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DESIGN OF AN OPTIMAL VARLABLE STRUCTURE CONTROLLER
FOR ELECTROMECHAN]CAL SYSTEMS

F.F. ZADA , F.F.G. AREED . E.H.EL~-KONYALLY

El-Mansoura University. u;;uﬂugsL
{ Received Oct. 4, 1987 , accepted Dec. 1987 )

a iy izl Sodhe L g L e e (G g}rdwﬁmﬁwl
el Lz, iy 1 St g ‘_f_,ls.‘,ﬁs..,s:.uuﬂ,_ulu'rulwsmr
dee b Sl Js_t...,uvrw\_lr_ s Y iy digb Jasaol £y canlaidl o U
35Ky e e Gttt WD, el i ot ezl gpron L ol

el u,u\u {,,_,Lt_J_..Jldur.Jir....aJ'.mJb.\_l:bd.:. o

Abstract
A control desi1an technlique pased on the theory af variable
structure {Vs5) is propesed. The proposed technique is

developed for designing an optimal model following adaptive
controller , for an ™electromechanical system. The model that
specifies the design objectives 1is a part of the system. A
Systematic procedure for the selection =f the switching
hyperplangs in the design of the optimal variable structure
controller is developed,by minimizing a guadratic performance
index in the slidiag mode operation. The design procedure 1s
described and the results of a simulation study 15 presented,
cshowing the effectiveness of the designed controller under the
effect of disturbances.

1- Introduction

Electromechanical svystems. in general, are widely used 1in
1ndusktries in various applicat:ions. Improvement of the
performance o©f such systems is very important for successfu!l
operation  of different 11ndustrial plants. Generally. in
response Lo an anput signal. 2t is desirable that any
electromechanical system should have a fast response,
reasonably emall oversnoots and zero steady state error.
Moreover. the system should possess ipvariance propertie
under the effect of disturbances; such as. load changes or
changes in suppiy voltage,as well as,less sensitivity to fast
or wide range parameter wvariations . These requirements are
the .motaivation of the development of an effective control
scheme , which leads to the optaimal performance of an
electromechanical system.

The direct application of linear optimal control theory to
tha design of the control system encounters a main difficulty
in .specifying the desired response, in terms of a auadratic
performance index. Model following adaptive control scheme 15
a Ssuitable method to aveoid this difficulty. The idea is to use
a model, which specifies the design objectives, as a part of
the control system. The objective of the controller synthesais
is then to minimize the error between the states of the model
and those of the controlled plant. There are different design
methods of adaptive meodel (o!lowing control systems, such as
the methods based on the hyperstabiiity concept (11 and those

"based on Lyapuncv theorems [2).Adaplive sgystems can also be
designed a3 a wvarisble structurs (3) system,by apelying the
theory of V55 s¢ that, sliding mode 141 “exists 1n  the
intersection of the switc¢hing hyperplanes.
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Once in a control system a sliding mode is realized. the
system becomes less sensitive to wide range parameter
variations and sexternal disturbances. Research in VS8S theory
have Bhown that. adaptive controllers designed on the basis of
that theory have many attractive features, than other adaptive
mechanisms. The dezign procedures o¢of these controllers are
systematic and their implementation showed areat feasibility,
leading to improvement .of the transient performance of the
gsystem, as well - as, keeping the dynamic performance less
affected by any parameter variations or noige disturbances.

This paper describes a design procedure of an optimal
adaptive model following control system. based on the theory
of wvariable structure. For realizing sliding mode in the
control system., a new general approach is used (5]. This
approach does not need any information about the parameters
variations, as well as the level of external disturbances. Only
the upper and lower limits of these variations, are to be
known. The designed controller is applied for the speed
control of a loaded geparately excited d.c motor.

2- System Model

The 3system considered in this paper. as shown in Fig(l),
consists of & 3separately excited d.c motor. with a load
connected Lo the motor's shait. An integral controller is
included for comparison purposes. when used alone.

sariakle afr.
ucture confrol d.¢- Mofor
Scnscr'/T = Lz_

Feedback signal cantralled syesd
ol

Figil.a) Block diagran of system

Fig(l.b) Schematic diagram of a separately excited d.¢ motor
~for armature controlled operation u = v., v = constant
-for faield contrelled operation u = v.. va. = constant
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the

aquaticns describing the dynamic behavicur of the motor

are as followa:

dia
Ve = Rodae + Lo— + Kriew {1)
dt
dj.‘
Vi m Relse + Lio—omu (2)
dt
dw Keiria f
- - W (3)
dt J J

where K. ia a constant. Linearizing egns 1-3 about the
operating point ¥es including Lthe integral c¢ontrollser., we
oebtain the linearized state eguation of the DC motor drive
system ag

