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Abstract

This paper presents a novel extension controller based on a scheme for sliding mode control. The control
strategy of the proposed controller is classified in two parts. One is the equivalent control of sliding mode control,
which can be directly obtained from the knowing nominal system. The other is the well-known robust control,
which is used to compensate for the system uncertainty and external disturbance. Integrating the essential concept
of extension set theory with the sliding mode control, we can easily realize the robust extension controller. In this
study, we first organize a basic extension controller without any specific expert knowledge about the controlled
system. According to the determined extension characteristic functions, the functions supervise system states’
information under control. A set of parameters, which will be adapted using adaptation strategy, is incorporated
into the extension controller such that a robust control term, also called a hitting control, is established to guarantee
the system’s stability. As a result, the proposed extension controller is stable in the sense of Lyapunov. Finally, we
use the proposed extension controller to control a nonlinear system to verify its effectiveness and ability.

Key Words : Extension Set, Extension Control, Sliding Mode Control, System Stability.



|. Introduction

Extension setstheory, origindly proposed in 1983 by Prof. Cai in China, forms the basis for research on extension
engineering methods, which have formed an important quantitative analysis methodology for physical applications [1].
Recently, various applications such as optimization, identification, pattern recognition, clustering, decision making and
controller design have been presented in the literature [2-9]. However, generally speaking, extension control has not
developed well. There are two main disadvantagesto the control fied if we employ the extension set to implement acontrol
task. First, the concept of extension set is attractive, agood structure for the extension controller has not been developed so
far. Unlike the fuzzy controller, which is specifically consists of control rules, membership functions and a mechanism to
implement the approximation reasoning. Second, the val uation set in the characteristic function of extension set isbounded in
(— ¥ ,1] ,S0 the problem arises of what kind of strategy should be utilized to design the extension controller based on the
extension sets we been defined. In [9], the authors used the linguistic control rules, which were the same as the fuzzy
controller, to design the extension controller. In addition, heuristic control input according to the developed characteristic
function was reported in [8]. From these papers, we cansee that an important issue in designing the extension controller is to
develop a systematic design approach for the extension controller.

Sliding mode controller design provides a systematic approach to the problem of maintaining stability and consistent
performance in the face of modeling imprecision [10-13]. Generally speaking, the system states are driven toward a
user-defined sliding surface. If the state trajectory can be maintained on the surface, the overall control system is insensitive
to uncertainty and disturbance. In this paper, a scheme of sliding mode control is incorporated into the extension controller
design, such that the control system resulting fromthe extension control has the same merits asthe sliding mode control.

This paper is organized as follows. Section 2 provides abrief description of the sliding mode control system. In Section
3, theextension controller structure is introduced; and thedesign of an extension controller based on the sliding mode control
isthen derived. Section 4 provides a simulation example for asimple nonlinear time-varing system, which isused toillustrate
the performance of the proposed controller. Finally, conclusbns are given in Section 5.

Il. System description

In this section, the sliding mode control system is first introduced, and then the structure of the extension controller
based on the sliding mode is constructed. Consider the following nth-order dynamical systems

x™ = f(x) +g(x)u @
where UT R is control input; fand g are unknown nonlinear continuous functions, but with bounds known to be
|f | EFad O<gE£Q9ET : X=[X X%z , X" P17 is the state vector. The control task is to provide a proper
control input usuch that the error vector €= X - X, can be minimized, whereX, =[ X, X3 ,Xén'l) ]T is the desired
statevector. In the sliding mode control, we first define the sliding surface

(n-2)

Sz(%ﬂ Y e=e" +ae™ +L +a, e 2

where | isastrictly positive constant.
In order to guarantee S =0 to be reached, the control input u should be chosen to satisfy the following sliding
condition

séz-h| ®)
where N isapositive constant. By (1) and (2), we have
S=e+ad"V+L +g & = f+gu-x"+ad" ™+ L+a @ 4)

Furthermore, define

G=,gg ®)
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and
§= F ®)
g

§redeg @)
9

Since 0<Sg£g£ Qg ,wehave

The control input of the sliding mode controller consists of two components, one is the equivalent control ueq and

the other isthe hitting control U, . Let

U=Ug+u, =§0- § Gn(S) ®
where
d=x-aemd- L -a & )
Inserting (8) into (4), we have
8=f+(gg"- 90- 9§ 'Gn(9) (10)

Thenitiseasy to find the following optimal G satisfyingthesliding condition
G" =hg*g+|g *gf +(1- g*9)]| (1)

Since both function f and g are unknown, the G’ can not be implemented. However, we can find the upper bound of G
according to the system bounds.

