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Abstract RPN B F N

A naw design concept for adaptive model-following
control systems has  been developed. The desian procedure ig
bagsed on the sliding mode property which exists in variable
gtucture gystems. Whean the variable stucture system 19
operated in the sliding mode, the system response becomes
less sensitive Lo changes in the plant parameters, external
disturban<ce and the effect of nonlinearities commonly
accuring in controt sygtems., The paper deacribes the
application of the designed variable structure controller to
an alectromechanical aystem overcoming the effect of
nonlinesrities inherently present in the system. A aystematic
approach based on a epole assignment technigue is developed
for wspacifying the esiemsents of ths =awitching vactor. The
control problem is formulated and the resulta of a aimulation
study are presented.

1-Introduction

The gpresence of nonlinearities in control gystems may
lead to many dangerous problems espsecially concerning the
atability of ths whole system. The stability of a nontinear
syatem is very much dependent on the input and also the
initiai state. For example, a nonlinear system giving its
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best responses for a certain stes 1ncuk may 2xhibit hignhly
unsatisfactory behaviour when the input amplitude is changed.
Further. the nonlinear systemsz may exhibib limit cycles where
the determination of their existence depends on both the type
and amplitude of the excitation signal. In control systems
nonlinearities are inherently present in the system {1]). The
designer goal 1is to design the sSystem so as to limit the
adverse effects of these nonlinearities. Common examples of
these nonlinearities are saturation. dead-zone. coulombd
friction, backlash. ete..

One of the most important nonlinearities commonly
occuring in eleciromechanical systems is Dbacklash or
mechanical hysterisis. The source of backlash that usually
receives the most attention is the "looseness™ inherent in
mechanical gearing. Although attempts have been made to
design gears and other mechanical transmission devices so as
to fit their mating members wvery tightly. it is practically
impossible to eliminate backlash entirely. The gcal cf this
paper is to design an adaptive controller capable of
Qvercoming the effect of such nonlinearities in
electromechanical systems, ’

Model following control scheme is a suitable method to
aveid the difficulty of specifying the design objectives of
the control gystem. A model ., vwhich specifies these
objectives. 1is used as a part of the control system. AMFC
systems can be designed wutilizing the theory of variavle
structure [2). Variable sgtructure systems possess 4 very
important eroperty. caliled sliding mode {3), in which the
performance éf the system is less sensitive to changes of the
plant parameters, neise disturbances as well as the effect of
nonlinearities. Whenever a sliding mode is realized.
asymptotic stability of the whole system is assured.
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An adaptive model-folilowing cantrol scheme [4]),
developed using the theory of varianle structure and sliding
mode is used for the design of the controller. The nonlinear
electromechanical system is lanearized around an operating
point and the svstem model 1is {ormulated. The designed
controiler 1s implemented {for the contol of the performance

of a separately excited lcaded d.¢ motor with gear backlash.

2-8ystem Model

The gystem considered in this paper, as shown in Fig (1),
consists of a separately excited d.c motor with the load
connected to the motor's shaft through a gear box having

hacklash.
N

1 )

Gear Tram

Fig (1) Schematic diagram of system
From the describing function for backlash [Appendix I]. 1t is
clear that the presence of backlash in the system affects the
output speed 1Iin magnitude and inherent a phase lag which may
introduce preblems in the f{eedback system.
The effect of ©backlash 1is therefore represented by a first
order transfer function as shown in block diagram Fig (2)
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Fig (2) Block diagram ¢of system
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The ~=guatinns describins ke dynamic behaviosur of the mofor

are as [ellows:

di. .
Vo = Rule + Li — + keiew (1}
[+14
di.
Ve = Rele + Lo —— {2)
dt
dw' Kricina f :
R kNI (3)
dr J J
dw K W
—_— T W~ — (4]
dt T T

Where Ks iz a constant. K and T depend on amount of
“klash {[Appendix I).

