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ABSTRACT : A variable structure control scheme that can
be applied to the process with input/output delays are
proposed and its control performances are evaluated. The
proposed VSCS, which is an output feedback scheme,
comprises an integrator for tracking the setpoint and the
Smith predictor for compensating the effects of time delay.
With The VSCS, the robustness against the parameter
variations and external disturbances can be achieved even
when the controlled process includes 1/O delays. And the
desired transient response is obtained by simple adjustment
of the coefficients of the switching surface equation.

1. Introduction

The variable structure control (VSC)} provides the high
speed switching input which forces the state trajectory to
follow up along the predetermined swilching surface. As the
VSC has robustness against the parameter variation and
disturbance and also has fast response, it has been in broad
use for the servo control system.

The VSC was proposed by Russian Emelyanov and his
research group in early 190s, but earnest rescarch and
developement for VSC has been activated only after finding
the additional characteristics of the VSC and new kinds of
control law design in late 1970s. And the initial researches
restricted to the 2nd order system which was linearised by
modelling of phase parameter have been extended almost to
all the control fields including nonlinear system, multi-input
multi-output (MIMO) ‘System etc. But there has been few
works on the delayed processes. Some have becen reported
only by Itkis(1), K.K. Shyu(2), and Young & Rao(3), et al.
The work researched by Itkis was able to classify one of
VSC methods for the - FOPDT process. But it was
impossible to accomplish the sliding mode with high speed
switching input in the general VSC system because he
adopted the on-off type control input. Therefore, it is vey
hard to expect the robustness which is the most important
characteristic of the VSC, and no progress on this kind of
VSC has been reported after Itkis.

Recenlly, KXK.Shyu, et al have proposed a stabilizatin
scheme based on the VSC theory including the stabilily

conditions for uncertain time dclayed systems. But he
mentioned only about stability problem having the delay of
the states without considering the performance of the control
syatem and also without presenting the counterplan of the
input/output delay. The works researched by Young & Rao
were about the application to the chemical process without
modifying the existing VSC method.

The problems caused from the above works could be
sumnmarised as follows.

First, a new VSC design mcthod based on the time delayed
first order plus dead time (FOPDT) or second order plus
dead time (SOPDT) model is required because many real
processes are expressed by them.

Second, mismatch problem caused by difference between
parameters of the real process and model has not been
considered so far, that the VSC method which should
guarantee the stability and robustness of the system under
any situation consequentially has not been developed yet.
Therelore, the problem must be solved to secure the stabilily
and pérformance of the variable structure control system
(VSCS) .

This paper for solving the above problems proposes one of
the output feedback VSCS for FOPDT and SOPDT
processes and analyzes its perforrance. The proposed VSCS
consists of a Smith predictor for compensating the time
delay, an integrator for tracking the reference input, and a
variable structure controller.

2. Problem Representation

The system model is taken by two methods. One is a
physical modelling method by which a state space model is
derived by the direct application of physical laws. Another
one is an identification method of the transfer function
expressing the input/output relationship at the frequency
region based on the input/output data. The stateespace
model is very useful for system anaysis and design if exact
parameters are known, but it is very hard to get the exact
parameters from the multivariable, high order, and large
scaled systems. Therefore, the identilication method of the
transfer function is prefered in this case. Also this is more
useful as long as designing the controller is concerned even
if the state space model is achieved. Especially it is well
known that PI(D) controller based on the FOPDT and
SOPDT the industrial process is gencerally in use.

The FOPDT and SOPDT processes are expressed as follows.

Yals)  _kpe "

Gnls)= Uis) = Tosel (1a)
__Yuls) _ kpe "°°
Gpls)= Uz(s) ~ (Tws+D(Trs+1) (b

where Ta, T, T ke, koo Tp, 7Tp2 mean the time
constants , gains and delay time of the lst and 2nd order
processes respectively and the subscript p means a process.

The model for the above process is taken generally from the
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measured data, and its equivalent corresponding to (la)(1b)
can be assumed as follows.

Ym(s) . kme e

Gm(s)= U Tms+1 (2a)
__Ymas) _ knze "™
Gra(S)= () = (Toas * INToas 1) (2b)

where Twi, Tr2, Tw3, kmi, km2, fmi, Tme mean the time
constants, gains and delay time of Ist and 2nd order process
models respectively and the subscript m means a modcl,

The servo problem to be dealt in this paper concems the
establishment of the design method of the VSCS tracking to
the reference input with the output y,(t) of (la),(1b) based
on (2a),(2b). The most important point in this problem is to
design a VSCS including the robustness and the stability
under conditions of parameter mismatch between the process
and model, parameter variation, and disturbance.

3. Variable Structure Control System

In this chapter, we propose a VSCS which forces the time
delayed system to get the sliding mode, and present the
design method for the. switching surface and the switching
control input for the FOPDT and SOPDT.

