Ain Shams University
Faculty of Engineering
Electrical Engineering Department

SPEED CONTROL OF A DC DRIVE BASED
ON OPTIMAL PERFORMANCE

BY

o ASHRAF SAAD AWAD

A dissertation submitted in partial fulfillment of the requirements
for the degree of

e

M.SC. IN ELECTRICAL ENGINEERING

3 ] (_4’ e .3
UNDER SUPERVISION OF
PROF.DR. AZIZ I. SAID DR. ELSAYED A. MOHAMED
PREFESSOR LECTURER

AIN SHAMS UNIVERSITY AIN SHAMS UNIVERSITY

DR. MOHAMED M. NEGM

LECTURER
AIN SHAMS UNIVERSITY

Central Library - Ain Shams University



i

STATEMENT

This dissertation is submitted to Ain Shams University for the
degree of M. Sc. in Electrical Engineering.

The work inciuded in this thesis was carried out by the author
in the department of Electrical engineering, Ain Shams University
from November /198% to May /1995.

No part of this thesis has been submitted for a degree or a
qualification at any University or Institution.

Date ' t“r“)/ 7 ]_/ 1995
Signature e

Y -
Name : ASHRAF SAARD AWAD

Central Library - Ain Shams University



m
/‘- -
.
ST

::L% 1 :éf %
-— = [ i
,f:EE = 5::_'::

L ‘\ |

Central Library - Ain Shams University



Acknowl edgements

I am deeply grateful to professor Dr. Rziz I. Said, Electrical
power & Machines Department, Faculty of Engineering, Ain-Shams
University, for his supervision, stimulating discussions,
encouragement he always offered.

I wish to express my heartfelt thanks to Dr. Elsayed A.
Mohamed and Dr. Mohamed M. Negm, Electrical power & Machines
Department, Faculty of Engineering, Ain Shams University, for the
suggestion of the present work, their supervision, great efforts,
helpful discussions, continuous guidance, and their sincere help
during the work and the prepartion of this thesis.

Central Library - Ain Shams University



i1

PRINCIPAL SYMBOLS

rototional motor speed.

constant load torque.

moment of inertia of the machine system.
torque coefficient.

counter electromotive force coefficient.
mechanical time constant.

armature time constant.

field time constant.

inductance of armature circuit.
inductance of field circuit.

gain of the armature power converter.
gain of the ftield power converter.
armature current.

tield current.

armature voltage.

field voltage.

output power.

efficiency.

machine losses,

armature circuit power loss.

field circuit power loss.

field loss coefficient.

armature loss coefficient.
armature current at steady state.
field current at steady state.
generated torque at steady state.
optimal current ratio.

field resistance,

armature resistance.

direct current.

reduced dynamic equation.

desired signal.

disturbance signal,

error signal.

performance index.

contrel input.

Wweighting matrix.

weighting matrix.

feedback gain.

preview step.
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iii

Gy feedforward gain.

K. 2. v steady state solution of the Riccati equation.
S Riccati gain.

Cp proportional controller output.

Kp proportional gain.

Ep proportional error.

C, output with zero error.

C{(t) integral! controller output.

Ki integral mode gain.

A {t) net area of error.

C;(o) : 1ntegral contrcller output at t=0.

Cd(t) : derivative controller sutput.

Ep(t) : error at time t.

Ep(ta) : error at time tw

Ky : derivative mode gain.

CN ! proportional-~integral controller output.

CN : proportional~derivative controller output.

C proportional-integral~derivative centroller output.

