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put sampling, Output feedback, Reaching law. structure output feedback controllers using the geometric ap-
proach. Diong has shown that for sliding mode invariance with
Abstract stability of the dynamic output feedback SMC, the nominal

plant has to be minimum-phase [6]. In [7], Bagal. has pro-
In this paper a new algorithm for discrete-time sliding modgosed a dynamic output feedback strategy to design the sliding
control using only output samples is proposed. It is shownode controller. This method can be used for systems which
that the output feedback gain can be directly obtained using th&not satisfy the ‘Kimura-Davison’ condition. The static out-
reaching law of discrete-time sliding mode control. The maiput feedback problem is one of the most investigated problems
contribution of this work is that instead of using the systei control theory and application [8]. It represents the sim-

states, the output samples are used for designing the controll@est closed loop control that can be realized in practical situ-
ations. However no results are available till today which show

. that complete pole assignment is possible using static output
1 Introduction feedback. Output feedback can be realized using fast output
Sliding mode, a particular mode of operation in variable strugé@mpling feedback [9]. In [9], Werner used the fast output sam-
ture control (VSC) systems, is a very powerful tool for corRling (FOS) feedback which has the features of static output
trol design [1]. In recent years a considerable amount of effé@edback and makes it possible to arbitrarily assign the system
has been put in towards the controller design of digital slitoles. Unlike static output feedback, fast output sampling feed-
ing mode (DSM). The digital implementation of sliding mod®ack always guarantees the stability of the closed loop system.
control (SMC) for single-input single-output (SISO) systems ikhe application of FOS technique to discrete sliding mode con-
done in [2], [3]. In the case of discrete sliding mode, contrél0! is @ new area of research. The recent developments in the
action can only be activated at sampling instants and the céigld of fast output sampling sliding mode control (FOSSMC)
trol effort is constant over each sampling period. Also whe#e reported in [10]-[15].

t_he statg regches the switching surface, t.he subsequent disc[ﬁtﬁo]' a fast output sampling sliding mode controller for nom-
time switching cannot generate the equivalent control to kegp| plant using the reaching law approach of [3] has been pro-
the state on the surface. As a result DSM can undergo oplyseq. Here the output feedback gdiris obtained from the
qua3|-_sl|d|_ng motion i.e., the state of the system can approaghie feedback gaiF using the relatio.C = F, proposed in

the switching surface but cannot generally stay on it. &a8. g | this relation holds good theil realizes the effect oF.

[3] has used this reaching law approach to design the controligl i this method the actual output of the system needs to be
for discrete-time system using state feedback. Bartoszewicz {}rected by a suitable correction factor before being used for
showed that for uncertain systems the contr(?'_ law introducgghqhack purpose. The purpose of this paper is twofold. Firstly,
by Gaoet al. [3] will satisfy the reaching condition and guar, this work a direct approach to obtain the output feedback
antee the existence of a quasi-sliding mode only if an add|t|orb%{in L from the reaching law is proposed. Thus the method
inequality is satisfied. does not use the above mentioned relation connedtirmd

Most of the sliding mode control methods require full-stat&'- Secondly, the requirement of output correction used in [10]
feedback. But in practical situations measurement of all tHeeliminated. Consider a SISO linear time invariant system
system states might be neither possible nor feasible. Such sitscribed in discrete-time and under nominal conditions. It is
ations would demand the need for some observers or dynaffi@wn that output feedback gain of the proposed fast output
compensators which would make the overall system more cop@Mpling sliding mode control can be directly obtained with-



out using the relatio C = F. The outline of this paper is aswhereC and D, are as defined
follows: a brief review of the preliminary results is introduced

first followed by the new fast output sampling sliding mode C OCT
control methodology. The design procedure is illustrated with Cd
a numerical example and finally concluding remarks are made. ¢, = , D= :

. N-—-2

.. N—-1 j
2 Preliminary Results ce Cz(:)q’ I
]:

2.1 Discrete Sliding Mode Control Let F" be an initial state feedback gain such that the closed loop

éystem matriX®., + I'. F') has no eigenvalues at the origin.

Consider the following SISO linear time invariant system d . - .
Then one can define a fictitious measurement matrix,

scribed in discrete-time and under nominal conditions.