3-1 Construction of VSCS

The proposed VSCS adopts an integrator for servo
parameter to perform the tracking action and includes a
Smith predictor for estimating the state vector which is
necessary to construct the switching fuction and control
input as well as processing the effect of the time delay
effectively. Fig. 1 shows the overall structure of the
proposed VSCS,

The utmost outer loop is for comnpensating the reduction of
the control performance caused by the mismatch between
parameters of the process and model, e.g. deviation caused
by the time constant, DC gain, time delay, and disturbance.
The inner loop is for compensating the effect of time dely
by making the estimated value to feedback. T herefore, the
proposed VSCS equips the sliding mode which is robust to
disturbances and parameter variations.

3-2 VSCS for FOPDT process

We first propose a design method for the 1st order process
with time delay. For the convenience of expression, (2a) is
expressed with state space as follows.

Xm(8) == Amxml ) ¥ bmus(£) ©)
Ym(t)=xm (t- © my

The design process of the VSCS consists of a step  for
forming the extended model including the servo variable, a
step for designing the switching surface, and a step for
determining the switching input.

(1) Construction of extended system
Let’s take the servo variable x, as follows.
Xs=R=Xm= (¥~ ym) (4)

where Xm , yp, ¥m are predicted values by the Smith
predictor, process output, and model output respectively,

The extended system for designing the VSCS can be taken
by defining the xi=Xs, X2=Xm from (3)(4} as f{oliows.

X17=x2- (Y- ym) ¥ R (5)

X27= = AmX2+ bt

where yn=x2(t- r w) and yp is a measured output,

(2) Design for switching surface and equivalent control input
The switching surface 6 is derived by using (5) as follows.

g =ci1x1+caxe (6)

To get the design condition, lets’s find arrange the 6=0 for
the U and the equivalent control input Ueq.

O =C1X1tCaX2

=ci{R-x2-yp*ym)*ch ~amx2+bmU) =0

U,q=—-—c‘-;—m[C1(R-xz—yp+ym)-cyamxz] (7)
c1 am
Let’s define the ki=- b ,kz=—b:. then Ueq becomes
o Ue=hki{R-Xx2-yp+ym)+kaxz (8)
ofr  Uex=ki(R-yp+tym)+(ka~ki)xz (8"

The equivalent control system receiving the equivalent input
tuns to be like fig. 2. The general characteristics of the
equivalent control system can be analyzed by following next
procedures.

Yo(s) Y,(s)
The transfer functions of the —I—?!k__(si—' TL(%)_ can be

taken as follows.

kl"“gLe-"'
Y(s) s*ap o
R(s) bm kKibp -ene _Kibm i
e kamkade s+a, T Tsvam €
k by e '
Yp(s) _ . ' s+a,
Tu(s) b kibp v _Kibm  ols
Lolki—ka) 7o+ pro Cae
R (10)
s+ap

Since we do not know about Gp(s) when designing the
control system, let’s assume f m>p, bu=by, am=a,. Then (9)
becomes to

Kibm R Ci bm___ S taE
€ - ¢

Yo(s) _ s*am - Cibm _ S$*Um .

R(s) b __€Cl @G m

) 1elkr-ka s*’;m 144 cobm  bm $+am
el

st un
L
s- P

Equation (11) gives the slelecting reference for the coefficient
of the switching function. 1t means that c,cz must be
selected to have a relationship of c¢i/c2<0, and -a=ci/cz
must be a desired pole of the equivalent control system.
Therefore, when selecting the lcjc2] satisfying these
conditions, next equation is established.

limy () I (12)
faco

The disturbance effect in the equivalent control system
can be analyzed by (10). When assuming the perfect model
as above, we can get relationship like the next from (10).

kibm PRLE
Ypls) —(1- S+am bm rms
Tis(s) _bm  s*am
Ls s (kimka) =7
a - bm St ms -
=(1- (s+a) © ) s+an € a3
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In case of Tl.(s)=":—, next relationship is established.
limy,(¢£)=0 (14)
teca

As a result, we can conclude that the proposed control
system tracks the set point regardless of disturbance if we
take the perfect model and the process is stable.

(3) Existence condition and Switching control input

In this chapter, we select a switching control input and
verify the existence of the sliding mode.

Uz Ue~ka sign( o) = Ue-ka(s/l o | (15)
Let's take the Lyapunov function as follows.
.
H(a)= 5 (16)
In this case, the existence condition is ¢ ¢ <0 .

g = c1xy+czxz

xi(R=x2-yp+ym)+c2(~@mx2+bmu) 17
_ O
Czbm( kd " P " 2 )
- az
6o =»c;bmkdw (18)

Tﬁerefore, the existence conditions for the sliding mode are
always satisfied if cobmka > 0 .