Linearizing eqns. 1-4 about the cperating potnt X, wWe obtain the
linearized state equation of the d.¢ motor drive system as

X = Ax + bu + DF

x{0)}=0

where

X ~ [¥:. Xz Xz Xe Xs|T. state wvector
(Avas ~ AW }dr

Xz = AW

[

X

s = 4w
Ka = Ai.
X - A,

u = av., for. armature-controlied DC motors.wv. = constant
Av,, for field-controllad DC motors. va = constant

A= [a -1 0 0 0 ]
0 -1/T K/T 0 0
0 -£/3 0 Kelsard Kelaasd
0 —K,is/La O R Sl ~Kewi/La
0 D 0 0 ~Re/Ls
L J
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b= ( 0 a 0 170~ cr
for armature controlled DC motors
{ 0 0 0 G /L. 1T
for field controltied DC motors
D= [ 1 0 0 0 o 1T

2-Statement of the problem

It 15 required to solve the problem of the presence of
nontinearities in eletromechanical systems, which affects
seriously both the performance and stability. The application
of the designed variable structure model following controller
4], to a nonlinear system., completely represented by a
linearized model. i3 described. The effectiveness of Lhe
control scheme 1is also reguired to be verified under the

effect of external disturbances.

4— The variable structure model following control system

The plant and model are described by the eguations:

X (£) = Bn(t) o (L) 4Ba (LYult) +D(L)F{t)
KL} = Andtn (L) +Bar (L)

where X, XeER™, u€R™ and rER'.r 1is the input and u
12 the contro!. The error vector is & = X.-Xo.

We shall assume that the nairs {A=.Ba) and
(A . Bm) are stabilizable. The plant marices A and B
may be uncertain and time varving. The upper and lower bounds
of the elemonts of these matrices are assumed to be known to
the designer.

Perfect model-following conditionzs (5.6] are assumed to
hold through this paper.

4-1 Control Law
The wvariable-structure controller gswitches from one

structure to another according to the sign of the switching
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hypervlane 5. (e), the contrel signal iz given [4] by
U. = U - §isign (S0) ()
Where §; represents the additional controlling input.
{f a sliding mode is realised on the hyperplane
S.=C*7eg, SL 15 given by
§, = (¢ Tbio)re T
{ (Am—Ra (t) %= (L) +Bar (L)

e (Vu=. ... ~bre{t)
-D{D)F(t)} (6)
vhere
b*ei{t) B (). ..... bre (L) are the columns

of maktirx B. (o).

4-2 Selection of the Switching Vector Using the Pole
Asgignement Technique

Following the concepts developsd by Utkin and Yang
{19787 {71 the design procedure for selecting the switching
vector C 12 described below
Consider Lhe linear system

%X = AX + BU {7)

where X 1is the state vector of dimension n*l, U is the
control wvector of daimension m*l and A and B are constant

matrices of dimensiens n*n and n*m., respectively.

gtep 1 Define the coordinate transformaticn
Y = MX (8)
such that

0
MB = [ } (2

where M is a non-singular n*n matrix and B is a
non—~singuler m*m matrix.
From eqns.7 and B we have
Y = MAM-‘Y + MBU (10)



“ansoura Engineering Journal (MEJ) ¢OL. 12, NO. 2, Dec. 1987 E. 43

Utilizing ean.9. eqn.l0 can be written in the form

s A Aoz Y Q
+ U t11)
Y | e, Aoz Yz Bx
where Aus, Aiz. Bz, and Pz are respectively

{n=m * (n-m), (n-m)*m, m*(n~m) and (m*m) submatrices.
The first equation of egn.ll together with
S.(X) = CT X =0 i=1.2....m (12)
specifies the motion of the system in the sliding mode. that

is ]
Yo = B Ys + RuaYs (13)
S(Y) = Ci¥y + Cuz¥=z =0 (14
where Cut and Ciz are m*e {n-m} and {(m*m) matrices

raspectively,satisfying the relation
{ Gt Ciz ] = CM 1 (15
eqns.13 and 14 uniquely,determine the dynamics in the siiding
mode over the intersection of the switching hyperplanes
The subsystem described by ean.13 may be regarded as an
open—loop contrel system with state wechor Yo and control
vector Y=. Lthe form of contrcl Yz  being detiriinsi oy
260,15 chat s
Yo = =tya~' Co. Y. (163
it 1z viear thal the problem of designing a system with
d¢sirable propert:ies in the sliding mode can be revarded as a
lingear state feedback disign problem. It can be assumed,
without loss of generatity, that Ciz = [ = Identity matrix.