C(F,N) = DyF)(®, +T,F)"!
;[;(k; + 1) = (I)Tw(k) + FT'LL(]C)7 O C( ) ) (CO + Dy )( r+1; ) (6)
y(k) = Cuz(k), which satisfies the fictitious measurement equation
wherer is the sampling periody € R™, v € R, y € R and Y, = Cx(k). @)

the matricesp, I'-, andC are of appropriate dimensions. ltrhe conrol signal is constructed as a linear combination of the
is assumed that the pgi®.,I';) is controllable and the pair |55¢ output samples and is given as [6]
(®,,C ) is observable. Gaet al. [3] has shown that a state

feedback sliding mode control law for the system (1) can be u(k) = Ly,. (8)

expressed as ~
P wherelL is derived fromF' using the relatiod.C = F'. It can

be shown that forV > v, genericallyC has full column rank

ulk) = Fa(k) + ysgn(s(k)), 2) so that any state feedback gain can be realized by a fast output
wheres(k) is the switching function defined as sampling gaint.
s(k) = cTx(k) (3) 3 Fast Output Sampling Sliding Mode Control

In [10], the following fast output sampling sliding mode control
law is proposed
= (T (c"®, — "I +qrc")], u(k) = Ly,+~ for s(k)>0,
v = —(c'T;) ter = Ly,—~ for s(k)<O.

and

)

—~

Herey, is the output samples obtained by correcting the ac-
fual output sampleg,, of the system by a suitable correction
factor. For this a correction algorithm is given in [10]. In this
section a different and more direct approach to obtain the out-
put feedback gaid. from the reaching law is explained. Also
this method eliminates the need for output correction done in
[10].

The width of the quasi-sliding mode band, within which th
system state remains in steady-state is given by [3], [4]

20 < .
2—qr

2.2 Fast Output Sampling Feedback

In fast output sampling technique [9], each sampling period3-1 Reaching phase

is subdivided intaV subintervalsA = 7/N. Let (®,T', C) be  pgsme that the initial conditions are such that the initial value
the discrete-time system (1) sampled at tgt. Letv denote ¢ e gyitching functions(0) > 0. Then the initial control to

the observability index of®, C'). N is chosen to be greater, . applied is:(0) = F2(0) + . Thereafter to determine the

than or equal to'. The lastV output samples are measured gl,ny| | for the sampling instanks= 1, 2, ... assume that

time instants = IA1=0,1, e N-1 and a constant con.trol in the reaching phase a control of the fortk) = Fa:(k) + 7
signal is applied over a perioel Consider the discrete-time

is applied to the system (5). Then the output samples generated

system having at time= k7 , the fast output samples is

¥, = Cx(k) + a, (10)

y, = [ ylkr —7) ylkr —7+A) ... y(kr —A) }’(4) where

o= (Dy—CrI,)y.
The relation fors(k) in terms of the output samples is

Then a representation for the discrete system (1) is [9]

k 1 = (}7— k FTU k ’
2k + 1) (k) + Tru(k) } ) s(k) = "C (g, — ). (11)

yk+1 = Coﬂ’)(k}) + Dou(k),



Begin with the incremental change gf) which is The incremental change ofk) is

~ — ~—1
s(h+1) — s(k) = ¢"C ™ (yps — yp)- (12) s(k+1) —s(k) =c"C (Y1 — yp, — 20).
Let - Sol.ving foru(k) gives the output feedback control law with
ol =T asin (14) and
Substituting fory,., , from (5) in (12) gives n(k) = —(gTDO)_l[gTCOéila —2g7a+qrgla + A

s(k+1) — s(k) = g7 (Cox(k) + Dou(k) —y,). (13) Thereafter in every successive sampling period the control
switches between the two values as given in Case a and Case b
Substituting fora(k) from (10) and comparing (13) to therespectively depending on the signsgk) and in steady-state
reaching law proposed in [3] gives the system trajectory lies within the quasi sliding mode band
[4].
~—1
—qrs(k)—ersgn(s(k)) = g" (CoC  (yy—a)+Dou(k)—y;).

Let A — er and solving foru(k) gives the FOSSMC lawas 4 lllustrative Examples

u(k) = Ly, +n(k), (14) Examplel
Consider the same second order discrete-time system as in [3]
where _
and [10] which is
_ ~—1
L = —(g"Do) '[g"CoC —g" +qrg"], 1.2 0.1 0
T 1 T ~—1 T (I)T: 7]-‘7': 702[1 O]
n(k) = —(g"Do)'[-g"CoC a-qgrg’a+ )] 0-1 0.6 1

This is the control law applied to the system for the time inte"-et 0) = 2 0 =0
val, 7 < t < k7, wherexr is the time instant just before the 21(0) = 2,22(0) =0,
system trajectory crosses the switching plane first time. 7 =0.58ec, N =2, A = 0.25sec,

g=1, e=0.05 v=—0.0L.