3-3. VSCS for SOPDT process

The model of (2b) turmns to be like fig. 3 when expressing
with the 1st order cascade representation, and to be as
follows when tuming to the state space model.

X1 = b X1 + Xm2
Xm2= ~AmXm2* CmU (19)
Ym1=Xmi (= T m)
- 1 - 1 - km
where  bm= Tw3 Am= Trz 1Em= TrzT m3

The processes to get the equation for the extcn_ded system,
design for the switching surface, and determination of the
control input are same to the above,

(1) Construction of Extended system

Let’'s take the servo variable x, as follows.
X;=R"x-l"(}’p_}’m) 4}

where Xmi, ¥p Yn are the predicted value, process output,
and model output respectively. The design for the extended
system can be expressed as follows if x;=Xs, X2=Xmi, X3=Xm2
in (4') and (19).
x1==xz-(¥p~ym+R
X2==bmXxz+x3 (20)
X3+ ~QmX3*+CmU
where ym=x2{t- r m) and y, is a process output.

(2) Design for switching surface and equivalent contiol input
The switching input ¢ is selected as follows by using (20).

0 =cix1+caxz+C3x) 20

In the design conditions for ¢1, ¢z and c3, 0=0 should be
solved from the condition of the sliding mode, and arranged
against to the U for taking the equivalent control input Ueq.

0= c1x1+Caxe+Caxs

2
= ci{R-X2-yp+Ym) ~C2bmxa+ (c2-Cc3am)x3+cacmU=0 22)

Uea=- [c1{R-x2~yp+ym)~C2bmx2+(cz~Cxam)x3]

1
€3Cm

or Ueg=- fet{R-yp+ym)—(Ci*Cabmdxz+ (C2-caamdxal  (23)

€3Cm
From above equation, if we take
(c2-cxam)

ci Cobm P

k= ke T, C36m @4
then Ueq can be expressed as follows.
Ueq= ki(R-x2-yp+ym+kaxz+kaxs (25)
= fy(R-yptym)+(k2-ki)xz+kaxs

The fig. 4 shows the structure of equivalent control system

expressed by (25). The transfer function of in fig. 4

Yggs)
R(s)
can be derived as follows.

& Cp “t,8
Yyls) _ ' (srap(stba ©

s

R(s) __Emks emlkz-ky _ _ cmkie 0
(s+am)(5+bm

ke

(s+ap)(s+bg)

(26)
Because we can not know about Gy(s) when designing the
control system, let's assume m=1y, bm=bp am=a, and cm=Cp.
Then (26) becomes to

Stdm (s+am)(s+bm

Yi(s) emkie
R(S) 7§74 (am*bm-coka)s + (Gmbm-Crbmks-cmlK2- K1)

(27

As we know from (27), the effect of time delay does not
influence the characteristic equation at all. When applying

the (24) to (27),
Yo(s) _ cmkre " .
R(S) 5% + (@m*bm-cmks)s + cmk) )

The equation (28) gives the selecting reference for
coefficient of the switching function. It means that the root
of the characteristic equation should be located at the left
half region of the s plane. Therefore, equation (29) is

derived.
..
cmKy = ca >0 (29)
Gm + bm - CmK3 = bm + = >0, 2 > -8,
c3 C3

If the condition of (29) is satisfied, the final value theorem
can be applied to (28). And the next equation for the step
input whose magnitude is R is established.

lri‘n;l_ yot) = l,“f(’, sYp(s)

(30

cmkie T R

S 88+ (am*bm-cokd)s + cny

= lim s
0

We can identify the tracking characteristic against to the
step input from (30). The transfer function —;—f%;— can be
derived from fig. 4.

Yp(s)
Ti(s)
ce (1 - cody __ cmlkazkp cakiie 7 )
- (s4a,)(s+D,) Stam (stam)(s tbm) (s+amHs*bm) an
1-t cwky R cmika-kyy Cakie R chere ™
Stam (stam)s+ba) (stan)(stbn) {s4a,)(s3b,)

08 —



When assuming Cm=Cp, am=ap, and bm= by in (31), it becomes
to

_Yals)

Tils)

(" (amtbmmcmKa)st cnKim cnKae Y cme _(32)

TS (@t b CnE )5+ (Ambm Crb K 3= Cm( K- K1) (s¢am)(sobm)

(5’4 (am* bm-cnK st cnfi)-e " -
57+ (@mt b= CmK3)s *CmBL

Cme 5
(s+am¥(5+bm)

iy vl = lim s¥ol(s) (33
- coki(1-e"7) _cme T Ty 0
RS cmkKy mbm 5

If the Tv. is a general step input( disturbance ) and the
model is perfect, (32) means that the final value is not
influenced by the injected disturbance. Therclore, the
proposed VSCS can track the objective value well regardless
of disturbance injection if the VSCS is designed ta satisly
the condition of (29),

(3) Existance condition of Sliding mode and Switching
control input

In this chapter, we select a switching control input of the
fallowing form to show that the sliding mnde exists under

the control input.