Central Library - Ain Shams University



iv

LIST OF FIGURES

Figure Page
2-1 Ceontrol ainterval . . . . . . . . . . . . . . . . . . . 21
2-2 The optimal and preview feedforward structure for
constant field current . . . . . . . . . ., . . . . . 25
2-3 The optimal and preview feedforward structure for
(RDE). . v v . . . . . 0s
3-1 Simulation results for abrupt., sinsoidal and ramp change

in desired signal. R=1, Q=0.01, T=.033 Sec., M=0.

a) Reduced dynamic equation. b)Constant field current. 30
3-2 Simulation results for abrupt, sinsocidal and ramp change

in desired signal. R=1, Q=0.l1, T=.033 Sec., M=0.

a) Reduced dynamic equation. b)Constant field current. 31
3-3 £...ulation results for abrupt, sinscidal and ramp change

in desired signal. R=1, @= 1, T=.033 Sec., M=0.

a) Reduced dynamic equation. b)Constant field current. 32
3-4 Simulation results for abrupt. sinsocidal and ramp change

in desired signal. R=1, Q= 50, T=.033 Sec., M=0.

a} Reduced dynamic equation. b)Constant field current. 33
3-5 Simulation results for abrupt, sinsocidal and ramp change

in desired signal. R=1l, Q= 50, T=.033 Sec., M=3.

a) Reduced dynamic equation. b)Constant field curs=nt. 34
3-6 Simulation results for abrupt, sinsoidal and ramp ~hange

in desired signal. R=1, Q=1l00, T=.033 Sec., M=0.

a} Reduced dynamic equation. b)Constant field ~u::ent. 35
3-7 Simulation results for abrupt, sinsoidal and ramp -hange

in desired signal. R=1, Q=100, T=.033 Sec., M=3.

a) Reduced dynamic equation. b)Constant field cut:-nt. 36
3-8 Simulation results for abrupt, sinseidal and ramt -hange

in desired signal. R=1, Q=100, T=.033 Sec., M-=5.

a} Reduced dynamic¢ equation. b)Constant field cur:ert. 237
3-9 Simulation results for abrupt, sinsocidal and rams range

in desired signal. R=1l, Q=1000,T=,033 Sec., M-0.

a) Reduced dynamic equation. b)Constant field curct-nt. 38
3-10 Simulation results for abrupt, sinscidal and ramg -hange

in desired signal. R=1, 0=1000,T=,033 Sec., M=3.

a}) Reduced dynamic equation. b)Constant field curcent. 39

4-2-1 Block diagram of the three phase converter circuit . . 43
4-2-2 Wiring diagram for the complete firing circuit

Central Library - Ain Shams University



Data acquisition speed response with abrupt reference
b- Experimental
Oscillograms speed response with abrupt reference

speed change. a-

speed change
Data acguisition

and load, change.

Data acgquisition

and lecad, change.

Data acguistition

and load., change.

Data acquisition

and load. change.
Oscillograms speed response with ramp reference

speed change
Efficiency curve

Simulation.

speed response

a- Simulation.

speed response

a- Simulation.

speed response

a- Simulation.
speed response with abrupt,
a- Simulation.

at speed (1500 r.p.m) with and

without optimal controller

Central Library - Ain Shams University

with abrupt, reference
Experimental
Wwith abrupt,
Experimental
with abrupt,
b- Experimental
reference
Experimental

refarence

reference

vi

86

87

88

89

90

32

93

i e = b 1




4-3-4 ADC Interface circuit design.

4-3-5 DAC Interface circuit design.
4-4 The PID controller,

4-4-1

4-4

4-4
4-4
4-4
4-4
t

-2

L+ AT L B R 5

Proporticnal c¢ontrol mcde
4-4-1-1 Offset errcr.
Integral mode .
4-4-2-1 Reset action.
Derivative mode

Composite mode.

Experimental results.
Conclusions

imal controller.
-5-1 Intrduction .
-5-2 Experimental results

4-5~2-1 the disturbance 51gna1.

4-5-2-2 the reference signal.
4-5%5-2-3 Depicting the results

4-5-3 Comments.

5~ CONCLUSIONS.

REFERENCES. .

APPENDIX.

LIST OF

ASHRI111l.
ASHS1l1l.
ASHR211.
ASHS211
RDSM100
RDSM101.
RDSM102.
RDSM103,
RDSM104
RDSM105.
RDSM106.
RDSM107
RDSM108
MN15.BAS
MN16.BAS
NNNR.BAS

USE

D SOFTWARE PROGRAMS:

FOR.
FOR.
FOR.

.FOR.
.FOR.

