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Abstract: The objective of this paper is to propose a robust decentralized adaptive fuzzy integral
sliding mode control of interconnected uncertain systems. Uncertainties, disturbances and
interconnections are of mismatched type. The approach, which will be considered, benefits from
the advantages of the integral sliding mode compared to traditional sliding mode. Moreover, it
combines the LMI technique with the sliding mode to design a sliding surface guaranteeing the
satisfaction of H infinity robustness criterion. The proposed local controllers designed for each
subsystem guaranty the quadratic stability of the global system. The second task considered in
this work is the synthesis of an adaptive fuzzy control scheme allowing the elimination of the
phenomenon of chattering and the estimation of the controller parameters. The effectiveness and
the useful of the obtained results will be discussed through numerical example.
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1. Introduction

The uncertain modeling of the dynamic systems is much closer to the reality of the practical
systems. Indeed, the presence of uncertainties can be due to the variation of the parameters of
the system or the inaccuracy of the knowledge of their values. The presence of the nonlinearities,
as well as the external disturbances could be also at the origin of this uncertain modeling. So, the
control of these systems has attracted the attention of researchers in recent times and has been
widely considered. Variable Structure Control (VSC) with Sliding Mode(SM) has a variety of
attractive features such a fast response, good transient performance, and order-reduction [1,2].
An additional salient advantage of this control approach is its completely robustness to systems
with uncertainties verifying the so-called matching condition [3]. This propriety is at the origin
of the vast use of SM in the design of robust control for such class of systems. However, the
Classic Sliding Mode Control (CSMC) provides the desired motion after a sliding mode occurs.
This insufficiency has been the principal motivation of researchers to proceed to the elimination
of the reaching phase. A recent method, based on a particular choice of the switching function,
provides the so-called Integral Sliding Mode Control (ISMC) which allows the existence of
sliding mode from the initial time [4,5]. Therefore, the system is immediately robust and
insensitive to uncertainties and disturbances. The application of ISMC in the control of matched
uncertain MIMO systems has resulted in good performances as robustness and tracking response
[6]. Inopportunely, both CSMC and ISMC may be unsuccessful in the stabilization of
mismatched uncertain systems. Because the system dynamics in sliding mode, opposing to
matched uncertain system, are not uncertainties free. To surmount this problem, the main idea is
the combination of SMC with other robust techniques. The common existing methods are based
on CSMC, so that they are affected by the over mentioned insufficiency of SMC with reaching
phase [7-9]. Recently, more attention is focused on the advantages of ISMC in the control of
systems with mismatched uncertainties. This method is extended to cover systems with
mismatched uncertainties in the state matrix, but it is restricted to matched uncertainties in the
input matrix and the external disturbances [10]. Only a few of the more recently studies have
included the case of mismatched uncertainties in the input matrix [11,12]. Though, no one of
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them is directly applicable in the presence of the mismatched disturbances and the norm-bounded
nonlinearities which are not related to the input channel. An original approach based on ISMC
associated to LMI approach and H characterization has been, recently, developed [13,14]. The
considered class of uncertain systems can cover large sets of systems; indeed, the mismatched
uncertainties in both state and input matrices, the norm-bounded nonlinearities and external
disturbances have been investigated by this approach. This method has several advantages such
the increase of feasibility domain of the LMI solution [13] and the optimization of the nonlinear
control gain enabled by the proposed methodology of uncertainties. Furthermore, the chattering
problem has been surmounted by the design of an Adaptive Fuzzy Integral Sliding Mode
Controller (AFISMC) [14]. It is generally considered that large-scale and complex systems are
very difficult to stabilize with a single controller. This is due to computational complexity caused
by large dimensions and effects of interconnections. Therefore, for designing a large-scale
control system, the researchers in this field often divided the entire system into several
subsystems, and utilized the decentralized controller to stabilize each subsystem [15]. Many
works based on SMC have been carried out in the goal to establish decentralized control
schemes. When the system contains only matched uncertainties and interconnections, the known
salient advantages of CSMC have been also verified for this class of large-scale systems [16,17].
Moreover, the decentralized SMC of interconnected nonlinear has been considered. Indeed, the
case of nonlinear systems in regular form has been envisaged in [18,19] and the control of
complex large-scale systems with non-smooth nonlinearities has been carried out in [20]. The
advantages and the faculties of SMC have been confirmed in [21] by the real-time
implementation of decentralized control scheme on a twin-rotor system. The design of
decentralized controllers based on ISMC has been also considered and the related benefits have
been preserved such us initial time robustness and invariance in presence of both uncertainties
and interconnections [22,23]. When the large-scale system contains mismatched perturbation, a
decentralized sliding mode control scheme based on overlapping method is presented in [24].
Only some works consider the case of uncertainties in the input channel [25-28]. Recently, in
[29] a decentralized adaptive sliding mode control for large-scale systems with mismatched
perturbations has been presented; however, the class of system considered remains restricted.
Therefore, the main contribution of the present work is the design of a robust decentralized
integral sliding mode control based on LMI technique to guaranty a H. criterion for a more
general class of mismatched uncertain large-scale systems. The second task will be the
proposition of a decentralized adaptive fuzzy ISMC controller. The goal of the proposed control
scheme is the elimination of chattering problem and the relaxation of the necessity knowledge
of the exact values of uncertainties and interconnections bounds. In addition, the reachability of
sliding surface will be maintained. The proposed paper will be organized as follows. In Section
I1 some useful preliminary results will be given, as well as the system description. Section Il
will be reserved to the detailed presentation of the proposed approach concerning decentralized
integral sliding mode control of mismatched large-scale systems. Mathematical proofs of
proposed theoretical results will be given as well as convenient remarks. In section IV, the
improvement of the proposed control scheme performances, such as chattering elimination and
estimation of norm bounds of uncertainties, is then considered with the application of an adaptive
fuzzy integral sliding mode control law. The efficiency of the proposed control laws will be
investigated in section V through numerical example. The last section will be allowed to
conclusion remarks of the work.

