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In this paper a comparative study on the use ofeGealgorithms (GA) and Differential evolution
(DE) for control systems design is presented. GA B are used for offline design of control
schemes for continuous-time linear time invarigisteams both in complex domain and time domain
formulations. In the complex domain controller desi the design philosophy is based on
approximate model matching in which a reference ehparameterized from time, frequency and
complex domain specifications which ensure botbikty and performance margin. The nominal
plant model is known; the problems become to sedtsh controller parameters through
minimization of a scalar objective function, sottliee augmented plant with controller matches the
reference model. In time domain design, the subwab control problem is considered in which the
coefficients of the gain matrix is searched throumgiimization of a cost function developed on
control input and state vector. GA and DE are ueedoth the design methods and applied Multi
input and single output (MIMO) systems and systevith time delays. Examples are included to
highlights the efficacy of the proposed methods.
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Introduction The rapid advancement of science and technology to the search objective. The least fit individuate replaced with

and the advent of low cost, reliable and high speégital
computers have led to extensive research in the efreomputer
aided control system analysis and design. The sita solve some
problems in identification, modeling and controlldesign by
applying the genetic algorithm & differential evoan.

The application of artificial intelligent has beanwide
use in many areas in system and control for thietles decades.
Genetic algorithms (GA) [1] are search procedunspired by the
laws of natural selection and genetics. They carvibeed as a
general-purpose optimization method and have beenessfully
applied to search, optimization and machine leartésks. GA has
the ability to solve difficult, multi dimensionakgblems with little
problem-specific information and hence has beermsa@hmcas the
optimization technique to solve various problems dantrol
systems. In GAs, candidates’ solutions to a prokdeensimilar to
individuals in a population. A population of indivials is
maintained within the search space of GAs, eachesepting a
possible solution to a given problem [28]. The vidiials are
randomly collected to form the initial populatiomofn which
improvement is sought [27, 28]. The individuals #ren selected
according to their level of fitness within the plein domain and
breed together. The breeding is done by using tberabors
borrowed from the natural genetic, to form futurengrations
(offspring’s). The population is successively imped with respect

new and fitter offspring [23, 1] from previous gesson.

Over the recent years, GAs has been at the cerftre o
researches. Especially in the optimization problemiere GAs
provides better solutions with simpler techniquésmnt other
optimization methods. According to Goldberg in [GAs Differs
from other optimization methods in four ways:

GAs search from a population of points in paralted,

single point

e GAs use probabilistic transition rules, not deteristic
ones

*  GAs work on encodings of parameters set rather than
parameter set itself (except where real — valued

individuals are used)

e GAs do not require derivative information or other
auxiliary knowledge; only the objective function dan
corresponding fitness levels influence the dirextiof
the search.

DE [30] is parallel direct search method that uaedifferential
mutation scheme and greedy selection process gtterbone of
new solution and its parents wins the competititm)direct its
search toward the prospective regions of searchesga DE, all
solutions have the same chance of being selecteghaemnts
regardless of their fitness value. DE is known $e the greedy
selection process whereby the better one of thesotwtion and its
parents wins the competition. This principle pr@&da better
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convergence performance over GAs [29]. DE encodeanpeters

in floating — point regardless of their type [30]his encoding

offers a great malleability with arithmetic opemat@and provides

significant advantages over the other optimizatiangthods,

including [30]:

*  Fast convergence

e Finds true global minimum regardless of the iahit
parameters

» Ease of use

»  Efficient memory utilization

*  Lower computational complexity

DE is used to tune the parameters by optimizingegufency
domain objective function. The objective functiolonsists of
finding, shifting the poorly damped or unstablegsointo the left
side of the s — plane (stability plane).

The mathematical procedures of modeling practigatesns
lead to descriptions of the process in the forntahplex high -
order transfer functions or states space modeleséigh-order
models are difficult to use for simulation, anadysir controller
synthesis, and it is not only desirable but alserohecessary to
obtain satisfactory reduced order representatibssich high order
models. A need exists for design methods that mayuded to
arrive at simple low-order implement able contnalg¢hat can
adequately control plants or processes regardleédhedr order,
complexity or stability.

