the process. Here L, =
C G is the loop transfer function of the closed-loop shown in Fig. 12.5b, fur-
thermore the complementary sensitivity function

L
T, =R, =—* (12.14)

1+L,

—d
G,z

—d
G,z

INTERNAL MODEL

Fig. 12.6 Schemes of the equivalent sampled data SmitH controller
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Figure 12.6b shows the equivalent complete closed-loop, where the YP sampled
data serial controller is

0+ C+

C, = _
o 1-04Gyz? 140G (1-279)

= C, Ks (12.15)

the form of which, at the same time, suggests the realization of the inner
closed-loop representing the mode of the realizability. Here Kg represents the serial
transfer function by means of which the SmitH controller modifies the effect of the
original controller C . Thus

1 1

Ks = - .
ST1+C G (1—z%) 1+L,(1—24)

(12.16)

Contrary to the CT systems, the realization of the sampled-time SmitH controller
does not involve any difficulty in practice, since Cgs can be easily realized in part or
completely by computer aided systems (see the statements in the previous section
about the linear DT filters).

12.3 The TruxaL-GUILLEMIN Regulator for Sampled
Data Systems

The TruxaL-GuILLEMIN method can be applied to the design of the controller of
ODOF sampled data control systems. According to this method, the prescribed
design goal has to be formulated for the transfer function of the closed system,
which is a process with delay

CcG CG 7z d
T— - — Ruz ¢, 12.17
1+CG 1+CG, 74 ™ (12.17)

where it is assumed that in the formula (12.1) of the DT process G_ = 1. Now,
based on this condition the following simple algebraic equation is obtained for C

CG. =R, +CG 7 “R,. (12.18)
From this the controller can be chosen according to

Ry

c=—"n
1 —-R,z 4

(G,)'= Cra. (12.19)

Observe that this form is equal to the basic case (G, =1, G_ = 1) of the
sampled data YouLa controller (12.2). The controller can be realized according to
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Fig. 12.7 The realization of
the TRUXAL-GUILLEMIN
regulator

Fig. 12.7, but there is no problem even with the complete realization of the formula
(12.19) in computer aided control systems.

Thus R, corresponds to one of the reference models of the YourLa method. For
the ODOF case R, = R;. Let the reference model and the process be given in the
forms R, = B,/ A, and G = B/ A, respectively. In this case the polynomial form of
the controller is

B, A

Crg = —2 2
6~ A, B, B

(12.20)

The controller is realizable if the pole excess of R, is greater than or equal to that
of the process. It was seen in Chap. 11 for the DT case that the pole excess of the
pulse transfer function of the process is one (in practice generally for zero order
hold, thus in the case of unit step equivalent (SRE) transformation). Thus the
controller (12.20) can be realized, in general, because R, is usually chosen to ensure
the necessary pole excess. If R, has unit gain (R,(1) = 1), then the controller is of

1-type.

12.4 Design of Regulators Providing Finite Settling Time

In the case of DT systems it is possible to design a controller which is able to track
exactly the unit step reference signal within finite steps, or make the error signal
zero in finite steps. This controller is called a Dead-Beat (DB) controller which
provides finite settling time. Let us assume that in an ODOF control system the
process is a relative prime G = B/.A, and Cpg is the “deadbear” controller to be
designed. Assuming a unit step reference signal, its z-transform is
R(z) =z/(z—1)=1/(1 —z7"). The dead-beat control requires that the z-trans-
form of the error must be a finite order polynomial P.(z), i.e.,

1

E(z) =S(2)R(z) = mR

@PCMG%@R@.UMU

14+ CppG
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It follows from this that both the sensitivity function and the complementary
sensitivity transfer functions must also be finite order polynomials, i.e., the
polynomials

(-l 1y . _ OG0 _
S=(1-z"Pe(z") ; T_1+CDBG_1 (1 —27"YPe(z) = Py(2)

(12.22)

have finite order. Similarly it has to be required that the complementary sensitivity
transfer function referring to the output of the controller must be a finite order
polynomial

Cog

— Pu(2). 12.23
NGRS (12.23)

This kind of transfer function is usually said to be a finite impulse response (FIR)
type, also known as a moving-average filter. Based on the above, we may write

CprG B
= = =Pu(z)—, 12.24
14+ CpgG Py (Z) Pul2) A ( )

whence the condition for the dead-beat control is

B(z) _ Py(2)

AZ)  Pulz)

=G, (12.25)

which—in the case of relative prime process polynomials—can be fulfilled if
Py(z) = M(z2)B(z) and Py(z) = M(2)A(z). (12.26)

Since in steady state the error is zero, the condition Py (1) = 1 must be fulfilled.
As a consequence the gain of the design polynomial M (z) must be

M) = ——. (12.27)

Finally, based on (12.23), (12.24) and (12.26), the controller has the form

Pe . MA
T 1-P,G 1—-MB’

Cos (12.28)

Thus the most important step of the design of a dead-beat control is the choice of
the design polynomial M (z). The dead-beat behavior for the input and the output of
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the process is given by (12.26). It is worth investigating the forms of the signals on
the basis of (12.21) and (12.28):

1—MB) 1—-MB

Z
Pulz) = (z—l -=

=N. (12.29)

Here, (12.27) is taken into account, according to which the factor (1 — M) has
always the root z = 1, since 1 — M(1)B(1) = 0.
Equation (12.28) has also the forms

o MA Py Py A R A
1-MB 1-Py 1-PyB 1-R,B’

Cps (12.30)

where the substitution R, = Py is applied. Thus the same form is obtained as the
TruxaL-GUILLEMIN regulator (12.19) or the basic case of the YouLa regulator (7.9).
The significant difference is that now R, is a FIR filter, thus it is a polynomial and
(12.29) must also be fulfilled.

Let us summarize the applied restrictions concerning the design of a dead-beat
controller:

— it is assumed that the process to be controlled is stable
— the reference signal of the closed-loop is assumed to be unit step
— the dead-beat behavior is valid only at the sampling instants.

Note that if the above conditions are not fulfilled, the dead-beat controller design
can still be performed in certain cases (e.g., by polynomial or state-space tech-
niques), but it can not be made by the simple and clear design methods to be
presented next.

Example 12.2 The method is presented for a second order CT process with
dead-time. Let the transfer function of the CT process be

—s

e

PO = AT 359

(12.31)

The first step is to discretize the CT process by a zero-order hold term under the
sampling time 7, = 1 s

~ B(z)  0.0091(z+0.9048)
6@ = Az)  (z—0.9048)(z — 0.8187)z (12.32)

(SRE transformation). Notice that the factor z represents the delay supposing a
sampling time of Tq = 1 s, since Ty = Tq4. The effect of the delay can be better seen
from the form
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0.0091(z+0.9048)
- : 12.
6@ (z— 0.9048)(z — 0.8187) ° (12.33)

Regarding the goal of the design, the following considerations can be made.
Without a delay, the effect of the input signal u[0] # 0, appearing at the sampling
time £ = 0 at the input of the zero order hold, will appear in the output—at the
earliest—at the sampling time k = 1 due to the order of the process. Consequently,
if the delay is Tq = 1 s, then the effect of the input u[0] # O will appear—at the
earliest—at the sampling time k = 2. As a consequence, the best tracking control
that can be constructed for the unit step reference signal y,[k] = 1[k] turns out to be,
in discrete form, y[k] = 1[k — 2]. Thinking in terms of the pulse transfer function, in
this example the condition

C(z)G(z)

T=17 C(z)G(2)

=Py(z) =z

is required for the transfer function of the closed system (12.24), from which the
controller is:

Py A 72 I 1 B
CO=1=p B 1-2960 Go@_1 o

Expressing the controller in terms of the polynomials of the pulse transfer
function of the process:

Clo) = 1 Al 109.9(2% — 1.72362% +0.7408z)
YT60E 1) BR)(E—1) 22 +0904822 —z — 0.9048

(12.34)

It can be clearly seen that for a unit step reference signal, the steady-state output
can be expected to be error-free, since the loop transfer function L(z) = C(z)G(z)
has a pole at z = 1, or in other words the controller contains an integrator. The

u y
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Fig. 12.8 Dead-beat control (2 steps)
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behavior of the closed-loop is shown in Fig. 12.8. Considering the discrete-time
instants, the result is the same as is expected for the output, but in the case of
sampled-time systems the quality of the closed control loop is determined by the
continuous output signal, which, however, shows an unacceptable oscillation.
Furthermore the actuator signal does not have a dead-beat character: its changes
have extreme dynamics, because the condition (12.26) is not fulfilled.

Investigate the hidden oscillations between the sampling times, which is called
in the English language literature “intersampling ripples”. It can be seen in the time
diagrams that the oscillation of the CT output is caused by the oscillation of the
step-like inputs generated by the zero-order hold term. These values are produced
by the regulator due to the fact that it has a so-called slightly (or under) damped
pole p; = —0.9048. The relevance of this qualification can be explained in two
ways. Strictly investigating the effect of the specific pole, consider the pulse transfer
function

z+1

Gi(7)=—>"~
1) = 9048

(12.35)

and its step response is shown in Fig. 12.9.

Based on the figure it can be asked, considering only the pulse transfer function
itself of the controller, where are those poles which will produce a stable, well
attenuated step response, i.e., they do not generate an oscillating output from a unit
step input. In the case of CT systems, the regions of the well- and under-damped
poles are separated by lines belonging to constant attenuations (damping factors) in
the complex frequency domain of s. These lines make a constant angle ¢ (which
depends on the damping) with the negative real axis: cos(¢) = &. Now the mapping
of these lines have to be found in the z-plane. In the s-plane the points s = G + j®

are on the lines of constant damping with the condition v = g/ 1 — & / & For a

given damping, the mapping of z = &' to z = ¢ ity l_&z/ > can be calculated

Fig. 12.9 The unwanted 1“ i

dynamics of the actuator
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Fig. 12.10 The region of the +lm
well damped poles in the 1

-
\

and drawn for different values of . For example, the curve in the z-plane corre-
sponding to the constant line £ = 0.4 can be seen in Fig. 12.10. This well damped
(€& > 0.4) region shown in the figure is also called the “heart form curve” in the

literature. The formula & = 1/\/1 —&—752/[111(|pl|)}2 is obtained after some long

calculations showing how & depends on a root p; falling on the negative real axis.
Based on the previous investigations it can be stated that the oscillation is
generated by the controller itself, because it can be clearly seen from

A(z)

€)= B(z)(z2 — 1)

(12.36)

that C(z) has the roots of the polynomial 5(z) as its poles (in this case B(z) is of
first order, i.e., it has only one root). The oscillating effect of the roots depends on
their position relative to the heart-shaped figure belonging to a given damping. In
the present case the root of B(z) is z = —0.9048, which is outside of the well
damped region. In order to avoid oscillation the direct compensation of the slightly
damped roots of B(z), i.e., simply saying their cancellation with the corresponding
poles of the controller, has to be avoided. Separate the roots of B(z) in such a way
that B, (z) contains the well damped roots of B(z) (they are inside of the
heart-shaped region) and B_(z) contains the slightly damped roots (outside of the
heart-shaped region)
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B(z) = B+ (2)B_(2) (12.37)
and the condition B_(z)|,_,= B_(1) = 1 must be fulfilled. For the example
B(z) = B (2)B_(z) = 0.01733(0.525z + 0.475), (12.38)

where B (z) = 0.01733 (the polynomial B (z) has no well damped pole) and
B_(z) = 0.525z+ 0.475 (the polynomial 3(z) has one slightly damped pole). Next
let m, and m_ be the degrees of the polynomials B (z) and B_(z), respectively.

During the design process, take the applied separation into account, and modify
our expectation for the pulse transfer function of the closed discrete-time system:

C(2)G(2)

= Tre@on — @ =B-Re =B@a" 7 (1239)

so the assumption (12.26) is also fulfilled. From the above condition the controller
becomes:

57.7(z% — 1.72362% 4 0.7408
Cz) = Al L c D (1240)
B (z)[z2 — B_(z2)] 72 —0.525z — 0.475
From the above form it is easily seen why the condition B_(z)|,_,= B_(1) = 1

has to be assumed during the separation of the polynomial B(z). For in this case,
due to the fact that [* — B_(z)],_;= 0, z = 1 is still the pole of the loop transfer
function L(z), i.e., it is of 1-type. The results obtained with the modified controller
are illustrated in Fig. 12.11. The closed system is slowed down, the settling time
increased from 2 to 3 s, in other words, from 2 steps to 3 steps, but, at the same
time, the moderate dynamics of the actuator signal can be observed. The oscillation
is completely eliminated, but the magnitude of the initial value of the actuator signal
can not be considered acceptable for any kind of application.

uq
60 1.4

40 =

20

0

-20

-40 0.2

1 [sec t [sec
-60 . = — - l l 0 ]
0 1 2 3 4 2 [ 7 b 9 10 0 2 4 6 b 10

Fig. 12.11 Dead-beat controller (3 steps)
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The slowing down can be performed in many different ways, from which such a
solution is shown next, where the dead-beat character is kept, but the settling time is
further increased depending on the degree of the design polynomial. Let the
slowing design polynomial be

T(z) = Py(z) = 0.222 +0.3z+0.5, (12.41)

of degree mr = 2, and the condition T(z)|,_,= T(1) = 1 is used in the specification
of the closed-loop pulse transfer function according to

C(z)G(z)

1 cReE ~ DEB-E@TTT =Py@B-[@)e . (12.42)

The controller becomes

AP
B (2)[2 — B-(2)Py(z)]
11.54(z5 — 0.22352% +0.65552% — 3.1982% + 1.8522)
T 5 -0.1058 — 025252 — 0.405z — 0.2375

C(z)

The operation of the closed-loop in the time domain is seen in Fig. 12.12.

In connection with the controller of (12.30) it has already been mentioned that
the design equation of the dead-beat controller actually corresponds to the basic
case (7.9) of the Youra regulator. For comparison with the general case (12.2),
consider the formula (12.1) of the DT process according to the above separation
(12.37),

_ B.B_ _
G=G,G 79="""772 (12.43)
+ .A )
us |}
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1
o 0.8
3 0.6
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.20
0.2
=30 tfsec] 1 [sec]
0 2 4 3 8 10 0 2 4 6 8 10

Fig. 12.12 Dead-beat controller (5 steps)
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where
B (z) =0.01733 and B_(z) =0.525z+0.475 (12.44)

Here B, is the factor having acceptable inverse form, 5_ is the factor having
non-acceptable inverse form in the numerator of the pulse transfer function. Notice
that the inverse of B is not unstable now, but is underdamped, therefore it is also
considered an unwanted factor. The form of the optimal controller obtained for the
general case according to (12.2) with the choice G, = G, =1 is

co_ RG' PG PyA
PUI-RG 4 1-P,Gz? By (1-PB )
-2
7 A
= 12.45
B+(1 _Z_ZB_Z_I)J ( )
which is completely the same as the controller of (12.40),
57.7(z% — 1.7236z> +0.7408
Cz) = Al L c ) (12.46)
B (2)[z — B_(z)] 22 —0.525z — 0475

It is confirmed again that the YourLa-controller is generally valid for stable
processes.
[

12.5 Predictive Controllers

Assume that the pulse transfer function of a control system in an ODOF loop is

G(z") = 79=G, (6" ; G(z")=z", (12.47)

which corresponds to a CT process with dead-time. A relationship is sought by
which the value of the output signal at the sampling time k 4 d can be estimated
from the information available up to the sampling time k. To achieve this let us
introduce a special polynomial equations

l=AF+Pz (12.48)

whose solution is unambiguous, seeking F of degree (d — 1) and P of degree
(n — 1), if A has degree n. Equation (12.48) is a special form of the DE discussed in
Chap. 10. Using equivalent rewriting G(z~!) can be decomposed as
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B
G==—17

F° A
BFz

B BPz BPz
d=4A}-+ P zd:(B]:+ 73 )zd

B
=BFz ! +P(Zz_d>z_d =BFz '+ PG

Apply both sides to the series of the input signal u[k]

y[k] = BFz ulk] + Pz *Gulk] = BFulk — d] + Pz %y[k]
= BFulk — d|+ Pylk — d] = y[k|k — d]

The equation can also be written for sampling time k + d

ylk+d] = BFulk]| + Pylk] = yk +d|k],

409

(12.49)

(12.50)

(12.51)

where y[k + d|k] is the estimate or prediction of the series y[k] for the sampling time
k+d. Notice that the prediction is error-free and it uses only the information
available at the time instant k£ concerning both the input and output. Both poly-
nomials BF and, P are functions of z~! and in (12.51) their coefficients weight only
the current and the previous values of the signals u and y. Based on the d-step
predictor a special, so-called predictive controller can be constructed. If the goal is
to track the output of a reference model R;, then the equation of the controller is

Roye[k] = ylk +d|k] = BFulk] + Py[k]

(a)

CTTTT T : Yalk]

L yelk . k] >k
AN g yr 6 O

, PREDICTIVE P :

' CONTROLLER ;

(b)

k) | OR s P A | ] sl
NI [ o | —— | G
! R, 1-Pz“ B !

| Cor |

| PREDICTIVE |

| CONTROLLER !

Fig. 12.13 Forms of predictive controllers

(12.52)
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from which the input signal is

Rey[k] — Py[k]

ukl =—"5F

(12.53)
The direct mapping of (12.53) can be seen in Fig. 12.13a. The equivalent block

scheme of the Fig. 12.13b, however, shows the conventional closed-loop control.
Thus the predictive controller has the form

P A P
=T = e 12.54
G 1-Pz4B BF ( )
i.e. the reference model for the disturbance rejection is now
R, =P, (12.55)

which does not depend on the designer, but comes from (12.48). The predictive
controller is formally equal to a YouLa regulator where G_ = z~%. The transfer
characteristic of the complete control loop is

y=Rz p+ (1 =Rz )yn =Rz e+ (1 = Pz “)yn (12.56)

by means of which the predictive controller completely solves the problem for
reference signal tracking, but R, can not be designed. The d-step predictor of
(12.51) is linear in its parameters, therefore it is easy to apply in parameter esti-
mation (identification) techniques to determine the parameters of the controller.
From the above control design principle, a new, widely applied computer controlled
method has been developed, which is called Model Predictive Control (MPC).

For the noise rejection behavior of a closed system, a method is introduced
which penalizes the change or variance of the input. So the dynamics of the
closed-loop, though in a restricted way, can be acceptable by the proper choice of
the penalty weights.

Example 12.3 Let the controlled system be a first order process with delay d = 2

B(z™") 0.7z7' —1.0:72 0.7 —1.0z7"

- = 2 (12.57
Az 1) - 1571 +0272° - 1571 +0222° ( )

G(z')=

Compute the d-step ahead predictor by solving the DIOPHANTINE equation

l=AF+Pz " (12.58)
where n =2 and the polynomials F and P are of degrees d —1 and n—1
respectively. The equation is
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1=(1-152"+02z2) (1+Az )+ (po+priz ') 272 (12.59)

The solution is: fj = 1.5, p, = 2.05 and p; = —0.3. So the predictive regulator
is given by

P _A_P _ Pot+piz’! 205-037"
1-Pz4B BF (0.7—1.0z1)(1+fz!) 0.7+0.05z71 —1.5772
(12.60)

Cor =

12.6 The Best Reachable Discrete-Time Control
12.6.1 General Theory

The decomposition of the control error discussed in Sect. 7.5 is completely valid for
DT systems, so all relationships can be applied in unchanged form.

It is worth noting that in the DT case the fastest reachable first order reference
model can be easily determined under the amplitude restriction of the output of the
controller

|u(t)] = Unmax (12.61)
if the YP controller is applied. Let the first order reference model with unit gain be

1 |
Ry = L)z (Ldn) (12.62)
1 +anz™ Z+an

Let the first (so-called leading) coefficient in the numerator of the pulse transfer
function of the process be b;. Then the following restriction

1
LT (12.63)
b

must be fulfilled by the first biggest jump of the step response series, from which
the maximum value of the coefficient a, of the reference model is

an S bl Umax - L (1264)
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12.6.2 Empirical Rules

It has already been seen in the recent discussion of the best reachable control, that
the basic restriction derives from the saturation of the actuator or from the process
dynamics itself. It can even be supplemented with the noise of the measurements.
This noise may derive from the physical operation of the sensor, but also from the
electronics, and in DT control from the A/D converter. The measurement noise
usually appears in high frequency regions, therefore the uncertainty caused by them
restricts the high frequency gain A, of the controller. For simplicity, assume the
A/D and D/A converters are those generally used, with 12 bits, which corresponds
to 4096 levels. Thus a conversion error or measurement error of 1 bit, by being
increased 4096 times, reaches the whole signal region.

In practice measurement changes greater than 5% are not allowed. This means
that the high frequency gain of the controller must be smaller than 200, i.e.,
A < 200.



Chapter 13 M)
Design of Conventional Sampled ki
Data Regulators

It was seen in Chap. 12 that—similarly to the continuous-time case—there are exact
theoretical methods for the design of discrete controllers in the case of stable pro-
cesses. On the basis of these methods the structure of the optimal controller and the
optimal values of its parameters can be determined for the most varied cases. For
sampled data control systems it can not be stated that already long before the
elaboration of these theoretical methods a class of controllers had been evolved and
widespread in practice, which still have decisive importance in the control of
industrial processes, as these control algorithms have been developed simultane-
ously with the applications of computer control systems. Considering the develop-
ment it was more typical that at the beginning sampled data controllers just copied
the conventional continuous controllers. The probable reason for that was that the
continuous controllers in their history of several decades had gained high reliability
and recognition in practice. Whereas in the framework of computer control the
realization of the higher order complex controllers described in Chap. 12 is simple,
to date the discretized versions of the conventional controllers are still what is mainly
used in practical operating control systems. Therefore this controller family is
discussed here in a separate chapter. As the sampled data controllers are realized in
software, it is common to call them DT (discrete-time) algorithms.

Several methods are available for the design of sampled data control systems.
The great number of methods in practical use is explained by the fact that a
discrete-time control algorithm is realized by a program, and not by electronic
equipment containing operational amplifiers and passive elements. This provides
great flexibility for the designer. The hybrid nature of the design problem—Iet us
think of the necessity of the simultaneous consideration of continuous and discrete
signals—also provides the possibility for the application of various design concepts.