2. Preliminary results and system description
A. Preliminary results
In this section, we give some preliminary results that will be helpful to obtain main results.
Lemmal. [25] Consider the following unforced system:
P& Ax + Hw(x,t)

%y=C.x @)
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This system is quadratically stable and satisfies Hy : ||T < g if there exists a quadratic

oy
Lyapunov function V (x) = X" Px, P > 0 such that, forall t > 0 :
V& yTy - g?Ww< 0 0

Lemma2. [11] For any vectors x and y with appropriate dimensions, the following inequality
holds:

2x'y £ ax'x+aly'y,"a>0 3)
Lemmaa3. (Schur complement) [25]: consider a bloc symmetric matrix
BT U
L (4)
u
B Cy

where A and C are square matrices, with C is negative definite. This matrix is negative definite
if and only if (A - B'C' 1B ) is negative semi-definite.

B. System description

We will consider a class of mismatched uncertain large-scale systems composed by N
interconnected subsystems E;:
I N

%’&: [A; + DAK; + [B; + DB ; + fi(x;,t)+ Hyw(t) + ?‘lihij(xj’t)
¥yi = Cix

Where: x; T ;" isthestate, u; T ;™ istheinputcontrol, y; T ; % is the controlled output

®)

f.(x;,1) I ;" is the vector of nonlinearities and un-modeled dynamics, w, (t) I ;Pisthe
square-integrable external disturbance. A, I """ js the scale system characteristic matrix,

B, I ;" ™ is the input matrix with full rank m, H; T ;" "

is the matrix of external
disturbance, C; 1 ; % i jsthe output matrix. DA, (t) and DB (t) represent the system matrix
uncertainty and the input matrix uncertainty, respectively. hij (xj,t)i i "i represents the
interconnection term specifying the action of the subsystem Ej on the subsystem Ei . We will
assume the following to be valid.

Al) The pair (Ai ,B; )is stabilizable.

A2) There exist known constants &; ,b; , g, W,y and a;; such that: [DA, | £ a;, [DB; | £ b
N0 € g )il [w®] € wo and b, 0] £ ay x|

. . -1
o isapositive known scalar and B ° (B B,) "B/ .