 Step 2 Eqns.7 and 16 can be combined to obtain
Vi o= { Aix - MasCos ] YL (7
Utkin and Yang (1978) have shown that if the pair (A.B)
is controllable, then the vpair (A.. ., Bi=) is also
controllable. If the pair (A« . Azz) is controllable,
then the eign wvalues of the matrix (A.1~A.=C::] in the
sliding mode can be placed arbitrarv’by a suitable choice of
the matraix Cia.
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Step 3 With Ci= = I ., ean.1D reduces to

Cr = [ Ciu T 1M (18
therforeythe switching hyperplanes are given by
So(X)y = CT(X) =0, di=1,2,.... m.

5= Illustrative example
Consider the system shown in fig.l. taking the aramture

controiled case as an example

The system matrices are given by

0 -1 0 4] 0
0 ~-11.76 11.3 0 0
Ao = 0 -0.335 0 6.197 27.268
0 -120 0 -133.33 -6666.66
0 0 0 Q -1
B =0 0 Q 111.11 0}

The model matrices arew given by

a -1 1] o 1]
-0.533% a 5.76%9 24 .46
A= Q -0.5336 1} 5.769 24.46
G -120 g -120 -5467.8
0] o g o] -1
|
Ba= | 0O 0 o 100 0
Taking the matrix M as
1 0 Q0 0
] 1 0 D
M= 0 0 0 1
4] 0 1 0
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the matrix product MAM™' turns out to bLe

MAM- = A L Aoz
SR v
- 0 -1 a 'l ol “
0 -0.5336 24.46 | 5.769 |
a 0 -1 0
6~ -120 -5497.8' -120

|

¢hoosing the poles of the matrix (A, ~A.=C}
arbitrary at -4 and -6 and following the procedure described
previcusly. the switching vector 1s obtained as

C = { -0.345 -0.3%98 -~-0.3%98 1 01

6- simulaticn results

Fig.3a shows the transient response of the system for
R=lp.u and zero initial condations

Fig.3b shows the simulation rtresults of., W, when the
gystem is subjected to +0.2 pu (or 36 rad/sec) step change
in reference speed Fa wihich i3 eguivalent to a load
change of about T10% off nominal value.

From the results shown in fig.3 , it is clear that the
designed variable structure controller is capable of
overcoming any deterioration in plant performance due to the
presence of bhacklash. The dynamic response Owe, alsoc show a
fast response 1nsuring the invariance performance of the

system inspite of the nonlinearity.

7- Conclugion

Variable structure control of ponlinaer medel following
contro! systems has been dicussed. By ensuring siiding mode
on the switching hyperplanes insensitivity to plant
variations, external disturbances and the gffect of

nonlinearities 13 achieved. The desigend wvariable structure
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controlier insurss the adagpfive controi of the sysStemn and 1ts

invariance pesrformance.

'
Appendix
. The describing function for Dbacklash (flj. shown 1n
fig.4. i3 given by
Mot lmmns (M) = 1/M JERFER tan=' A /B,
where
2D 2D
A, = —— -2 M
i M
i o 2D 2D )
Bi = —{— -samm*f{—— - 1}-{— - 1llcos min * (—— -11] M
T 2 M M M
#=n{wt) ,output
-
+D > y=m(t) . ioput
& m(wt) =M sin{wt)
o
Characteristics of backlash
1
Fig.4

The amount of backlash in the system depends on the ratio
D/M. The presence of backlash in & system 1S vepresented by a

first order transfer function since itz effect results in a

change in magnitude and a phase lag.

H(S) = K/(Ts+1}
N = K/{(1+w5T2) , P = ~tan~* wT
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