G=(h+F)§+1- glfl (12)

This extreme G usually is too large and is hard to implement in physical applications. Moreover, it causes a heavily
chattering phenomenon when the state trajectory crosses the sliding surface. Thus the value of G should be dynamically
adjusted. In this study, the extension set is used to construct thevalue of G so that the extension controller can best estimate
the optimal G.

[11. Extension Controller Design

Now, the extension controller is constructed as
iUy, ST Eg

u=ji "
TUgtW, Sl Eg

(13
where E r denotesthe extension region. The required system specification isin thefitting region according to the basic idea
of extension theory. For adynamic control system, we should provide a control signal to force the Sto move to the fitting
region if the Sfallsin the extension region. Similarly, an appropriate control signal is needed once the Sin thefitting region.
It can be seen from (13), that the hitting control is activated when the Sis in the extension region; however, equivalent
control and hitting control are activated in the fitting region. As discussed above, we should properly design the G such that
the resulted hitting control can preserve the system stability. Consequently, the parameter of G in the extension controller
should be well adapted such that the state trajectory can be derived from extension region to the fitting region. Suppose that
there exists a constant éE and an optimal G’ such that €= éE - G >0 is minimized. Using the extension
controller to achieve thistask, the extension characteristic functionsfor each error state are shown in Fig. 1.
We assumethat the gain parameter G results from:

G= XT K (14)

where
x=[c ¢, L ¢l (15
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K=k L kI (16)

k =€) a7
aK(e)
Define
G, =x"K (18)
X=x- X (19
A Lyapunov function is defined as

V= 1( s +1§<T§) (20)

2 g

Then

V=ss+iXTR= S[f +(gg - Da- g(j'legn(S)]+ 15z
g g
TN - I | 1—
:S[f +(gg - 1)u]- %) G|S|+ax X
R R NC RS

£-h|g- &‘1e|3- g'(l(x- X)'K|S +é§r§‘

£- (h+§-1e)|s|+é§f(§‘- ootk |s) (21)
The adaptation law can be chosen as
%= {9k 22
suchthat
Be- (h+§e)|g <0 (3

This indicates that the extension control system is stable underlying adapting the parameter;(. Note that the hitting

control is modified as
u,=-0 1Gsat(S) (24

to smooth the control signal, where  Sat (% is a saturation function.

Finally, the extension controller design procedure can be summarized as:
(a) DefinetheslidingsurfaceS,
(b) Construct the equivalent control and hitting control according to (8), (9) and (14),
(c) Determine the extension region based on the Sto organi ze the extension controller,

(d) Adapt the gain parameter of hitting control according to (22),
(e) Completethe extension controller design.

V. Case Study

In this section, we apply the extension controller to control a simple nonlinear time-varying system. The desired
referenceinput is X, =9n(t).

£&(0.5+0.25n(t)) x &3.2cosx = (1+0.2sin(x))u (25
Clearly, § =1.2 and g = 0.8,sowehave§ = 0.98 and § =1.22. Theslidinglineisdefined as
S=&+2e (26)
By (8), the equivalent control is
Uy =G 4= sin) - 28 @

The hitting control is
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u, =- ingn(S) (28

0.98
where
G= XTK (29)
iy
% § oK |8 =>cK g (30)

Finally, the extension regionisdefinedas E; =[1L¥) oOr[-1, - ¥) . Thesimulation results for the trajectories of

output, control signal and S are respectively shown in Fig. 2 —Fig. 4. It can be seen from the simulation results that the
proposed extension controller can control the nonlinear time-varying system and provide good system performance in this
simulation study.

V. Conclusons

An extension controller using the design scheme of sliding mode control is proposed in this paper. Two regions in the
extension controller, the regions of the fitting region and the extension, are devel oped to judge which control should be active.
One hitting control is used when the Sfalls in the fitting region. The other hitting control is the equivaent control with the
hitting control which is employed to derive the state trajectory toward the fitting region when the state is outside the fitting
region. It isclear that thedesign processfor extension controller using the sliding mode approach is easier than conventiona
approach. In addition, based on the conventional adaptive approach, the parameters for extension controller are dynamically
adapted to guarantee the system stability. Simulation results show the effectiveness of the proposed control scheme of the
extension controller.
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Fig 1 Extension characteristic function.
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Fig 2 Output trajectory.
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Fig 3 Control signal trajectory.
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Fig 4 S trajectory.
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