A3) ||Bi“'DBi || £b < lwhereb

3. Decentralized integral sliding mode control
A. Switching surface choice
Let us choose the switching function as follows:

S;(t) = B x; + z, (6)
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where z; I ;™ isthe solution of the following dynamic equation:

&= -B & + BK; X, 7(0) = - Bx;(0 ()

where: K, I MM s a state feedback gain which should be designed, later, to lead to the

closed loop system the desired performances in sliding mode.
The considered sliding surface allows the elimination of the reaching phase characterizing the

classic sliding mode control, because the initial value S;(0) = 0, for any initial conditions.
When the state trajectories of the system enter the sliding mode, we have S;(t) = 0, and

S§‘(t) = 0. The time derivative of the switching function is derived as follows:

N
=B DAX + (B, + DB )y, + fi(x,t)¥ BiHw + B § h(x;.t)- Kx; (8)
it
Let us suppose that:

G =1, - BB* 9)

! nj

where N I ;" " isthe identity matrix. Accordingly, it is easy to deduce that:

Bi'G = B," - B"B;B{" =B;" - B" =0 (10)
In addition, we can rewrite the uncertainty terms as follows:
DA (t) = B,DA,, (t) + DA, (t).
DB, (t) = B,DB, , (t) + DB, (1),
f(x,1) = Bif o (6,1) + L, (x,.0) (11)
Hi = BiH;, + H;,,

h (X;.t) = Bihy o (Xj.t) + hyy (%)),

where:
DA, = Bf DA,,DA, = GDA,
DB,,, = B;DB;,DB,, = GDB,
fim = B f.fi, = Gf, (12)
Him = Bi Hj,H;, = GH,,
hijm = Bi+hij'hij,u = Ghy.

Furthermore, there exist known positive constants A &y bhu v Gimo Giuo Ajjm and aj
such that:

DA | £ 3 DAL £ 2

DB, , | £ b, [DB, | £ b, -
i | £ G [ ||’”fi,u £ g lxill

b | € 5m [ ||'“hij,u £ ay, [x; [

Consequently, we can rewrite the derivative of the sliding surface as follows:
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N
S‘i&: DA, X + (Imi + DB; , )ui + () Hy w + a hiim (X)) - KiX; (14)
it
Then, we can derive the following expression of the equivalent control:
-1 Ja ON \
Uieg = = (Im + DBim ) ALK+ fin + HipWi+ & Ny Kixg (15)

i

Remark 1. Equation (15) requires that the matrix (I + DB; )be nonsingular. This

mj

requirement is guaranteed by assumption A3.

B. Sliding mode stability
he sliding mode dynamics are obtained by substituting (15) in (5):

€ N U N
&= AX; + BKx; + BXx; + DA X + - é/ioéaDAi,mXi it H W é_hij,m E*’ Hi W + é_hij,u
jti jti
(16)
where:
-1
8= os,, (1, + DB, ) 17

The system dynamics in the sliding mode are affected by the existence of uncertainties and
disturbances. Thus, although the sliding mode acts correctly in the sense of eliminating the effect
of the matched uncertainties and disturbances; the mismatched parts of uncertainties not
eliminated by the sliding mode alone requires the use of another robust control technique to
mitigate their effect on closed loop system. For this reason, the H., approach is used alongside
the sliding mode to accomplish the control requirement. Therefore, the objective of this section
is the design of a state feedback gain K; for every subsystem E;. This gain guarantees the stability

of the closed loop system while satisfying the H.. constraint |y; ||¥ £ g |w ||¥ . To reach this
goal, we proceed by means of the LMI method.

Theorem 1. Consider the uncertain large-scale system (5) with assumption (A1) -(A3), and the
over mentioned switching surface (6). For every subsystem E;, if there exists symmetric matrix

X; > 0, matrix R; and positives scalars e, ;, k = 1...,6, &y and g;, satisfying:

% Qi
l< 0 (18)
& .y
§° Yig
where:
g)l,uRiT ml,lxl mZ,ixl Hi,u OE
£ 0 0 0 0 0y
Q=¢ 0 0o 0 0 o0y (19)
£ 0 0 0 0 0y
& Y
€ 0 0 0 0 0y
c u
Seily 0 0 0 J
£ * el 0 0 0
& * * el 0 0
Yi = g N i 3 (20)
§ x o« x g2 p H U
g gl i,u i,mg
g * * * * _eglli g
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Si XCl @ uXi GiuXi BudmXi BuGimXi
€ Y
o R 0 0 0 !
Gx * -e 0 0 0 U
¢ L
X = ¢ . 0 0 U (1)
o * -e2il 4
e ' - €3l 0 H
Gx * * * u
& * —eg il U
& * * * 4i't
E u
X
U
S, = AX, + XAl +BiRi+RiTBT+ a ek,+eN 1+ e (22)
(1-b.) 3
2
i = (1' b.m) €i (23)
N
m; = J(N- )& ajq @
i
N
m; = (N B 1)3. aji,u ! (25)
it
R, = K;X; (26)

then, the sliding mode plane is quadratically stable and the given H.. performance is valid.