3.2 Switching phase Switching surface is designed as

Case a:s(k) <0 _
The switching control should cause the system trajectory to re- s(k) = by (k) + 22(k).
cross the switching plane the instant it crosses the plane for 1 initial state feedback gaify = [ —3.6 —0.6 ]. The

first ime and thereafter in every successive sampling perigthSSMC law equivalent to the state feedback control law,
so as to satisfy the reaching condition. Assume that the control

applied at this instant be(k) = Fx(k) — ~. Then it can be u(k) =[ 4.4103  —5.785 Jy,, + n(k).

shown that the output samples generated by this control is In the reaching phasg(k) = —0.0079, in the switching phase

0 2 0

Ypor =Cx(k+1) - o n(k) = +0.0421 for s(k) > 0 andn(k) = —0.0421 for
s(k) < 0.
The incremental change efk) is
Example 2
7 =—1
s(k+1)—s(k)=c' C (Ypy1 — Yi +200). Consider the following third order continuous-time system
Proceeding as before the FOSSMC law is derived \iths in 0 0 1 0
(14) and A=|-2 -3 0 |, b=|2|, C=[1 0 0].
3

n(k) = —(8" Do) [-g"CoC ' + 287 — grg"cx — A].
Now discretize the above system with= 0.3 sec
Case b:s(k) >0
0.9883  0.0505 0.1970 ] { 0.0117 ]

) FT =

It is assumed that the control applied at the next instant be
—0.3940 0.3973 —0.0505 0.3940

u(k) = Fz(k) + ~. Then it can be shown that output sam®r =
—0.1009 0.2426 0.3973 0.1009

ples generated by the above control is

- Let
Ypy1 = Cx(k+ 1)+

1'1(0) = 2, .’EQ(O) = 0, 563(0) = O,
N = 3, A=0.1sec
y, = Cx(k) — a. g = 2, e=0.01, yv=—0.003.

while the output samples generated by the previous control is



Switching surface is designed as

s(k) = 2.4z (k) + 2.022622 (k) + 1.734623 (k). . 2 2
2
The initial state feedback gain is 0 0
2 L
F=[-04398 —0.5364 —0.366 |. 4
-4
The output feedback gain is -6
-8 -6
L= -10.2705 25.8638 —15.737 ].
R e e B
The FOSSMC law equivalent to the state feedback control | @) (b)
is
5 0.05
u(k) = [ —10.2705 25.8638 —15.737 |y, +n(k), x ) s(k) .
0.025 +
wheren(k) = —0.0024 for 7 < ¢t < 7. Thereafter in the 0 -
switching phase)(k) = +0.0036 for s(k) > 0 andn(k) = 0
—0.0036 for s(k) < 0. Py X, (k) N
-0.025 -5
4.1 Simulation Results
-10 t 005 t
The simulation results of the second order system are she 0 5 10 15(C) 0 5 ¢ 5 10 b o 0 5

in Figure 1. The results are satisfactory. It is observed tiia.

the proposed method gives the same results as obtained .in

state feedback sliding mode control. Once the system tfg9ure 1: Simulation results of second order system: (a) Phase
jectory crosses the switching line first time, it will recrosBI0t (b) Control input (c) Plant states (d) Switching function

the switching plane again in every successive sampling pe-
riod. Thus the reaching condition is satisfied and quasi slid-
ing mode exists. The width of the quasi sliding mode band
is 20 < 0.0333. In steady-state(k) assumes only two values
given bys; = 0.0167 < 3=~ and s; = —0.0167 < Qj;. 05
Similarly the simulation results of the third order system a
shown in Figure 2. The width of the quasi sliding mode banc,
26 < 0.0043. In steady-state(k) takes valuess; = 0.0021 < °
7<= and sy = —0.0021 < 5=-. Thus in the steady state 0.5
the trajectory lies within the quasi sliding mode band.

5 Concluding remarks

In this paper, a fast output sampling sliding mode control I
is developed in which the output feedback gain is not deriv

from a state feedback gain but is directly obtained fromt 2 0.01
reaching law itself. Since the output feedback gain realizes _— s®
. . 1
effect of the state feedback gain, the same results will be 1 0.005
tained as with the state feedback sliding mode control. 1 _ °
requirement of output correction used in [10] is eliminated o 0
this approach. One advantage of this approach is that the T
signed FOSSMC is static in nature. Therefore thereisnon -1 X () -0.005 °
for dynamic compensators. Another advantage of this metl 2
is that the system states are used neither for feedback pur, -2 ‘ ‘ t 001 ‘ ‘ t
nor for switching function evaluation. Thus it is shown that tt 0 5 © 10 15 0 5 @ 10 1

FOSSMC technique proposed in this work is a good alterna-

tive to state feedback sliding mode control and dynamic outpdyure 2: Simulation results of third order system: (a) Phase

feedback slidir)g mode control. This technique can also be $fot (b) Control input (c) Plant states (d) Switching function
tended to multivariable systems.
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