Often the need arises to implement a digital cdietrin place
of an existing analog controller. One may redesigrew controller
in the digital domain or may discretize the exigtoontinuous-time
controller. Advanced controller design techniquashsas LQG,

Heo [11] etc., often lead to controllers whose ordeyrha equal

to or even exceed the order of the plant. A suwtdblv-order
controller that retains the dominant charactesstf the original
high-order controller is desired in such cases.

2. Control System Design:

A new GA[1] & DE[30] based method is proposed for
the design of rational continuous-time controllégs linear time-
invariant single-input single-output (SISO) and thudput multi-
output (MIMO) systems. The design method is comeneive in
nature and is applicable to a wide range of plandefs. Selection
of an appropriate reference model extends the mesfsi of the
method to controller design for unstable systems aron-
minimum-phase plants. The method relies on the eunof
approximate model matching and yieldsplement able low-order
rational controllers using only output feedbackcréase in the
computational burden with increase in the ordethefplant model
is negligible thus obviating the need for orderuetbn of the plant
transfer function. The validity of the method idgtrated by some
examples from the literature.

The problem of model matching control consists of
designing a controller to compensate a given pkmtthat the
resultant controlled system has a pre-specifiedsfe function
(reference model). The obvious advantage of thigageh is that
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the design specifications (time and frequency dajndnat are
implicated through the reference model will be nist the
controlled system. Design techniques for exact hodxching as
well as approximate model matching have been pezpder
systems described by both state-space and transfeion models
[Chen (1970)]. Exact model matching, however, iswn to bring
about certain practical difficulties. It requiresedly complicated
implementations. System configurations typicallydive both feed
forward and feedback compensation [Chen (1987 ydidition, the
compensator TFs are generally of roughly the sardercas the
plant TF. Thus, for high-order plants, the congoimplementation
becomes impractical. The design of a control sysgeformulated
as an approximate model -matching problem. That phoblem is
of great practical importance and provides a viablernative for
the design of effective, implement able controllsrgvident from
the number of publications in this area (given a)o¥he objective
of an approximate model matching type of contradtesn design
may be stated as: Given an open loop plant TF, Eésign an
overall closed-loop system so that the plant ouyiytwill follow a
given reference input as closely as possible. Tésigd highly
depends on the chosen reference input. Througheupaper, we
consider a step input. The closeness of the platpud tracking the
reference step input is checked in terms of stetatg and transient
performances. In the steady state, we requirettfealg-state error
to be zero and for good transient performance, aguire a
prescribed rise time, settling time, and overshd. also consider
frequency-domain characteristics such as the gad phase
margins, bandwidth, cut-off rate etc. implicatedrotigh the
reference TF as the desired design objectives., Tthascontroller
design problem becomes: Given a plant and a refergmput (step
input), design an implement able dynamic contratet uses only
output feedback and yields an overall closed-logjtesn to meet a
given set of steady-state and transient performariteria. One of
the important aspects of controller design and @m@ntation is the
order of the controller and the subsequent hardwaraplexity.
Practicing engineers prefer implement able cordrslliof low
complexity. Various design methods have been pexpés obtain
low-order compensators based on the Padé approgimat
technique Pal (1993), continued fraction expanstdren (1970),
least squares minimization Belanger (1976), and ahoeduction
techniques Lepschy (1985) etc. Kreisselmeier and/eiieamp
(1988) proposed a method which involves an a-poster
refinement of the controller that has been syn#teesiusing a
reduced-order model of the plant. In the model hiatg method of
Sanathanan and Quinn (1987), frequency domain @gatiion is
used to obtain a low-order approximate of the idealroller given
by the synthesis equation [D'Azzo (1981)]. In theopmsed
method, the controller parameters are obtained mimizing a
performance index (fitness function) using the GAd ause the
concept of approximate model matching. Selection af
appropriate reference model extends the usefuloleise method
to controller design for unstable systems and nornimum-phase
(NMP) plants.
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Fig. 1 Standard unity feedback configuration

3. Approximate Modd Matching [16]: Consider the continuous-
time unity feedback control system configuratiorseewn in Fig.1
P(s) and C(s) are respectively the plant and chetréransfer
functions and are given by