Besides the variety of methods it has to be emphasized that—whatever strategy
is chosen—the discrete-time controller can be interpreted as a signal processing unit
which determines u[k], the current value of the control signal (the input of the
process) based on the sampled current and previous filtered values of the output
signal
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y[k]v y[k_l]v y[k—Z],... (131)
and the previous values of the control signal
ulk — 1), ulk —2], ulk—13],... (13.2)

calculated by the control algorithm. That is, the digital controller realizes the fol-
lowing mapping:

k], ylk—1], ylk—=2],..;ulk— 1], ulk — 2], ulk —3],... = ulk]} (13.3)

The simplest case of this mapping is when a serial controller is realized given by
its pulse transfer function C(z). In the case of a serial controller the input of the
controller is the error signal

elk] = r[k] — y[k] (13.4)
where r[k] is the reference signal. u[k] is the output of the controller

C(z) =%, (13.5)

which provides the input of the process.
To demonstrate how this mapping works, let us consider a second order
controller:

U 22 . —1 )
C(2) = (z):qi taztg g +qlz71 +q2{2 , (13.6)
E(z) ZF+rz+n 14+rzt+nrz
with the recursive expansion shown in Chap. 11
ulk] = qoelk] + qre[k — 1] + qrelk — 2] — rjulk — 1] — rpulk — 2], (13.7)

which gives the algorithm for the realization. In the above example the degree of
the numerator of the controller was deliberately chosen to be equal to the degree of
the denominator, because in this case the controller reacts immediately, without any
delay to eliminate the error, assuming that a steady state characterized by zero error
values e[j] = 0 (j<k) is followed by an error e[k] # 0. It has to be emphasized that
the pulse transfer function is a common, but not the only representation of the
digital control algorithms.
Summarizing the steps of the realization of a digital controller, they are:

— Sampling

— Calculation of the input signal u[k] with the knowledge of y[k] (running the
control algorithm)
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— Supplying the holding element with the calculated input signal
— Shifting u[k], y[k] and/or e[k] to prepare the next step:

ulk = 2] :=ulk — 1] ulk —1]:=ulk] ek —2]:=elk—1] e[k—1]:=ek].

Depending on the complexity of the digital control algorithm, as well as on the
chosen form of representing the numbers and the computing capacity, typically the
time required for the execution of the operations above can be neglected compared
to the sampling time. But in the case of fast sampling it may occur that the cal-
culation time of the control algorithm is comparable to the sampling time 7. In this
case, the mapping has to be modified, as the calculated input signal u[k] can not be
considered as a sample belonging to the sampling instant &, as its value becomes
available only later. Then the steps of the digital control algorithm are modified
taking into account that after the sampling the algorithm can only be started to
calculate a single step:

— Sampling

— Starting the calculation of u[k] with the knowledge of y[k] (starting the run of the
control algorithm)

— Supplying the holding element with the most recent available calculated input
signal

— Preparing the next step.

As an example let us suppose that the calculation time of the algorithm is less
than the sampling time T, but is close to it. Then the mapping is

{y[k], y[k — 1], y[k = 2], .. ;ulk],ulk — 1],ulk — 2],... = ulk+1]} (13.8)

Consequently the u[k] belonging to the time instant k can be generated according
to the mapping

{ylk = 1],y[k — 2], y[k — 3], .. ;ulk — 1], ulk — 2], ulk — 3],... = ulk]}. (13.9)

This also means that a digital controller designed for a dead-time process with
time-delay T4 has to be redesigned for an increased time-delay of Ty + T so that the
delay of the calculations can be taken into account.
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13.1 Design Methods for the Discrete-Time PID
Regulator Family

Creating the sampled version of the ideal PID regulator according to expression
(8.1) let us approximate the integrating element with the right hand rectangle rule
and the differentiating effect by backward difference. Then the pulse transfer
function is

1 Tz z—1 Ap Tz z—1
Cep(z) =Ap| 1 + =——— +T; =Ap+ — + ApT; .
pip(2) P( Tz—1 D TSZ) P Tiz—1 piD T2

(13.10)

Transforming the right hand side of the equation to get a common denominator,
the pulse transfer function is obtained in the form of a second order discrete-time
(DT) filter,

_ 9o + qlz’1 + qzz’2

C 13.11
PID(Z) 1_271 ) ( )
where
T, Tp 2Tp Tp
=Ap( 1+ =+ —|; = —Ap| 1 dg, = Ap— 13.12
9o P( +TI+TS),£11 P( + Ts>an q2 PTS ( )

In Sect. 8.4, when discussing the traditional continuous-time (CT) regulators, we
already dealt with the effect of the constraints and with the extension of the reg-
ulator structure with ARW. In the case of CT regulators, there is generally no
opportunity to introduce a signal into the inner structure of the regulator. Therefore
the feedback from the saturation is realized at the place where the error is measured,
as generally this point is accessible (see Fig. 8.29). But when realizing sampled data
regulators, also the details are in our hand, thus the feedback can be led directly to
the input of the integrator, as shown in Fig. 13.1.

Fig. 13.1 Digital PID
regulator extended by the — A
ARW effect
SATURATION
k -z k
elk] APTDI Tz ulk]

—(O—
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For the realization of the discrete-time version of the approximate PID regulator
given by (8.4) the following SRE form can be used:

APTS 271 4 APTD 1-— Z71

Crp(2) = A :
piD (2) Pt T, 1—z! T, 1 — e T/T-1

(13.13)

After some conversions, also this regulator shows the form of a second order DT
filter:

~ o+ @1z " + @z Go+qiz7 " + q2z7?
C = = 13.14
PID(Z) (1 _ Zil)(l _ €7T5/T271) 1+rlz_l _|_r22_2 ( )

where
o _ T. 2Tp
— Al 14 22). — _Anl1 ST _ 8 4 =D 13.15
4o P( + T)7q1 P( +e TI+ T) ( )
T. Tp
q2 p{e ( T[) + T} ( )
ro= _(1 _|_e*T</T); r, = eiT“/T (1317)

The ARW extension can be realized as shown in Fig. 13.1.
The discrete-time form of the continuous-time approximate PID regulator
according to (8.8) is given by the following DT pulse transfer function:

(- e-a)  (-g)(-s"%")
(c—De—e ™M)~ (1= (1 —e /2T

= Cpip (Z_l )

(13.18)

Crin(z) = Ke

(The superscript ‘cd’ refers to the discrete-time form of the regulator.)

13.1.1 Tuning of Sampled Data PI Regulators

From (13.18) the pulse transfer function of a digital PI regulator is given by

Z_ch 1 _ZCdZ_l B
Crif2) = Ke~ — = Ke— _lz_l =Cpi(z) (13.19)

The discrete-time PI regulator replaces the pole pﬁ’d (which generally is the
smallest, belonging to the largest time constant) of the DT pulse transfer function
corresponding to the CT process with the pole z = 1 (placing it at frequency o = 0).
The design of the PI regulator takes into consideration the pulse transfer function
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— e s/Tl 1 — p s/Tl —1
z—e e /Ty B
Cri(z) = Ke————=Ke————=Culz " (13.20)

with the choice of ¢ = pP* = ¢~7/T1, where T, = max{T;}. The gain Kc of the
regulator has to be set on the basis of the frequency function of the sampled CT
process, where the approximate relationship between the frequency functions of the
discrete- and the continuous-time processes is Py(jo) ~ e 77*/2P(jw). This means
that the amplitude-frequency function remains unchanged: a,(jo) = a(jw), whereas
the phase-frequency function is changed unfavorably: ¢,(jo) = @(jo) — oT;/2.
This effect can be taken into account very simply by prescribing a value for the
phase margin stricter than the original ¢, required for the CT system, as
P = P + 0T/2.

The discrete-time and the continuous-time P/ compensating control algorithms
have the same effect and their tuning procedures are also similar.

13.1.2 Tuning of Sampled Data PD Regulators

According to (13.18) the pulse transfer function of a digital PD regulator is

~ 7z — z% 1 — z8d-1 B -
Cenle) = Ke —pid =Keq —pldz—l = Cen (), (13.21)

which is the SRE counterpart of the continuous-time PD regulator of (8.14). The
digital PD regulator given by (13.21) replaces the pole pgd of the pulse transfer
function of the process by p®, which belongs to a higher frequency, thus accel-
erating the control system.

The initial and the final values of the unit step response of the PD regulator
(13.21) are

_cd
1=0; lim ——Kc>—L = Kc; and (13.22)
1007 — z—p°
-1 _cd 1 — cd
t=o00; lim(Z S Kot~ Ke—L (13.23)
=1\ z Jz—1 "z-—p° 1— pd

Thus the overexcitation applied for the acceleration is

Kc 1—p
N=—m=7 (13.24)
KC l—pid Zl

When designing the regulator for the acceleration, first 754 = pb¢ = ¢~ T/7> js
chosen. Then the value of p°® is calculated from the allowed highest overexcitation

nmax:
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P> = (1= e ™). (13.25)

In the case of stable processes, with an appropriately chosen sampling time,
0< pCd <land 0< zfd = pgd < 1. Thus the inequality

p>max{0,1 - (1 —e )n .} (13.26)

has to be fulfilled. The time constant 7 which belongs to the borderline case

pd = e /T is given by

T = : : 13.27
ln[l - (1 - e_Ts/Tz)nmax] ( )

In the ideal case, p® = 0, and the ideal PD regulator is expressed by the pulse
transfer function

z—28
z

Crp(z) = Kc =Kc(1—-2'7") =G (7). (13.28)

The overexcitation in the case of an ideal PD regulator is 1 = 1/(1 — ). The
equivalent continuous-time PD regulator corresponding to the ideal discrete-time
PD regulator in the low frequency domain, supposing z¢ = pb! = ¢ /T2 s
obtained by

Cep(s) ~ Kc (1 —pzd) (14sTy)e e = Ke (1 — e ™) (14 5Ty)e ",

(13.29)
where, according to the experimental formula of TuscHAK,
T,
Tp=——7+—. 13.30
Ve 1330
If Ts > 37>, then in (13.27)
T T.
1—e™Px 2 and Tp~-2. 13.31
e T an @ T, ( )

Finally the transfer function of the approximate continuous PD regulator which
is valid in the low frequency domain is

z T
Crp(s) = KCFS (1+sTy)e /2, (13.32)
2



420 13 Design of Conventional Sampled Data Regulators

The effect of the discrete-time PD compensation in the considered frequency
domain is as if a CT compensating element had changed the time constant 7, of the
process to a dead-time of value T;/2, and in the meantime it results in an overex-
citation of value T, /T [more accurately, according to (13.24)]. That is, each single
discrete-time PD element replaces one pole of the pulse transfer function of the
process by a dead-time of value 7;/2 with an overexcitation as if the corner frequency
of the pole had been placed to @ = 1/Ts. (This rule is called the TuscHAK effect.)

A discrete PD regulator provides more favorable overexcitation relations than a
continuous PD regulator. This is because the initial overexcitation is maintained
during the entire sampling interval. Thus even with a smaller amplitude, sufficient
energy can be transmitted to the process. That is, the overexcitation accelerates the
process via the excess energy provided by the regulator.

The design of the gain of the regulator is executed according to the classical
method prescribing a given phase margin. The value of the prescribed phase margin
¢, formulated for the original CT system is now modified to a value of
(pfo = (\Dto + (DTS/z‘

13.1.3 Tuning of Sampled Data PID Regulators

The most frequently used form of discrete-time PID regulator is given by (13.18).
Actually this is a combination of a discrete-time PI regulator described by (13.19)
and a discrete-time PD regulator described by (13.21) forming their serial connec-
tion. Thus the design process provided for the two previous cases has to be repeated
for their combination. The pulse transfer function of the regulator is given by

(249 (-7 (L-= ) (1 -=')

6PID(Z) = Kc (z—1)(z— e I/T) = Kc (1 —z 1) (1 — e /T = CPID(Z_l)a

(13.33)
where the parameters are tuned to be 754 = pP* = ¢~ T/T1 and 0 = pb! = ¢ /T2,
The initial and final values of the unit step response of the PID regulator given by
(13.18) are

¢ o (=) (=3

t=0; i K = Kc; 13.34
bz o1¢ (z—1)(z— e /) © ( )
=00, —— (13.35)

=% By .

Thus the value of the overexcitation ensuring the acceleration is

n :%. (13.36)
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It seems formally that K¢ is the gain of the discrete-time PID regulator, although

this is not the case. K¢ is a multiplier factor. If the gain of épm is normalized to one,
then in the formula

(1= ™)  (e=a9) (-2

o) =k () (1= ) e~ D7) 1337
the actual gain of the regulator is kc. Comparing the two formulas yields
Ke = ke (1=e™7) (13.38)
(=)= 5)
and so
e - €7T’/T) = ke e fTS/T) (13.39)

ne P(0) (1 - Zid) (1 - ng) P(0) (1 - €_TS/T1)(1 — e—Ts/T2> '

Now p$¢ and T can be obtained from the allowed largest overexcitation value

nmax:

P (0
pitz 1 - PO oy g mmy, (13.40)
C
Also in this case we have to take care with the considerations related to (13.26).
The time constant T corresponding to the borderline case pfd = ¢ T/T is given by
—T,

T = . (13.41)
In|1 — MuaPO (] o=T/T)(1 — e-T/T2)

Also the discrete PID regulator produces better overexcitation relations than the
continuous regulator. This is a consequence of the fact that the initial overexcitation
value is maintained through the entire sampling interval. Thus even with a smaller
amplitude, sufficient energy can be transmitted to the process. That is, the
overexcitation accelerates the process via the energy excess provided by the
regulator.

In this case, as before, the design of the gain of the regulator is executed
according to the classical method prescribing a given phase margin. The value of
the prescribed phase margin ¢,, formulated for the original CT system is now
modified to be ¢}, = ¢, + o T/2.

If the formula (13.10) of the discrete PID regulator is used, then regulator tuning
means the selection of the four parameters {75, A, T1, Tp} if all three channels are
used. If (13.13) is employed, then five parameters {75, A, T1, Tp, T} have to be
determined. If the realization is based on formula (13.18), then the parameters
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{TS,KC, 24,28, T} have to be tuned. The parameters {75,A,Ti,Tp,T} and
{TS7KC,z?d,z§d, T} can be transformed to each other. In man-machine relations
generally the parameters of the CT regulator are used, whereas for programming the
DT parameters are used.

As a practical rule of thumb for the choice of the sampling time, it is suggested
to take 7-10 samples during the CT step response of the process. Thus the actual
sampling time depends on the dynamics of the process. Typical values for the
sampling time are, for flow rate control: 1-3 s, level control: 5-10 s, pressure
control: 1-5 s, temperature control: 10-20 s.

13.2 Other Design Methods

In the sequel, mainly design questions will be dealt with, but if required also some
realization aspects will be considered.

Comparing DT systems with the structure of CT control systems, besides the
process and the regulator there are further conversion units which serve to inter-
connect the discrete and continuous parts of the system. It was seen that the
sampling provides the samples in a natural way for the control algorithm, which
runs in the discrete sampling instants and calculates the control signal; the holding
element supplements the CT process with a preceding dynamic CT element. In
Chap. 11 it was seen that in the case of a zero order holding element this dynamics
can be characterized on the one hand by the transfer function

1—eh

Wzon =

and on the other hand its effect corresponds approximately to a time-delay element
with dead-time of one half of the sampling time, which can be easily taken into
account in the frequency domain.

The following straightforward question may arise: why is the application of the
methods presented for the synthesis of CT systems not sufficient for the design of
DT systems? It will be seen that DT equivalents of the design concepts applied for
CT systems can be elaborated, but a mechanical copying can not be followed in this
case either. For demonstration, let us analyze the concept of structural stability well
known from the theory of CT control systems.

Example 13.1 The transfer function of a CT process is

1
P(s)=—————.
O (PR T
The process is sampled with sampling time 75 = 1 [s] and a DT control system is

realized using a serial proportional (P) regulator and a zero order holding element.
The SRE equivalent model of the CT process together with the holding element is

(13.42)
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pafe) — 0009100082 0.0091(:+0.9048)
A = 2 172362+ 07408 (z — 0.9048)(z — 0.8187)

The process gain is 1, the gain of the proportional regulator is equal to the loop
gain, A = K, and the characteristic equation of the closed-loop system is

1 +KPy(z) =0, (13.43)
or in polynomial form
22+ (0.0091K — 1.7236) +0.0082K +0.7408 = 0. (13.44)

The root locus starts from the poles of the open-loop for K = 0 also in the
discrete-time case, as for K = 0 the poles of the closed-loop are the same as those
of the open-loop (p; = 0.9054, p, = 0.8182 in the z-plane). By increasing K the
poles of the closed-loop approach more and more the unit circle, finally at K = 31.6
the absolute value of the closed-loop poles is 1, pj, = 0.718 +;0.696 and
‘ p1,2| = 1. For the range of K > 31.6 the closed-loop poles get to the outside of the
unit circle, thus the closed-loop control system becomes unstable. This result is
unexpected at first sight, as the corresponding CT control system with loop transfer
function

K

Lis) = KP6) = 5505 109)

(13.45)

is structurally stable. Thus the property of structural stability is not transferred from
the continuous system to the sampled data system. This can be explained by the fact
that the holding element introduces a “virtual” dead-time into the control system,
which excludes the possibility of structural stability. |

All the methods discussed in Chap. 12. practically worked with rational func-
tions of the variable z, namely with their numerators and denominators (which are
polynomials). The discrete-time versions of the usual PID regulators were discussed
in Sect. 13.1. The general polynomial method and the state feedback regulator
shown for CT systems will be given in Chaps. 14 and 15 for the DT case. It is also
expedient to deal with design methods which extend the CT frequency domain
regulator design methods to the discrete case. In the sequel these further design
approaches will also be presented.

These design methods can be discussed in the following three possible ways:

(a) Design of an intermediate continuous-time regulator and its discretization

The design of the continuous regulator is executed on the basis of the transfer
function of the continuous process extended by the transfer function of the holding
element. The designed CT regulator is only an intermediate step of the design, as
finally a discrete-time algorithm described by the shift operator has to be obtained.
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(b) Design of a discrete-time regulator based on the discrete-time process model

With this method the whole design process is executed in the discrete-time domain.
The sampled CT model including the holding element is transformed to a discrete-
time process model and a discrete-time regulator is designed based on this model.

(c) Direct design of a discrete-time regulator based on the continuous-time process
model

The main point of the method is that based on the low frequency behavior of the
CT process and considering the quality specifications for the closed-loop control
system, the discrete-time regulator is formed by serial connection of discrete PI and
PD elements whose parameters are tuned suited to the breakpoints of the frequency
diagram of the continuous system.

13.2.1 Design of an Intermediate Continuous-Time
Regulator and its Discretization

Repeating the basic concept of the design, here a CT regulator is designed for the
CT process, then its discrete-time equivalent is determined. Based on the discrete
form of the regulator, a program is written which realizes the control algorithm. The
regulator is designed for the CT plant whose transfer function is obtained by serial
connection of the original plant with transfer function P(s) with the zero order
holding element whose transfer function is Wzop = (1 — e~*T5) /s, thus obtaining

Pu(s) = WyonP(s) = - p(s). (13.46)

s

As this resulting transfer function is transcendental, an approximation has to be
used. The one-step approximation considers the zero order holding element as an
element with pure dead-time whose dead-time value is one-half of the sampling
time. With this conversion the transfer function remains transcendental, but this
form can be handled with the methods of continuous regulator design. With the
two-step approximation, first the discrete form of the serially connected zero order
holding element with the process is determined by the SRE transformation, then this
form—which is already not transcendental—is transformed back to the CT domain,
thus yielding a CT transfer function. The method of the design of an intermediate
CT regulator is applied in practice when high frequency sampling is possible, and in
this case there is no significant difference in the accuracy of the different dis-
cretization methods. Summarizing the possible methods, the steps of the method
using one-step approximation for the discretization are

P.(s) = e*T/2P(s) = C(s) = Ca(z) = Culq), (13.47)

whereas the discretization in two-steps consists of the following steps:
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Py(z) = (1-— z_l)Z{%s)} = Py4(s) = C(s) = Cq(z) = Ca(q).  (13.48)

In the conversion above, a complex variable w can be introduced which is
analogous to the complex variable s. With this notation, (13.48) can be rewritten in
the following form:

Py(z) = (1-— z—l)z{@} = Py(w) = C(w) = Ca(z) = Cua(q). (13.49)

Here the notation P4(w) indicates that this CT transfer function, which includes
also the effect of the holding element, is different from the transfer function of the
CT process.

It can be seen that the discretization C(s) = Cg4(z) is an element of both
schemes, thus first this conversion will be discussed. Cy4(z) = Cq4(g) means just a
formal substitution: Cq(q) = Ca(2)| .-

Let us suppose that C(s), the transfer function of the CT regulator which is the
basis of the discrete realization, has been designed. The discretization is executed
by searching for the equivalent discrete-time model, or by numerical integration.

Creation of the equivalent discrete-time model

In this case, an equivalent discrete-time realization of the transfer function C(s) is
sought. The viewpoint of this search has to be specified. The search for an
equivalent is in the sense that for a given input (for example a unit step, ramp or
sinusoidal signal) the output of the DT system should be the same as the output of
the CT system at the sampling instants. Possible criteria are: identical unit step
response, identical impulse response, identical frequency transfer, identical
poles-zeros, etc. It has to be emphasized that if the equivalence holds for one
criterion, it is not guaranteed to hold for the others. It can be thought that with
scarcer sampling the conditions are not improved. Here the problems of quanti-
zation and finite word length will not be discussed.

Unit step response equivalent (SRE) discretization:
The sampled values of the output of the continuous regulator are:

1
ulkTy] = ulk] = ﬁl{C(s)} (13.50)
§ (=KT,
The z-transform of the sampled output signal of the regulator is:
1
U(z) = ——Cal2), (13.51)
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and hence

Ca(z) = (1 - zl)z{ﬁ—l [EC(S)} » } (13.52)

as also obtained previously.

Pulse response equivalent discretization:
The aim is to ensure the condition u[k] = u(t)|,_;7.. In this case, the following
relationship is obtained for the discretization of the regulator:

Cale) = 2{ulll} = Z{ £71C(5))ar. | = CC0) (13.5)

Discretization ensuring equivalent pole-zero mapping:

In this case each pole and each zero is transformed according to the mapping
z = e5, and the static gain is kept at the same value. In this case a specific problem
may arise: what to do if the system has no zero? It can be observed that the
frequency function of a dynamical CT system which has no zeros tends to zero
when the frequency tends to infinity. For DT systems the largest frequency is
®max = 7/ T, here the value of z is

z=el| _, = =1 (13.54)
Therefore the nonexistent CT zero has to be mapped to the DT zero z = —1, that
is in the numerator of the discretized model there will appear a factor (z+ 1).

Discretization by numerical integration

To derive the discretization algorithms let us review some basic relations of nu-
merical integration. Suppose the task is the integration of a continuous function
f(2). Let us denote the result of the integration by i(¢) (and let us use now the shift
operator q).

i(t) = /iﬂﬂdt (13.55)

=0
On the basis of the samples f[k] of the function f(¢) available in the sampling

instants Ty, the value of the integral in the sampling points 7 = kT can be
approximated in different ways. With right side rectangles, it is

ilk] = ik — 1] + Tf[k]; é = q"_Tsl .