X = Ax + bu + DF

x{(0)= 0

where

X = (¥, A=z Xx xa}T. Btate vector
¥a= (Bweay ~4w) 4t

Xo=A W

¥ = Ja

Ha=5 i

u =Av.,for armature-controlled DC motores. wvs=constant
Ay, for field-controlled DC motors. v- = censtant

F =4 Weas, COmmand signal. eguivalent to load variations

b = (0 0 1/La O0O)¥, for armature-controlled DC motors
{0 0 0 1/L£)Y, for field-controlled DC motors

D = l1 0 0 o1
A - 0 -1 0 0 ]
0 -f/J ke Lo/ e Leo /T |
0  ~kelso/La —Ra/lL. Ko o /L
[ 0 o 0 ~Re /La

In fig(l), the wvariable structure controller block,is

replaced by a constant (Ka) for conventional control
acheme .
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3- Statement of the problem

It iz required to design an optimal model following
controller, by utilizing design methods of V5S. The de=zigned
controller is wused for the speed control of a seperately
excited DC motor. The objective of the contreoller is to force
all the states of the system, to follow those of the model to
insure high speed adaptation. This means that the effect of
the optimal VS5 contreoller must result in fast response of
the svarem and zero steady state error relative to the states
of the chosen model. Also, under the effect of external
distrubances such asg, load variationsg, changes in reference
agt peoint or supply voltage variations. the dynamic responge
must show invariance performance. A comparison study with ths
conventional controller 19 made.

However, in developing the design of our cantrol system
four objectives are considered

(1) =imple control laws

(2) Strong stability characteristacs
{(3) High speed adaptation

(4] Systematic design methods

4— Modeil-following control aystem

In model—~following systems, Cigi(2). the plant is
controlled in guch a way that its dvynamic behaviour
approximates -that of & specified model. The model is part of
the system and it specifies the design obyectaives. The
adaptive <¢ontroller should force the error between the model
and the plant to zero as time tends to infinity,

i.e. lime - 8{t) =0
me—r ) PJ#I!‘I{' Srol_."'c-uc_dar
Frocess EF

Ref

inpul ]

Mpdel
Rafgrcnc:

Modet shute vedor

e
—rn

Ada..P rogl'l.on *‘
MecBornisrm

fig(2}) General scheme of model-following adaptive systems
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The plant and model are described by the equations:

%o (t) = As(t)xa(t) + Bo(t)ul(t) + D{tIF(L) (4)
Xnlf) = Bmdmit) + Barit} {5)
where Xo. %aER™ and r€R . r ig the input and u s the
control. The error wvector is8 e=x.—X.. We assume that, the
pairg (Aa, Be ) and (A, B.} are stabilisable and

furthermore Am 13 .a stable matrix. The plant matrices A, and
B. may be uncertain and time varving. The upper and lower
bounds of the elements of these matrices are assumed to bs
known to the designer.

It can be easily shown that

e(t) = Ano(t) + (An-Bo(£))IX + Bor(t) — B {t)ult)
-D(EIF(t) (6)

Perfect model! following occurs if. for zero initial
conditions, the error wvector e i3 null for any input r
belonoing Lo the class of piecewise—-continuous vector
functions. The necessary conditions (6.7} are:

rank R, = rank (B..B.} = rank (B.. A.-Ag} {7)

Wo shall agsume throughout this work that. perfact
model-following conditions hold. Adaptive model-following
desian allows the s3system parameters to vary and to be
upcertain. but not the structure of the plant. for eaqn.? to
remain satisfied.

5- Variable-structure systems

Variable structure Iystems are characterized by
discontinuous control, which changes structure on reaching a
set ¢of switching surfaces. The control has the form

Ui =) u” (¥ .e,T) Si{e) >0
U™ (Me.e.T) S {e) <0

where U. iz the i*"™ component of v and 5/ (e)= 0 i=
the i®*" component of the m switching hyperplanes in the
error state vector.

Sie) =Ce = 0 (8)

The above system with discontinuous control is termed a
variable-structure system (VS55), aince the effect of the
switching hyperplanes is to alter the feedback structure of
the system. The V35 dezign of the modei-following control
system (eqn.6) 18 the same as that of the general system

X = Ax + Bu + DF
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5-1. 51liding motion

Variable structure systems possess a vwvery important
property, called sliding mode, in which the performance of Lhe
system is less sensitive to changes of the plant parameters
within wide ranges,.