FOR.
FOR.
FOR.

.FOR.

FOR.
FOR.

MNCPID.BAS

RER.EBAS.

.FCR.
.FOR.

Central Library - Ain Shams University

61
61
69
69
69
70
71
71
72
72
73
78
78
78
78
78
78
80

94

96

98
104
107
113
116
121
122
123
124
125
126
127
128
129
131
133
134
135



i

INTRODUCTION

1-1 sSpeed control of DC motors:

Great numbers of dc motors are still made tcday because their
characteristics are so well suited to many variable speed drives,
The performance of a modern drive is judged by its wide speed of
response and the possibility of applying feedback. In all these
respects the dc motor is still considerably superior to the
induc¢tion motor, but its initial and maintenance costs are
relatively high. Metheds of control are in most cases simpler and
less costly than methods of control of ac motors to obtain the same
performance. However, on the other hand, the d¢ motor needs more
maintenance than the induction motor because of the commutator
which offer other iimitations. There is brush wear from friction,
arcing and sparking. As a conclusion, for the precise speed
contreol, the dc motor is the good solution on the expense of the
cost. This is not the case for very high speeds and large ratings,
where ac drives are used successfully.

The principal parameter of interest in DC motor control
systems 1s the speed of the machine. The speed can be controlled
erther by the control of armature voltage, field voltage, or both,
depending upon the desired performance charateristics of the drive,
Thus providing an additional degree of flexibility in the operating
system.

1-2 Mathemtical models of physical systems:

Many dynamic systems, may be characterized by differential
equations. The response of a dynamic system to an input (or forcing
function) may be obtained if these differential equations are
solved. The equations can be obtained by utilizing physical laws
governing a particular system, for example, Newton's laws for
mechanical systems, Kirchhoff's laws for electrical systems, etc
[13].

1-2-1 Mathematical models:
The mathematical description of the dynamic characteristics
of a system is called a mathematical model. The first step in the

analysis of a dynamic system is to derive its model. We must always
keep in mind that deriving a reasonable mathematical model is the

Central Library - Ain Shams University



__2_
most Important part of the entire analysis.

Models may assume many different forms. Depending on the
particular system and the circumstances, one mathematical
representation may be better suited than other representations. For
eXample, in optimal control problems, it is often advantageous to
use a set of first-order differential equations. On the other hand,
for the transient-response analysis or frequency-response analysis
of single-input-single-cutput systems, the transfer-function
representation may be more convenient than any other.

Once a mathematical model of a system is obtained, variocus
analytical and computer tools can be used for analysis and
synthesis purposes.

1-2-2 Simplicity versus accuracy:

In obtaining a model, we must make a compromise between the
simplicity of the model and the accuracy of the results of the
analysis. Note that the results obtained from the analysis are
valid only to the extent that the model approximates a given .
physical system.

The rapidity with which a digital computer can perform
arithmetic operations allows us to employ a new approach in
formulating mathematical models. Instead of limiting models to
simple ones, we may, if necessary, include hundereds of egquations
to describe a complete system. If extreme accuracy is not needed,
however, it is preferable to obtain only a reasonably simplified
medel. In deriving such a simplified model, we frequently find 1t
necessary to ignore certain inherent physical rroperties of the
system. In particular, if a linear lumped parameter mathematical
model (i.e. one employing ordinary differential egquations) 1is
desired, it is always hecessary to ignore certain nonlinearities
and distributed parameters (i.e. ones giving rise to partial
differential equations) which may be present in the physical
system. If the effects that these ignored properties have on the
response are small, good agreement will be obtained between the
results of the analysis of a mathematical medel and the results of
the experimental study of the physical system.

In general, in solving a new problem, we find it desirable
first to build a simplified model so that we can get a general
teeling for the solution. A more complete mathematical model may
then be built and used for a more complete analysis.

1-3 Design principles of control systems:

1-3-1 General requirements of _a control system:

The primary requirement of a control system is that it must
be stable. In addition to absalute stability, a control system must
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error signals are considered important: the analysis and design of
control systems are carried out using transfer functions, together
with a variety of graphical techniques such as root-locus plots and
Nyguist plots. The unique characteristic of conventional control
theory is that it is based on the input-output relation of the
system, or the transfer function.