(13.56)
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With left side rectangles:

1 T.
ikl =ik — 1)+ Tflk—1]; —= S1 (13.57)
s q-
With trapezoidal approximation:
1 flk—=1]+f[k] 1 Tiq+1
ilk] = ik — 1]+ T > ; S:> 2a-1° (13.58)

Bilinear transformation:

A bilinear transformation is applied if a continuous transfer function C(s) is
discretized using numerical integration based on the trapezoid rule, resulting in the
rational function of the shift operator; namely a formal substitution of the s variable
is applied. Let us examine what kind of difference the formal substitution according
to (13.58) yields in the frequency functions of the CT and the corresponding DT
model. At a given frequency o, the frequency function of the continuous model is

C(jo) = C(s)|,;,- Realizing the discretization by
2qg—1
s==91—_ 13.59
Toq+1 ( )

in the discretized model the frequency ® is expressed by

27—1 2o 1 2 OT/2 _ pmioly2 9 (ooT
g

2z-1p 24 _2e iz (22) (1360
Toz+1 z=eloTs T ot 41 T eloT:/2 +eijmT“/2 JTS 2 ) ( )

The meaning of this expression is that there is a difference between the fre-
quency functions of the continuous and the discretized systems. The difference
depends on the frequency, as the rational function evaluated at a given frequency by
substituting s = jo and the evaluation of the same rational function by substituting

2 T,
s zjftg<®25) (13.61)

provide different results. The extent of the frequency distortion resulting from the

relationship 7 tg (%*) in the low frequency domain is not significant because of the
approximation
2 oT; 2 oT;
—t ~— = . 13.62
T, g( 2 ) 2 " (13.62)

But close and closer to the sampling frequency, the deviation increases. At the
same time it can be seen that introducing the “frequency scaling” of the dis-
cretization according to
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(O] 2q—1

Fle(%) Tog+1

(13.63)

makes the approximation errorless at a unique frequency ®; that can be arbitrarily
chosen by the designer.

Delta transformation:

The delta transformation is based on the application of the numerical integration
technique using left side rectangles. The differential operator resulting from (13.57)
expressed as

P (13.64)

is called the delta operator. Applying it to the DT signal series f[kT;] the following
relationship is obtained:

Of [k] = of [kTy] ST +T;)S — ST _flkt lT]S_f[k] . (13.65)

The transfer function of a system expressed by the delta operator (referred to as
its delta transform) can be derived formally both from the CT and the DT forms.
This is obvious, as the both substitutions according to (13.64) and g = 875 + 1 can
be executed, but it has to be mentioned that while one substitution is approximate,
the other one leads to exact results.

Starting from the DT form and using the substitution ¢ = 8T + 1 it can be seen
that the transfer function expressed with the delta operator is also a rational function:

B B(q) B B(dT;+ 1) B 3(5) e
G@) = )~ AT+ 1)~ a@) ~ °©® (13.66)

The delta transform can be also derived from the CT transfer function H(s), then
G(d) = H(s)|,_s, thus this maintains the structure of H(s) (e.g. the pole excess is
the same).

The theoretical importance of the delta transformation is that it creates a direct
relationship between the CT and DT systems. More precisely, for a CT system
given by the transfer function H(s), the following relationship holds:

lim G(8) = H(s). (13.67)

T,—0

Recently the delta transformation has been frequently used in practical appli-
cations. The reason for this is related simple to Eq. (13.67), as with a small sam-
pling time, both the poles and the zeros of the delta transform and those of the
continuous transfer function are close to each other.
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As an example let us consider the continuous process given by the transfer
function

1

(145s)(1+10s) (13.68)

P(s) =

The SRE pulse transfer function for sampling time 7, = 1 [s] is

0.0091(q +0.9048)
Pa(q) = . 13.
a(9) = 7 =0.9048)(¢ — 0.8187) (13.69)

sTs

The information related to the poles—because of mapping z = e appears in
a small deviation from 1, which is numerically unfavorable. The situation is even
worse for smaller sampling times, e.g., in the case of T, = 0.1 [s], the pulse transfer
function is

9.9006(g +0.99)10~
Pa(q) = . 13.70
a(9) = 7, =0.99) (g = 0.9802) (13.70)

Applying the relationship ¢ = 87, +1 to (13.69), after some mathematical
manipulations the following delta transform is obtained for the pulse transfer function:

1+0.5258
(14 10.50425)(1 +5.51575)

G(8) = 1.0043

It can be seen that the poles and the gain are close to the continuous poles and
gain. They are still closer for an even smaller sampling time. Therefore the delta
transform has better numerical properties than the original pulse transfer form.

The development of hardware platforms realizing digital regulators makes
possible the employment of smaller sampling times, therefore the use of the delta
transform in discretization has gained in importance. In the case of fast sampling the
accuracy provided by the delta transformation (13.64) is appropriate and it provides
a good method which can replace the application of the bilinear transformation
(where frequency distortion has to be handled).

Discretization of the continuous PID regulators

A PID regulator offers a good control solution for a wide range of processes, thus in
control engineering practice they are the most frequently used regulators. The term
PID refers to the fact that the regulator creates the control signal from the error
signal as the sum of the outputs of three parallel channels. Furthermore, both for the
continuous and the discrete cases, there are different variants of the PID regulators.
In Chap. 12, in the discussion of the design of the discrete-time PID regulator
family, only the SRE transformation was used. Considering the DT variants, there
are several discretized forms of a given continuous-time PID regulator, depending
on the discretization technique used for the CT-DT transformation. In the sequel,
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some discretization techniques will be presented as examples. Similarly, further
forms can be derived. Different analog and digital realizations of PID regulators
generate the control signal from the error signal according to the following
equation:

u(t) =A e(l)—&—TiI / e(r)dr—&-TDdz(tt) . (13.71)

=0

where the error signal is the difference of the output signal from the reference
signal:

e(t) =y = ¥(1). (13.72)

Supposing a differentiation based on two points and an integration according to
the right side rectangle, the operation of the individual channels is directly
described as follows.

P-channel:
uplk] = Ae[k] (13.73)
I-channel:
mﬂzmw—u+ﬁ$4ﬂ (13.74)
D-channel:
Un(s) = AsTpE(s) = uplk] = A;;D (e[k] — e[k — 1]). (13.75)

The control signal, which is the input of the process, is given by

AT ATp

ulk] = uplK] + w[K] + uplk] = [A+m+ LT
—Al1+ Tsq n Tp(g — 1)}e[k] (13.76)
Ti(g — 1) Tyq

Using another numerical integration method, first let us express the PID com-
pensation with the LAPLACE transforms:

U(s) =A [1 + %TI +sTD] E(s). (13.77)



13.2  Other Design Methods 431
Discretize the integrator according to the bilinear transformation:

T, 14+q7' Tp .
=A|l+ = 21—
ulk] [ = Ts( g ") |el]

T, T, 2¢7' Tp
=Al({14+=— —(l—g¢q k 13.78
K +2TI>+2T11— +T( )]e[] (13.78)
g
= |Kp+Ki——— +Kp(l — ¢ ]
l—qg!
where
K AT ATp
Kp=A+—; K1 = = . 13.79
P + 5 K T T ( )

From the above relationships the discrete-time PID regulator using the shift
operator is given by

(1— g ")ulk] = [Kp(l —q ) +Kqg " +Kp(1 - q*‘)ﬂ ek,  (13.80)

and after some rearrangement the following relationship is obtained:

ulk] = ulk — 1]+ (Kp + Kp)e[k] — (Kp — K1 + 2Kp)e[k — 1] + Kpe[k — 2].
(13.81)

This form of the discrete PID regulator is called the position algorithm, whereas
expressing the control increment provides the so-called velocity algorithm:

ulk] — ulk — 1] = (Kp + Kp)e[k] — (Kp — K; + 2Kp)e[k — 1] + Kp[k — 2.
(13.82)

In a noisy measurement environment, the practical realization of the D-channel
certainly can not be done according to Tpde(r)/dt appearing in the theoretical
equation, as differentiating a noisy output signal by means of this channel would
result in a control signal with causelessly high amplitude. Note that in the case of
sampled data systems the application of a low pass filter after the measurement of
the output signal would reduce the effect of the high frequency noise. The general
solution, already discussed in the previous chapters, is the filtering of the differ-
entiating effect by a first order lag element. In the LAPLACE domain

1 STD
U(s) =A|l —_—

where the usual value of N is between 5 and 20. Higher values of N allow the
differentiating effect at higher frequency ranges. The discretized forms of the
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proportional (P), the integrating (I), and the differentiating (D) channels can also be
generated independently of each other, following simple considerations, without
using the formalism of numerical integration. Thus the following relationships can

be given:
P-channel:
uplk] = Ae[k] (13.83)
I-channel:
AT,
ui[k] = wik — 1]+ TS e[k] (13.84)
1
D-channel:
Un(s) = A—12__E(s) = Up(s) + L Up(s) = ATpsE(s)  (13.85)
D) = 1+STD/N S DI\S N D) = DSLS .

The differentiation can be executed considering two consecutive samples by

dre) _ K~ flk— 1]

" T. (13.86)
Then,
uplk]+ 2 (uolk] = uplk — 1)) =72 (€] = el ~ 1) (13.87)
and
un K] :TD%DNTSMDU«— 1}+%(e[k] —efk—1]). (13.88)

The control signal is obtained as the sum of the outputs of the three parallel
channels:

ulk] = uplk] + ui[k] + up [k]. (13.89)

When applying a parallel PID realization, the operation of the individual
channels becomes transparent. A further advantage of this method is that special
considerations can be easily taken into account. For instance if we do not want to
include the effect of the changes appearing in the reference signal in the operation
of the differentiating channel, then this can be directly realized according to the
following relationship:
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Tp
TD + NT@

ATpN

uplk — 1] —m(y[k] —ylk—1)). (13.90)

up [k] =

Similarly the handling of integrator windup can be realized by observing directly
the variable u[k] and limiting its value.

Of course the above relations can be also formulated using the shift operator.
Then for the I-channel and for the D-channel the following relationships are
obtained:

AT, AT,
K =q 'wlk—1 “elk] = k] = —————elk 13.91
wl = g~ k= 1)+ Gl > k] = el (139)
1 — g ")ATpN 1 — g Y)ATpN
uplk] = L =4 )ATD e[k]:T( N"T ) Pelk] (13.92)
(I_T +NT)<TD+NT) p+Ns — g7
By adding the three components, the resulting equation is
K = uplk] + k] + uplk] = A 1 4 G 71)TDN
k] = uelk] + k] uplk] = A 1 7= e X el

=A

Ti(1— ¢ ") (Ip +NT, — ¢ 'Tp) + Ts(Tp + NT, — g~ 1TD)+TDTIN(1 —q") oK
Ti(1 — g ')(Tp +NT, — ¢ ' Tp)

(13.93)

Observe that after some rearrangements the general form of the discrete PID
regulator can be written as a function of the shift operator in the following form:

bo+b1g7! +b26]
14+aig ! +aqg?

ulk] = e[K]. (13.94)

Hence the recursive relationship (difference equation) providing the realization
algorithm is

ulk] = boelk] + bre[k — 1] + byelk — 2] — ajulk — 1] — aulk — 2]. (13.95)

Let us summarize the above considerations. The regulator design methods based
on the presented discretization methods can be divided into three groups:
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Regulator design with the method of bilinear transformation (w-transformation)

The steps of the design are the following:

(1) Calculate the w-transform of the discrete process model Py(z) =

(1 =27 2{P(s)/s}:

P(w) = Pd(z)‘z:(l+WTS/2)/(17WT</2) (13.96)

(2) Design a continuous C(w) regulator for the continuous-time P(w) process with
one of the design methods. This design typically can be executed based on the
frequency function of the P(w) process, calculated as P(jv) = P(w)|,_;,-

(3) Determine the discrete-time regulator using the inverse w-transformation:

C(2) = COM)|yma(1—o1y/m(1 4 21 (13.97)

(4) Checking the behavior of the control system is the essential final step of the

design. In this case it will also be seen whether the frequency distortion, giving

by v= %tg (“’2T 5), causes significant deterioration of the designed behavior of

the closed-loop system or not. If so (this may occur with relatively low fre-
quency sampling), then in the w-transformation, a prewarping (rescaling) can

be applied, by w' to avoid the frequency distortion in the

_ O 1-z!

T tg(oc T /2) 1+
surroundings of the cut-off frequency .. Note that the step of the CT regulator
design in the w-transformation method, that is, the determination of C(w), is a

non-conventional task, as P(w) is a non-minimum-phase transfer function.

Regulator design with the method of the delta ( 8) transformation

In practice the discretization of a CT regulator using the delta transformation is
executed as follows: we sketch a block-diagram realization of the CT regulator built
of integrators, constants and summation elements, then the CT integrators are
replaced by the delta integrators % = qul . In the regulator realization in each step
the outputs of the integrators are calculated according to

i[k] = ik — 1]+ Tof [k — 1]. (13.98)

Regulator design using the discretized PID regulators

With any of the presented methods the position or the velocity algorithm directly
provides the control algorithm.

As a summary it can be stated, that the method of the design of an intermediate
CT regulator is justified mainly in the case of small sampling time, when the
conditions for the application are numerically favorable. Another advantage is that
the regulator design methods used in the case of CT systems can be directly
applied. But this is also the disadvantage of the method: using it we do not go
beyond the limits of the CT design techniques.
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13.2.2 Design of Discrete-Time Regulators Using
Discrete-Time Process Models

In this design the hybrid system (containing CT and DT parts) is transformed to a
discrete-time equivalent system and the regulator design is executed in the DT
domain. The first step is the conversion of the CT process together with the holding
element to a discrete-time process model. A zero order holding element is sup-
posed, then the SRE discrete model of the CT process is

Py(z) = (1 - zl)Z{P(S)}. (13.99)

N

The aim of the design is to determine the pulse transfer function C(z) of the
series regulator, which results in the overall pulse transfer of the closed-loop control
system

_ C(2)Pa(z)
- 14+ C(z)Pq(z)

or more generally, T(z) = %, (13.100)

T(z)
ensuring the prescribed design specifications. Chapters. 12, 14 and 15 deal with
these methods, therefore here we do not go into the details of these design methods.

13.2.3 Design of Discrete-Time Regulators Using
Continuous-Time Process Models

The basis of this method is the observation that in the low frequency domain,
sampled data systems can be well approximated by CT systems. As seen previously
in the frequency domain the typical steps of the regulator design of CT systems are
the following: to ensure the static accuracy PI elements are designed as serial parts
of the regulator; then to improve the servo and disturbance rejection properties of
the closed-loop system, approximate PD (in reality phase-lead) elements are added
to the regulator, which increases the cut-off frequency; finally the gain is tuned by
setting the phase margin to a prescribed value. In the case of processes which have
the characteristic of a low pass filter, the corner frequencies of the PI and the
approximate PD elements are placed in the low or the middle frequency domain.

The design of a discrete-time regulator uses a similar method. The serial PI and
PD elements here are also chosen according to the frequency function, practically
the approximate Bope diagram of the CT process, but after having chosen the
characteristic (PI or PD) and the breakpoint frequencies of these serial regulator
elements, not the CT, but the discrete-time serial regulator elements are determined
directly. The calculation of the gain is again the final step of regulator design,
setting it to ensure the prescribed phase margin.
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Summarizing the steps of the design:

(1) Introducing PI and PD regulators according to the frequency function of the

continuous process

(2) Giving the discrete-time forms of the PI and PD regulators introduced as serial
elements in the first step and calculating the loop transfer function
(3) Determining the gain of the regulator to ensure the prescribed phase margin

(4) Checking the value of the cut-off frequency

(5) Checking the performance of the closed-loop, analyzing the course of the
output and the control signal (static and dynamic response, intersampling

behavior).

Comparing this design procedure with that for a continuous regulator, the sec-
ond, third and fifth steps require special considerations.

Creating the discrete forms of PI and PD regulators

The discretized forms are generated according to pole/zero equivalence.

PI element:

The continuous-time transfer function is (1 + s77)/s. Further characteristics are
summarized in the table below.

Continuous-time

Discrete-time

Transfer function 1+sTh ki -2z
s Z—D1

Zero = —1/Th 7 = sols _ e_Ts/TI

Pole pp1 =0 P = Pels —

The discrete-time equivalent of the PI element is (z —e I/ T‘) / (z—1). The gain
is not indicated, as the overall loop gain is determined at the end of the design

procedure.
PD element:

The continuous-time transfer function is (14 st)/(1 + sT). Further character-
istics are summarized in the table below.

Continuous-time

Discrete-time

Transfer function 1+st & -2

14T Z—p2
Zero zp = —1/1 &= Ty — ~Ts/T
Pole pep = —1/T pr = ePP0Ts = o= Ts/T

The discrete-time equivalent of the PD elementis: (z — e~ /%) /(z — e~ ™/T). The
gain is not indicated, as the overall loop gain is determined at the end of the design
procedure. Now the value of T which in the continuous case used to be the fifth, tenth
or twentieth part of t, now can be arbitrarily small, as in the extreme case the
amplitude-frequency function of the element 1 + st can not tend to infinity when the
frequency is increasing because of the finite sampling frequency. Therefore in
practice we can consider a value of 7 which fulfills the condition e /T ~ 0 the
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corresponding pulse transfer function of the discrete PD element is (z —e I/ T) / zZ,
and here the only parameter is determined by the chosen breakpoint frequency.

The discrete-time regulator may contain serially connected PI and PD elements
resulting in the transfer function

e e
(z—1)z

C(z) = ACp(2)Crp(z) = A (Z (13.101)

Its usual name is a PIPD regulator. Note that it is possible to use more Pl and PD
elements.

The third step of the design procedure is the choice of the gain A of the regulator.
The structure of the loop is now fixed: the only free parameter is the loop gain
K = AP4(1). The loop transfer function L(z) = C(z)Pa(z) is then investigated,
where K determines the value of the cut-off frequency ®. and the phase margin. We
are looking for a value of K, that yields the prescribed value of the phase margin.
There are several ways to determine the value of K. With trial we can use an
iterative technique which may converge quite quickly if the steps are chosen
appropriately. Another method considers the frequency characteristic of the
dynamic components of the regulator C(z). A CAD environment may replace these
methods, plotting the course of the frequency function of L(z) with unit gain, and
then calculating the factor which modifies the gain to reach the required value of the
phase margin. This critical step will be demonstrated in Example 13.2.

The last point of the design is checking the behavior of the closed-loop control
circuit. The course of the output signal has to be examined also between the
sampling points. This can be done by simulation.

Example 13.2 The transfer function of the continuous-time process is

-5

e
(14 10s)(1+5s)

Let us design a PIPD regulator with sampling time 7 = 1 s. The required type
number is i = 1 and the phase margin is approximately 60°. First the process is
discretized, its pulse transfer function is

_ _ 1
Pa@) = (1 - 1)Z{(l +10s)(1 +5s)s}
(24 0.9048) B (24 0.9048)
(z— e T/10)(z — e T/5)7 00091 (z—0.9048)(z — 0.8187)z
(13.103)

P(s) = (13.102)

= 0.0091

Following the design concept given for CT design the breakpoint frequency of
the PI regulator is chosen to be ®; = 1/10, and the breakpoint frequency of the PD
regulator is chosen to be @, = 1/5. Then
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z—e V10 709048
z—1  z—1

Cr(z) = (13.104)
and

z—e 'S 708187
z 4 '

Cep(z) =

(13.105)

The serial connection gives the pulse transfer function of the PIPD regulator:

z—0.9048 z — 0.8187

C 7)) =A
ppD (2) P .

(13.106)
The loop transfer function is

L(2) = Cowp (2)Pa(z) — 42020482 = 08187 0.0091(z+0.9048)
— LPpIPD d =

-1 7 (z—0.9048)(z — 0.8187)z
_, 0:0091(z +0.9048)
72(z—1)
(13.107)

Analyzing the loop frequency function L(z)|,_ur = a(®)e®® with A = 1, the
phase function @(®) reaches the value @ = —120° when the amplitude is
ajpo = 0.0661. As by changing the gain A the phase angle is not modified (only the
amplitude function is changed by a factor of A), setting the gain, A = 1/0.0661 =
15.3 the phase angle will be @ = —120° at ajp0 = 1, which means that the phase
margin is ¢, = 180° + ¢(®)|,_,= 180° — 120° = 60°. So the regulator is

z—0.9048 z — 0.8187

Cp]pD(Z) =15.13
z—1 z

The unit step responses u[k] and y(¢) of the closed-loop are shown in Fig. 13.2. H

u ¥
20 1.4
12
15
1
10 0.8
5 0.6
0.4
0
02
5 1 [sec] 0 1 [sec]
o 5 10 15 20 0 5 10 15 20

Fig. 13.2 Unit step response and the output signal of a closed-loop DT system with PIPD
regulator
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13.3 Design of Discrete-Time Residual Systems

In the case of CT systems, after the regulator design, the loop transfer function often
becomes relatively simple. Then the so-called residual systems can be described in
analytical form. For sampled data systems—if a DT regulator is designed for the
z-transform of the CT process considered together with the zero order holding
element—similar simplified examination methods might have been expected. But
unfortunately this is not the case, as only the o-transformation provides the same
structure for the DT model as for the CT model. Note that the generally used SRE
transformation always produces one pole excess. When creating the discrete-time
model of a CT process of order n together with a zero order holding element using
the z-transformation, the pulse transfer function will contain n poles and generally
(n — 1) zeros, therefore the analysis of DT residual systems means the consideration
of more parameters than in the CT case. The sampling time is a further free
parameter. The following example demonstrates these effects.