This property was first investigated by Emelyanov [B], who
discovered that a sliding mode may exist is a VES. The
transient tesponse can be amproved by a sliding-mode. For
muitivariable linear V385, suitable choice of sSwitching plane
oan yield different control laws, However,, tha

chnice of a suiieble control law 15 dictated by precticel

implementation.- A detailed description of the properties of
aliding motion appear in Reference {8). A necessary condition
for sliding motion te ¢occur on the 1=™ hyperplane is

limos—, < 5: < O and lims:_, o =5 > 0

or equivalently ,
5 8 £ 0
in the neighbourhgood of 8. (e)=0. In the sliding mode. the
system zatisfies the eguations

S le)=0 and S (e)=0

and the system has ‘invariance properties, vielding motion
which is independent of certain system parameters and
disturbances. Thus wvariable-structure systems are usefully

emp loyed in gygtems with uncertain and time wvarying
parameters.

[S-21 A new algorithm for realizing a sliding mode in a model
following control system

The vectorial <c¢ontrol problem could be divided into
m—3calar problems. From the state egn. {6) we can write

€{t)=Ane(t)+{An—RAs (L)1 (L) 4B (L)
—ba (Liue —b. (Eluk=. ..., . —b"s (L) U

-D{t)F{t} (2)
where

Do () . PPo(t). ... D" (L) are the columns of matrix B (t)
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Hence a aliding mode could be organized simultaneuosly on the
m—-hyeerylanes

g.=C*"e ; C* - n vector column: eER”

G2=(=Tet ; C¥ ~(n-1) vector column: e*&R"—*

Su=C"Ter~1. " —(n—-m+l) vector column; e ~*ERP~—™"*

The necessary and sufficient condition, for realizing a

sliding mode on the plane S is S:5. € 0.
To achieve this condition., we shall require that the

following conditions are realiZed

C*rTht () = 0 (10-a)
C*"hb(t).¢.{S«¢) ¢ O when S, > 0 (10-Db)
C*Tb*(t) .. (3:) > 0 when S < 0 (10-c)

| C27b i) ¢ (500 ]| 210 T A (E) +C T {Am—RAp (1) ) X (1)
CIARS T ol § B ) v HE o B T =,

—CrTh {0 w.—C*TD(L)F(t)| (10—d)
Condition (10-a) could be realized 1if the follovwing
conditions are satisfied:
{il the element Cr-me: in the wvector row C° has a
nonzere value. i.e. C'T hag the form

C*7 = (Cu, Cz,..... Commex .0 . O, ... o {11l-a)
{ii) The vector column has the form

0
0

b (t)= ; (11-b}
b
Bas
ba 1

Conditions (i0-b), (10—} and (10—d) could be realized if
the function B.(S.) wazs chosen as a nonlinear
mlli~ ypiped function. which have the following properties
91

(i) multi- gajped

(1i) closed at S.=0 a= a set and limited

{(iii)semi—continuous at 5. =_0

{iv) values of @.. @=.. . F 2re in the neichbourhood
of P(So.t} € O(Sa)
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The previous mentioned multi-valued fupction is shown
in fig(3)
Lo

141
5. ISR ﬂ}_v &31’\5(‘_ >< me— ‘49 {3} = I#Dl 5-'3:1 ‘Sa

Tc/a.y mu/fz;p lier

fig(3) Generation of multivalued functien

After satisfying conditen (10-a). (10-b), (10-c) and
(10-d) we get

S, = C*Ve (12-a)
51 = C'7e

= C T (Ane(£) +(An—Ac (L) )3 (L)

ABnr (£) =D (LIS ) -Fa (L) ux

- e —bma (BJu-D(L)F (L)) ] (12-b)

from (12-a) and (12-b) we have
§18. = ST [Ave(t)+(An—Po (1) )% () +Bar (L)
-b%s (Blu=—. . ... .. = {tilu.-D(LIF(t) ]
—5:C* b s (L) (S0 (13)
from {13) it 1s easy to show that the ineguality

8.5 <0

will be always satisfied: i.e. there will be a permanent
sliding motion on the hyperplane S..

Exiatence ef a sliding rofe ¢ leplane 5: as well as
achievement of perfect model following conditions means that
the motion of system (9) can be described by the
following equaticns:
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6= [An—Bo (t) |3 (E)+Bar (b) =b* o (£)S, D%, (£)u=

¥ - ~bms (BJu.-DI{LYF{r} (14—-a}
ctTe=0 {14-b)
where
§ 1s a single wvalued (scalar) function. or the first
component of the nonlinear predetermined vector function §.
it represgsent the additional controlling input and is given by
5 =(C*"b*a ) C* 7 [An—Ra (1)) 3% (£) +Bar (L)
b (tyuve—. ... ... ~ra {LY-DLIP (L} ] (15)
The control is given by

U = u, - g,sign(s;}

Similarly. wusing the same technique, it is pocssible to
establish siiding meodes on the nhyperplans S-, S=, ..