Proof. Consider positive-definite matrices P;,i = 1..,N and choose a candidate Lyapunov
function,
N
V(X)= q X Px (7

i=1

To complete the proof, we proceed by verification of lemma 1:
N

V& 3 (v - ofw w)
i=1

m,ii

N
=3 {xiT gDiAi + ATP, + PB,K, + KTBTPT g. + 20 P,DA, X, - 2 PBDA, x; + 2P,
i=1

o s
- PO, + 20 PBK X, + 20 PH, W - 2xT PBMH, w + 2x] PE (h.s - rS/Iqwm,J)
(4]

[l B R | [T R
]I

+ X/ CICx; - gl Wi}

Using lemma 2, we get
2xI PDA, ;X £ e ;x] P, + e;x] DA}, DA, x; £ x| §1|P2 + au|e1|1I|§<

- 2] PBIDA, x; £ &, x] P2 + &;!x] DAL BEBIDA, ix; £ ] gez.ipi2 * 5
€ (1 B bm,i )
2X-lr I:)ifu,i £ e3,iX-ir IDizxi + e3 flif £ X ?m + gu |eS| II E(

IUIUI
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g b2 g2 111
- ] Pig/iofm,i £ e,x P + e4|1fr1|§/6§/6f £ x{ &P+ &em l; @(u
g (2- by )
g m,i
§ LT b
2} Piﬁ/iOKiXi £ e5,iXiT P2x; + eé,ilXiTKiTlg/i(ﬁ'g/i(‘SKixi £ x| &P+ e KK, LX.
& (1 b ) 'u
€ m,i a
bﬁ.
- 2XiTPilg/iq"m,iV"i£ € Xi PoX; + eé,ilWiTH;,igiég/iﬁHm,iV"i£ X! € P7x; + ———— g W HE H w
@b )
e N
2 Phy ;i (%) £ S N 1xiTpi2xi + ey (N - 1)aZ;x]
N N
2 § Pihyi(x) £ e P+ egt (N - 1)§ aZ;x]x
jri jri
5t En b?; Tp2 -1 2 T
- 2] B, (X)) £ X P+ eyt (N - 1)ag ix]x;
N - 1(1_ b )
m,i
Consequently, we obtain
N
VE& g (VY - g2l w)
i=1
T g | 6
£g°1{x Wx, + x] PH, W+WHIIPIXI+WEQII " eéllHT Hip i W
i=1 ) 5 g
(28)
Where

@€x
W = PA + ATP, + PBK; + KIBJP, + £§ e + e 1+—u'i ;PZ
]

x b2 bzg %
+ Eaz-ei’il + — m' — L+ gzy-eé’i1+ $e4. + ey (N - 1)3 ?un * ari E‘i
(- by ) (L By ) o
L &K/ K,

(1 B bm,i )2

(29)
then, we can rewrite that
N y % & T T 6;‘Xi
&+ 3 (yI yi - gww) a 1§ W EFI%N (30)
i-1 ivit gVl
with
g W bF;H )
F = i _ 31
! %"I,.Pi -gizli + Lze |1H;|Hm|§ ( )
e (1_ bm,i) a

thus, lemma 1 is satisfied if, for every subsystem E; we have
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F <0 (32)
The next inequality can be derived from the last one by using lemma 3:

g U

¢ W PiH,; 0 3

%"I,ipi - g1, b, iHp, u< 0 (33)

¢ 2, U

g by iHpm '(1'bmi)eei

After, pre-multiplying and post-multiplying (33) by diag {P P } considering X; = P; !

it
and R; = K, X, ,the LMI (18) is obtained by a successive use of lemma 3. Therefore, the Proof
is achieved.

