e

~2laes

Institute of Advanced Engineering and Science

IAES International Journal of Artificial Intelligence (13-Al)
Vol. 2, No. 3, September 2013, pp. 125~135
ISSN: 2252-8938 d 125

Designing Observer Based Variable Structure Controller for
Large Scale Nonlinear Systems

Reza Ghasemi
Department of Electrical Engineering, Damavand Branch, Islamic Azad University
E-mail: rezaghasemi@damavandiau.ac.ir

Avrticle Info ABSTRACT

Article history: Designing observer based decentralized fuzzy adaptive controller is
. discussed for a class of large scale non-canonical nonlinear systems with

Received Dec 27, 2012 unknown functions of the subsystems in this paper. The On-line adaptation

Revised Feb 11, 2013 of the controller and the observer parameters, boundedness of the output and

Accepted Feb 16,2013 the observer errors, robustness against external disturbance are the

advantages of the proposed method. The simulation results show the

promising performance of the proposed method.
Keyword:

First keyword
Second keyword
Third keyword

Fourth keyword
Fifth keyword Copyright © 2013 Institute of Advanced Engineering and Science.
All rights reserved.

Corresponding Author:

Reza Ghasemi,
Department of Electrical Engineering, Damavand Branch, Islamic Azad University
E-mail: rezaghasemi@damavandiau.ac.ir

1. INTRODUCTION

As a result of both tunable structure of the FAC and using the experts’ knowledge in controller
design procedure, fuzzy adaptive controller (FAC) attracted many researchers to develop appropriate
controllers for nonlinear systems especially for large scale systems (LSS).

Nowadays, FAC has been fully studied. Initially, the Takagi-Sugeno (TS) fuzzy systems have been
used to model nonlinear systems and then TS based controllers have been designed with guaranteed stability
[1]. Modeling affine nonlinear systems and designing stable TS fuzzy based controllers have been employed
in [2]. Designing of the sliding mode fuzzy adaptive controller for a class of multivariable TS fuzzy systems
were presented in [3].

The linguistic fuzzy systems have also been used to design controllers for nonlinear systems.

[4] has considered linguistic fuzzy systems to design stable adaptive controller for affine systems
based on feedback linearization. Stable FAC based on sliding mode was designed for affine systems in [5].
Designing FAC for affine chaotic systems was presented in [6]. Designing stable FAC and linear observers
for class of affine nonlinear systems were discussed in [7]. The output feedback FAC for class of affine
nonlinear MIMO systems was suggested in [8]. A robust adaptive fuzzy controller, based on a linear state
observer, for a class of affine nonlinear systems has been presented in [9]. In [10], direct and indirect
adaptive output-feedback fuzzy decentralized controllers for a class of large-scale affine nonlinear systems
have been developed based on linear observer. [11] presented fuzzy adaptive controller for a class of affine
nonlinear systems. This method guarantied ultimately boundedness of tracking error. A direct adaptive fuzzy
controller for a non-minimum phase two-axis inverted pendulum servomechanism has been presented based
on real-time stabilization in [12]. The main drawbacks of these papers are those restricted conditions imposed
on the system dynamics. For example, it is assumed the control gain is bounded to some known functions or
constant values.
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[13] developed stable FAC for class of non-affine nonlinear systems. The main limitation of these
methods is that convergence of tracking errors to zero was not guaranteed. [14, 15] proposed a decentralized
fuzzy model reference state tracking controller for a class of canonical nonlinear large scale system. The
main limitations of these references are both considering the interaction as a bounded disturbance and
availability of all states.

Compared with the previous studies which mainly concentrated on observer-based affine SISO
systems and observer based affine large scale systems, the proposed method is an observer based large scale
non-canonical nonlinear systems.

The remainder of the paper is organized as follows. Section 2 gives problem statement. Designing
fuzzy adaptive controllers and nonlinear observers are proposed in Section 3. Section 4 presents simulation
results of the proposed controller and finally Section 5 concludes the paper.