13.3.1 Continuous-Time Second Order Process with Two
Time Lags and Dead-Time

Let us consider the following continuous process containing dead-time given by its
transfer function

e*STd

(1+sT))(1+sT2)’

P(s) = (13.108)

It is supposed that the dead-time Ty is an integer multiple of the sampling time
Ts. The discrete dead time is expressed as

Ty=dT,, (d=0,1,2,..) (13.109)

Then the DT model of the continuous process together with the zero order

holding element is
— KP(Z—Zl) KP(Z—Zl)
Py(z) =771 = : 13.110
) (z=p)(z=p2) Z(z=p1)(z—p2) ( )

Suppose the pulse transfer function of the discrete-time PID regulator designed
using the pole cancellation technique is

Ke(z=p1)(z—p2) (13.111)

C(z) = Cop(2) = 1)

Then the loop transfer function is

L(z) = C(2)P(z) = Iii’f‘fg — il)) = Zfi(f(z__zll)) = Zﬁ(f(z_ _le)) . (13.112)




440 13 Design of Conventional Sampled Data Regulators
and the frequency function of L(z) is

. . I{I(e‘imTS — Zl) K](ejst — Z[)
* _ T\ _
L (J(D) = L(elm ) - ej(d+1)wn(ejmn _ 1) T pld+2)0T _ pild+1)oT,

Ki[cos(0Ty) + jsin(wTy) — z1]
cos[(d +2) Ty + jsin[(d + 2)0Ty] — cos[(d + 1)oT;] — jsin[(d + 1)oT;]

(13.113)
The phase angle of L(jo) is given by
. sin(®7y) sin[(d + 2)@T;] — sin[(d + 1)oT]
L = arct — arct, .
are{L’ (o)} = are gcos(coTs) e gcos[(d +2)oT;] — cos[(d + 1)o7y
(13.114)
As in the low frequency domain the phase angle of m can be well
approximated by
1 R 180°
arc{ej(dﬂ)mn(ejwn — 1)} ~ —90° — (d + 1)oT; — (13.115)
we have that in this range
in(®7; 180°
arc{L*(jo)} = arotg—SMOT) 900 _ (41 1), (13.116)

cos(0Ty) — 7 T
If the control system is designed for the phase margin ¢, = 60°, then
arc{L"(jo)} = —120° (13.117)

has to be fulfilled. For this the cut-off frequency ®. has to be solved from the
transcendental equation

180° sin(0Ty)
d+1)oT; —30° 2 arctg————~——— 13.118
(d+ 1o T are gcos(st) -7 ( )
at ® = .. Then from
oy | ) | (KT )@ )
IL*(jO) | g, = T (0T, — 1) (T — 1) A (T —1)|
®O=0 W=0¢

(13.119)
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K1 can be solved for

|eiwcn _ 1|
Ki=7+—F+—— 13.120
1 |€J(’J°TS — Zl| ’ ( )

and finally the gain of the regulator is obtained
Kc = Ki/Kp. (13.121)

It can be seen that especially because of the initial transcendental equation,
complicated calculations have to be executed. But with CAD facilities, expression
_ (fi(f)_z_l) :K}{(Z:Zl) (13.122)

z (z—1) Z*z-1)
obtained for the loop transfer function can easily be handled. For example, the
frequency function belonging to the pulse transfer function L(z) can be determined,
and in the required frequency range with a given resolution coherent values of the
frequency, the amplitude and the phase can be calculated (just by calling a routine).
These values are important for further considerations in the vicinity of the fre-
quency where arc{L(jo)} = —120°. The approximation can be made more accurate
with tapering and refining the resolution of the frequency range. The sampling time
T is also a parameter of the calculations (and of the program routine). Its value is
also needed in the formal substitution of z = ¢*™* ly—jor-

Note that in the case of a system with no dead-time (d = 0) and k = 1, the initial
transcendental equation is

L(z)

180° in(oT,
80° _ 30° = arctg sin(Ty)

oT, (13.123)

cos(oTy) — 71

A further remark is that calculating the discrete model of a continuous second
order system with two time lags, containing also a zero and dead-time, given by the
transfer function

(1+s1)eTa
P(s) — ; 13.124
©) = T 157) ( )
the pulse transfer function can be obtained also in the form
Kp(z — Kp(z —
Pa() = 0 KpE—2) __ Keli—2) (13.125)

(z=p)(z—p2) Z(z—p)(z—p2)

13.3.2 The Tuscuik Method

The discrete regulator design method of TuscHAK is based on the fact that also the
design methods of DT regulators use essentially pole/zero cancellation methods.
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Therefore in most cases good results are obtained if the regulator is designed based
on the CT process model, but taking into account the extra phase distortion coming
from the sampling. We have already discussed the simplest case of phase distortion,
namely the application of the zero order holding element which virtually places an
extra dead-time of value 7;/2 into the closed-loop, thus the phase characteristic
changes unfavorably according to ¢ (jo) = ¢(jo) — oT;/2.

DT models obtained by SRE transformation may introduce further undesired
distortions. Let us analyze first the SRE model of the first order lag element
P(s) = 1/(1+sT), where

Pa(z) = bz ! b K(l - efT“/T)Zfl B K(l — e’n/T)
= l+aiz7! z+a 1—eB/Tzl g 1T ‘1
1 —e I/T -
= Py (13.126)

Approximating the exponential elements with their TAYLOR expansions,
Pd (efwT*) ~ Pd(jO))
1= [1=1yT+ (1) [2- ]
[1 +joT,+ (jst)z/er } - [1 _ TS/T—&—(TS/T)Z/Z _ } '
(13.127)

Neglecting the elements whose degree is higher than two, the following rela-
tionship is obtained

. 1 1 —T,/2T 1 T
Py(jo) ~ - - / R~ — e N (13.128)
1 +joT 1+ (joT — 1)T,/2T ~ 1+joT
where
T,/2 T,
- __L2 | LT (13.129)
1 —T,/2T|; .p 2

Thus in the low frequency domain the additional dead-time is equal to the extra
dead-time of T;/2 considered as a consequence of sampling, but for larger sampling
times this can be significantly larger, for instance in the case of Ty = T, it takes
already the value of T, = Ts.

In the pulse transfer function, not only do zeros appear correspond to the zeros of
the CT process, but also additional zeros appear because of the sampling. Let us
consider the DT model of unity gain given by the pulse transfer function
Pa(z) = (z+7v)/(1 +v). The low frequency approximation of its frequency func-
tion 18
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T by 1 +joly + (oTy) 2+ - +y

Py(e"
(™) =T L4y

(13.130)

Dividing the numerator and the denominator by (14 7), then neglecting the
quadratic and higher degree elements, the approximating frequency function is
obtained as

- T, .
Py(jw) ~ 1+jmmz ol (13.131)

where the additional negative dead-time (i.e., acceleration) is

T
T,) =— =T. (13.132)
1+'Y y~0

If vy is small, then Th+ ~ T, if it is large, then the value of the additional
(positive) dead-time can be smaller than T /2.

Based on the above considerations, a rough estimate of the entire additional
dead-time is given by

= P—-Z)T

where P is the number of poles and Z is the number of zeros of the DT model. This
does not mean much more than the additional dead-time 7,/2 introduced by the
zero order holding element (as for SRE discretization P — Z = 1). Nevertheless it is
expedient to calculate all the additional dead-times resulting from the poles and the
zeros according to (13.129) and (13.132) and summaring them, to get

z

Th=> T - i Ty (13.134)
i=1

i=1

Example 13.3 Let the transfer function of the CT process be

1

P(s) = . 13.135
) = AT+ 108) ( )
The sampling time is 7s = 1. The pulse transfer function is
0.1903 2.7471
Pa(2) = 0.0024 (z+ )zt ) (13.136)

(z — 0.9048)(z — 0.8187)(z — 0.3679)
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The approximating discrete frequency function in the low frequency domain
(o< 1/Ty = 1) is calculated as
(1+0.1903)(1 +2.7471)e 70(F5 147+ Fits—1/1.1903-1/3.7471)
(1 —0.9048)(1 — 0.8187)(1 — 0.3679)(1 + 10j)(1 + 5jo) (1 +jw)
(13.137)

Py(jo) = 0.0024

or

efju)(2,08970.8470.2669) efjm0.875

Paljo) = (1+ 10j0)(1+5j0)(1 +jo)  (1+ 10jo)(1 + Sjo) (1 +jo)’ (13.138)

As seen here a bit higher value was obtained than 0.5, one-half of the sampling
time. |

13.3.3 Discrete-Time Second Order Process with Time Lag
and Dead-Time

The SRE discrete-time model of the second order CT time process given by the
transfer function (13.108) is of DT form (13.110), which can be written also in the
usual form

bz '+ bz bL(1+vyz71) )
Pz = -, 13.139

d(Z ) 1—|—a/ -1 4 /21—2Z 1+a/ _1_|_a/ R ( )
It is worthwhile to note that using the §-transformation according to (13.64) one

obtains
b// — L b// 7d”

1—|—a’1'q—1+a” -4 1+a” —l—l—a’z’q

Pi(q") = (13.140)

where d” = d+2. So both formulas can be given by the general pulse transfer
function Py = Bz ¥ / A, only with differing values of B and k.

The design method using the usual pole cancellation method in the case of the
discrete-time PID regulator can be described in the simplest way by the following
pulse transfer function of the regulator:
go+ a1z " + ¢z 40 A(2)

G G 13.141
1_271 F(Z) 1— —z 1_ -1 F( ) ( )
where Gg(z) is a serial filter, which forms a part of the regulator. With this com-
pensation the resulting residual loop transfer function is

C(z) =

qoB
1—z-1

bo(l+vz ")  K(1+yz!
Gr(g)* =2 °f_zj ) _ 1(1—;1 ) (13.142)

L(z) =
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For phase margin @, = 60° the transients of this simple residual closed-loop
system are very nice, the overshoot is less than 1-5%. Unfortunately, to calculate
the integrating loop gain Kj, the following nonlinear equation has to be solved:

ysinx

I+ycosx
1 = g(x). (13.143)

1 — 2arctg
X =

Using its solution,

2(1 — cosx)

K= .
v/14+2ycosx+ 2

From the last two equations the curves obtained as optimal solutions for setting
the parameter Ky as a function of d and y are shown in Fig. 13.3. For positive values
of v, using the TAYLOR expansion approximations of the functions in the two
equations, one obtains

(13.144)

1

K=oty -y

(y>0). (13.145)

For y = 0. which is common when using the 6-transformation (the BANYASz-
KEviczky method),

1 1 1 1
U oK1 k1|, 2@+ —1 2at+3 =0 )

It can be simply checked that

1 K9 1 1
= lim =~ ~ lim

— = = 13.147
70 70Ty  1.-02T4+3T, 2Ty’ ( )

which corresponds to the solution (8.23) obtained for the CT residual system.

Fig. 13.3 The optimal Kj as K;
a function of d and y 14
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Let us note that for the domain y <0, the following simple serial filter can be
used:

1

Ge(@) = Tyt

(13.148)

This case corresponds to formula (13.14) of the DT approximate PID regulator.
This is essentially a zero cancellation technique, which can well be used, if the zero
71 = —v is stable. If the zero is unstable, then with a pole of value p; = 1/z; the
undesired “negative” overshoot in the unit step response of the closed-loop could
successfully be decreased. This pole can be placed by the choice of the serial filter

1ty 1
Ty e oK

v

Gr(z) (13.149)

(the BANYAsz-KEviczky-HETTHESSY method).



Chapter 14 ™
State Feedback in Sampled e
Data Systems

The design methods for controllers based on state feedback in the case of CT
processes were discussed in Chap. 9. Next this methodology will be summarized
for DT systems. For this purpose consider the state equation of a sampled data
linear LTI process to be controlled using the results of Sect. 11.4 for the case d = 0.

=
=
_|_

[

Fx[k] + gulk] (14.1)

The block scheme represented by the above equations is seen in Fig. 14.1.
Here ulk] and y[k] are the process input and output, respectively, and x denotes
the state vector. The equivalent pulse transfer function is now

_ B(Z) B(Z) b12"71 -+ .- +bn—1z+bn
— T —F) o — - =
Glz)=c'ld —F) g det(zd —F) A(z) Z'+aiz7 '+ - +ap1z+a,
(14.2)

A classical closed control loop directly applied to the state equation description
is shown in Fig. 14.2, where the reference signal is denoted by r[k]. The
closed-loop is formed by the feedback from the state vector via the linear pro-
portional feedback vector k' in the form

ulk] = ker[k] — k" x[k] (14.3)

Based on Fig. 14.2, the state equation of the complete closed-loop system can be
written as

x[k+1] = (F — gk")x[k] + kgrlk|

14.4
Yk = ¢"x[k] (144
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ulk] g ;C\x[kﬂ] o x[k] . K]

+

Fig. 14.1 Block scheme of the state equation of the linear time invariant discrete-time system

ulk] x[k+1]

r[k] k + g + = x[k]

REr

kT

Fig. 14.2 Linear discrete-time control with state feedback

i.e., the dynamics concerning the original system matrix F is modified by the dyadic
product gk" to (F - ng).
The transfer function of the closed control loop is

"(d — F)” gk

_@: T(.y Nl
Iy (@) "R ¢ (df ~F+gk’) gk 1+k"(d - F)'g (14.5)
_ k; Gz) = kB(z) '
1+k"(zd —F)'g Az) +k™(2)g

which comes from the comparison of the Z-transforms X(z) = (z — F) 'gU(z)
[similarly to (3.12)], U(z) = kR(z) — k"X (z) [see (9.3)] and Y(z) = ¢"X(z) [see
(9.1)], using the matrix inversion lemma (the proof is given in detail in A.9.1 of
Appendix A.5 for CT systems). Notice that the state feedback leaves the zeros of the
process unchanged, and only the poles of the closed system can be designed by kT.

Introduce the so-called calibration factor k;, by means of which the gain of the
T,y can be set to unity, ie., T,y(1) = 1. Obviously the open-loop is not an inte-
grating one, so it can not yield zero error and static gain unity. In order to reach this
the process parameters have to be known and the condition
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~1 _K'Flg—1
cT(ngkT)_lg "F'g

ke = (14.6)

must be fulfilled [see A.9.2 of Appendix A.5]. The above special closed control
loop is called state feedback.

14.1 Discrete-Time Pole-Placement State Feedback
Regulator

The most natural design method regarding the state feedback is the so-called
pole-placement. In this method the feedback vector k' has to be chosen to provide a
prescribed polynomial R(z) for the characteristic equation of the closed system, e.g.
in DT case,

R@)=7"+nd" "+ +rz+rn= H (z—z) =det(zI — F+gk")
i=1

= Az) +k"¥(2)g
(14.7)

The solution always exists if the process is controllable. If the transfer function of
the system to be controlled is known, then it is an exceptional case, because the
canonical state equations can be directly written. Based on the controllable control-
lable canonical forms (3.47) and (11.107) the system matrices can be obtained as

—da —day ... —ap_1 —day
1 0o ... 0 0
Fc: 0 1 0 0 ;cz:[bl,bz,...,bn];

0 0 0 1 0
g =1[1,0,...,0]"

Taking the special forms of F. and g, it can be easily seen that according to the
design equation
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[—a; —an —Ap—1 —ay 1
1 0 0 0 0
F. *gckI - 0 1 0 0 _ 10 ch
L O 0 0 1 0 0
_—}’1 —-n —Tp—1 —TIy
1 0 0 0
1 0 0 (14.9)
L 0 0 0 1 0
the choice
kT:kE:[rl—al,rz—az,...,rn—an] (1410)

ensures the characteristic equation Eq. (14.7), i.e., the prescribed poles. The value
of the calibration factor can be given by a simple computation:

an+(rn*an) n
=—"—"7"7-7—-=—. 14.11
bn bn ( )

It can be easily seen from the Egs. (14.4) and (14.6) that the overall transfer
function of the closed-loop system is

Tiy(z) = (14.12)

in the case of state feedback pole placement, as was already mentioned in con-
nection with (14.5).

Example 14.1. Consider an unstable process with transfer function

62 —0.2z —0.2771 -0.27 —0.27
Z = = = = 5
(z—08)(z—2) (1—-08z)(1—-2z7") 2-28z+1.6 Az

where A(z) = (z — 0.8)(z — 2) = 22 — 2.82+ 1.6 = 2> + a;z+ a,. To stabilize the
process we should mirror the unstable pole outside the unit circle p§ = 2 inside the
circle, i.e., select p¢ = 0.5. The design polynomial R(z) = (z — 0.8)(z — 0.5) =
22— 132404 =72+ riz+r ensures this goal. So the necessary stabilizing
feedback vector is

K=[n—a n-a)=[-13-(-28) 04— (16)]=[15 —12].
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The most frequently appearing case of state feedback is when instead of the
transfer function, the state space form of the controlled system is given. In con-
nection with (3.67) it has already been discussed that all controllable systems can be
written in controllable canonical form by using the transformation matrix

T. = Mg(Mc)fl. This similarity transformation has an effect on the feedback
vector, too:

K' =Kk T, =kIMM.' =g'M_'"R(F) =[0,0,...,1]M_'R(F)  (14.13)

To compute (14.13), the inverse of the controllability matrix has to be con-
structed by the system matrices F and g, on the one hand. On the other hand, the
controllability matrix M¢ of the controllable canonical form has to be also generated
[see (3.61)]. Since this latter depends only on the coefficients a; in the denominator
of the process transfer function, the denominator has to be computed:
A(z) = det(zI — F). The same is true for the computation of R(F) in the second
formula. The method of computing the pole placement state feedback vector shown
above is named—after its developer—the ACKERMANN method.

Observe that the transformation properties of the CT and DT state equations,
their canonical forms and the concepts of controllability and observability are
formally completely the same. Deriving from this fact, the state feedback tech-
niques for the control of discrete-time systems also have a great similarity with the
CT methods presented above.

14.2 Observer Based Discrete-Time Pole Placement State
Feedback Regulator

The method of the state feedback discussed previously requires measuring the state
space vector of the state equation describing the process. This is very rarely
available, generally only in the case of systems with low order dynamics (for
example, mechanical systems described by distance, velocity and acceleration
co-ordinates). The usability of the methods depends also on whether measurement
or estimation is available on the state vector. For the construction of the state vector,
the so-called observer principle has been developed. For this method, the knowl-
edge of the system matrices F, g and ¢' is necessary, by means of which an exact
model of the process is constructed, and applying the same excitation as for the
original process, this model (the observer) provides the estimated values x[k] and
y[k] of x[k] and y[k], respectively. The state feedback is performed using *[k]. The
principle is shown in Fig. 14.3.

Strictly speaking, F, £ and ¢" have to be employed in the observer instead of F,
g and cT. But the particularity of the observer is that besides providing a parallel
model, it also constructs an error g[k] = y[k] — y[k] from the deviation of the
original from the estimated output of the process, and feeds it back to the input of
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Fig. 14.3 State feedback applying an observer

the observer delay via a proportional feedback vector I. This feedback operates until
the error exists, i.e., until the outputs of the process and the observer become the
same. With the knowledge of the system matrices this operating mode can com-
pensate relatively large errors. It is also seen in the figure that now the state
feedback has the form

ulk] = krl[k] — k"%[k], (14.14)

thus x[k] appears instead of x[k]. After a long and complex derivation, whose details
are not discussed here, the transfer function of the complete closed system can be
obtained as

B [cT(zI —F)*‘g} [1 — K" (ad —F+ng+lcT)‘1b] k,
o+ [IT(zI —F+ng+lcT)*1g} [cT(zI—F)*lg}
(A —~F) gk kG (z) _kB(2)

1+k"(d—F) g 14K -F)'g R
(14.15)

=c"(d - F—l—ng)flgkr =
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which is, perhaps surprisingly, precisely equal to (14.2), i.e., to the case of state
feedback without observer. This means that the tracking behavior of the closed
system does not depend on the choice of the vector I. To examine the operation of
the observer, let us construct the vector of the state error

k] = x[k] — %[K] (14.16)

and also
x[k] = (F —1c")x[k], (14.17)

which is very similar to (14.4) without excitation. Very similar methods can be used
for the design of observers as were used for state feedback, where the choice of the
goal is to ensure the system dynamics (14.17) by the characteristic polynomial

det(d — F+1Ic") = F(z) =" + A2 + -+ +farz+fi (14.18)

A solution always exists if the process is observable (This is reasonable if the
order of F is equal to that of A). If the transfer function of the process to be
controlled is known, then it is an exceptional case, because then the canonical forms
can be directly written. In this case, when the system matrices are based on the
observable canonical forms (3.53),

—a) 1 0 ... 0
—ap o1 ... 0
Fo=| © © t . tliel=[1,0,...,0]; g = [b1,bs,....b]"
—a,-1 0 0 1
—a, 0 O 0

(14.19)

Taking the special forms of F, and ¢! into account, it is easily seen that
according to the design equation

[ —a 10 ... 0
—a, 0 1 ... 0
Fo—Lcl=| 1 o | —L[1,0,...,0] =

—dan—1 0 0 1
—-a, 0 0 0

C A 10 0 (14.20)
—H 0 1 0
_f;lfl 0 0 1
L _fn 0 0 0
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the choice

I=1Il,=[fi—afp—ay.. fo—a)]" (14.21)

ensures the characteristic equation (14.18), i.e., the prescribed poles.

The general case is now, when the state space equation of the process is given
instead of its transfer function. It has already been discussed concerning Eq. (3.79)
that all observable systems can be written in observable canonical form by the use

. . -1 o .
of the transformation matrix T, = (M)~ M. This similarity transformation has an
effect on the feedback vector, too:

1= (T,)"'l, = M;'M°L, (14.22)

To compute (14.22), the inverse of the observability matrix M, has to be con-
structed by the general system matrices F and ¢'. On the other hand, the observ-
ability matrix My of the observable canonical form must be also given (see (3.73).
Since this latter one depends only on the coefficients ¢@; in the denominator of the
transfer function of the process, so to its determination the denominator has to be
computed: A(z) = det(zI — F). The computation method of the observer vector
shown above is named, after its developer, the ACKERMANN method.

There is an interesting similarity between the design methods of the dynamics of
the state feedback and of the observer, a so-called duality, i.e., they correspond to
each other under the associations F < FT, g < ¢T k « I', M¢ « (Mg)T.

Based on the state error (14.16) and the equations of the process (14.1), the joint

equation of the state feedback and the observer is
F — ok” kT x|k ks
g g HH}JF[ g}r[k]

|:X[k+ 1]} _
X[k +1] 0 F —Ic" | | X[k] 0
e[k] = y[k] — y[k] = ¢'x[K]

(14.23)

Since the right hand side system matrix is upper triangular, the characteristic
equation of the closed system is

det(zl — F +gk")det(zd — F +1c") = R(z)F(2) (14.24)

Thus the polynomial is the product of two factors: one is connected to the state
feedback, the other is connected to the observer. It is important to remark that in
contrast to (14.24), F(z) does not appear in the transfer function T}y (z) [see (14.12)
and (14.15)].

Equation (14.24) representing the observer based state feedback, according to
which the characteristic equations of the state feedback and observer are inde-
pendent, is called the separation principle.
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14.3 Two-Step Design Methods Using Discrete-Time State
Feedback

It has been shown in the discussion of the state feedback based control, that the
most advantageous (favorable) properties of the method are:

— the applicability of the method does not depend on whether the process is stable
or unstable

— the tracking behavior does not depend on the applied observer, thus it can be
directly designed

— the method is not very sensitive for the exact knowledge of the parameter
matrices of the state equation

There are unwanted, unfavorable properties:

— the state feedback is basically a control of O-type, therefore the remaining error
can be eliminated by the calibration factor, which is never very precise using the
model of the process

— the state feedback can not change the zeros of the process

— the noise rejection behavior can not be designed directly.

Mainly due to these latter attributes, usually an extra step is included in the
design of control systems using state feedback. The necessity of the calibration
factor can be easily eliminated by the construction of a cascade integrating con-
troller according to Fig. 14.4.

The joint state equation of the closed system, which now replaces Eq. (14.4), can
be written as

SR oF I R T

= (F" —g'kl)x" (k] +v'r[K]

e[k] 8[k] u[k]
rlk] & NN RS xlk+1]=Fx[kl+gu| y[k]
1-z7! ! y[k]= ¢ x{k]
x[k]
P

Fig. 14.4 The joint use of the state feedback and the integrating controller
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by introducing a new state variable d[k], which is the integral of the error e[k] =
r[k] — y[k] of the outer loop, where the notations

F = [CI'; g}; g = [g} p* = [_01} (14.26)

and the new extended feedback equation

ulk] = —[k" k] HIIEH = —k,x'[k] = elk] — K x[k] (14.27)

are taken into account.

Equation (14.27) clearly shows the integrating effect. The item k'x[k], however,
can be considered as a generalization of the derivative effect.

Thus the closed-loop control having also an integrator can be described by a
state equation which has its dimension higher by one than the earlier one, where
now k; has also to be determined besides k™. For the design of the extended system
the characteristic polynomial R*(z) having order greater by one has to be pre-
scribed, then the design Eq. (14.13) of the AckermaNN method can be directly
applied here too. If the process is not given in the transfer function form, then the
general state equation has to be rewritten first into a controllable canonical form, as
was shown in (10.13).

