Int. J. Appl. Math. Comput. Sci., 2011, Vol. 21, No. 4, 605-615

DOI: 10.2478/v10006-011-0047-5

LMI-BASED ADAPTIVE FUZZY INTEGRAL SLIDING MODE CONTROL OF
MISMATCHED UNCERTAIN SYSTEMS

CHAOUKI MNASRI, MONCEF GASMI

Research Unit in Automatic Control and Industrial Computing, URAIIL
National Institute of Applied Sciences and Technology, INSAT
Carthage University, Zone urbaine Nord, BP 676, Tunis Cedex, 1080, Tunisia
e-mail: |chaouki.mnasri@isetgf.rnu.tn, m.gsm@enit.rnu. tn

Integral sliding mode design is considered for a class of uncertain systems in the presence of mismatched uncertainties in
both state and input matrices, as well as norm-bounded nonlinearities and external disturbances. A sufficient condition for
the robust stability of the sliding manifold is derived by means of linear matrix inequalities. The initial existence of the
sliding mode is guaranteed by the proposed control law. 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 validity and efficiency of the proposed approaches are investigated

through a sixth order uncertain mechanical system.
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1. Introduction

The relationship between models and the reality they rep-
resent is subtle and complex. The differences or errors
between them define the term uncertainty. Thus, it is
necessary to analyze dynamic systems subject to uncer-
tainties. In other words, for control design purposes we
need to handle simple models. However, the obtained
controller must work when connected to a real system.
Control strategies based on this philosophy have attracted
the attention of researchers and have been widely con-
sidered. Variable Structure Control (VSC) with Sliding
Modes (SMs) has been regarded as a robust technique for
its insensitivity to external disturbances and model uncer-
tainties satisfying the matching condition, i.e., perturba-
tions that affect the system model through the input chan-
nel (Decarlo et al., 1988; Hung et al., 1993). In addition,
the use of SMC can offer fast response, good transient
performance and order reduction. These advantages make
the SM technique very widespread in robust control de-
sign (Ha et al., 1999; Utkin, 1992).

The existence of the reaching phase in the result-
ing closed loop system yields the sensitivity of the dy-
namics to perturbations in an initial period of time in
which the system has not yet reached the sliding manifold
(Ackermann and Utkin, 1998). Hence, the new approach

known as Integral SMC (ISMC) has as the main contribu-
tion the elimination of the reaching phase. The basic idea
of this concept is the addition of an integral term in the
sliding surface allowing immediate sliding mode emer-
gence (Utkin and Shi, 1996). ISMC is used in the works
of Mnasri and Gasmi (2007a; 2007b) and good results are
obtained for large scale systems with matched uncertain-
ties.

Application of the same method in the control of
matched uncertain MIMO systems produced good per-
formance as for robustness and tracking (Mnasri and
Gasmi, 2008). However, in many cases, the uncertain-
ties and external disturbances do not always satisfy the
matching conditions. Contrary to the matched case, any
mismatched uncertainty affects the behavior of the sliding
mode directly, even when the ISMC approach is used. To
solve this problem, the main idea is the combination of
SMC with other robust techniques.

A majority of the existing methods are based on Clas-
sic SMC (CSMC) (Kim et al., 2000; Choi, 2001; Xia and
Jia, 2003). These methods are affected by the aforemen-
tioned insufficiency of SMC with the reaching phase. Re-
cently, much research has been focused on the advantages
of ISMC in the control of systems with mismatched un-
certainties. This method is considered by Cao and Xu
(2004) for the case of systems with mismatched uncer-
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tainties in the state matrix, but it is limited to matched
uncertainties in the input matrix and to external distur-
bances. A few recent studies have included the case of
mismatched uncertainties in the input matrix (Shaocheng
and Yongji, 2006; Choi, 2007). However, neither of them
is applicable in the presence of mismatched disturbances
not related to the input channel.