C. Decentralized controller design

Now, we proceed to the second task which is the design of the sliding mode control law
enabling the reachability to the specified switching function.
Theorem 2. Consider the uncertain large-scale system with (5) assumption (A1) -(A3), and the
switching surface (6). Suppose that, for every subsystem E;, the SMC law is:

up = Kixj - S (34)
Isi |
where:
1
rn = ——r,., (35)
I (1' bm.i) Y
x i\l 6
ry = gai,m +h "Ki ""' Gim *a djim §|Xi ""' g + "Hi,m "Wio (36)
jri

with ; is a small positive scalar. Then, a stable sliding mode exists from initial time.

N
Proof. Consider the Lyapunov function V. = § ||S; | which is positive definite. The derivative
i=1

of this function respect to time is :

N STg&N ST i i\l U
V&= § a 1"5 "I B ”g) imXi (m + DB )ui him T HinW + aihij,m - Kixig
NosT ¢ N ae s, 8 U
=a _gDAi,mXi + fi,m + |_|i,mWi +a hij,m + gK X; T = K|Xi3
i:1||5i ||§ jri "f’ . B
s ST & N s, S, U
=4 —gDAi’mxi + fi'm +H W+ 4 hij’m -, . + DB, ,K;x; - r;DB; , —3
-1[Si & Iy Isi] I8 114
:giiéaA. X, + f + H, w.+§h.. +DB, K % r, - ;DB }
i:lf ||S| ”@ i,m”™i i,m i,m "N i ij,m im™i |H i,m
£ C”\‘ i\‘ 3 r1,i
a {§v [fon |+ [P [l T+ 2 g+ 0B i b B
i-1 it i 1oy
I’1,ib|,m fl

N
£ é {%|m "Xi " + gi,m "Xi ||+ “Hi,m “Wio +_§1 _“hij,m
jri

Or:

s If - ; e

b
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=z
=z
=2

N
£ ﬁ -éfia ij,m ”Xi " = ﬁzlﬁ' ia ji,m "Xi "

I
[N
—
I
[N
—

Finally, we get:

N

V& -4 q <0

i=1
Then, the considered SMC law drives the system trajectory into sliding surface in finite time
which concludes the proof.
Remark 2. The results proposed in this work represent a generalization of these considered
recently for the case of mismatched uncertain systems [13-14]. Indeed, we can find the same
results if we consider that N=1. The actual approach inherits same advantages of [13] and [14].
Moreover, this controller gives an efficient decentralized scheme making in consideration the
presence of mismatched interconnections.

4. Decentralized adaptive fuzzy integral sliding mode control

To avoid the chattering problem induced by the switching nature of the sliding mode
controller, the most common method used in literature is the approximation of the sign function
existing in the control expression by a saturation function. However, the linear nature of the last
function in the boundary layer affects the closed loop system stability. Consequently, the
robustness of the sliding mode control cannot be preserved. So, to eliminate chattering presence
with preservation of the robustness characterization of the control, we propose in this section the
enhancement of the control procedure by introduction of Fuzzy Logic (FL). After the
presentation of the adequate fuzzy mechanism, a Decentralized Adaptive Fuzzy Integral Sliding
Mode Control (DAFISMC) will be proposed.

A. Fuzzy mechanism
The proposed DAFISMC is based on the introduction of a Fuzzy Logic inference mechanism
which replaces the switching control law. For every subsystem, the switching function can be

written as
T

S; = éi,l L sy L Simi E (37)
Let s;, be the input linguistic variable of FL, and ug;, be the output linguistic variable. The

associated fuzzy sets are expressed as follows:
» for the antecedent proposition (s;  ): P (Positive), N (Negative), and Z (Zero);

o for the consequent proposition (ug; , ): PE (Positive Effort), NE (Negative Effort), and ZE
(Zero Effort).

To make the sliding surface attractive, the fuzzy linguistic rule base can be given as follows:
1.Rule 1:If s;, is P, then ug;, is PE.

2.Rule 2: If s; is Z, then u;  is ZE.

3.Rule 3: If s;, is N, then u;  is NE.