The main disadvantage of conventiocnal control theory is that,
generally speaking, it is applicable only to linear time-invariant
systems having a single input and a single output. It is powerless
for time-varying systems, nonlinear systems and multiple-input--
multiple-output systems.

1-5 Modern control theory:

The modern trend in engineering systems is toward greater

complexity, due mainly to the requirements of complex tasks and
good accuracy. Because of the necessity of meeting increasingly
stringent requirements on the performance of control systems, the
increase in system complexity, and easy access to large-scale
computers, modern control theory, which is a new approach to the
analysis and design of complex control systems, has been developed,
This new approach is based on the concept of state,.
State-space methods are the cornerstcne of modern control theory.
The egssential feature of state-space methods is the
characterization of the processes of interest by differential
equations instead of transfer functions. This may seem like a
throwback to the earlier, primitive, period where differential
equations also constituted the means of representing the behaviour
of dynamic processes. But in the earlier period the processes were
simple encugh to be characterized by a single differential equation
of fairly low order. In the modern appreach the processes are
characterized by systems of coupled, first-order differential
equations. In principle there is no limit to the order (1L.e., the
number of independent first-order differential equations . and in
practice the only limit to the order is the availabiii1ty of
computer software capable of performing the required cal .lations
reliably.

1-6_ Modern control theory versus conventional controi theory:

System design in classical control theory is based .n *rial-
and-error procedures which, in general, will not yield :ptimal
control systems. System design in modern control theory =n the
other hand, enables the engineer to design optimal control systems
with respect to given performance indexes. In addition, design in
modern control theory can be carried out for a class of inputs,
instead of a specific input function, such as the impulse function,
step function, or sinusocidal function.
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A modern complex s¥stem may have many inputs and many cutputs,
and these may pe interrelated in a complicated manner. Te analyze
such a system, it 1S essential to reduce the complexity of the
mathematicaj eXpressions, as well as to resort to computers for

While conventional control theory is baseg on the input-output
relationship or transfer function, modarn control theory is based
on the description of system equations in terms of n-first-order
differentia] equations, whieh may be combined into a2 first-order
vector-matrix differentijal equation. The use of vector-matrix
notation greatly simplifies the mathematical Fepresentation of
system of equations. The increase in the number of state variables,
the number of inputs, or the number of outputs does not in¢rease
the cemplexity of the equations.

From the computational viewpoint, the State-space methods are
particularly suited for digital-computer computations becayuse of
their time-domain approach,

In the design of a control system, it is important that the
System meet given rerformance specificatiens. Since control systems
are dynamic, the performance specifications may be given in terms
of the transient-response behaviour to specific inputs, such as
step inputs, ramp inputs, ete, or the specifications may be given
in terms of a performance index, ’

W _control:

The problem of optimal control have received a great deal of
attention during the past 3 decade owing to the increasing demand
for systems of high performance and to the ready availability of
the digital computer. The concept of contyrol System optimization

physical constraints whereas the latter may well be an unattainable
gcal. In solving proplems of optimal coltrol systems, the goal is
te find a rule for determining the present control decision,
subject to certain constraints which will minimize some measure of
deviation from ideal behaviour. Such a measure igs usually provided
by a criterion of optimization, or performance index. The
performance index is a function whose value indicates how well the
actual performance of the system matches the desjired rPerformance.
In most Practical cases, System behaviour is optimized by choosing
the contreol vector in such a way that the performance index is
minimized (or maximized) [4, 5, 7. 13].

The Performance index is important because it, tpo 2a large
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degree, determines the nature of the resulting optimal control.
That is. the resulting control may be iinear, nonlinear, staticnary
or time varying, depending on the form of performance index. The
contrecl engineer formulates this index based on the requirements
of the problem. Thus , he influences the nature of the resulting
system. The requirements of the problem usually include not only
performante regquirements but also restrictions on the form cf the
caontrol to ensure physical realizability. The optimizaticon process
should provide not only control policies, parameter configurations
which are optimal, but also a measure of the degradaticn 1n
performance by the departure of the performance index function from
its minimum {or maximum) value which results from the use of
nonocptimal control policies.