2. PRELIMINARIES
Consider the following large scale nonlinear system.

Xi, =fiv| x;) I'=12,..,n,-1 ,i=12,..,N
Xin, =i () +0; U +my (X, X000 Xy ) +d; (1) @)
Yi :CiT)ii

where X, , declares | state of the i ™ subsystem, N, is number of the state in i ™ subsystem, N
is number of the subsystems, X; = [Xi,l’ vy Xip, ]T e R " is the state vector of the system which is
assumed not available for measurement, U, € R is the control input, Y, € R is the system output,

fi (X;) 's and g, (X;) are unknown smooth nonlinear function, m; (X;,X,,...,X, ) is an unknown

nonlinear interconnection term, and d, (t) is bounded disturbance.
The above equation can be revised as

Xi = Ak + (A X+, () +b; (F () + 95 (U +my (X, X5, Xy ) +d; ()

fi'(x) (2)
y; =Clx,
where f, (X;), A,, and b, are defined below.
o 10 --- 0
o o1 --- 0
A,=|: ¢ 1 - ilerm
o o0 o0 --- 1
o o0 o0 --- 0
T ] 3)
b,=[0 --- 0 1] eR

fi()i):[fi,l()ii) e b (X)) OJT

The control objective is to design an observer based adaptive fuzzy controller for system (1) such
that the tracking error and observer error are ultimately bounded while all signals in the closed-loop system
remain bounded.

In this paper, we will make the following assumptions concerning the system (1) and the desired trajectory
Xim(t)-

Assumption 1: without loss of generality, it is assumed that the nonzero function g, (X, ) satisfies

the following condition:
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gi()ii)ngin >0 v(ﬁiiui) e R"xR (4)
dg; (x;)

— 2 0%um

dt

O4m € R isknown constant parameter and define later. Furthermore, the following controller and

observer design can be reconstructed for g, < 0 in same way.

Assumption 2: The desired trajectory X, (t) is generated by the following desired system.

Xim = A oXim +0; 1 () (5)
y im :C|T )iim
where I, (t) is external desired value.
Assumption 3: the interconnection term satisfies the following:
N T ~ ~
My (s X X )| <0+ D& (CT 6|5 ©)

N ~ ~ . . . .
Eoo +Zj:1§ij (|CiTgi |)||)iJ ” is unknown upper bound of interaction terms. To use this upper

bound in controller design procedure, it uses the é’ij ’s as estimation of é’ij ’s that adjusted adaptively.
Assumption 4: the external disturbance satisfies the following property.

”di (t)”oo Sdmax (7

Consider X; (t) as an estimation of X; (t) and the following definitions.

— — : (n-1)79T
& =XinX; = [ei € ... ]
A _ S —ra A A(-1)7T
& =X X = [ei € -6 ] (8)
€ =& —§

where €, stands for the tracking error, €; presents the observer error and §; is for the observation error.
Consider the following tracking error vector.

e=[e e, .. 8, 1" eR™ 9)
Taking the derivative of both sides of the equation (8) we have

{ D= Xin X5 = A X 01 ) —A X —T(x) =D (fi (%) +0; (U +my (X, X5, Xy )+, (t)) (10)
y=Ci &

y

o |-

Use equation (3) to rewrite the above equation as:

{_éi: Aiogi _fi’()i)"'bi{ri (t)'fi ()ii)"‘ gi ()ii )ui —m; ()ila)iz’---v)iN )_di (t)} (11)

T
giy :Ci gl

where A, is defined below.
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0 1 0 0

co T (12)
Ay=l: + ¢ . fleRM™™

0 0O 1

0 0 O 0

To construct the controller, let V; be defined as

Vi= 1 () K v (13)
Consider the vector Kie = [Ki Kipy oo K, 1" be coefficients of

w(s)=s" +kiyniS"i'1+...+ki’1 and chosen so that the roots of this polynomial are located in the open left-
half plane. This makes the matrix A, =A,,- b,k be Hurwitz.