The membership functions of the input fuzzy sets are of the triangle type, and those of the output

fuzzy sets are of the singleton type. The singleton defuzzification method is used in this work.
Then the fuzzy controller (output of the defuzzification module) can be written as:
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3

Iéi_ M1 G

(38)

Uri k

Q}ow»—\

My,

1=1

Where:
0£ m,, £ 10 is the firing strength of rulel,l = 1,..,3,

A1 = dy, Ay, = 0.dy 5 = - d, stand for the centers of the membership functions PE, ZE,

and NE, respectively.
3
Owing to the special choice of triangular membership functions, we get § My = 1. Asa
I=1
result, we can deduce the following:

Upik = (mk,l = M3 )qk 39)

B. Decentralized adaptive fuzzy controller design

In this section, we interest to the design of a DAISMC which use the output of the precedent
inference mechanism. The following theorem describes the adaptive fuzzy control law which
guaranties the reachability to sliding surface and the elimination of chattering.
Theorem 3. Consider the uncertain large-scale system with assumption (A1) -(A3), and the over
mentioned switching surface. Suppose that, for every subsystem E;, the DAFISMC law is:

U, = Kx, + O (40)
where:

i -1 4 T

¥0Fi = g’lFi,l Lo Ogp L Ogip E ’

1 1- b|,m
%OFi,k = (mk,l - Mys )dik

(41)

aik is given by the following adaptive law:

d = bik|”\k,1' mk,2|’k = L..m; (42)
then, a stable sliding mode exists from initial time.
Proof. First, we consider that controller applied to the system is the fuzzy one given by:

1 r T
- . . oy
uFI 1- b|m gJFI,l L uFl,k L uFI,mi ¢! (43)

Let us consider the following Lyapunov candidate function:

N N
V=4 [Si], = & sion(s;)"s, (44)
i=1 i=1
where: ||.||1denotes the norm 1 of a vector and sign(S; )" = gign(siyl) L sign(si’mi)g.

The time derivative of this Lyapunov function is given by

N N , N U
V&= § sign(s,)’ $= § sign(S;) DA X + (Imi + DB, ,, )ui Him t HinW + & by - Kixg
i1 i-1 i f
N : N
= sign(S;)’ | AA X +(|mi +ABi,m>uF,i +AB; KX + fi i O, 1)+ Hi magy + D hij.m (X, 1)
i-1 j=i
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N N
=Y sign(s;)" | @; (x;, 60|)+(|mi +ABi,m)UF,i + 2 hij,m (X, 1)

i=1 j=i
with:

D; (X, @)= AN X +AB; nKixj + i i (%, D)+ Hj may
In addition:

N Y NN .

D.sign(Si) D hjm (X D) =2 > sign(S;)" hjim (%, 1) .

i—1 j=i i=1 j=i
Let us define:

‘//i(xil )—(D Xy @ ZSlgn(S) hjlm(xwt)

j;tl

then, we can rewrite that:

V<Z{Z|w.k X, @ )| +sign(S;)" ug; +sign(s;)" AB; mu,:l}

=1 (k=1

Or, from the definition of fuzzy rules and the expression of the fuzzy controller (37), we can
deduce that:

sign(S;)" Ugj =

1 b Z| F|k|

i,m k=1
Consequently, we can deduce that:

VS%{%L//i,k(Xi’a)lﬂ Z| F'k|+ Z| Flk|}

i=1 | k=1

2 pols |2|um|} {mx,, b8

£ [3ntn b naelc]

As aresult, V < 0if the following inequality holds:
|'//i,k (%, @ )|

e ‘(,Uik,l ~ Hik,3 )‘

(45)

The validity of the last condition is guaranteed by the existence of an optimal value b:ik as
proved in Wang’s theorem [31]. The complexity of the function ; (Xi , @ )and the difficulty in
the exact knowledge of uncertainties bounds make the determination of the value & very

difficult. In order to surmount this problem, & can be estimated; & is its estimated value.

The fuzzy controller is replaced by the adaptive one mentioned in theorem 3, using the adaptive
law (36). The Lyapunov candidate function is modified to become:

Vy =V +Z{Z ixt o } (46)

=1 k1
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With: %0( = fiik - d, isthe estimation error. The time derivative of the new Lyapunov function
is given by:

Vi <V +Z{Z Bidsi k} %{

m;
2
=1 k=1 =

k=1

S

U'//lk X, & )|_‘<,Uik,l_ﬂik,3)‘$ik +5i,k|ﬂik,1_,uik,3|:|}

UW. k (% )|_‘(,uik,1 —ﬂik,3)‘5ik J} <0

Tz

This, achieves the proof.