To a considerable degree, use of optimization theory in system
design has been much hampered by the conflict between analytic
feasibility and practical utility in the selection o©f the
performance index., It is desirable that the criteria for optimal
control originates not only from a mathematical but also from an
applicational point of view. In general, however, the choice of a
performance index inveolves a compromize between a meaningful
evalution of the system performance and a tractable mathematicatl
problem [12, 17, 20. 22].

A wide-class of commercial applications have been carried out
by utilizing the optimal c¢ontrol theory. This theory can be
implemented easily to cepe with plants having constant parameters
or even of slowly wvariation parameters. The off-line controller
gain of this theory and 1ts robustness, simplicity, applicability
and the narrow space area required on memory of the microcomputer,
encourage many designers to utilize 1t in several industrial
applications.

Furthermore, there is a varity of applications that utilize
the optimal control thecry, some of them combining the preview
feedforward control to improve the transient response.

It is a common knowledge that the rapid and revoluticnary
ptogress in microelectronics in the last decade has had a profound
impact on all aspects of technelogy. The computing capability and
low cost of microprocessors have made the implementation of complex
control algorithms in practical systems of acceptable cost. In fact
the world is rapidly approaching a stage where the scope of
specific applications will be limited only by the existing theory
and the imagination of the designer [24., 25, 26, 27].

1-8 Scope of work:

The obvicus side of the present work is to investigate the
properties of the optimal and preview feedforward controllers from
the simulation results and from the structure of their control
laws. The dynamic equation of a separately excited direct current
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motor is reduced on the basis of maximum efficiency over the whole
control range. Accordingly, the control laws are simplified and the
microprocessor's execution time is reduced. In addition, the
cptimum current ratio, B, is calculated only once at any arbitrary
operating condition and it is considered as a variable parameter
of the dc motor, then there will be no need to detect or observe
the field current. This results in reducing one current detector
and one A/D channel of the micropreocessor.

The expermintal results are carried out by designing and
building an interface circuit and a 3 phase power converter, to
compromise between the optimal and the PID controller.

Bpplications of the PID and optimal controller are carried out
on the basis of the dynamic equation of a separately excited
constant field current DC motor.

The preview feedforward controller is obtained by minimizing
a selected performance criterion, utilizing the principle of
optimality. Based on this controller, corresponding future values
of desired and disturbance signals are obtained for improving
robustness and control system performance.

This dissertation consists of five chapters.

The first one is an introduction that includes a brief description
about this thesis and a theoretical background about its subjects.

Chapter two investigates the normal dynamic equation cf the
separately excited direct current motor, the derivation of the
Reduced Dynami¢ Equation (RDE), and the dynamic equation of the
same motor with constant field current. The remainder of this
chapter indicates a novel error system technique and a feedforward
compensation utilizing certain successive steps ahead ocf the
desired signal of the d¢ motor. This is to attain best transient
response and smooth speed response for several desired signals. The
proporties of the optimal and the preview feedforward, applied for
RDE and constant field motor, are given from the structure of their
control laws and the simulatien results.

Chapter three is the simulation results of the separately
axcited DC motor, constant field curtent, and Reduced Dynamic
Equation. The results have been gathered with a sampling period
T=.03% sec. at differernt weighting factors, R & @, to investigate
the robustness of the optimal controller schemes, with and without
feedforward compensation. The disturbance and the reference signals
have changed. The desired reference signal is selected toc change
either abruptly. ramp or sinusoidally from 1350 to 1500 RPM. The
variable load torque represents the disturbance signal that is
selected to be changed abruptly from 2.37 to 5.94 NM.

Chapter four is devoted for the experimental work and test
results. It is divided into four sections.

The first section is building and constructing of the three phase
six pulse power converter controlled either manually or
automatically through the microprocessor to be applied on the
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