Notice that the extended task can not be solved sequentially, i.e., by determining
first the k" belonging to R(z), and then k; based on R*(z) = R(z)(z — z4+1). The
task has to be solved in one step for k! on the basis of R*(z).

An integrating effect can also be included by designing the state feedback for a
modified process G*(z) = zG(z)/(z — 1) instead of the transfer function G(z). Note
that the feedback vectors obtained for the earlier case and for this latter approach are
not the same!

Obviously, besides the I-controller, a higher order regulator can also be applied.
The solution of the pole placement, however, can not be obtained automatically by
the AckerMANN method, and may lead to a complicated system of non-linear
equations.

In the case of state feedback applying observer an [ or higher order regulator,
instead of the regulator of O-type, can also be applied in the error feedback of the
observer using the methods shown above.

The unchanged zeros of the process can be compensated by a serial compensator

N(z)
B (2)

Ki(z) = Gs(z) (14.28)

where it is assumed, according to the method applied in Chap. 7, that the numerator
of the process is B(z) = B (z)B_(z). Here B contains the stable zeros and B_
the unstable zeros. For realizability, A/ (z)/B (z) has to be proper, thus only as
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many zeros can be placed in the transfer function of the closed system as there are
stable zeros in the process.
Finally the loop transfer function has the form

Try(Z) = ';\z%ker(Z)B(Z) (14.29)

where the effect of the invariant B_(z) can be attenuated optimally by the filter
G,(z). In many cases a simple, but not optimal Gs(z) = 1 is chosen.

A favorable design of the disturbance rejection feature can be reached by
applying a YP controller in the outer cascade loop. This can be done since the state
feedback is capable of stabilizing any process, even an unstable one. In general, the
control of an unstable process has two steps. In the first step the process is stabi-
lized, then in the second step, via a second outer loop, the required quality goals can
be ensured even by a TDOF structure.

A stabilizing controller using state feedback can be applied only to delay-free
processes. If the process has a significant delay, then the only possibility is to
switch to a sampled-data control using the general polynomial method [see
Chap. 15].

14.4 Discrete-Time LQ State Feedback Regulator

With the method presented in the previous section, arbitrary (stabilizing) pole-
placement can be performed via the so-called state feedback from the state vector of
the process. A further optimality task can also be solved by the technique of state
feedback. The goal of this task to control optimally the DT LTI process (11.33—
11.34) by the minimization of a complicated optimality criterion

1 o0
I= EZ {x" k)W yx k] + Wy k] } (14.30)
k=0
Here Wy is a real symmetric positive semi-definite matrix, weighting the DT
state vector and W, is a positive scalar, weighting the DT actuator signal. The
solution optimizing the criterion is a state feedback in the form

ulk] = —ki ¢ x[k] (14.31)
[see (9.3)], where k{Q is the feedback vector

1
kio = WgTP (14.32)
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Here the symmetric positive semi-definite matrix P is the solution of the alge-
braic Riccatr equation

1
PF+F'P— —Pgg'P = W, (14.33)
W,

The (algebraic) RiccaTr equation is nonlinear in P, therefore it does not have an
explicit algebraic solution. The CAD systems used in control engineering, however,
have several numerical algorithms for the solution of the above equation. This
controller is called an LQ (Linear Quadratic: Linear regulator—Quadratic crite-
rion) regulator.

The state equation of the closed system provided by the LQ regulator has the
form

xfk+1] = (F - ngQ)x[k]; F=F—gkl, (14.34)

(The derivation of the LQ regulator for CT systems can be found in A.9.6 of
Appendix A.5, the derivation of the DT controller can be done with a very similar
analogy).

If the transfer function of the process is known, then the controllable canonical
form can be easily written in analogy with the CT Eq. (9.10) for the special F. and
g. formed by (14.8), according to the design algorithm (14.10) of the classical DT
state feedback. The feedback vector kEQ comes from the LQ control design (from
the solution of the RiccaTi equation). So by turning back the derivation of (14.10),
the coefficients of the characteristic polynomial R (s) of the closed-loop system are
given by

[rt, 72l "= Kl + [ar, a2, . ya]” (14.35)

In the case of LQ control it is also possible to apply an observer for the deter-
mination of the state vector.

Notice that the state feedback vector kEQ also leaves the zeros of the process
unchanged.



Chapter 15 )
General Polynomial Method Skl
for the Design of Discrete-Time

Controllers

Unfortunately the application of the DE to CT processes cannot handle a
time-delay, since the method can be used only for polynomials. Time-delay systems
can be stabilized only in the discrete-time case. Assume that the pulse transfer
function of the process is

G(Zil) =G, ("G () =6, (271)07 (zfl)z’d, orG=G,G_ =
=G,G." (15.1)

where G, is stable and its inverse is also stable (SIS: Stable Inverse Stable). G_ is
unstable and its inverse is also unstable (UIU: Unstable Inverse Unstable). G_ is
also UIU. Here, in general, the inverse of the time-delay part cannot be realized,
because it would be an ideal predictor. Thus a reasonable factorization of the
process is

B, B.B. ., (B.\[(B.\ »
B 4 _ — ) ~ 15.2
G 1° A+A,Z <A+) (A)Z G,.G z (15.2)

Here A, contains the stable poles, A_ the unstable ones. Similarly, B
includes the stable zeros, B_ the unstable ones. The general design DE for discrete
systems is simply obtained from (10.14) by formally changing B_ to B_z~?. The
new form of (10.14) becomes

(./44,,/47) (B+ XdX/) + (B+B,Z_d) <A+ydyl) = R/ = A+B+R
A X + B y =R
(15.3)
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The modified DE is

(A,Xd) X+ (szfdyd> Yy =R (15 4)
Al X/ _"_ B/ y/ — R/ :
where A' = A_X, and B = B_z%Y, are known and the controller is obtained
again as

LY ALY ()Y A B 2% A

C=X¥TB A B,(1-%YB z4) 1-PYBziB,

(15.5)

The Youra-regulator is integrating if a unit gain is ensured for the reference
model: R,(w = 0) = R,(z = 1) = 1. This cannot be automatically guaranteed for
the stabilizing controller coming from the DE. This solution is guaranteed if Xy
brings the pole z =1 into the denominator. To solve the DE Eq. (15.4), the
equation has to be formed in powers of z.

What was discussed in detail in the Chap. 10 relating to the DE will not be
repeated here. Note that the transfer characteristic of the whole control loop is

y =Ty + Sy = RGB_z ‘ye+ (1 = R.YB_z ")y, (15.6)

It can be clearly seen that the filter G, can be chosen arbitrarily and can be
optimized to attenuate the effect of 5_. Unfortunately the same statement cannot be
made about the optimization of the disturbance rejection. Here )’ comes from the
modified DE (15.4), so it cannot be chosen arbitrarily, therefore the attenuation of
the effect of B_ cannot be solved as easily, as was seen with the YourLa-para-
meterization and tracking properties (15.6).

Example 15.1 Let the controlled system be a first order (n = 1), unstable DT
process

Bz') -027'  -02
Az ) 1-12z1 z-12

G(z') = (15.7)

whose pole p = 1.2 is outside the unit circle. Determine the controller C = /X
which stabilizes the process by prescribing the characteristic polynomial
R(z) = z— 0.2 = 0. The controller is sought in the form of n — 1 = 0 order, which
can be reached by the structure

=K (15.8)
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i.e. by a proportional controller. Based on (15.4), we have

AX+BY =R

(2—12)—02K =702 (15.9)

from which C = K = —5 is obtained for the controller. It can be checked by simple
computation that the pulse transfer function of the closed system is

1 7!
T = = N
z7—02 1—02z71

(15.10)

thus the unstable pole has been successfully allocated to the prescribed place inside
the unit circle, by means of which the system is stabilized. The static transfer of the
closed-loop is not unity, because the controller is proportional and not integrating.
To get better control, it is reasonable to apply a further outer cascade loop, as was
seen with state feedback control. ]

Example 15.2 Let the controlled system be a first order (n = 1), stable DT process

Bz') 027" 02
AzY) 1-081 z-08

G(z') = (15.11)

and the goal is to make it faster. Assuming an ODOF system, our design goal is
expressed by the reference model

0.8z 0.8
R, =R, = = 15.12
T 1-02270 z-02 ( )
Now the Youra-regulator is of integrating type, i.e.,
Rnt 1 0.8z7! 1-0.8z7" 1—-0.8z!
Copt =Cyq = = 0.87-1 1 -1 1
1-R, 1--8 _1-02¢ 0.2z 1—z
1-0.2z
(15.13)

(because the zero of the denominator is z = 1), and the transfer function of the
closed system is

0.8771 0.8
— — 15.14
1-02z7! z—-02 ( )

whose static transfer is unity corresponding to a control of 1-type.

Based on (15.12), the characteristic equation for the design by DE is
R(z) =z—0.2=0. Now the controller is also sought in the form of order
n—1=0, thus according to (15.8), proportional controller is applied.
Equation (15.9) becomes
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AX+BY =R
(z—0.8)+02K=27z—-0.2 (15.15)
from which the controller is C = K = 3. It can be checked by simple computation
that the overall transfer function of the closed-loop system is now

0.6 0.6z7!
= 0" 1 02 (15.16)

The prescribed pole 0.2 is successfully allocated, but the loop is of O-type,
therefore the gain of 7 is 0.75. The above two examples represent well the practice,
i.e., for stable systems the YouLa-parameterization has to be applied, while for
stabilizing unstable systems, the application of DE, or the state feedback discussed
in this chapter can provide the solution. |

Example 15.3 Let the controlled system be a first order (n = 1), unstable,
time-delay DT process

Biz') —02z' | —0277? -0.2 (15.17)

-1\ _ _ —
P = AN 1-12:1° " 1-12¢1 z2z-12)

whose pole p = 1.2 is outside the unit circle. Observe that this formally corre-
sponds to a second order process because of the time-delay. Therefore the stabi-
lizing controller C = )/ X is sought in a first order form with three parameters

Y Yozt _ Yotz
C=5= = 15.18
X z+x 1+xz7! ( )
Because of realizability conditions it is reasonable to select a stable third degree
characteristic polynomial R(z) = z(z — 0.2)> = z(z> — 0.4z +0.04) for the con-
troller design. The number of unknown parameters is three and the relevant DE is

AX+BY =R (15.19)
(22 — 1.22)(z+x1) — 0.2(yoz + 1) = 2(z* — 0.4z +0.04) '
and solving the equation for y,, y; and x; we get
-5z -5
C = = 15.20
z+0.8 1+0.8z71 ( )

It can be checked easily that the overall transfer function of the closed-loop
system is
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-1 -1
z z _ z
T = = ! !

Az—027 (1-02:1)7 1-04z7+0042"

(15.21)

The prescribed double poles at 0.2 have been successfully allocated, but the
control loop is of O-type, thus the gain of T is 1.5625. Thus a controller having a
relatively simple structure could solve a difficult problem, i.e., it can stabilize an
unstable time-delay process. |



Chapter 16 ™
Outlook Skl

The goal of this chapter is to illustrate some further subjects in control engineering.
In the previous sections single variable (SISO), linear systems with constant
parameters (LT]) were considered. The systems in practice, however, are usually
nonlinear, multivariable and have varying parameters. It is not surprising, that the
solution of these kinds of problems needs higher level control engineering theory.
Neither does this chapter deal with all these subjects, instead it gives a short sum-
mary of four areas, which belong to the modern theory of SISO systems. These are:

— Norms of control engineering signals and systems
— Methods of numerical optimization

— Introduction to system identification

— TIterative and adaptive control schemes.

16.1 Norms of Control Engineering Signals and Operators

A norm in a complex linear space is interpreted as a real number, called the norm of
x and denoted by ||x||, which can be applied to any vector x of the space, and which
satisfies the relationships below

lx|| > 0 if x # 0, and ||0]| = 0.
|lax|| = |a|||x|| for an arbitrary complex number a
llx +y| <|lx]| + |||, which is the so-called triangle inequality.

The same concept exists regarding the linear vector-spaces of dimension n, and
formally the same is valid for functions, too.

The quality of the control—as was seen in the previous sections—is connected
with the error signal, or to the sensitivity function. The error signal is a function of
time, but the sensitivity function is a complex frequency function, thus they are all
functions. Their magnitude somehow has to be defined, because their value at a
given frequency does not characterize the whole function, not speaking about their
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466 16 Outlook
magnitude. A mathematical notion, the above norm, is used for characterizing the

magnitude of a function. Next, some basic norms will be presented, whose defi-
nitions will explain their meaning.

16.1.1 Norms of Signals

Lynorm: [Ju()], = / lu(s)|dt (16.1)
Lynorm:  |u(r), = / |u(r)[*dt (16.2)

Lo norm:  |ju(t)|| :mtax|u(t)| (16.3)

[o¢]

In the practice usually input functions (u(¢) = 0, if  <0) are investigated, where
the lower limit of their integral is zero.

From the integrals of errors (integral criteria) discussed in Chap. 4, I3 = IAE =
le(r)]], is the £, norm of e(z), I, = |le(t)|; is the square of the £, norm. The
relationships are quite obvious, nevertheless the integral criteria are considered
rather engineering quality measures, but the norms are strict mathematical
definitions.

For non-final-time signals there is the definition of power as

powlu(r)] = | lim % / |u(r)|de (16.4)

Note that final-time, constrained signals have only energy, their power is zero.
Thus if ||u(z)||, < oo then pow[u(r)] = 0.
The simplest inequalities regarding these norms are

pow[u(r)] < [lu(f)lloe; if  [Ju(r)]|, <oo (16.5)

lu@)lly < \/lu@llllu@lly; i [Ju@)] <occand [[u(®)], <co  (16.6)

16.1.2 Operator Norms

Using the frequency function H(jw) of an LTI system having a stable transfer
function H(s) the following norms can be defined.
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1 o0
Hanom: [[H (o), = |- / IH(joo)Pdo> (16.7)
‘H s norm: ||H(jc0)|\x:m£x|H(jm)| (16.8)

These operator norms are usually called system norms.
The computation of the H;, norm can be performed on the basis of the PARSEVAL-
theorem.

o0
. 1 , 1
|H (jo)|5 = > / H(jo)|*do = e 7( H(—s)H(s)ds = Res[H(—s)H(s)],
(16.9)
where the residues of [H(—s)H(s)] have to be taken into consideration on the left

half plane. The expression (16.9) can be used only (i.e., H; is finite), if H(s) is
strictly proper and has no pole on the imaginary axis. It is worth noting that

|H (o), = / () P = / ()P, (16.10)
—00 0

where w(z) is the weighting function of the system having transfer function H(s).
If the system H(s) is given in state-space form (A, b, "), then the H, norm can
be computed by the following expression

[H (jo)ll, = VcTLe, (16.11)
where
L= / Abb A dr. (16.12)

0

Instead of the computation of the integral (16.12), L can be simply determined
by solving the system of linear equations for L:

AL+ LA™ = —pb" (16.13)

(see A.16.1 in Appendix A.5). Equation (16.13) can also be solved by the con-
ventional solution technique for systems of linear equations if the unknown column
vectors of L are collected into one column vector.
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The computation of the H,, norm is not easy, though its geometrical interpre-
tation is very simple: it is the farthest distance of the Nyquist diagram of H(jw)
from the origin. Since H(s) and H(jo) are usually rational functions, the possible
places of the extrema of the absolute value (the necessary condition) are derived
from the zeros of the first order derivative. This equation, however, yields a high
order system of polynomial equations even for a low order process, whose solution
requires numerical techniques. That is why, instead of an analytical solution,
numerical methods are used directly to determine the maximum of |H(jo)|. The
H norm is finite if H(s) is proper and has no pole on the imaginary axis or in the
right half plane.

(The computation of the H, norm for error-function operators can be performed
by the NEVANLINNA-PICK approximation procedure, but its discussion goes beyond
the content of this textbook.)

The most important inequality regarding the H,, norm is

1H, (j0)Hz (j0)| , < [H (o) || o [ H2 () | - (16.14)

Keeping the former notations, let u(#) be the input and y(¢) the output of the
system with transfer function H(s). The most important relationships of the signals
and norms of the system are for stable processes:

Y@, < [1H (o)l llu(@)]l,, (16.15)

therefore it can be stated that the H., norm is the upper limit of the gain of the £,
norm. Based on the inequality

YOl < Iw @O @)l o (16.16)

it can be simply seen that the £; norm of the weighting function is the upper limit
of the gain of the £, norm. Thus the upper limit of the maximum of the unit step
response y(7) = v(¢) (if u(f) = 1(¢)) is equal to the integral of the absolute value of
the weighting function. Similar relations are valid for the following inequality

YOl < 1HGe) 5 [[u(®)]l,- (16.17)

It comes from the comparison of (16.16) and (16.17) that

1¥(0)ll < min{ [w(@)[l; u()llc: 1 Geo) | llu(@)]l, (16.18)

where a more strict condition is applied. Thus the H.,, H, and £; norms, for
certain signals, can correspond to the upper limit of the gain.

Similar relationships can be formulated for the power of the input and output
signals:
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powl[y(r)] < [|H (jo) || . pow [u(1)], (16.19)

by means of which we obtain

pow [y(1)] < [|H (joo) | o [|4(£)]| - (16.20)

From the comparison of these two latter inequalities, it follows that

powly(0)] < min{ [H(o)l| powlu(o): IHGO) L[l ) (o
— || (joo) | o min { pow[ue(r)]: (1) }
where the more strict condition is applied.

It was shown in Chap. 7 that the optimality of YP controllers applied for stable
processes can be reached via the optimal choice of the embedded filters Gy|,_, ,
(transfer functions). Their optimality for the error transfer functions
Ry(1 — GyP_e*14)] can be ensured by the minimization of the operator norms

H, and H..

X=r,n

16.2 Basic Methods of the Numerical Optimization

The optimization problems of control engineering can usually be formulated by
seeking the minimum of a scalar-vector function f(x). The function to be mini-
mized may be e.g., an integral criterion, a signal or operator norm, the vector
components of the vector space of the searching are the parameters of the controller.
Basically two main groups of extremum seeking methods can be distinguished
depending on whether only the value of the function can be computed, or also its
first and second order derivatives can be determined at a point x.

16.2.1 Direct Seeking Methods

In the case of direct seeking (DS) methods only the value of the function f(x) can
be computed at a given point of seeking the minimum. The most effective DS
method is the so-called adaptive simplex method of NELDER and MEAD. In an n-
dimensional space, a simplex is a shape given by (n+ 1) points. Thus in
two-dimensional space it is a triangle, in the three-dimensional case it is a tetra-
hedron. Find the minimum of f(x) in a two dimensional space. First consider the
simplex ABC shown in Fig. 16.1. Compute the values of f(x) at the three points of
the simplex. Based on the values f(x,), f(xg) and f(x¢), let us arrange in order of
their magnitudes the corresponding coordinate vectors of the three points. Assume
that the biggest value is obtained at the point f (x4 = x, ). Mirror this point x,, to the
center point of the opposite—Iless by one order—shape, i.e., now via the middle
point x; of the line BC to the point x,. Then continue this procedure (stepping) in
the obtained direction until the values of f(x;) increase. Assume that at point x4 the
value is f(x4) > f(x3), i.e., the minimum seeking algorithm does not give a better
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Fig. 16.1 Scheme of the
adaptive simplex method

point. This means that the first point of the new simplex will be x3 and the simplex
will be given by the triangle BCD. Then the point xp belonging to the second
biggest function value f (x5) has to be mirrored on the middle point of line CD, then
the seeking steps have to be continued in this direction. If all the points of the
original simplex have already been mirrored, then we get into a completely new
simplex whose form follows the form of the function f(x) to a certain extent. The
procedure is continued until mirroring all points of the simplex only a worse point
is found, i.e., a bigger value of f(x) is obtained. This case is called the limiting (or
boundary) simplex. Then the sought minimum is inside this simplex.

The method is continued by formulating a new simplex with half size edges
based on the worst point, i.e., by shrinking the simplex. The algorithm is started
again from this shrunk simplex. The search method is stopped when the size of the
limit simplex in each coordinate direction is within a certain accuracy threshold (the
convergence limit).

The advantage of the simplex method is that it can easily handle both explicit
constraints

Xmin gx Sxmax (1622)
and so-called k implicit constraints, such as
g(x)<0 j=1,... k. (16.23)

To achieve this, the starting point x, has to fulfill the above conditions, then
during the stepping the above restrictions are handled as if a bigger f(x) had been
obtained, thus the seeking in that direction has to be stopped.

The adaptive simplex method is able to find the minimum of a function of even a
very special form with acceptable efficiency. Of course, it can determine only the
minimum of a unimodal function, i.e., when f(x) has only one extremum, or it can
seek for a local minimum in a given region.

If the task is such that several extrema can be expected, i.e., f(x) is multimodal,
then the adaptive complex method can be applied. The “complex” is defined by a
shape (set) given by N > n + 1 points in an n-dimensional space. Usually N is much
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bigger than n, and the algorithm has to be started with an equally distributed point set
in the search space. The algorithm operates similarly to the adaptive simplex method,
but now the given point has to be mirrored via the geometrical center of all the other
N — 1 points, then the stepping has to be continued in this direction.

16.2.2 Gradient Based Methods

In the cases when the first and second derivates of the function f(x) can be computed,
then algorithms faster than the DS methods can also be constructed. The general
canonical form of the methods using the gradient is the following iterative algorithm:

xii1 =x —G(x) dfgi) . (16.24)

The gradient methods can be basically distinguished by how to choose the
weighting matrix G(x;) (Note that each version of the algorithms approximates the
gradient df (x;)/dx in a different way).

From the different ways of choosing the weighting matrix G(x;), the first is the
so-called gradient method:

G(xi) = G(x;) = @H(xi)% _ , (16.25)

where H (x;) is the HEssiaN matrix (see (A.1.31)) of the function f(x) at the point x;.
It is interesting that now G(x;) is a scalar. This method uses a second order
approximation in the direction opposite to the gradient, and puts the next iteration
point at the minimum of the parabola taken in this direction. The significant dis-
advantage of this method is that in the case of “curving” valleys, it slows down
because it cannot follow precisely the deepness shape of the valley.

The next method is the NEwToN-RAPHSON method (sometimes it is also called the
Gauss-NEwToN method), where

G(x;) = [H(x)] " (16.26)

This method fits a general quadratic surface (multidimensional ellipsoid) at an
iteration point and puts the next iteration point at the calculable extremum of this shape.
The above two methods using gradients have also very clear geometrical inter-
pretations, the other methods can be considered as different combinations of these.
The gradient methods are much more effective than the DS ones for so-called
“well behaved” functions, but for exceptional functions, e.g., having the form of a
banana, they slow down. Their further disadvantage is that they are not very
effective in the case of constraints, because they usually shrink to the trajectory
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point crossing the constraining surface. In this case, certain techniques use the
solution to push the iteration off this surface and the search starts again.