5. lllustrative example
Consider the following large-scale system with the dynamic equations in the form of (5)
(N=2):

Subsystem E1: ny = 2,m; = 1

éO‘ ¥ oA QOlsln(t) Ou QOZsm(t)u
ng 1o g)Bsn(t) Og e g)4sm(t)g
€0.2in (X11 )X3o U €0.3u _ L
& UH, = & g W = sin(),Cy = g 0y

fi (Xl’t) ? 4sin (xy, )Xllg P44
hyp (X, ) = g) 4§< 21%22;

Subsystem E2: n, = 2, m, = 1,

0 1y
€ 1=
& 1 0.015

A = g’o 138 ~ g’og DA = g 0 0.2cos(t )i DB €O3cos(t)u
2o g of U T2 D3sin(t) o ¥ ?SCOS(t)H

ﬁ()3005(x21)x22 03y o
fz( 2,t) @055|n(x22)x21gH = é) EWZ =sin(05t),C, = P 1Y

hay (Xl) = %:42‘11&2'

The pseudo-inverses of input matrices are given by B = g) 13 B, = ? 0.53 . Then,

the application of the procedure of uncertainties decomposition given in section I, allows the
determination of the following parameters:
Subsystem E1:

a, = 032, = 01 by = 0.4,b, =02 Oum = 04,9, = 0.2

aj;pm = 04,a,, =02

Hym = 04 Hyy = 93 og.

Subsystem E2:
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3, = 015a,, = 02 b, =025b,=03 g, =025g,=03

aym = 02
8y = 02 Hyp = 03 Hy = 95 og :

The application of LMI (17) gives the following feasible solutions:
Subsystem E1:

¢0.2760 -0.5903y
Xl =€ U
%0.5903 1.8359 g

83’1 = 00120,

Ky = - §L9-00 9.013 71 =3, &1 =0.0677, &, =0.1639,

84’1 = 00203, 6‘5’1 = 01054, 86,1 = 00067, SN’]_ =0.1136

Subsystem E2:

€0.0987 -0.2738y

X, = & u
5—0.2738 1.0254 H

83’2 :00069, 84’2 200093, 85’2 :00341, 86,2 200053, EN,Z =0.1136

Firstly, we apply the proposed DISMC to the system with null initial conditions, in order to
evaluate the Hoo performance. The simulation results are carried out in figure 1 and figure 2.
Figure 1 shows the state variables responses which are clearly attenuated; indeed, their
magnitudes do not exceed 0.08. This observation is accentuated by actual values of the Hoo
performance depicted in figure 2 The related final values are very small.

Ky = - 515-5 5-5% ¥2 =25, &g 5 =0.0271, &, =0.0308,

0.08

=}
&

R

o
Q
[N]

state variables of subsystem 1
o
Q
N o

o
g

Time [s]
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0.08 — x21

n — DD

0.06

0.04

0.02

-0.02

state variables of subsystem 2

o 1 2 s 4 5 & 7 8 9 10
Time [s]
Figure 1. State variables responses with proposed DISMC (null initial conditions)

0.07

0.06

= subsystem 1
— Subsystem 2

0.04 - il

0.05 -

0.03 1

0.02 s

0.01 i

0 L L
8 9 10

~ F

o 1 2 3 4 s o
Time [s]
Figure 2. Actual values of H.. performance with proposed DISMC

Secondly, we consider the case of no null initial conditions with x;, = gl -13 and

Xy = g—l 13 Figure 3 and figure 4 indicate, respectively, the evolution of switching functions

and controllers using the proposed DISMC. The same signals, when DAFISMC is applied, are
shown in figure 5 and figure 6, respectively. The state variables evolution using DISMC and
DAFISMC for both uncertain large-scale system and nominal subsystems (e.g.: in absence of all
uncertainties, disturbances and interconnections) are given by figure 7.

From these simulation results, it is obvious that the proposed schemes result in a stable sliding
mode from initial time. Though, it is clear from the controller evolution that the DISMC approach
is accompanied with chattering phenomenon. This disadvantage is overcome by the DAFISMC
over the elimination of high frequency discontinuities in the controller. The state variables
responses according to both approaches are superposed. So that, the DAFISMC preserves the
same dynamical performances of the closed loop system as the first approach. In addition, these
responses are close to small vicinity around those of nominal subsystems, which confirms the
robustness of the proposed approaches.