By adding and subtracting the term (kl_éI +V i’)from the right-hand side of equation (14), we

obtain
€=Au8 Db kl@. = £ ) =0 {f O+ g5 (U =V +my Xy, X5, X ) +d; )+ 1
eiy:C:-gi ( )

Invoking the implicit function theorem, it is obvious that the nonlinear algebraic equation
f.(x;)+9,;(X;)u, —v, =0 is locally soluble for the input U, for an arbitrary (X;, V,) . Thus, there exists

some ideal controller U; (X;, V;) satisfying the following equality for a given (X;,V,) e R"x R:
fi(x)+g, (" ~v; =0 (15)
As a result of the mean value theorem, f, (X, ) + g, (X, )U; can be expressed around U; as:

fi () +9 () =F,(x)+9; ()Li)ui*"' (ui_u:)gi (x;)=f (x;)+9; ()ii)u:"' €, 9i (x;) (16)

Substituting equation (16) into the error equation (14), we get

{Q. = Al b ki & —f(x)—bi{e, g, (X;)+m, (X4, X5, Xy ) +d; () +V/]} (17)
eiy =C;r§|
3. OBSERVER BASED FUZZY ADAPTIVE CONTROLLER DESIGN
If the function is continuous on compact set, it can be written in compact form as follow:
y(x)=w(x) o (18)
where o= [y ly2. . yM ] is a vector of consequent parameters, and

W (X) =W, (X)W ,(X) ..w,, (x)] isaset of fuzzy basis functions.

This section deals with the observer and controller design procedure. To design observer for the
mentioned system in equation (17), this paper proposes the following observer error.
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&= (Apbiky) & +KCTE+bk,,, (6.6)C/ €|
Aiuc (19)

where K, ,K,,, are the linear observer gain and the nonlinear observer gain respectively. K is
selected to make sure that the characteristic polynomial of (A=A, -K,,C,")is Hurwitz. Defining the

observation error §, =€ —Q . Subtracting (17) from (19) yields

&= (Ag-KC/T)E —F00)=b{e, 0 (x,)+d; (O] +M; (X, X500 ) +K i (€,6)[CTE [} 0

A

oo

™

— Tx
|y_Ci g

The output error dynamics of the above equation can be given as:
&, =H, X/ +b{en g, (X)) + M, (X1, X, Xy )+, O] +K,0 (6,6)[C,TE 33 (21)

Where
H; (s)=- CiT (SI-(AiO-KiOCiT ))1 B; (22)

Where B, is the identity matrix, H,(S) is a known stable transfer function. In order to use the
SPR-Lyapunov design approach, equation (21) is rewritten as

&, =H, (5)L, X () +b,fe, 0, () +dy O+ +M, (X4, X5,00 Xy ) +Kige (€,6)[CT€ 13 (23)

where [ (x;)=f/(x;), fiuﬂf =L (S)_lfiui o Kt =L (s)_lkino' Vi =L (S)_]Vi”
d, (t)=L,(s)™"d, (). L,(s) is chosen so that L, (s)is a proper stable transfer function and
H. (s)L; (s) is a  proper strictly-positive-real  (SPR)  transfer  function.  Let
L,(s)=s" +b,s™ + --- + b, where (m=n-1).