In this paper, we propose a new approach to design
ISMC for a class of uncertain systems. This class regroups
mismatched uncertainties in both state and input matri-
ces, as well as mismatched norm-bounded nonlinearities
and external disturbances. Our approach, based on Linear
Matrix Inequalities (LMIs), combines the advantages of
ISMC with H, control. This gives a sufficient condition
for the robust stability of the system in the sliding mode.
The chattering phenomenon, the main drawback of SMC,
is also considered in this paper. An adaptive fuzzy ISMC
law is proposed to improve the performance of the con-
trol scheme, by allowing elimination of chattering and the
estimation of the norm bounds of uncertainties. The effi-
ciency of the proposed control laws is investigated through
a sixth-order mechanical system example.

2. Problem formulation

2.1. System description. Consider the following un-
certain system:

t=[A+AAlx
+[B+ ABJu(t) + f(z,t) + Hw(t), 1)
y = Cu,

where € R" is the state vector, u € R is the input
control, y € R? is the controlled output, f(x,t) € R"
is the vector of nonlinearities and unmodelled dynamics.
Here w € RP is a square-integrable external disturbance.
A € R™*" is the system characteristic matrix, B € R"*™
is the input matrix, H € R™*? is the matrix of external
disturbances, C € R?*"™ is the output matrix, AA and
AB represent system and input matrix uncertainties, re-
spectively. We make the following assumptions:

(i) The pair (A, B) is stabilizable.
(i) The input matrix B has full rank.

(iii) There exist known positive constants a, b, g, and wg
such that [|AA[| < a. |AB| < b. | f(z, )] < g
and |lw(t)| < wo, forallt € RT.

(iv) ||BTAB| < by, < 1, where by, is a positive known
scalar and B+ = (BTB) ™' BT,

2.2. Preliminary results. In this section, we give some
preliminary results that will be helpful to obtain our main
results.

Lemma 1. (Boyd et al., 1994) Consider the following
unforced system:

)

&=Ax+ Hw,
y = Cu.

This system is quadratically stable and satisfies the H .,
constraint || Ty || < 7 if there exists a quadratic Lya-
punov function V(x) = xT Pz, P > 0 such that, for all
t>0,

V+yTy —~7*wTw <0. 3)

Lemma 2. (Choi, 2007) For any vectors x and y with
appropriate dimensions, the following inequality holds:

2xTy < exTax+ e tyly, Ve>o0. 4)

Lemma 3. (Boyd et al., 1994) Consider a block symmet-
ric matrix .
A B
{ 5 C ] : s)

where A and C are square matrices, with C' being nega-
tive definite. This matrix is negative definite if and only if
A — BTC~'B is negative semi-definite.

3. Sliding mode stability

3.1. Sliding surface choice. In this work, we choose
the switching function as follows:

S(t) = Bta+ 2, ©)

where z € R™ is the solution of the following dynamic
equation:

2= —(BYA+ K)x, 2(0) = —B1x(0), (7)

where K € R™*" is a state feedback gain which should
be designed to lead the closed loop system to the desired
performances in the sliding mode. The sliding surface
considered allows the elimination of the reaching phase
characterizing CSMC, because the initial value S(0) = 0
for any initial conditions. The time derivative of the
switching function is derived using (1) and (6) as follows:

S(t) =BT [[A+AAlz + [B+ ABlu+ f + Hu]
— BTAz — Kz
= B"[AAz + [B+ ABJu+ f + Hw] — Kx.

(@)
Let us suppose that

I'=1I, - BB, &)
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where [,, € R"*™ is the n x n identity matrix. Accord-
ingly, it is easy to deduce that

B =Bt - B*BBT =Bt —B*=0. (10

In addition, we can rewrite the uncertainty terms as fol-
lows:

AA(t) = BAA,,(t) + AA,(L), (11a)
AB(t) = BAB,,(t) + ABy(t), (11b)
f(l’,t)ZBfm(l',t)-l-fu({E,t), (11¢)
H = BH,, + H,, (11d)
where
AA,,(t) = BTAA(t), AB,,(t) = BYAB(t),
Fm(z,t) = BT f(x,1), H,, = B"TH,
AA,(t) =TAA(), AB,(t) =TAB(t),
fulz,t) =T f(x,t), H,=TH.