There are several procedures and software programs available for all the above
methods in the different program packages and in an object oriented CAD
environment.

It has been noted in Sect. 4.8 in connection with the square error area that its
minimization generally provides an optimal step response function having a rela-
tively high overshoot. Therefore it seems reasonable to construct the optimization
task which performs this minimization of the integral criterion I, = f(x) under the
restriction for the overshoot 6 = g(x) < 1.05. This task guarantees a “nice” step
response function with a small overshoot.

Example 16.1 The expression for the so-called “function of banana” frequently
used in optimization tasks is

Fx) =100(x2 — 2)* + (1 — x)2 (16.27)

The function in 3D is shown in Fig. 16.2, whose minimum is at the point
x=[L1].

The operation of the adaptive simplex method is illustrated in Fig. 16.3. The
procedure starts from the point x = [—1.9,2] and after 210 iterations it finds the
minimum (i.e., it computes the function’s value at 210 points).

Figure 16.4 shows the operation of the gradient method, more exactly its
inability to find the minimum after computing the function’s value at 210 points,
and the gradients at 200 points, but it stopped at the beginning of the valley.

3000

2500

Fig. 16.2 The so-called “function of banana” applied quite often in optimization tasks
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Fig. 16.3 Optimum seeking by simplex method
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Fig. 16.4 The inability of the gradient method to find the minimum of (16.27)
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Fig. 16.5 Illustration of the effectiveness of the NEwToN-RAPHSON method

The effectiveness of the NEwTON-RaPHSON method is demonstrated in Fig. 16.5:
the method found the minimum after 21 iterations. ]

16.3 Introduction to Process Identification

It has been seen in Sect. 2.4 that one of the basic tasks in control engineering is
process identification, when the model P of the process P to be controlled is
determined from the measurements of the input and output signals. Process identi-
fication, starting with simple grapho-analytical methods, has today become an
independent (autonomous) discipline; its methods and results can be found in several
books. With the spread of modern computational techniques, almost standard tools
are available to solve the most important tasks. Here only some of the topmost
methods are discussed, just to illustrate the applied algorithms and techniques.

Process identification methods substantially differ from each other, depending on
the task to be solved, i.e., whether the static characteristics or the dynamic model of
the process has to be determined.

16.3.1 Identification of Static Processes

Assume that the static characteristic of the process is a line p, 4+ p;u, which can be
measured with measurement error e
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Yy =pot+piu+te. (16.28)

The input signal u is measured without error, or it is a known signal put into the
system (active experiment). The input and output signals are measured jointly at
N points. These values are approximated by the linear model

¥ =po+pru=f"wp; [T =[1 ul; p=1[po pil' (16.29)

as seen in Fig. 16.6. Here f(u) is called the vector of function components.

If the additive measurement error has zero average, then the so-called Least
Squares (LS) method provides the unbiased estimation of the process parameters.
The LS method takes the sum of the squares of the differences between the mea-
sured value and the model output at each point and optimizes it according to the
criterion

1 A ~
V(. N) Z —f1(w)p]” = Eb’ —Fp]'ly — Fup), (16.30)
j=1
where
! f:(ul) Y1
1 u u y
Fo— | - f (. 2) ad y— |, 1631)
1 uy T(un) YN

The system of vector equations for the N samples is
y=Fyp+e, (16.32)

where e = [eje; ... eN]T is the vector of the measurement errors. The parameter
estimation minimizing the sum of squares according to A.16.2 in Appendix A.5 is

Fig. 16.6 Identification of _
linear static model y=f(u)




476 16  Outlook

p = [FTF,]"'Fly. (16.33)

This estimation is unbiased, i.e., E{p} = p, thus the expected value of p is the
unknown original parameter vector p. If e has a normal distribution, then the p
obtained by the LS estimation has minimum variance and is the best estimator of p.

In many cases the input signal u is not known in advance, just measured (passive
experiment). If u is a random signal, then in order to get an unbiased estimation by
the LS method, the independence of the signals e and u has to be assumed.

The computation of the solution (16.33) can be made easier by taking the
following relationships into account

N N
F'F, = Z Fw)f" () and Fly= Z £ (w)y;. (16.34)
j=1 j=1

Assume that the static characteristic of the process is a parabola p, + piu + p,u?,
and the additive measurement error is e.

Y = po+pru+pu’ +e. (16.35)

The input signal u is assumed to be measured without error. The input and
output signals are measured jointly at N points, and the following nonlinear
(quadratic) model is fitted to the measured values, as seen in Fig. 16.7. Now
introduce

§=po+prutpud =f (wp; ffw)=[1 u u?]; p=1[po p1 p2]".
(16.36)

Observe that the model y = fT(u)[) is still linear in the parameters. Thus the LS
method can be applied unchanged if the matrix F, is formulated from the function
component vector f(u) according to the quadratic model (16.36):

Fig. 16.7 Identification of a
nonlinear (quadratic) static
model
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1 w 2 fTu

F,=|. . .2 = ( ?) (16.37)
1wy u} T(uy)

and p is computed again by Eq. (16.33).

Observe that a relatively wide class of functions can be written in a form that is
linear in its parameters.

If the static characteristic is nonlinear, then an extremum seeking method is used
to minimize V(p, N), which, e.g., can be chosen from those discussed in Sect. 16.2.

16.3.2 Identification of Dynamic Processes

Nowadays the identification of dynamic processes exclusively means the deter-
mination of a discrete time (DT) model. It has been shown in Sect. 11.4 that a DT
system given by the so-called filter form

(N 2 BE ! BE D
y[k] - G(Z ) [k] - .A(Z_l) [k] - 1+¢21(Z71) [k] (1638)
can be written in a form linear in parameters as
VK = B(z )z ulk] — Az )y[K] = £ (,y, k)ppa
= biulk—d—1]+ byulk—d—2] + - - - + byulk—d—n] — aylk—1] — - - - — a,y[k—n]
(16.39)
where
Fru,y, k) =[ulk —d — Nulk —d —2] ... ulk —d —n] —y[k—1]... —y[k —n]]
DPva =01 b1 ... bya; ... a,
(16.40)

This technique, by means of which the difference equation of the dynamic DT
systems is made “quasi-linear”, opens the possibility of formulating further process
identification algorithms similar to the LS method. The measurement noise prob-
lems of DT systems, however, should be discussed in a basically different way than
for static characteristics. The measuring situation is illustrated in Fig. 16.8.

Here the measurement of u[k] is assumed to be without error, but the noiseless
output signal v[k] of the system is assumed to be measured with an additive mea-
surement error y,[k]. This output noise y,[k] derives from an independent, zero
mean, so-called white noise via the noise model C(z~!)/D(z7!).

This task essentially requires the identification of two models: the process model
and the noise model. The task can be drastically simplified by certain assumptions
made regarding the noise model. If the noise model has the form 1/A(z7!), i.e.,
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Fig. 16.8 Measured signals
of a linear dynamic e[k]
discrete-time system

ulk]
Bz Hz 1
k| = k k 16.41
K] = =k + ey e (1641)
then the original process can be rewritten as
K] =" (1, 3, k)pyy + elk]. (16.42)

Observe that this form essentially corresponds to Eqs. (16.28) and (16.35) seen
in the identification of the static characteristics, thus the LS method can be directly
applied if the matrix F(u) is constructed from f* (u,y, k) instead of f(u), and p,, is
the parameter vector. Let us create first the vector

y=00] y21 ... N (16.43)
and the matrix
fi(uvy, 1)
Fu = f (u’:y’ 2) (16.44)
T(u,y,N)

The parameter estimation by the LS method has also the form of (16.33)

-1
ﬁba = |:FIyFU)':| FEyy (1645)

This estimation is asymptotically unbiased, i.e., plimy_ . {p} =p, thus the
probabilistic limit value of p is the unknown original parameter vector p. The
independence of e[k] has to be assumed, because f”(u,y, k) has measured values
depending on e[k]. If e[k] has a normal distribution, then the p resulting from the LS
estimation is the minimum variance (best) estimator of p.
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Unfortunately the form of the noise model 1/.4(z~!) is very special, so it cannot
be used generally. The noise model C(z7!')/A(z™!) can be considered as a more
general form, when

Bz Hz™
Az

Bz hHz } 1+(~?(Z’l)e
A(Z,l)e[k] = T+ A (k] + A [K].

ikl = ulk] + (16.46)

This form preserves the generality of the noise model C(z!)/D(z7!), but it
contains a great number of redundant parameters because of bringing the fractions
to a common denominator. The quasi-linearization by (16.36) can be easily per-
formed here, too.

vk = B(z )z ulk] — A(z)y[k] +C(z ") e[k] +elk]
= byulk—d—1] + byulk—d—2]+ - - - + byulk—d—n] — a\ylk—1] — - - - — a,ylk—n]
+erelk—1]+ -+ +cpelk—n] +elk] = fM(u,y, e, k)ppye + e[k]
(16.47)

The most important disadvantage of this form of the model is that the past values of
e[k] in the vector f(u,y, e, k) are not known. But if the estimation p, . of the p, . is
known then an estimation e[k] of the source noise can always be computed in the form

é[k] :y[k} _fT(Mayaévk)ﬁbaca (1648)

where now the computed (estimated) value é[k] is in f(u,y,é,k). Creating the
matrix

fT(uayaév 1)
fT

u,y,e,2
Fuyé = ( . )

(16.49)
T(u,y,e,N)

formally again an LS estimation is obtained based on (16.35) and (16.43) in the
form

-1
pbac = [FzyéFuyé] F:{yéy (1650)
Since the series e[k], (k = 1,...,N), is always computed for a given p,,., here

only an iteration method can be realized, i.e., the series ¢[k] has to be computed
after each estimation step. The iteration is continued until the difference between the
consecutively estimated parameter vectors becomes less than a given error. (This
iteration is called a relaxation-type one.) The solution (16.50) belonging to
Eq. (16.47) is called the Extended Least Squares (ELS) method. Several other
versions of this method are known, using different noise models, which has resulted
in a huge number of methods in the literature.
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Theoretically the most accurate method can be obtained by minimizing the loss

function
N

. 1 . JA 1 ; .
V(pbacaN) = Ez {y[]} _fT(uvyaea])pbac}z = 5 [y - Fuyépbac]T[y - Fuyépbac]
j=1
(16.51)

in the space of the parameter vector py,., which means a general minimum seeking
problem. Even for different noise models, the first and second order derivates of
V(Prac, N) with respect to the parameters can be relatively easily computed, so
effective minimum seeking algorithms can be constructed this way. The methods
directly minimizing (16.50) are called Maximum Likelihood (ML) methods. This
method requires zero average, normal, white noise for e[k].

Those methods which use simultaneously available N data-pairs of the input and
output signals are called “off-line” or “batch” methods. All the above methods
belong to this category.

There are measurement situations when the model obtained formerly by an
estimation method is modified (renewed) after getting a new measured data-pair.
These methods are called “on-line” or “recursive” identification methods.

16.3.3 Discrete-Time to Continuous-Time Transformation

It has been seen during the discussion of the basic discrete-time process identification
methods that these methods—deriving from their character—provide the operators
of models G(z~") or G(¢~") constructed by the estimated parameters p,, of the pulse
transfer function G(z~!) or pulse transfer operator G(g~!) of the process. (From the
process identification point of view there is no importance attached to these notations
and meanings.) Here (A;(z’l) is used. In many cases, however, the model P(s) of the
original CT system is required as a result of the identification. This conversion, i.e.,
the equivalence at the sampling points, can be solved only by assuming a holding
term of a given type. In connection with Egs. (11.30) and (11.31) it has been already
shown that in the case of a zero order hold, thus applying an SRE transformation, the
parameter matrices of the DT state equations are

F=¢" and g=A""(" —1)b. (16.52)

Formally, the parameter matrices of the SRE equivalent CT systems can be
obtained by the reverse of the equations

1 1
Az?mw)mdbzfmmw—nk. (16.53)
Here In(F) is the logarithm of the matrix F, which is defined and computed by

the definitions valid for matrix functions (see ¢4 in Chap. 3). Based on the above
the algorithm of the discrete-continuous transformation is:
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1. Based on the estimated p,,, construct the state-space description of a DT model

by the controllable canonical form F.: g.;¢. or an observable Fo; 8.;Co
canonical form.

2. Using the transformation Eq. (16.53), compute the state-space form A;I;;é of
the CT model. This step results in parameter matrices of general form having
n* + 2n parameters.

3. Transform the CT state-space model A;I;;é to a controllable or observable
canonical form by either the transformation matrix 7, = ME(MCY1 or T, =
(Mg)71M0 from which the parameters of the transfer function P(s) of the CT

model sought can be easily determined from the non-redundant structure cor-
responding to the canonical form. Note that in the case of the canonical form, it

is not necessary to compute the whole matrix A, or A, it is sufficient to compute
the first row or column.

The above transformation techniques are the most compact ones, but of course,
there are different ways to solve the problem. The same accurate result can be obtained

by decomposing G(z’l) into partial fractions and then the discrete-continuous
transformation can be made term-by-term.

16.3.4 Recursive Parameter Estimation

First consider the recursive version of the LS method. Assume that N data-pairs are
processed and the LS estimate is available in the form

. -1

pIN] = {F'INIF[N]} "F'[Nlyy. (16.54)

If we want to modify our estimate obtained by (16.54) using the new data-pairs

u[N+1] and y[N + 1] measured in the [N+ 1]-th time instant, then it can be
computed by the following recursive relationships

PIN+ 1] =p[N]+ RN+ 1f(N+ D){y[N+ 1] - fT(N+1)p[N]}  (16.55)

and

_ R[NJF(N+ 1)f" (N + DR[N]
1+fT(N+1DR[N]f(N +1)

R[N +1] = R[N] (16.56)

(see A.16.3 in Appendix A.S5). Here f(N + 1) means a general function indepen-
dently of whether the method is applied to a static or dynamic process model. The
so-called convergence matrix R[N] is
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R[N] = {Zf(i)fT(i)} = {F'IMFIN]} . (16.57)

The equation-pair (16.55) and (16.56) belong to the family of the so-called
learning, adaptive estimation algorithms, which are included in the canonical
equation of the general Stochastic Approximation (SA):
dv(p,k)

B

These SA algorithms differ from each other in the choice of the convergence
matrix R[k] and the way to compute the gradient. Here only the best-known method
has been discussed.

If the parameters of the process are varying, then it might be necessary to forget
in a certain sense the validity of the former model and take into account the new
measurements with higher importance. To solve this so-called “forgetting” prob-
lem, assume that the past is forgotten by using the following matrix

plk+1] =plk] + Rk +1] (16.58)

F[N—i—l]:{ AFIN ]insteadofF[N—kl]:{ FIN] ]

]
TN+ 1) FIN+1)

where the forgetting factor is 0 <A < 1. If A = constant, then it is enough to use the
following convergence matrix

RIN+1] =~ {R[N] (16.59)

_ RINJF(N+1)fT(N + I)R[N]}
%2

A +fT(N+ DRINJF(N +1)

instead of (16.56).

A constant forgetting factor, however, may cause problems, if the new mea-
surements do not have significantly new information, since this algorithm forgets
exponentially the old information, and so R[N| may become singular. Therefore the
choice of the corresponding forgetting strategy is the most critical part of the
adaptive estimation method.

Note that Egs. (16.55), (16.56) and (16.60) are usually called naive program-
ming formulas. By means of them the method can be simply presented but
numerically they behave badly. They are mostly used for purposes of demonstration
or, simulation. In practice the canonical, diagonal form of R[N] and its recursive
forms are used: this solution works best from the numerical point of view. This
method uses the so-called GIvVENs transformation.

16.3.5 Model Validation

During process identification the determination of a model of acceptable correctness
(accuracy) can be made only by an iterative process. Its main steps are presented in
Fig. 16.9.
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Fig. 16.9 The scheme of the whole process identification

The identification starts using certain preliminary information. First the so-called
“design of experiments” is performed. In this step the optimal allocation of the
measurement points is determined for static modeling. For dynamic modeling,
however, one assumes that optimal input signals representing the significant fre-
quency region are generated. This latter is called input design. The accuracy of the
final model depends significantly on this step, therefore several theories deal with
the optimal solution of this task [see, for example, Sect. 7.5].

The effect of the optimal measurement points or input signal for the process is
realized by active experiment designs, and the data are collected during the
experiments.

Based on the preliminary information, the class of the model and the identifi-
cation criterion are chosen, then the determination of an approximate model is
performed (parameter estimation).
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Then the model output and the measured output of the process obtained for the
same input are compared. From the deviations, qualitative, goodness of fit measures
can be constructed for checking the acceptability of the model (model validation).

If the accuracy of the model is not satisfactory then the iteration is continued
with a newer experiment design. The procedure is stopped when the accuracy of the
model is acceptable.

16.4 Iterative and Adaptive Control Schemes

In the previous sections some off-line and on-line methods of process identification
have been discussed. Not only can the process model be improved by repeated
experiments, but also the controller, if a controller is designed and realized based on
the model, applied in a closed-loop with the computed optimal parameters. This
joint task is required, on the one hand, at the initial tuning of the regulator, and on
the other hand, in the case of a process with slowly varying parameters, in the
continuous adaptation of the regulator (adaptive control).

In the case of modern, microprocessor based compact controllers, nowadays
there is embedded possibility for a certain kind of automatic tuning. The com-
mercial controllers usually apply the Astrom-type relay-tuning (see Sect. 8.3).

The more demanding optimal controller is based on the iterative strategy of a
certain learning-adaptive version of joint identification-control (simultaneous
identification and control). This strategy assumes that the identification is per-
formed without opening the closed control loop, i.e., under normal operation
conditions. The identification is usually off-line, i.e., it is based on the simultaneous
processing of N data pairs. Based on the obtained model an optimal controller is
determined and this controller is used in the next off-line experiment. By this
technique the optimality of the controller can be gradually improved as the model
becomes more and more accurate, while the normal operation of the process is
hardly disturbed.

Certainly it is also possible to improve the parameter estimation of the process
applying a recursive parameter estimating technique in every sampling instant, and
the optimal controller output is applied to the process only delayed by the com-
putation time of the optimal controller. In the case of today’s fast operating com-
puting equipment, this solution, to a very good approximation, can be considered as
simultaneous processing in the case of significantly slower processes. This strategy
is called adaptive control. The determination of a reliable controller is not an easy
task. A recursive parameter estimation algorithm is required which does not forget
the learned model if the new measurements do not have significant new informa-
tion. If the quantity of the new information is considerable, then it is able to follow
the slowly varying parameters by due forgetting strategies.

In the case of certain, so-called predictive controllers, the process model is not
identified directly, but finally in the algorithms, the determination of the process
model is always present.
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A.1 Mathematical Summary

A.1.1 Some Basic Theorems of Matrix Algebra

The following scheme is called a matrix

an apn ... Aip
dzy dp ... Qg

A= O (A.1.1)
anl Am2 ... Qmp

where the values a;; are the elements of the matrix. If its elements are real, then the
matrix is called a real matrix, if they are complex, then the matrix is called a
complex matrix. In general, a matrix has m rows and n columns. The dimension (the
size) of the matrix is m X n. A matrix of type m X n is rectangular; an n X n matrix
is called square (quadratic) matrix, an m X 1 matrix is a column matrix (column
vector), a 1 X n matrix is a row matrix (row vector), a 1 x 1 matrix is called a
scalar.

Matrices are usually denoted by bold (fat) capital letters, the column and row
vectors are denoted by bold lower case letters. The determinant of the square matrix
A is denoted by |A| (or written as det(A)).

The transpose of the matrix A is denoted by AT, and it means the result of the
mirroring of its elements for the main diagonal.

apl  djy R
aypp dxy ... dpy
A= 7 T |- (A.1.2)
Aip Qp ... dpp
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If A is an m X n matrix, then its transpose is an n X m matrix, and it is trivial that

T . . .
(AT) = A.If AT = A then it is called mirror matrix.

A vector is usually considered a column matrix, and a row matrix is denoted as
the transpose of a column matrix, e.g.,

X1
x=| | =, oml =K (A.13)

Xn

The elements of the zero matrix, or zero vector, are all zeros. The diagonal
matrix has elements different from zero only along the main diagonal, i.e.,

D= diag[an,azz, I a,,n]. (A14>

If in a diagonal matrix all the diagonal elements are unity, then the matrix is
called the unit matrix: I = diag|[1,1,...,1].

Two matrices are equal if all the corresponding elements are equal. The sum of
two or more matrices of the same type is obtained by summing the corresponding
elements. The multiplication of a matrix by a scalar is obtained by multiplying each
element of the matrix by the scalar. The most characteristic case is the multipli-
cation of two matrices, e.g., when a matrix A of type m x [ is multiplied by a matrix
B of type [ x n,

C = AB, (A.1.5)

where

] .
i=12,...m
o= a {125 (A.L6)
k=1

i.e., the element in the i-th row and j-th column of the matrix C of type m X n is
obtained by multiplying the i-th row of A by the j-th column of B. (The number [ of
columns of A must be equal to the number / of the rows of B.) Matrix multiplication
is associative and distributive, but, in general, is not commutative: AB # BA. If
AB = BA, then in this case the matrices are interchangeable (commutative). Note
that the determinant of the square product matrix |C| = det(C) is obtained by
multiplying the determinants |A| and |B| of the factor matrices, i.e., |C| = |A||B].

The scalar product of two vectors having the same dimension can be expressed
as the product of matrices, by

a-b=dab=b"a=b-a. (A.1.7)
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If the scalar product of two different, non-zero vectors is zero, then the two
vectors are called orthogonal.
The following expression represents a very important rule

[AB]'=B"A". (A.1.8)

The inverse of a square, regular (nonsingular, i.e., its determinant is non-zero)
matrix is a matrix, for which the following expression is valid.

A'A=44""=1 (A.1.9)
The inverse of A is given by the rule

_, adj(4)
AT =2
Al

(A.1.10)
Here |A| is the (non-zero) determinant of A, and the adjunct matrix adj(4) of A
is obtained by mirroring the matrix whose elements are sub-determinants of
appropriate sign belonging to each element of A. Since the rule |[AB| = |A||B| is
valid, therefore, according to 1 = |I| = |A’1A| = |A’1 ‘ |A|, A has an unambiguous
inverse only if |A| # 0, i.e., the matrix A is non-singular. It is obvious that

1

[A]7'=4 and [A7]"=[a"]7". (A.1.11)
Furthermore if A and B are regular square matrices, then
[AB] '=B'A"". (A.1.12)

The matrices sI — A, or A — sI, are called the characteristic matrices of the
square matrix A, and the equation A(s) = |sI —A| = 0 is called the characteristic
equation. The roots A;(i = 1,2,...,n) of the characteristic equation are the eigen-
values of the matrix A. Due to the main pivot theorem the eigenvectors
vi(i =1,2,...n) of A fulfill the following vector equations:

Avi = (i=1,2,...,n). (A.1.13)

This is the definition of the eigenvectors. If the vectors v; are linearly inde-
pendent, then the matrix A has a simple structure, if the vectors are not independent,
then the matrix is called deteriorated.