The state-space realization of (23) can be written as

e
1

0= Aol —Biof il () = b {8, 0, () +dy (©)+ My (X4, X5,0m X )4V Ko (6.,6)|CTE,

- - ~ - }o(24)
iy :C;géis

The ideal controller can be represented as:

[l

ui*:fi(z_i)_i_‘c"iu (25)

where 2, =[x,,v,] and f, (2)=6W,,(z),and &, andw,,(z,) are consequent parameters

and a set of fuzzy basis functions, respectively. &, is an approximation error that satisfies |8iu | <&

max and

Emax > 0. Denote the estimate of Gi*l as @,and U, as a robust controller to compensate approximation
error, uncertainties, disturbance and interconnection term. To rewrite the controller given in (25) as:

Uy =W, (2,) +U;, +€ P,K, (26)
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Consider & (|C|T§l |) n; ”CI € ”and then U, is defined below.

u
+Ueom +

— Qi TS T 5 ir
=sign(C . €, )( C.€ icom —gmin 27)

éi o 1 N A e R I~T ~
irob is Zis | is Zis +_+—Z i = 77ij ”)i. ” |C is gls
g min g min Zg min =

u

~r

Ky € g)(' s S

min min

+|&" Pb )

X

In the above, &' W ,,(z) approximates the ideal controller, &, + Z, 7 |C

to estimate the interconnection term, U, . compensates for approximation errors and uncertainties, U, is

/gm.n +|e P..b |)) tries

to estimate the nonlinear gain of the observer, and V| is estimation of V. Define error vector

icom

designed to compensate for bounded external disturbances, klnof (€ .6 )(|C i €

6?. =0, -0 ., and use (26) and (27) to rewrite the error equation (17) as:

6= Al Dkl 00D 1 (2) +Uiy = 8,09, (%) M, (0, X X, ) 1540} 8)
€

Based on equation (26) and (27), the state-space realization of the equation (24) can be written as

éi :AIOO—IS |s |f (X) bls{( |1(Z_|)+u giu)gi( )+d|f (t)+v|f +k|nof (_o'_;)lcl —l|} (29)
CT~

IS—IS

Consider the following update laws.

2

A CTe
kino = Yiko (Li |C is Zis | Pi Zéi |)
9 min
9’ _FCIS—IS il(Z_i)
é’;io :;/i_ocizgis
min (30)

A l]J, 2
i = 2. | & [IX:
u.ir =7/u Clgs
ulcom yu,com C;I;gs

=7 [Cie

where T, =T >0, Va1 Yy + Vi 2 Vit 2 Viko > 0 are constant parameters.

Theorem 2: consider the error dynamical system given in (19) and (29) for the large scale system
(1) satisfying assumption (1), interconnection term satisfying assumption (3), the external disturbances
satisfying assumption (4), and a desired trajectory satisfying assumption (2), then the controller structure
given in (26), (27) with adaptation laws (30) makes the tracking error and the observer error converge
asymptotically to the origin and all signals in the closed loop system be bounded.

Proof: consider the following Lyapunov function.
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~ N <o ~
N 1 e s < £2 iaioaz oui o kA v
V=Y 2 gp, v R g, v o = e B Ko VU 31)
= 2 giuM Ve, Yo Yoo Ve Vo Vi

where eilzeil_eil’ ljir =U;, _dmax' Uicom =Uicom ~ Emax kino =kino_kino’
T =05 =15 » E,=E =&, and V] =V —|Vi'|. After some manipulation on the time derivative of
the Lyapunov function and based on equations (19), (26), (27), (29) and (30).

(32)

B Pl

v s}Nj - Q,+1wp, le.~Lso,.8 Jri”f.'T
“— flu | =is 2_| 2= fmin i o
- 7
M;

Based on boundedness of the reference signals and ”fi’T (>i)||301 [ | +es the following

inequality has been satisfied.

f," ()i)” <C ”)Li ||+Cz

<C X =X + X =Xy + X || +C5 (33)
€is &
<Cylg | +co €]+ x| +c.
<c,
Using (33), the equation (32) can be written as:
. 1
v S_f_ﬂ’min(l\/li)” ” ﬂ’mm(le)”e ” + l” ” |B|s |1||
min mi (34)
Cl||§i ”” BIS Il||+ |s |1||
min mln
The following inequality can be written as:
. g,
v Ll me)- c1|| B1P,|-c1[BP.)
mm (35)
( ﬂ'mln (le)”e ” 1” |s |1 ”
mi