2 bs
P..()==—, ms<n
as
i=0 3.1
P
2As
Cp,q(s)zlzo—_’ pP=q
> as
i=0 3.2

The subscripts on the left-hand side of Egrl)(and Eqn. (3.2)
indicate the orders of the numerator and denominatpectively.
The closed loop transfer function F(s) is then gileg

(et

PO 0 0 5
IOYBIY
3.3

i=0 i=0 i=0 =0

The denominator of Eqn. (3.3) represents the cheniatic
polynomial of the closed-loop system and is of orn{é! + q).
The unknowns in Egns. (3.2) and (3.3) are tﬁ?Sand a;s
corresponding to the compensate(s) .

In the exact model-matching problem, it is desitedfind the

unknown parameterg3, and &; of C(S) such that closed-loop

TF, F(s), exactly matches a general specificatién Ni(s), given
by

o
[}

M, (s) =+

csS

, k<l 34

M-~

I
o

I
Thus, for exact model matching, we have
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F(s)=M(s)
P(s)C(s) _
fepecE]
Solving for C(S) , we get
M(s)
Y1-M(s)}]

Substituting for P(s) and M(s) from Egns. (3.1) éBd), we finally
have

C(g) = [P(s

OIS
A9 =Crym (3=[ = }

Sy es - hadie

i=0 i=0 i=0 i=0

This is also called the ‘Synthesis Equation’ oruXal’s method’
for designing C(s) [D’Azzo and Houpis (1981)]. Thisntroller has
been termed as the ‘Ideal Controller’.

In some cases, it is found 2a2}his design methag not
lead to the simplest form of compensator. The tiggulcontroller

may be of high-order and/or unstable. Moreo@§iS) may not be
realizable, i.e. improper. Further, the structunel arder of the
controller C(S) cannot be fixed a-priori as has been done in Eqn.

(2.2). In the case of Approximate Model MatchingM)[16],
Eqn. (2.5) is only approximately satisfied, i.e.

F(s)=M(s)
4. Reference M odel Selection:

In the model-matching type of controller desigridaled
in this thesis, the design goals are.q2e8)fieti@butset in the form
of a reference model TF. The structure and compleaf the
controller depends on the choice of the referenodanTF. The
reference model TF should be chosen to have acwmrffiy rapid
response; on the other hand, it should keep thefnégiuency gain
of the controller small to avoid saturation in thetuators. The
reference model might be required to satisfy sofrttefollowing
design specifications.

The time-domain specifications, e.g., the rise time
overshoot, settling time and steady state errore Tequency-
domain specifications, e.g., the bandwidth, cutrafé, gain margin
and phase margin. The complex-domain specificatieng., the
damping ratio, damping factor, un damped naturabudency.
Quadratic optimal criterion.

Some representative model selection procedurebrafly given
below.
Method: 1. Let a model TF be speci(i%ﬂl}s\s

M (S) :—d0 +d1$ >
C, tCsS+s

for steady-state matchingl, = C,. Then
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c,+ds

M(s)=—2 >
) C, +Cs+s

Let the desired closed-loop specifications that)Més to satisfy be

Velocity error constantk,,
Crossover frequencytu,
Damping ratio:&

The second-order model M(s) of Eqn. (2.9) may beseh to
satisfy these specifications. The paramelgrs C; and d1 are
determined by solving the following equations [Cl{£870)].

wczclz _Za)czcldl _Cg = _wf
C

o{i)-ao

cf —4c,é%=0

For example,

wWhenk, =20,w. =4.5andé =0.785, Eqn. (3.10) gives,

8009+ 4.0426%
8.00€ + 4.443% + s?

M(s) =

Method: 2. Let the desired specifications be
Maximum overshoot: 10%

Time to first peak: 0.01s

Unity final value: no steady-state error,
Choosing M(s)

23

s*+28ws+af’

and following the design rules of thumb of ShieBg§1);

w = % ~300rad/s, M, =exp(-én) — £ = 075

Then,
90000

9000( +45(Cs +<”

M(s) =

Method: 3. a reference model M(s) that is optimal in the eeofs
minimizing a quadratic performance index may beselmoas given
in Chi-Tsong (1990). For example, an optimal sysffnmay be
chosen to minimize the quadratic performance index

3= {lay® - r )2 + puz @, where g, p>o.
0
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A certain value for g and p may be initially choserd M(s) may
be found out. If this model does.nd2Meet otheuirements like
control effort, then a different value each is @dm$or g and p and
the steps repeated to find another suitable M(s).