Moreover, to compare the proposed DFISMC approach to the classic method of avoiding
chattering phenomenon presumed by the approximation of the sign function by a saturation
function, the figures 5, 6 and 7 illustrate also simulation results using this method with a
saturation function (with boundary layer of 0.1). It is obvious from the controller evolution in

771



Robust Decentralized Adaptive Fuzzy Integral Sliding Mode

figure 6 that the chattering is avoided. From the evolution of state variables in figure 7,
satisfactory results are obtained. However, it is clear from figure 5 that the sliding surfaces are
more deviated from the origin which confirm that this method do not preserves the sliding mode
stability in the boundary layer because of the linearity of the saturation function around the

origin.

0.01 T T T T T T

0.005
o
8 0
(]
]
3
w
=3
5 -0.005
7]
001 1
0015 . 1 . L . 1 . ) .
0 1 2 3 4 5 6 7 8 9 10
Time [s]

Sliding surface 82

L L L 1

-12
1 2 3 4 5 6 T 8 9 10
Time [s]

Figure 3. Switching surfaces for both subsystems with proposed DISMC

T T T T

10 T T T T T

o

Controller u ;
&

10}
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12 T T T T T T T T T

107 7

Controller u,

Yy L L L . . L
0 1 2 3 4 5 6 ¥ 8 9 10

Time [s]
Figure 4. Controllers evolution for both subsystems with proposed DISMC

01 === proposed DFISMC -
s DISMC with saturation

Sliding surface S,

0 : | 2 3 4 5 6 7 8 9 10
Time [s]

1.5 T T T T

-0.05

= proposed DFISMC
DISMC with saturation

Sliding surface S,

| 1 1 I | 1 I
0 1 2 3 4 5 6 7 8 9 10
Time [s]

02

Figure 5. Switching surfaces for both subsystems with proposed DFISMC and DISMC with
saturation approximation
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= proposed DFISMC
= DISMC with saturation
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0 1 2 3 4 5 6 7 8 9 10
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Figure 6. Controllers evolution for both subsystems with proposed DFISMC and DISMC with

saturation approximation

1 02
0 FAYAY FANAYIFAY FANVAY P
A VYV VY VWV VNV
08 ——— DISMC with saturation
02
04
06
~ 0.04 - e
l HAAAA] \ A A
o 0 ° b ¥/ \ o / \
s s
IR AvAvAvATRIE NI ESE v Ay AV Y
H s J \
& -0.04 8 -0.05
@ i % A
s 4 45 5 55 6 12 01
4 45 5 55 6
" AAAAAA AA_AA =
VVVVVVVY vV Vv
16
02 18
0 | 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
time [s] time [s]

774



Chaouki Mnasri, et al.

——DISMC
DAFISMC

N —— nominal subsystem
N fvf\vf\ A A - 2 ——— DISMIC with saluration

/

02 o A 4\ A\ 1 15 0.05 /\\\ I ) / \\] / /\
0.02 'IJ\\ /\ //\\ A g 0‘ 1\ T,J// \\\ )/L \ \ 1’, // \.L\\ ]Z / \\
001 \ | / g |

\\\/ !
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o \/ \// \\/ \/ o WO
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state variable x21(t)

tate

4 45

time [s] time (s]

Figure 7. State variables evolution using DISMC, DFISMC and DISMC with saturation
approximation for both uncertain large-scale system and nominal subsystems

6. Conclusion

In this paper, the problem of designing robust decentralized integral sliding mode control of
large-scale systems with mismatched uncertainties, disturbances and interconnections has been
considered. Based on LMI, a sufficient condition of the quadratic stability of sliding mode
dynamics with Hoo performance has been proposed. The immediate sliding mode existence has
been guaranteed by the proposed control law, and as a result the robustness has been improved.
The induced chattering phenomenon has been eliminated by the proposed DAFISMC. The
efficacy and the validity of the proposed approaches have been illustrated through numerical
examples. Further work will extend the proposed method to large-scale systems with polytopic
mismatched uncertainties and nonlinear large-scale systems.
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