Choosing appropriate M ;, Q; ,, we can guarantee that V' is negative as long as €. .6, is outside

the compact set €2, defined as

le. 1< il

o c & /’i’mln('\/| ) C| is '1”

e e (36)
P NN LY
. lmin(QiZ)fmm (/’i’mm(M ) C| is 'l”)
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According to standard Lyapunov theorem, we conclude that observation error and accordingly the
observer error and the tracking error is ultimately bounded and € ,€; will converge to €3, . In addition, the

boundedness of and the coefficient parameters is guaranteed. It completes the proof.
Q.E.D.

4. SIMULATION RESULTS
In this section, we apply the proposed observer based decentralized fuzzy model reference adaptive
controller to the following large scale system.

Xpy =8in(X ) + X, =Xy,

Xy, =sin(x,;) +1-x,, +200u, +4sin(x,,) +d,(t)

Yi=Xu

X21:Sin(X21)+X22_X21

X 5, =SIN(X ) +1—X,, +200u, +4sin(x,,) +d, (t) (37)
Yo=Xy

It has been considered that the desired value of the outputs are I, =2sin(zt)+2sin(3zt) and
r, =2sin(1.8zt)+2sin(3.6zt). Furthermore, it is assumed that d,(t)=sin(200zt) and
d,(t)=sin(120xt).

Now we applied the proposed controller defined in (35), (36) to the system that mentioned in
equation (1). Based on the experts’ knowledge, Let define X, =[X,,,X;,] , Z, =[X;,,X;,,V; ] and the
states of the subsystems are in the range of [5,—5], furthermore v, are defined over [—45,45]. For each
fuzzy system input, we define 6 membership functions over the defined sets. Consider that all of the

membership functions are defined by the Gaussian function x (z) = exp((l _CVZE) , Wwhere C is center of the

membership function and & is its variance. We assume that the initial value of controller parameters be
zero. Furthermore, it has been assumed that f ., =1, I, =10, y, =2, Ve, =20 Vi =20 Vo =92

icom

Y =2 and 3, =10.

Qutput Errer of Flret Subsystem

h 5 m n » 3
Tume{s)

Figure 1. Performance of the proposed controller in first subsystem
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Qutput Error of Second Subsystem

£ 10 1% i) ) 30
Tume{s)

Figure 2. Performance of the proposed controller in second subsystem
As shown in figures (1) and (2), it is obvious that the performance of the proposed controller is

promising. Figure (3) and (4) show the estimation of the first and second states of the first subsystem with
their desired value.

xieg1

0 B 0 h o 20 2% 30
Tume{s)

Figure 3. The estimation of the first state of the first subsystem and the desired value

x2en1

. . . . .
5 10 15 20 »
Tame{s)

Figure 4. The estimation of the second state of the first subsystem

The performance of the proposed observer on the second subsystem and their desired trajectories are
shown in figure (5) and (6).

Designing Observer Based Variable Structure Controller for Large Scale Nonlinear Systems (Reza Ghasemi)
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xe82

5 10 15 0 25 30
Time{s)

Figure 5. The estimation of the first state of the second subsystem and the desired value

xZead

L] 5 10 15 20 % 30
Tame{s)

Figure 6. the estimation of the second state of the second subsystem

As shown in figures (3) through (6), it is obvious that the nonlinear state observer can generate the

estimated states and perform exactly. Moreover, it is also clear that the output of the system converge to the
desired value. The stability of the closed loop, the boundedness of the tracking error and the observer error,

and
and

5.

robustness against external disturbance and approximation error are the merits of the proposed controller
observer.

CONCLUSION
The proposed observer and controller are applied on large scale non-canonical nonlinear system.

The advantages of the proposed method are as the boundedness of the tracking and observer error, robustness
against external disturbances and approximation errors.