U = Ueg Kasign(o}

o (34
= U(q"Kd'—lT—(;T
Let's take the following Lyapunov function.
( R e
/i{g) = 50 (3%)

In this case, the existence condition of the slidig mode
comes to be ¢ o <0,

ga = (Crx+Caxer Csxzlo
5
~ a’

= ~C3C K%

[ .

Ta salisfy the existence condition for (36), the ecquation (37)
must be established.

CiCmla > O (37

The particular points on the above existence condition and
switching control input are that they comprise parmncters of
the  nominal  model  or  Smith  predictor, and  all  the
uncertainties are inciuded in the ( yo ym J term. Therefore,
the existence condition of the sliding model is alwavs
established as long as the term ( yp= ym ) is fod back
regardless of the deviation and uncertainty of all the maodel
parameter,

4. Simulation

in this chapter, we design a V3CS for the proposed
FOPDT and S0OPDT process and evaluate its peiformance
with the computer simulation,

(1 FOPDT process

We design the proposed VSCS for the FOPDT including the
parameters of an=2.0, bm=1.0, £w=1.0 , and examine the
mismatch characteristics when a, by, rp of the process are
mismatched to am, bm, Tm of the model

The switching surface is designed to {ollow cierc | e

m
— ) kg 5

Y Nin

ci=-10 and 2710, and k.--- =2 are deter

mined by the values of ¢, ¢, am, b Ko in the control
it of (15) 1s taken o be 10

Fig. 5 shows the rcsponses when the parameters of the
process and model are matched perfectly. The curve of a)
at which a,=2.0, by=1.0 and r,=1.0 become a reference, and
the curves of b), ¢), and d) show each response only when
each paramerter is doubled than the corresponding parameter
of a) respectively. That is only when a,74.0 in b), h=20 in
c), and r,=2.0 in d) while the other parameters are not
varied. The curve e} shows the response when all the
parameters are doubled than al).  These responses indicate
that the proposed system has a desired  stability  and
robustness even when cach parameter is increased or all
parameters are mismatched.  The numbers under figures
mcan the values of ap, by, 7 ¢, and 2 in sequence.

IYig. 6 shows the responses occuring when cach parameter is
reduced as much as 50 % than the reference in b), ¢), and
d) but ali paramerers are reduced to half in ). As in the
fig. 5, the system is stable and robust.

Fig. 7 shows the robustness under the disturbance injection.
The proposed system expressed by (i3} keeps tracking the
objective even when the step  disturbance is ertered under
mismatched conditions of ap=1, byw05, 7,05 c=-10, and
c2=1.0 in ) The disturbance of the magnitude of 0.2 is
injected at =30 sec..

(2) SOPDT process

We consider SOPDT process  whose parameters of  the
nominal  model  are  an=2.0, b,=1.0, and 71,710 The
switching surface is designed to satisly the condition of (20,
e, c1=-1, =10, and c3710. Ka in the control input of (34)
is taken tn be 1.0. In this case, the control input is «s
follows.

U= U~ Kkasign( o)

= (H-X2=¥Vp+ymitXxot xa-signi o)

4}

{3R)
Tig. 8 shows the responses under ¢i=1.0, co=1.0, and c3=1.0.
The response a) is for perfect model, and b)Y, o), Y far
models having  doubled cach parameter, but e

having ali the doubled parameters,

Fig. 9 shows the same case as above but the parameler
value is reduced to a halfl  Fiw8 and fig. § wdicates the
robustness under the parameter misinatch,

Fig. 10 shows the response of the disturbance  whose
magnitude 18 0.2 entered  at =30 sec. The  respenss
indicates that the system is stable and robust even when the
prameter pnsiaatch  and  the  distutbanee  injection necur
simultaneously.

}ofor muxde!

5. Conclusion

A VSCS structured design method {or the 1st and 2nd

order  process  with  input/output delay  is  proposed  and
evaluated in this paper.
The proposed VECS, which 15 an output feedback scheine.
includes an integrator for tracking the given set-point and
the Smith predictor for compensating  the effects of tme
delay.

With the VSCS, the 1obust properties of the conventional
VSCS against parameter variations and disturbances can be
achteved even  when  the contolled  process  includes
input/output  delays. And it is simple matter to adjust
cocfficients of the switching surface equation so as  to
improve the transient response of the VSCS

Although the proposed VSCS has the robustness against
the  parameter  variations,  mismatches,  and  extemnal
disturbances, there are problems of trade off between relative
stability and the responsiveness.

Therefore, the development of a obust design method (o
compromise the trade off problem is required our rescarch
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