1
@+sT)?
may be chosen Sanathanan (1987) and Quinn (199)ai€
features of this TF models are
It has only real poles,
It contains no numerator dynamics beyond thoseattidt by the
loop type,
It gives sufficient response speed,
Reasonable robustness (in terms of gain and phasgma that can
be imbedded in the TF model),
It gives reasonable idea of the closed-loop tinspoases,
Location of the real poles may be determined by sstem
specifications for bandwidth and response time.
5. Sub Opimal Control: -+ (2.10)

The optimal controller requires the feedback of thi
states defined to describe the dynamics of thetplanpractical
solutions, all the states may not be accessiblail&ble for
feedback purpose. The Kalman filter or the Luenbeigpserver,
though necessary in such cases, increases thearderomplexity
of the controller. Using the method of this sect®A, technique
for tuning a commercially available 3-term conteoll for
suboptimal control using output feedback may béyedsvised.
Let the SISO linear time-invariant system be gilsgn

X=Ax+Bu

y =CX
where, x(t) is an n-vector representing the statih® system, u(t)
is the scalar control, and A and B are matricescafnpatible

dimensions. The objective is to find the contro(tlu that
minimizes the performance index

J =j: (X"Qx+ru?)dt,

Method: 4. areference THVI (S) =

where Q=0 and I >0. The solution of this optimal control

problem is well-known, and involves solving the matRiccati
equation:

ATP+PA-PBr'B'TP+Q=0

The optimal controller is a function of all thetst® x and is given
by

u (t) =-r*BTPx(t) = -k x(t)
The closed-loop transfer function with(i) is given by

M(s)=C'"(sl —A+Bk")™"B

6. Controller Design using GA:

The tuning process involves a number of steps,ngive
below, to find the optimal parameters.
Stepl: Set the minimum and maximum boundaries whleee
optimal values of the parameters will be found.
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Step 2: Obtain the system operating conditions seléct the
desired relative stability.

Step 3: Generate an initial population within tloeagtraints using
GA.

Step 4: Run for each individual to check if thetegs converges. If
not, discards and then change the operating conditi

Step 5: Repeat step 4 until maximum generatioadshed

Step 6: Evaluate the objective function.

Start

1

Initialize number of frequency points for OFM
Initialize Number of Population (P)
Initialize Crossover Probability
Initialize Mutation Probability

Gen=1

Reproduction

VT
— | 4

Strings are copied in pair as
parent strings

Mutation | Gen=Gen + | |

it

Perform comparison and
calculate fitness function

Gen 2 max. Generation

End

7. Controller Design Using DE:

The tuning process involves a number of steps,ngive
below, to find the optimal parameters.
Stepl: Set the minimum and maximum boundaries whieee
optimal values of the parameters will be found.
Step 2: Obtain the system operating conditions seléct the
desired relative stability.
Step 3: Generate an initial population within tle@straints using
DE.
Step 4: Set number of population members, maximumber of
iterations (generations), step size, crossover ghntity constant
and strategy
Step 4: Run for each individual to check if thetegs converges. If
not, discards and then change the operating conditi
Step 5: Repeat step 4 until maximum generatioadshed
Step 6: Evaluate the objective function.

Set the minimum and maximum boundaries
Choose target vector and base vector
Random choice of two population members
Compute weighted difference vector

Add to base vector

I

Set number of population members,
»| maximum number of iterations (generations),
step size, crossover probability constant and
strategy

Mutation

Perform comparison and
calculate fitness function

8. Simulation Results

8.1 MISO [15]

We consider the voltage-regulator example from 8tnand
Kokotovic (1969):

-2 65 0 0 O]
0 -6 16 0 O
A=l 0 0 -1£9 85150} B=
O 0 0 -2575
o0 0o o0 o0 10 |39
Q=diag,0000; r=% K,,.~[0924501711001610049202643

K., =|0924522017056460405198 (

A suboptimal controller has to be designed by usiefirst three
states for feedback purpose. We choose the follpwtructure for
the feedback matrix K.