REFERENCES

[1]
(2]
3]
[4]
[5]
(6]
[7]
(8]

G Feng. “An Approach To Adaptive Control Of Fuzzy Dynamic Systems”. IEEE Transactions On Fuzzy Systems.
2002; 10(2): 268-275.

YC Hsu, G Chen, S Tong, HX Li. “Integrated Fuzzy Modeling And Adaptive Control For Nonlinear Systems”.
Elsevier Science, Information Sciences. 2003; 153: 217-236.

CC Cheng, SH Chien. “Adaptive Sliding Mode Controller Design Based On T-S Fuzzy System Models”. Elsevier
Science, Automatica. 2006; 42: 1005-1010.

Tong S and Tang J and Wang T. “Fuzzy Adaptive Control Of Multivariable Nonlinear Systems”. Elsevier Science,
Fuzzy Sets and Systems. 2000; 111: 153-167.

S Labiod, MS Boucherit, TM Guerra. “Adaptive Fuzzy Control Of A Class Of MIMO Nonlinear Systems”. Elsevier
Science, Fuzzy Sets and Systems. 2005; 151: 59-77.

Y Tang, N Zhang, Y Li. “Stable Fuzzy Adaptive Control For A Class Of Nonlinear Systems”. Elsevier Science,
Fuzzy Sets and Systems. 1999; 104: 279-288.

L Zhang. “Stable Fuzzy Adaptive Control Based On Optimal Fuzzy Reasoning”. IEEE, Proceedings of the Sixth
International Conference on Intelligent Systems Design and Applications (ISDA'06). 2006.

T Yigian, W Jianhui, G Shusheng, Q Fengying. “Fuzzy Adaptive Output Feedback Control for Nonlinear MIMO
Systems Based On Observer”. Proceedings of the 5™ World Congress on Intelligent Control and Automation
Hangzhou, P.R. China. 2004: 506-510.

1J-Al Vol. 2, No. 3, September 2013: 125 -135



1J-Al ISSN: 2252-8938 o 135

[9] A Hamzaoui, N Essounbouli, K Benmahammed, and J Zaytoon. “State Observer Based Robust Adaptive Fuzzy
Controller for Nonlinear Uncertain and Perturbed Systems”. IEEE Transactions on Systems, Man, and
Cybernetics—Part B. 2004; 34(2).

[10] S Tong, HX Li, and G Chen. “Adaptive Fuzzy Decentralized Control for a Class of Large-Scale Nonlinear
Systems”. IEEE Transactions on Systems, Man, and Cybernetics—Part B. 2004; 34(1).

[11] D Vélez-Diaz and Y Tang. “Adaptive Robust Fuzzy Control of Nonlinear Systems”. IEEE Transactions on Systems,
Man, and Cybernetics—Part B: Cybernetics. 2004; 34(3).

[12] RJ Wai, M Kuo, and JD Lee. “Cascade Direct Adaptive Fuzzy Control Design for a Nonlinear Two-Axis Inverted-
Pendulum Servomechanism”. IEEE Transactions on Systems, Man, and Cybernetics—Part B: Cybernetics. 2008;
38(2).

[13] YJ Liu, W Wang. “Adaptive fuzzy control for a class of uncertain non-affine nonlinear systems”. Elsevier Science,
Information Sciences. 2007: 1-17.

[14] R Ghasemi, MB Menhaj, A Afshar. “A decentralized stable fuzzy adaptive controller for large scale nonlinear
systems”. Journal of Applied Science. 2009; 9(5): 892-900.

[15] R Ghasemi, MB Menhaj and A Afshar. “A New Decentralized Fuzzy Model Reference Adaptive Controller for a
Class of Large-scale Non-affine Nonlinear Systems”. European Journal of Control. 2009; (5): 1-11.

Designing Observer Based Variable Structure Controller for Large Scale Nonlinear Systems (Reza Ghasemi)