The CayLEY-HAMILTON theorem has significant importance in the matrix theory:
any matrix A satisfies its own characteristic equation, i.e., A(A) = 0. (Here in the
scalar polynomial equation A(s) = 0, s’ is replaced by A’ (i = 1,2,...,n), while s°
is by A’ = I, so finally a matrix polynomial equation is obtained.)
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In many cases it is necessary to express the inner structure of a matrix, therefore
so-called block-matrices are applied, e.g.,

M= [g Iﬂ. (A.1.14)
According to the matrix multiplication rules
[A B] [E F} _ [AE+BG AF+BH]' (AL15)
C D||G H CE+DG CF+DH
The determinant of a quasi-diagonal matrix is
‘g g‘ de{f(‘) g} — det(A) det(D) = A|ID|. (A.1.16)

The product ab” is called the dyadic product. The inverse of the matrix
A extended by the addition of a dyadic product can be given very simply, if the
inverse of A is known:

(A7)

—1
A+ab") = A.1.17
( ) 1+b"A "a ( )
A.1.2 Some Basic Formulas of Vector Analysis
In vector analysis for EUCLIDEAN space there are scalar-scalar functions
f =1, (A.118)
so-called scalar-vector functions
f=F), (A.1.19)
and vector-vector functions
f=f(x). (A.1.20)

(All these are the special cases of the most general but very rare matrix-matrix
functions F = F(X).) In many cases multivariable scalar-scalar, scalar-vector or
vector-vector functions occur, e.g.,
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f=fxu); f=fu); f=f(xu) (A.1.21)
or functions containing independent variables (time or a parameter) also appear
f=fxut); f=fxu); f=f(xur). (A.1.22)

Certain rules for differentiation are very important. The derivative with respect to
a scalar is very simple, e.g.,

de(r)  [dx dv,  odg]" L
@l _ | de o D k] = A.1.23
0 S <) = (A1.23)
ang  app ...
dA C'lz dzz dzn .
da() _ | "l —A (A.1.24)
dr : : . :
aml amZ amn

The gradient of a scalar-vector function is a column vector

grad ()] = %)

{df(X) df (x) df(x)T (A.1.25)
dx1 dxz dxn 9 e

which means the application of a multivariable differential-operator

T
i: i i d (A.1.26)
dx dx; dx dx,
thus
o d _df(x)
grad[f(x)] = af(x) = (A.1.27)
The JACOBIAN matrix is
i df AT
dvy dx, 7 dx,
df, df dfs
= == . A.l2
J=Jfx) = |t do T ay, (A-1.28)
dh o
Ldx; dx, = dx,d

Avoiding complicated notations, the JACOBIAN matrix is symbolically denoted by
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df (x)

JU,x) == 7 (A.1.29)
and its transpose is
T
JT(f,x) = dfT(x). (A.1.30)

Thus the transpose of the gradient vector is

grad’ [f(x)] = [Cy;&x)} = %@T) =J(f,x). (A.1.31)

The second order derivatives of a scalar-vector function can be arranged into the
HEssIAN matrix

[d?f  df d*f
dd dudy 7 didy,
e d&f d’f
H=H({fx)=|do d3  dodx|. (A.1.32)
e & dr
an dndn 4

A.2 Signals and Systems

The general topics of signals and systems directly connected to control engineering
have been discussed in the main sections of this textbook. For completeness there
are, however, some special fields whose effect and availability has to be known, but
they cannot be connected directly to control engineering. From the subject of an
excitation with special periodic signals, only the standard sine excitation was dis-
cussed for the better understanding of the frequency functions.

Dynamics of linear processes with periodic excitation

Let u(t) be a function of time with a period T, i.e., u(¢+ T,) = u(¢). Introduce the
notation ua (¢) for denoting the basic function (or truncated function) determining
the periodic signal, which in the time domain 0<7<T, is equal to u(r), but
otherwise is zero.

ua(t) = [1(t) — 1(t — Ty)]u(t) = {”&)? tgo(f;’fprp. (A2.1)
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The periodic function u(#) can be obviously constructed by repeated shifts and
sums of the basic function ua(#), according to the definition

u(t) = f:uA (1 —jTy) = 1a(t)u(1), (A2.2)
Jj=0

where 14(7) is called the repetitive operator. Determine the LapPLACE transform of
the basic function ua(7), i.e., the function Ua(s). Due to the shift theorem

L{un(t —jTy) } = e T U, (s) (A2.3)

and applying it to (A.2.2), the LAPLACE transform of the periodic signal u(r) is

U(s) = L{u(t)} = L{1A(1) }—Ze—f”pUA Ze—ﬂ (A.2.4)

j=0 j=0
Notice that here the summing equation for the geometric series can be applied

U(s) = L{1a(Nu(t)} = %’ (A.2.5)

If the LapLAcE transform U(s) of a signal can be written in the form of (A.2.5),
then using the basic function u, (f) = £7'{Ux(s)}, the time function of the peri-
odic signal can be easily determined. The condition u(f) = 0 for r > T}, must be
fulfilled.

Next the system dynamics, i.e., the process response is investigated when a
periodic signal is put to as input of an L77 system. The response can be gotten by
the LapLacE transform of the process output if the system is originally free of
energy. The LApLACE transform of the output by using the conventional transfer
function notation H(s) = B(s)/A(s) is

Ua(s) B(s)
1L—eTo A(s)”

Y(s) = U(s)H(s) = (A.2.6)

In general Y(s) is not the transform of a periodic signal, since the condition
L7HY(s)} = L {Ua(s)H(s)} = 0 is not fulfilled for t > T,. H(s) is always
(except for the case of dead-time) a rational function, but this cannot be said about

Ua(s). Decompose the function Y (s) into the sum of a periodic and a non-periodic
function, i.e.,

Ua(s) B(s) _ Ya(s) C(s)
IL—eTh A(s) 1—eTr = A(s)’

Y(s) = (A2.7)
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where ya (1) = L7{Ya(s)}, ya(t > T,) =0, and C(s) are unknown polynomials.
From this equation the basic function of the periodic output component can be
expressed as

p(s) = HLA e € I o) — (1 - e ) G
(A.2.8)

By transforming back Y4 (s), zero has to be obtained for the time # > T},. Using
these conditions C(s) can be determined. Apply the expansion theorem and
assuming single poles we get

@) = S BIUAP) — (1 =P Clp)

; e ;o t> T, A29
g A (pz) p ( )

Since the factors e”" cannot be zero, therefore the function ya (¢) can be zero for
all time points ¢ > T}, only if the coefficients of all n factors are zero, i.e.,

Clpi) = % =o; i=1,...,n (A.2.10)

This condition, at the same time, gives the solution for the coefficients of the
unknown C(s), since n independent linear equations can be formulated.

1+c1pi+czp?—|— et =0y i=1,...,n. (A2.11)

The coefficients come from the solution of these equations whose compact form
is

-1

c pt pt ... P} o — 1
&) p2 P o P o —1
=10 o (A.2.12)
Cn Pn Pr - Dh o, — 1

Based on (A.2.7) the complete time function of the process output is

(1) = 1a(0)ya(?) +yu(0), (A.2.13)

where y(¢) is the so-called non-periodic transient factor

velf) = £ { SS} ZA'pl

UA(” )i (A2.14)

e[’x
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Since the expansion theorem requires only the substitution values of C(p;), it is
not necessary to solve the system of equations (A.2.12).
Based on (A.2.8) the basic function ya(f) of the output signal is

C
yalt) = LHH(s)Un(s)} — El{A((s))}; 0<t<T,, (A.2.15)
S
which is obtained by the inverse LApPLACE transform. (Here the effect of ¢=*"v in

(A.2.8) does not have to be taken into account, because the response is out of the
basic period.) Applying the expansion theorem yields

R N
B

_ -l (s) - "~ B(p:) Mepit.
=L {A(s)UA(S)} ;A/(pi)l—e_PfTv . 0<t<T,.

(A.2.16)

Note that ya () # £ {H(s)Ua(s)}, thus Ya(s) # H(s)Ua(s).

The process output of an LTI process excited by a periodic signal has two
factors: a periodic signal and a transient signal. After the transient is died out only
the periodic component remains. These two components appear even if the initial
energy content of the process is zero (the initial state vector in the state equation is
zero), i.e., the above two components must not be mistaken for the factors obtained
from the solution of the homogeneous (un-excited) and inhomogeneous (excited)
state equations. The above components of the response obtained for a periodic
excitation appear even if the initial condition is not a zero vector. Thus, in the
general case, the process response has three components.

A.3 Standard Control Engineering Signals
and Notations

A.3.1 Standard Notations in Control Engineering

The design, installation, operation and maintenance of process control systems require
the cooperation of the participants who are working on the solution of the task. In order
to achieve this, it is required to use common notation in the documentation of each
piece of equipment of the different process control functions. In the documentation, the
notation of the process control equipment refers to its technical character and how it is
connected to the process. Standard graphical and alphanumeric notation helps the
engineers and, technicians to interpret the design documentation.

The notation systems and standard protocols may differ in different branches of
the industry (chemical, energy, agriculture, etc.).



494 Appendix

The standard DIN (Deutsches Institut fiir Normung) 19227 contains several
graphical symbols for sensors, controllers, actuators, and control equipment.
Further recommendations can be found in standards DIN 1946, 2429, 2481, 19239
and 30600.

The instrumentation and control functions are usually represented by a circle or
oval curve containing letters and numbers. The letters refer to the character of the
physical quantity and the control function, the numbers give the place of the
equipment in the process (e.g., serial number of the valve, motor or sensor).

In the instrumentation designs [see Fig. A.3.1] the first letter of the text in the
circle refers to the character of the measured or controlled quantity, e.g., the
meaning of some of the first letters are: E—electrical signal, F—flowing quantity,
G—movement or position, L- level, P- pressure, Q- composition or other material
character (frequently it is denoted by A, too), S- speed, T- temperature, V- vis-
cosity. The second letter means the control function, e.g., T- sensing, C- control.
For example the text LC in the circle means level controller. Further letters can refer
to further functions, e.g., to alarm, security operation, computer connection,
transducers, etc. Figure A.3.1 illustrates the composition control of the liquid in the
mixer tank and the standard notations of the valve, composition sensor and
controller.

There is an other standard, KKS (Kraftwerk Kennzeichen System), which has
been developed in the German electrical industry and primarily used by European
firms. This notation fits the functional structure of the technology. The process
control functions and notations fit with the mechanical and electrical power
transmission functions and notations. The unified notations of the equipments make
it possible to identify the technological units in a decomposed part of a complex
technology. For example, the notation 03GCR31AA101 for a valve means that it is

| [
: [
| Composition i
K controller !
Composition |
sensor Control
valve
X, x, =1
W, w,

w

Fig. A.3.1 Typical notations applied in the instrumentation designs
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Table A.3.1 Most generally used names in control engineering

Control Disturbance, noise
Open-loop control Manipulated variable
Closed-loop control, feedback control Output signal, controlled variable
Process, plant Reference signal, set-point
Sensor Error signal
Actuator Control signal
Controller, regulator, control algorithm Measured output, sensor output
In
r e u U, y
Regulator |  Actuator > Process >
Ve
Sensor -<

Fig. A.3.2 Operational scheme of the control loop

in system 03, GCR means the subtechnology, 31 is the serial number of the pipeline.
AA means to which equipment this valve is connected, 101 is the serial number of the
valve. This detailed notation makes it possible to identify unambiguously the
equipments. Each technology has its own system identification notations.

A.3.2 The Names of the Most Important Signals
in Control Systems

Table A.3.1 contains certain names most generally used in control engineering.

The operation scheme of a control loop is shown in Fig. A.3.2. The dynamics of
the actuator and sensor are usually included in the dynamics of the controlled
system. The joint scheme is shown by Fig. A.3.3.

A.4 Computer-Aided Design (CAD) Systems

Nowadays the design of complex systems is inconceivable without computers. The
fast computers, the sophisticated developing environments and the well elaborated
design algorithms make it possible to design and simulate simple, precise and
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lyn

Fig. A.3.3 The joint scheme of the control loop

flexible control systems. The design consists of two phases: the design of the
controllers and the simulation of the system. The control parameters are determined
on the basis of the quality requirements. During the simulation the operation of the
system is investigated for given parameters on the basis of a criterion or visual
performance. A graphical presentation is more and more in the front, because this
technique makes possible a fast, precise and information rich presentation.

There are several program packages available for the design of control systems.
These can be classified in two groups. The first group contains the packages for
general mathematical computations which might be extended for the design of
controllers. The other group contains the industrial control systems whose main
goal is to perform the control or to solve special control tasks.

A.4.1 Mathematical Program Packages

The most well-known control design packages were primarily developed for gen-
eral mathematical computations, but later they were extended by special tools for
helping the design procedures. There are several program packages, however,
which originally were not designated for the design of controllers, but later, due to
their mathematical and graphical capabilities, were applied for design, too.

MATLAB®

The program package MATLAB® has been elaborated for scientific and engi-
neering computations, simulation and graphical presentation. It provides a strong
background to the solution of differential equations, handling matrix algebra and the
solution of other mathematical problems and to the presentation of the results in
good quality and also graphically. The extended application of MATLAB® derives
from the fact that its command set can be extended by toolboxes. A toolbox is
actually a function library developed for supporting different subject areas.
MATLAB® has very good graphical capabilities, and relatively complex design
tasks can be performed within an acceptable running time range. The programming
of MATLAB® is interactive, which means that it performs the commands row by
row without translation. Its speed is based on coding the critical program parts in a
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lower level language, generally in C or C++, and on direct access to the system
matrix structure.

The essence of the matrix programming is that the matrix operations are per-
formed automatically by the triggered functions for all elements of the matrix
instead of special embedded cycles. MATLAB® supports several mathematical
operations, procedures (e.g., handling of complex numbers, computation of inverse
and eigenvalues of a matrix, FOURIER transformation, convolution computation and
determination of the roots of equations). MATLAB® does not support directly
symbolic computations but makes that possible by the Symbolic Math Toolbox. The
Symbolic Toolbox is based on MAPLE® but it has an interface to MATLAB®.

MATLAB® is primarily used in the engineering environment. If a new algo-
rithm or theory appears then they are immediately developed in the form of tool-
boxes or function libraries in order to investigate and compare them with other
methods.

The Control System Toolbox contains functions for the design and simulation of
control systems. The controller can be given in transfer function or state space form.
It is able to investigate continuous and discrete systems in the time and frequency
domains. It can handle single and multi input-multi output, linear and nonlinear
systems. The toolboxes are open, they can be easily extended with other functions
and algorithms. The Control System Toolbox can be well used with other toolboxes,
e.g., with the Fuzzy Logic Toolbox, Model Predictive Control Toolbox, Nonlinear
Control Design Blockset, System Identification Toolbox and Robust Control
Toolbox.

SIMULINK®is a graphical program package for modeling and simulation of
dynamic systems. The simulation is interactive, therefore the effect of changing the
parameters can be well presented. In SIMULINK® the dynamic system is given by
a block-diagram, the different blocks can be copied from a library. SIMULINK® is
able to simulate linear and nonlinear systems in the continuous, discrete and hybrid
domains. SIMULINK® simulates the models by integrating ordinary differential
equations. It can use several integrating methods. The result of the simulation can
be further used by MATLAB® for data processing or graphical presentation. The
graphical abilities of SIMULINK® facilitate significantly the design and simulation
of the controllers.

MATHEMATICA®

MATHEMATICA® is an interactive system for mathematical computations. It
supports numerical and symbolic computations and also includes a high level
programming language which makes it possible for the user to develop new pro-
cedures. MATHEMATICA® is one of the most effective systems for general
mathematical computations, which has roughly two million users all over the world.

Starting from the 60s there have been programs for special computations, but
MATHEMATICA® with its completely new approach made it possible to handle
uniformly the different fields of technical computation. Appearing in 1988 it
brought significant change in the usage of the computers in several fields. The
program was developed by the research group of Wolfram Research led by Stephen
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WoLrraM. The key development was to develop a new symbolic computer lan-
guage which made first possible to handle a wide range of objects necessary for
technical computations by a few basic categories (primitives). Among the devel-
opers and users a high number of mathematicians and research engineers can be
found. It is very popular in education, nowadays several hundreds of textbooks are
based on it and it is a very important tool among students worldwide. It is very
useful in writing complex studies, reports, because it provides a uniform environ-
ment for computation, modeling, text editing and graphical presentation. One of its
disadvantages is that its learning curve is quite steep, the acquirement of its basic
operation is not easy. Its most important advantage is its openness, it can be easily
extended to new subject areas, as, e.g., to applied mathematics, informatics, control
engineering, economics, sociology, etc.

In MATHEMATICA® the basic arithmetic operations can be performed. It can
also handle complex numbers. Its most important data structure is the list, which
practically corresponds to a set. The lists can be defined as embedded, and different
operations can be accomplished on them, e.g., unification, cut, adding a term and
deleting a term, etc. The matrices are the special forms of the lists. The typical
matrix operations can also be performed, like inversion and eigenvalue
computations.

Due to its symbolic capabilities it can be well used for algebraic transformations.
Several such transformations can be made very easily which are difficult to compute
by hand, e.g., simplification of fractions, series expansions, decomposition into
partial fractions, solving equations, minimum seeking, differentiation, and
integration.

In MATHEMATICA® the functions are formal transformation rules. Any kind
of object can appear as the input or output of a function. The function may consist
of mathematical commands, program control commands (e.g., if, then, for) or it can
be written even in another programming language (e.g., FORTRAN, C).

Due to its graphical capabilities the data can be presented in one, two or three
dimensions.

MAPLE®

MAPLE® is a general computer algebraic system for solving mathematical prob-
lems and presenting technical figures with excellent quality. It is easy to learn and
anybody can perform complex mathematical computations after a very short time.
MAPLE® contains also high level programming languages by means of which the
users can define their own procedures. Its main feature is providing symbolic
computations, algebraic transformations, series expansions, integration and differ-
ential computations. It can be used in several areas of mathematics, e.g., for solving
linear algebraic, statistical and group theoretical tasks. The commands can be
performed interactively or in a group (batch mode). It can be well used in education
and for development. Its capabilities can be extended by adding outer functions. It
contains more than 2500 functions for different subject areas. Several of them were
developed by external, independent companies, firms and research institutes. The
most frequently used function libraries, toolboxes are:
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— Global Optimization Toolbox

— Database Integration Toolbox

— Fuzzy Sets

— MAPLE®Professional Math Toolbox for LabVIEW®

— Analog Filter Design Toolbox

— ICP for MAPLE® (Intelligent Control and Parameterization: it makes possible
the design of automatic, intelligent and robust controllers)

Its mathematical capabilities and the ICP toolbox provides the opportunity to
solve control engineering tasks but in spite of this it is mainly used by statisticians
and mathematicians and less by control engineers.

SysQuake®

SysQuake® is a very similar system to MATLAB® concerning its commands. It
has been developed for solving design tasks interactively directly on the screen. By
its help, e.g., by directly changing the place of the poles and zeros, the breakpoint
frequencies, the controller or process parameters, several system attributes (Bobg
diagram, NyqQuist diagram, root-locus, transfer functions of the closed-loop signals)
can be followed simultaneously in the design procedure. The software tools for
man-machine interaction can be easily realized in object-oriented structures.

A.4.2 Industrial Control Systems

Nowadays, industrial control systems have special CAD tools. Sometimes these do
not provide a wide range of design possibilities: they are usually restricted only to
those algorithms ensuring the operation of a given system. In many cases this
means only a simple PID controller whose parameters can be set in a simulation
environment. The industrial control systems are usually able to perform certain kind
of automatic design, e.g., in the case adaptive systems where the parameters of the
controller are automatically set based on the system’s behavior. Several significant
industrial companies have serious system and control design background. They can
be sorted according to their functions:

— Firms producing integrated control systems, Rockwell, Honeywell. They per-
form the control of the whole factories, like Rockwell Automation Ltd.
Rockwell Software: their program package enables the integrated control of the
whole factories including automation tasks.

— Robot manufacturing firms: Fanuk, Panasonic, ABB. Nowadays ready made
robots perform a certain part of the automated manufacturing.

— PLC producing firms: Siemens, Allen Bradly (Rockwell), Toshiba. The PLC
(Programmable Logic Controller) is one of the main elements of the industrial
process control systems.

— Firms producing data collecting and measurement systems, like: National
Instruments, Siemens, etc.
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Among the above firms several have also some additional activities. They
generally develop program systems which can be used only for their machines and
equipments. From the great number of industrial systems perhaps only the
LabVIEW® program package developed by National Instruments is widely used
and has become an accepted developing environment by other firms as well.

LabVIEW®

LabVIEW® provides a graphical developing environment for data collection,
signal processing, and data presentation. It makes possible flexible, high level
programming without the complexity of programming languages. It has all the
programming tools (e.g., handling of data structures, cycles and events) which are
given in classical programming languages, but in a simpler environment.
LabVIEW® has also an embedded translator whose efficiency is comparable to a C
translator concerning the speed and memory requirements.

The effectiveness and popularity of LabVIEW® is due to the fact that it has
several (presently about 50) program libraries, toolkits available for developers.
These include different virtual tools, sample programs and documentation fitting
well with the developing environments and applications. These functions are
designed and optimized for such special demands which comprise a wide range of
fields, from signal processing, communication to the data structure. The main
toolkits are the following:

— Application Deployment & Targeting Modules
— Software Engineering & Optimization Tools
— Data Management and Visualization

— Real-Time and FPGA Deployment

— Embedded System Deployment

— Signal Processing and Analysis

— Automated Testing

— Image Acquisition and Machine Vision

— Control Design & Simulation

— Industrial Control

The Control Design Toolkit is able to design and analyze controllers in the
LabVIEW® environment. The main features of the Control Design Toolkit are:

— The LabVIEW®Control Design Toolkit can design and analyze the controllers
in the LabVIEW® environment. It provides interactive graphical design, e.g. by
the help of root-locus.

— The process and the controller can be given in transfer function and state-space
forms.

— These modules are integrated with the LabVIEW ®Simulation Module.

— The behavior of the system can be investigated by several tools, e.g. step
response function, Bobe diagram, allocation of zeros and poles, etc.
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LabVIEW® ensures an integrated environment for data collection, identifica-
tion, controller design and simulation. The system’s behavior can be graphically
investigated, while its parameters can be adjusted.