K=[x@) x2) x@ 0 0]

t cs[1000(

Table: 1
Fitness Range Value Value in| parameters
value In DE DE
0.7191 0.0003,0{ 0.0038 0.0040 | kp
005
0.2,0.3 0.22993 0.2105 | k,
0.3,0.6 0.48 0.4609 | k
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Table: 2
Fitness Range Value in Value in| Parameters
value GA DE
0.4617 -0.38, -0.3689 -0.3715 x(1)
-0.35
-1.56, -1.5297 | -1.5318 x(2)
-1.5
-8, -6 -6.0248 -7.8704 x(3)
12,15 1.2532 1.4965 x(4)
34 3.0589 3.5828 x(5)
4,6 5.4817 4.8470 x(6)
o i
[uf 05 1 15 2 T‘mEZ(ESEE) 3 35 4 4.5 )
Fig: 1

8.2 MIMO [13] the numerical data refers to a Mach 2.7 flight
condition of a supersonic transport aircraft [Marid, 1970].The
system equations are:

- 0037 00123 000055 -1 000084 000023
al O 0 008 0804 | _ | O o |
-637 0 -023 00618 008 0804 |
125 0 0016 - 00457 - 00862 - 00665

0100
18623 - 01798 - 07008 - 64075
C=[00 1 0 Q=r=I; Kyg=
- 30387 09279 15541 29926

0001
A suboptimal controller has to be designed by ushglast three
states for feedback purpose. We choose the folpwiructure for
the feedback matrix K.

_[0 x@ x@ xO
|0 x(4) x(B) x(6)

02

a1

o) A S S S AU SIS S SO S -

B B e s s ST SO EE T SRR -
= DE
= !
B e S e S -
RS 1 NS SN SO U SO SO -
\___ | AmoOCEL
ab T e —
| OA
05
o 10 20 30 40 &0 60 70 80 90 100

Fig: 2(a) MIMO U1-Y1

b DE
oA MODEL
gEupng

Amplitude

FURg N .

10 20 30 40 S50 B0 70 80
Time(sec.)

Fig: 2(b) MIMO U1-Y2

a0

100

0.02
A
~DE
o0

\—»MOD L
|
v

Amplitude

10 20 30 40 50 =) 7o =il
Time(sec.)

Fig: 2(c) MIMO U1-Y3

a0

100

Amplitude

/’/ P“MODEL

0 20 30 40 s0 60 70 &0
Time(sec )

Fig: 2(d) MIMO U2-Y1

DE

Ampltude

! MODEL]

10 20 30 40 50 60 70 80
Time(sec.)

Fig: 2(€) MIMO U2-Y2
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(DE XA | MODEL

Amplitude

10 20 30 40 &0 60 0 80 90 00
Time(sec. )

Fig: 2(f) MIMO U2-Y3

Conclusions:

The present work has dealt with the development
control system design using of GA & DE based teghes for
solving various multiple input and single outputl8®) control
and multiple input and multiple output (MIMO) sulptonal
control in continuous-time systems.

Overall, it may be stated that the proposed GA & DE
based methods for solving the above-mentioned aoptoblems
are viable and compare favorably with other esshlell methods
from the control literature. Throughout the paparesal illustrative
examples have been given to validate this claing gm many
examples, comparisons with other available resfitsn the
literature are included. The main advantages of pheposed
techniques are in their general applicability, dinify of the
resultant controller / model, ease of formationddferent fitness
functions, no strict requirement of the initial gse vector,
flexibility to work with fitness functions framechithe time or
frequency domain, flexibility to work with a tramsffunction or
state-space description and a general guaranteerit@ at (sub)
optimal results.

In spite of the several problems considered in wosk,
many important areas in control like adaptive cgligr tuning,
adaptive control, identification of multivariablemlinear systems
etc. may be taken up by future researchers.
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