. Bha
Thie illustrates the systematic design of the suggesird algorithm.

3-3 Procedure for gelection of the switching hyperplanes

b To find the sawitching wvector C. we define the
X nonsingular transformation (10)
- Y = Mx
such that
0
M_bu
b=
N where bz 13 a nonzero scalar. Then the state equation
becomes
. Cy=MAM'y 4+ Mbu = [Ady Ria y.}«» O]u
A= Az= ¥ b (16)
then. Dby minimizing the quadratic performance index 1n the aliding
mode,
1 )
J = f ¥ vy dt
2 t(h

1 w
S —_— ! (Y Qua¥:+2¥1Qmayatya0zoy= 1 dt {172}
2 tm
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where Lta is the initial time of ¢the sliding mode and Q...
Qv= and 0=z are submatrices of Q. the sawitching vector C is
given by |10)
C =M | Cis 17 (18)
where
Cai = Oea”™* Riz® P o+ Q== QuzT
and p is the solution of the algebraic matrix Riccati eguaticn
PN+(A )TP = PB (R')-* (8" )*P + 0" =0 (19)
with
A o= Ay - AiaeaT (2"
B = A=
R' = Q2=
T P P B P

For a. discussion of how to choose the weighting matrix ¢ in
equation 18, see references [11-12]

6~ Iliustrative exampfe

6~2 System parameters

Consider the DL motor shown in figl2), the corresponding
system matrices are given by

Ao = Q ~1 1] 0

0 ~0.353 6.127 27.268

0 -138.88 -133.33 —-6666 .66

0 0 0 ~1
Be= | 0 Q 111.11 0] for armature controlled

operation wve=240v
l 0 0 1] 3.016) for field-contreolled

opsration v.=240v
The model matrices are given by

A~ Q -1 Q o
0 -0.5336 5.768 24.46
0 -120 -120 -5497.8
0 0 0 -1
Bm= 10O 1] 100 0l
i0 ¥ 0 0.016!1

The armature controlled case is taken as an example.
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6—2 Armature—controlled cage
consider the folllowing twe control schemes
(i) For conventignal ceontrol. we use the control law
u = =3x.
{ii} For V5SS control, we choose

M= 1 0 0 Q
a 1 9 0
- 2] 3] 0 1
- L o 0 1 D
Lhus
MAM-l - hia P\xz
L h:l Pa:
- 0 -1 0 0
0 -0.53326 24.46 5.769
o] 0 ~1 4}
l o -120 -5497.8 -120
The equivalent weighting matrices are given by
o - 1 0 0
o 1 0
0 o 1
L Fa
" and B =1
_ Then from egn.l18 we obtain the switching vector
e
C=1 -1 1.0717 1 3.7577 17
6—3 Simulation results
5 In this section the performance of the proposed
adaptive scheme is shown by means of simulation resulks.
Fig (4a) showg the response of the system for a reference
input  ritl=lu(t}p.v, from zero initial conditions
. ’ to steady state.
Fig (4b) shows the dynamilc response of &4 wp when the 3gystemn

is subject to + 0.2 pu {or + 36 rad/sec) step
change in the reference speed & W-oe which is
equivalent to 3 2MM change in load torgue 1.e
about 10% of nominal value.

Results wusing conventional controller are also included
for comparigon purposes.

From the simulation results ghown in fig {(4a) it 1is
clear that for VS8 control thes system shows fast response
Wwith no overshoots leading to high speed adaptation. The
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dynamics of the system in Fig. (4b) alsc proves the cptimality andg
adaptive properties of the designed cantroller. Comparing with the
results obtained for the conventional centrol, the V55 control shows
superlior system performance.

Conclusion

An adaptive model following conrtrol algorithm, based on the
sliding wmode property of V85, 1is developed for an electromechanical
system. An optimal variable structure contreller is designed on the
basis of the proposed algorithm. This controller insures the optimal
adaptive control of the system and its ipvariance t¢ the external
disturbances. The effectivness of the contreller is verified when used
for the speed control of a loaded separately excited d.c. motor. The
travel of the system to steady state acroos sliding curve 1is faster
than any other trajectory on the plane. This insures the strong
stability characteristics of the chosen system.
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