A.5 Proofs and Derivations (By Chapters)
A21
It is very simple to determine the Bobe diagram of
H(s) = 1+sT; H(jo) = 1+joT = |H(jo)|*©. (A2.1)

The dependence of its absolute value and phase angle on the frequency is

H(jo)| = V1 + T2 = [10lg(1 + 0’T%)]|dB; (o) = arctgoT.  (A2.2)
Investigating the asymptotic behavior of the functions we get

H(jo) ~ 1; |H(jo)|~0dB; o¢(w)=~0, if oo =1/T (A.2.3)
and

H(jw) =~ joT, |H(jw)|~ (20lgw +201gT)dB;

. (A2.4)
p(w)~=9, if o>»w =1/T
If logarithmic scaling is applied for the frequency axis then both asymptotes of
the amplitude are straight lines. On the frequency axis there are two points at a
distance of a decade, for which @, = 10wy, i.e., 1gm, = 1 +1gw;. Thus in loga-
rithmic scale the decade means constant distance. So in the region ® > ®; the
asymptote of the curve is a line having slope of 20 dB/decade, which cuts the 0 dB
axis at o; (the brake frequency). Here the actual value is

|H(jo1)| = (201g2)dB =3dB and o(w;) = arctgl = 45° (A.2.5)

The tangents of the functions are

d|H (jo)| dig(1+ 0*7T?) do 2077
digo =10 o digo =107 -0 ®dB/decade (A.2.6)
do(w) darctgoT do T ® 180°
dizo =0 digo = [T o Tlge n degree/decade (A2.7)
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and their slopes at the break frequency

d|H j
HGO) - _ 104 decade (A.2.8)
dligo |,

d

c:[l)giooi) w]: 66 degree/decade (A.2.9)

A31

The solution of the state equation can be given by (3.18). To prove it let us
differentiate the equation

& _ ¢ o)) + [ / e/‘*@-ﬂbu(wdr} , (A31)
0

where

d .4 . P

3 [x(0)] = Aex(0) (A32)
and

% [/ eA(l_T)bu(T)d‘[} = /% [eA(’_T)bu(r)} dr+ % [eA(’_T)bu(r)} i
0 0
do t

= /Aé“””bu(r)dr +bu(z)
0
(A.3.3)

where the expressions df/df =1, d0/dr =0 and eA(”T)L:t: 1 are taken into
consideration. Thus the derivative of (3.18) is

t

d"d—(;) = AMx(0) + / AATIbu(t)dt+bu(r) = Ax(t) + bu(r).  (A3.4)
0
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A3.2

In the case of zero initial conditions (i.e. x(0) = 0) and d = 0, the impulse response
of a system to the excitation u(¢) = (¢) can be computed from (3.18)

x(1)= [ AUIbd(t)dr =& | [ eA78(0)de|b = M [e A5 (1)] b
/ /
=N [—e5(1) +e74°5(0)]b = *'b
w(t) = y(t) = ¢"x(t) = ¢TeMb

which is equal to (3.25) which was obtained in the operator domain.
A33

One of the most important theorems in matrix theory is the CAYLEY-HAMILTON
Theorem. A matrix fulfills its own characteristic equation, i.e., the equation
A(A) = 0 = det(sI — A) = 0 which is formally the same as

A(A) =0 (A.3.6)

[see Appendix A.1]. Equation (A.3.7) is satisfied also by the matrix polynomial
P(A) of matrix A, but also by any such matrix function F(A) whose associated
function f(s) is analytical (regular) in a certain region around the origin of the s-
plane. Let the basic matrix be F(A) = %, then based on the above expressions we
get

A= o (D + o (DA + -+ + o (1)A" (A.3.7)

AS1

The NyQuisT stability criterion can be derived from the CaucHY argument principle
of the theory of complex functions.

The argument principle

Let I" be a closed curve, not cutting itself, in the complex plane, which surrounds
the region D. Consider the function f(z) of the complex variable z. Suppose the
function f(z) has P poles and Z zeros in the domain D. All poles and zeros are taken
into account with their multiplicity. In all the other points of the domain the
function is analytic (thus at these points it is differentiable).

Due to the argument principle, going round the curve anti-clockwise, the angle
change Arargf(z) of the function f(z) is 2w(Z — P),
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1

1
%Ar argf(z) = Tﬂj/

T

f'(z)
f(2)

dz=2Z—P. (A5.1)

Proof Assume that f(z) has a zero of multiplicity m at the point z = o. In the
vicinity of the zero the function f(z) can be written as: f(z) = (z — o)"g(z), where

g(z) is an analytic function. Constitute the expression f(z) /f(z):

= L 8@ (A5.2)

The second term on the right hand side of (A.5.2) is analytic at z = o. The
numerator of the first term gives the residue.

In (A.5.1) the integral around the closed curve is the sum of the residues,
considering the zeros and poles it is Z — P. Otherwise, taking into account that

1)
f(z)

:%mﬂ@ (A5.3)

the following relationship can be derived:

s

) gy — /d@n ) = / d(In{[f(2)| exp(argf(2))})

r r
— [ amir@)|+) | dtare £2)) = v are 1) = 25z - P)
r r
(A5.4)
This proves the argument principle given by (A.5.1), thus
1
ﬂAr arg f(z) =Z —P. (A.5.5)

The Nyouist stability criterion

Investigate the stability of a closed control loop havingnegative feedback. The
characteristic equation is

1+L(s) =0 (A.5.6)

where L(s) is the transfer function of the open loop.

Consider the closed curve on the complex plane shown in Fig. 5.17. If L(s) has
poles also on the imaginary axis, then pass around them at a small radius according
to Fig. 5.18. The characteristic polynomial can also be written in the form of (5.31)
as
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( (s—z)(s —22)-- (s — z0)
1+L(s)=1+ = =k . (A5.7)
D(s) D(s) (s —p1)(s = p2)-. (s — pn)
Let the characteristic polynomial be the function f(z) to be used for a mapping.
Mapping the curve of Fig. 5.17 by the characteristic polynomial, the argument
principle can be applied. Since the curve of Fig. 5.17 is passed around clockwise,
the number of times R the mapped curve encircles the origin is

1
ﬁArargf(z) =R=P—-Z. (A.5.8)

To ensure stability, the characteristic equation must not have roots in the right
half-plane, thus the condition for stability is

Z=0 (A.5.9)
and from this,

R=P. (A.5.10)

This means that the control system is stable if the curve mapping the curve of
Fig. 5.17 by the characteristic polynomial encircles the origin anti-clockwise as
many times as there are the unstable, right half-plane poles of the open-loop.

Mapping the curve L(s) instead of the characteristic polynomial we get the
so-called complete NyqQuisT curve. Investigating its windings around the point
—1+ 0y, the system is stable if the condition (A.5.10) is fulfilled.

A9.1
Use the notation introduced in (3.13)

~1_adj(sI —A) adj(sI —A) ¥(s)

W == =G —A) — A AG)

(A.9.1)

to simplify the complex form ¢T (sI —A —&—ka)Ab and use the matrix inversion
lemma

(sT — A +Bk")"'= [®" (s) + BK"] "= ®(s) — D(s)b[1 + Kk D(s)b] 'K D(s)

(A9.2)
by means of which

0Dk ®(s)b  cT®(s)b

T(sT — A +bk") 'b = T®(s)b - .
(s ) b =clo) 11K Db 1 +KD(s)b

(A9.3)
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So (9.5) can be further modified

cT®(s)bk,
Ty (s) = % (A9.4)
1+k ®(s)b
Note that here
TO(s)b =" (sT —A)"'b = P(s) = ig (A.9.5)
by means of which
cT®(s)bk, k k B(s)
Tw(s) = = P(s) = -
»(5) L+ ®()b  1+K"%b (5 1K 8B Al) (A96)
k:B(s) .
A(s) + KT (s)b

A9.2

The static unit gain of the transfer functionT,y(s) of the closed system can be
ensured by the scaling factor k. From the condition

Ty (s)],_o= ¢ (~A +bk") bk = 1 (A9.7)
it is obtained that
ke = —1/c" (A — bK™) "D (A.9.8)
Applying the matrix inversion lemma in the denominator,
(A—BK") "= A"+ A 'B[1 —K"A'B] KA, (A.9.9)
we get that

"TA'bk"™A'p  ¢"AT'B(1+K"A7'b —K'A7'D)
1-k'A"'p 1-k"A7"'p

(A —bk") b=c"A""b+

_ cTA~ D
O 1—K'A'D
(A.9.10)

So the other form of (A.9.8) is
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—1 TA=1p— 1
ke — - _k f’l (A9.11)
cT(A—bk") b  c'ATD

A9.3

As was seen in the derivation of (9.10), the pole allocating state feedback vector
kT = kz can easily be computed from the controllable canonical form. It was
discussed in connection with Eq. (3.67) that all controllable systems can be
rewritten into controllable canonical form by the transformation matrix

T, = Mg(MC)_l. From this we can get the similarity transformation (9.13) of the
feedback vector

K'=KkT. =kIMM_". (A.9.12)

Instead of the relatively complicated transformation matrix 7', another simpler

method is also available. Find the matrix T of the similarity transformation by the
following expressions

A.=TAT™" and b.=Tbh (A.9.13)

The similarity transformation of the matrix A can also be expressed in the form

AT =TA. (A.9.14)

Introducing the notation ¢/ for the rows of the matrix T we can write that

T T T
—ay —ay ... —a,1 —a,]| |4 t tHA
1 0 ... 0 0|8 @ v\
T T T
AT = 0 1 0 0 Ll _TA= | |la= |BA
0 0 0 1 0 1! £ A
(A.9.15)
Executing the operations we get that
—aiff —af) - —a, | — ayt! 1A A1
T T T An—2
l‘+ t%A t%A” X
e
AT = 5 = |6A| = | LA (A =TA.
T T T
tnfl tnA tn
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As a consequence of the equality of the two sides the following recursive
relationship holds between the row vectors ¢!, if £1 is known

tf,=t/A; i=nn—1,...2 (A.9.17)
or in another form,
=AY i=nn—1,...,2. (A.9.18)
Thus the transformation matrix is

tTAnfl
t%A”72
T.=T=|0A""]. (A.9.19)

T
tn

Similarly, based on (A.9.13) and (A.9.16) we get that

{f Y FA" b
& Y U t'A"2p
be=Th= |8 [b= LA |p= [6,A"b] (A.9.20)
£ (T b
whose transposed form is
bl=([b Ab ... A" A"'b]|=1(M., (A.9.21)
where M. is the controllability matrix. From this,
T =pI (M) (A.9.22)

Thus t; is the first row of the inverse of the controllability matrix, since
bl =[1,0,...,0]. (A.9.23)

Consider the transpose of the feedback vector (A.9.12)
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-1
t;A” .
e
t%A 3
e
k' = kCTTC =[r—a,mn—ay,.. rm—a) ,A . (A.9.24)
A
Executing the operation we get the equation
n . n .
K'=6> rA" =6 aA™ (A.9.25)
i=1 i=1

then adding A" to both sums we get a very interesting form,
KT =£R(A) — L AA). (A.9.26)

Due to the CayLEy-HaMIiLTON theorem all square matrices satisfy their charac-
teristic polynomial, therefore A(A) = R(A) = 0. The final form of (A.9.26) is

k' =£R(A). (A.9.27)

This latter equation is called the AckerMANN formula. The expression (A.9.12)
can be evaluated much easier by computational methods than by (A.9.27).
A94

Based on the diagonal canonical form, from the basic relationship (9.7) of the pole
allocation we can get by equivalent rewriting that

B(s)

— T —lgd __ T —1zd
R(S) - A(S) = mkd (SI _Ad) b = A(S)kd (SI —Ad) b 5
(A.9.28)
which yields
R(s) _ Tiay —1zd
O (sI —Ag)~'b". (A.9.29)

Decomposing the left side into partial fractions, and taking the diagonal char-
acter of the system into account, it can be seen that

R(s) 2. kdpd "L k9B,
=1 4Lt =1 L A9.
Al(s) +;s—ki +;s—ki (A.9.30)
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Applying the expansion theory valid for the simple poles of the partial fractions,
thus multiplying both sides with (s —A;) and substituting s = A;, we get the
expression

n n

kb =T (v —w) (M =) (A.9.31)

=1 =1

This procedure has to be performed for all the poles.
A9.5
Taking the matrix inversion identity (A.1.17) in Appendix A.l into account the

following steps of the rewriting can be easily followed:

[T (st = A4)"'B] [1 — KT (sT — A +BK +1T) "Bk

T (s) =
= (K7 (sT = A+ K" +1") b [eT(sT — 4)"'b)]

¢T(sI —A)"'bk, (A.9.32)

14+k"(sI —A)'b

kP(s) _ kB(s)

Tk I—A) b R(s)

— " (sT — A+bK") bk, =

A9.6

The so-called LQ controller, discussed in 9.5, is a special case of a generally
formulated optimization problem. In the general case the task is to determine the
control signal u(z) of the system given by the state equation

) flee), (o), (A9.33)

Flx(t), u(t)|dt = Iu(2)]. (A.9.34)

The solution is provided by the so-called minimum principle, by means of which
the so-called HAmiLTON function
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H(t) = Flx(), u(t)] + M) f (1), u(1)] (A.9.35)

has to be constructed, for which the following necessary conditions of the extre-
mum values
dH (z)
du(?)

_ o 9HQ) _ dh()
=0 S a =M (A.9.36)

must be fulfilled. (The sufficient condition of the minimum is that 9>H/0u® > 0.)
The HamiLton function and the necessary condition for the minimum (A.9.36)
corresponds formally to the LAGRANGE method of the conditional optimum (thus A is
the co-vector of the method), since the minimum of 7[u(¢)] has to be reached under
the condition (A.9.33). (Note that in the state space arbitrary motion is not allowed,
only those corresponding to (A.9.33).) For the solution it is usually assumed that
A(t) = P(t)x(z), i.e., it can be derived from the state vector by a linear transfor-
mation, SO

A1) = P(0)x (1) + Px(2). (A.9.37)

If the upper limit of the integral is infinity (77 = oo) then P(z) = P is constant, so
P= 0, thus

Mr) =Px(r) and A(r) = Px(2). (A.9.38)

The LQ regulator of the LTI process has to solve the task

l\)l'—‘

/ 1) + Wou (1)) dt = m(i? (A.9.39)
u(t
0

under the condition of linear system dynamics
x(1) = Ax(t) + bu(z). (A.9.40)

The HamiLToN function now is

H(t) = = [x"(t)Wyx () + Wa* (1) ]| + L [Ax (1) + bu(z)], (A.9.41)

1
2

whose second order derivate is 9*H / ou* = W, > 0, so the necessary condition is,
at the same time sufficient, too. The necessary condition, on the one hand, is
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dH (1)
du(r)

= Wou(t) + 2"b = Wou(t) +b"A =0 (A.9.42)

from which the optimal control is

u(t) = —Wiule(t) = —WiubTPx(t) = —kiox(1) (A.9.43)

On the other, the matrix P in Eq. (A.9.43) has to be determined. For this,

consider the complete state equation of the closed system

1 -
% = Ax — bklox = (A — bl )x = (A - WbbTP)x —Ax,  (A9.44)

u
which has the same form as for the state feedback. Thus the LQ regulator is a state

feedback controller. Based on Eqgs. (A.9.36) and (A.9.44) the co-vector is

A =Pi= (PA - WipbbTP>x = PAx, (A.9.45)

u

which has to satisfy the equation

i) = — fé;; — _Wex(d) — ATA(1) = —Wx() — APx()
= —(Wy+A"P)x(1) (A.9.46)

coming from the necessary condition (A.9.36). Comparing the last two equations,
the following equality

PA — WipbbTP = —(Wy+A'P) (A.9.47)

u

is obtained for symmetric P. By rewriting we get the so-called nonlinear algebraic
Riccati matrix equation

1
PA+ATP — WPbbTP = W,, (A.9.48)

u

which has no explicit algebraic solution, but there are several fast numerical
methods available for its computation.
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The joint state equation of the state vector and co-vector of the closed system can
be easily written using Eqgs. (A.9.44) and (A.9.46)

[ﬂ - [v?/ WL“_I’X;P} [ﬂ (A.9.49)

Note that if the upper limit of the integral is finite (7f <oo) then P = P(z)
depends on the time and the Riccati matrix equation has to be solved in advance for
the domain 0 <¢<T;.

Next it will be shown that the solution P of the RiccATi matrix equation has
exceptional meaning. Substitute Eq. (A.9.41) of the optimal control into the cri-
terion (A.9.37)

1:%/ [T (6) W (1) + Wau(r) ;/{ 1)+ W, [—kLQx( )r}dz
0 0
U o, _— 1
20/ {x OWyx(t) + — - x"(1)P"bb" Px (1 ] O/ )]dr
(A.9.50)
where
Wy =W+ WLPTbbTP. (A.9.51)

The solution for the closed system of (A.9.44) without excitation is
x(1) = &M'x(0) (A.9.52)

so the criterion (A.9.50) for the case without excitation is

NI'—‘

r o 1
/ foeAfx(O)} dr = 3x"(0)Px(0), (A.9.53)
0
where it is assumed that

- / AWM. (A.9.54)
0
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To prove this, carry out the integration
pP— / AW Adr = [&T’WXA”@‘"] o / ATA WA Adr. (A9.55)
0

Furthermore, if A is stable, then

o0
P=-wa'-A4" /e“T’WXe’"dt A'=-wAa ' —A"PAT'. (A9.56)
0
Here, it has been used that A~ 'eA’ = A’A ™", Finally the equation
PA+A'P=-W, (A.9.57)

is obtained, which is called the Lyapunov equation. The equation is only virtually
linear in P, since W, and A also depend on P. Rewriting the equation we get again
the algebraic Riccati matrix equation (A.9.48). By this, on the one hand, the
relationship (A.9.54) is proved for P, on the other hand the meaning of P is also
shown: namely that it is the quadratic cost function matrix associated with the
control ensuring the minimum of the criterion (A.9.37) for the case without
excitation.

It is also interesting to investigate how the HamiLToN function itself changes in
time. Determine the time derivates

dH  [dH]"dx [dH]|"du [dH]"daA
— = || — il — — (A.9.58)
dr dx | dr du | dt dr| dr
Since based on (A.9.33) and (A.9.35) it can be stated that
dH dH
T A9.5
o (A.9.59)
and taking Eq. (A.9.36) into account, we get
dH]"dx  [dH]"dx
= | == A9.
[dx] dr [dx} dr (A.9.60)
Thus finally
dH
—=0 (A9.61)

dt ’
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i.e., the HAMILTON function is constant (assuming that neither the control, nor the
state vector have restrictions). Thus in the case without limitation, the HAMILTON
function is time invariant and it is invariant also for the input (see the necessary
condition (A.9.36) for the extremum).

A111

Based on the transfer function of the zero order hold

1 —eh
Wzom((s) = (A11.1)

the frequency function of the holding element is

1 — e—JoTs 2€7ijS/2 (eijs/Z _ e*ij,/Z)

W, = =
RG] o 2

' (A.11.2)
=T, Mﬂ’”s/z

wTs/2

Based on the above the absolute value function of the zero order hold can be
written as

. sin(07/2)
W =T|——— = A.11.3
Waon(jo)| = T, 25 (A113)
and its phase function is
L{Wzon(jo)} = L{sin(0Ts/2)} — oT/2 (A11.4)

Both components of the frequency function are drawn for the choice 75 = 1 s in
Figs. A.11.1 and A.11.2. It can be seen that the absolute value function becomes

Fig. A.11.1 The absolute 1.2
value of the frequency func-
tion of the zero order hold 1

08 \

T

0.4

0.2 |
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Fig. A.11.2 The phase func- 0
tion of the frequency function
of the zero order hold
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zero at the sampling frequency s = 27/Ty = 6.28rad/s and at its integer multi-
ples, and the phase function has a linear character, its value corresponds to a delay
term of Ty, = T/2, at the singular points the phase changes by +180°.

In Fig. A.11.1 the characteristic of the active linear filter in the region
® < ®/2 = Omax is also shown. It can be seen, that the amplitude distortion can be
neglected only in the lowest frequency region.

A11.2
Let us start from the expression

[o°]

Z{fK} = F(z) = > _flkz* =f0]+ £ +£21e > + -+ +fKz ™+ -

k=0
(A.11.1)

defining the z-transform of a discrete signal f[k](k =0, 1,2,...) as an infinite
geometric progression. Multiplying both sides by the factor z£~!

F(2)Z ™ =01 U223+ - Rz - (A1L2)

is obtained, which is actually the LAURENT series of the expression zX~!F(z) at
7 =0. Consider now a circle C around the origin of the complex plane, which
includes all the poles of z*"!F(z). Since in the above expression the coefficient of
z~!is f[k], and at the same time, this coefficient is the residue of z*~1F(z), we obtain

1

[k =2"YF@2)} = 2—@% F(2)?"dz. (A.11.3)
C
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A.l6.1

Due to the definition of H, and the PARSEvAL theorem

[o.¢] [o@]
|H (jo)]|,= /||w(t)||2dt: /cTeA’bbTeAT’cdt. (A.16.1)
0 0
Thus
|H(jo)| 3= c" / Abb e dt | c. (A.16.2)
0
Introduce the notation
L= / Abb A dr (A.16.3)
0

so finally the H, norm can be computed as
|H (jo)||,= VeTLe. (A.16.4)
Differentiate the integral in the A.16.3
d
" A A = A DD A + AbbTA AT (A.16.5)

then integrate both sides of the equation over the domain [0, co:
{eAtbbTeATt}:’: A / Abb A dr | + / Abb A | AT, (A.16.6)
0 0

from which by simple computation and considering (A.16.3) we get the system of
linear equations

—bb" = AL + LA" (A.16.7)

for L.
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A.16.2
Rewriting the criterion (16.27) in detail the form

— Ly - TR + T )P p] (A.16.8)

V) =5

is obtained, and making its gradient equal to zero yields

dv(p)

b —F"(u)y +F'(u)F(u)p = 0. (A.16.9)

Solving the equation for p, the best parameter estimator is obtained in the form

p=[F @)F)] 'F'(u)y. (A.16.10)

A.16.3

Assume that processing N data pairs the off-line LS estimation of the parameters
is available as

. -1
pIN] = [FT[NIFIN]] " F"[Nlyy, (A.16.11)
then compute the LS estimation for the (N -+ 1)-th point

PIN+1) = [F' N+ 1JFIN+ 1] F [N+ 1lyy .,

) { LTSZ\E I]T[/TI[IVV[AEI]] }l [le[jv[]i] 1]“ [1\;;1 1]}

= {FTINJFTIN] +£IN + 1)f T[N + 1]} {FT[Nlyy +£[N + 1[N + 1]}
(A.16.12)

For the solution it is required to compute the inverse of the matrix extended by
the dyadic product

RIN+1] = {F' N+ 1JF'N+1]} "= {F'INJFT[N] +£[N + 1[f TN+ 1]} .
(A.16.13)
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According to A.1.17 in Appendix A.1,

{F' N+ 1)FT N+ 1)} = {FNFT[N)}
{FTINFTINIYSIN + 1IN + D {FTINJFTN]
L+fTIN + 1{F INJFT N} fIV + 1]
(A.16.14)

1

Using the definition of R[N] by (16.54) we get

R[NJf(N + 1)fT(N + 1)R[N]

R[N +1] =R[N] - 1+fT(N+ DRINIF(N + 1)

(A.16.13)

Substituting the above recursive equation of the convergence matrix into
(A.16.12), the recursive equation of the parameter estimation is obtained as

PIN+1] =p[N]+ RN+ 1f(N+ 1){y[N+ 1] —fT(N+1)p[N]}. (A.16.14)

The term “recursive” comes from the fact that the renewal equations of both
R[N] and p[N] can be computed from the previous values by adding a new term.
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