(12)
Furthermore, there exist known positive constants a,,, G,
bus Gm, and g,, such that ||AA, || < am , |AAL] < ay,
IABL| < bu o [l funla, O < gon ll2ll, and || fu (2, 0)]] <
gule]).
Therefore, using (9)—(12), Eqn. (8) can be trans-
formed into

S =AApz+ (In + ABy) u
+ fm(z,t) + Hypw — K. (13)

The intrinsic condition of the sliding mode emergence is

S(t)=0, S(t)=0. (14)
This condition allows deriving the expression for the
equivalent control as follows:

Ueg = — (I + AB,,) "
X |AApz + fm(z,t) + Hpw — Kz|. (15)

Remark 1. Equation (15) requires that the matrix (1, +
AB;;,) be nonsingular. This requirement is guaranteed by
Assumption (iv).

3.2. Stability of the sliding motion. By substituting
(15) in (1), the sliding mode dynamics can be described
by

i(t) = Az + BKx + BKx + AAyx — BAA,

+ fu - Bfm + Hyw — BHmWa
(16)
where

B =AB,(I,, + AB,,)"". (17)

It is clear from (16) that the system dynamics in the slid-
ing mode are affected by the existence of uncertainties
and disturbances. Our objective is the design of a state
feedback gain K. This gain guarantees the stability of
the closed loop system while satisfying the H, constraint
Tyl <~ . Inorder to reach this goal, we proceed by
means of the LMI method.

Theorem 1. The uncertain system (1) with the as-
sumptions (i)—(iv) is quadratically stable on the slid-
ing surface described by (6) and satisfies the H, con-
straint || Ty, ||, < v if there exist a symmetric positive-
definite matrix X, a matrix R and positives scalars €;,1 =
1,...,6, such that the following LMI holds:

= 0
{ . U } <0, (18)
where
Y XCOT au,X buamX  guX
* -1 0 0 0
== x * —er 1 0 0 , (19)
* * * —e5l 0
* * * * —esl

6
T =AX +XA"+BR+R"BT+) &I, (20)

=1
R =KX, €& =(1—bn)e, 1)
[ bugmX b,RT H, 0
0 0 0 0
o — 0 0 0o 01|, (22)
0 0 0 0
|0 0 0 0
[ —eiI 0 0 0
B x  —etI 0 0
V= * * —~2 b HE (23)
| * * * —egl

Here the asterisk denotes the transpose of the correspond-
ing block above the main diagonal, and I denotes the iden-
tity matrix of appropriate dimension.

Proof. Consider a symmetric positive-definite matrix P
and choose a candidate Lyapunov function,

V(z) = 2T Pa. (24)

In order to complete the proof, we proceed by verification
of Lemma 1:

1% + yTy — 'yszw
=a" [PA+ A"P+ PBK + K"B"P|x
+ 22T PAA,x — 22T PBA A,z + 207 Pf,
— 22" PBf,, + 2e" PBKx + 22" PH,w
—2¢"PBHw + 27CTCz — 42w w.
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Using Lemma 2, we get

20T PAALz < 6127 P2z + efleAAux
< 2T [61P2 + aiefll] x,
22T PBAA,x < esx” P22
+ 65 ' aTAAL BTBAA,,x
b2a?
<l Pt 4 e
22T Pf, < esx? P?x + eg_lfquu
<27 [63P2 + gieglf] x,
—ZxTPBfm < e4a:TP2x + eZlfgLBTBfm
2 2
T
22" PBKz < e5a:TP2x + egla:TKTBTBKa:
< 2T [65P2
b
(1—bm)?
—2xTPBHmw < eﬁxTPQx + eﬁ_leHg,;BTBHmw
< eGmTPZm
+ Le_leHTH w
(1 —0bp)2° mem

Consequently, we obtain

62_1[:| x,

< 2T |:64P2 +

+ eglKTK]x,

V+yTy—yuw
< 2TQx + a:TPHuw + wTHgPa: 25)

+wT {—721 + eﬁlH}fLHm} w,

2
(1—"0bm)?
where

O=PA+ATP+PBK+K'BTP+CTC

6
b2a?
T aP (e + e e
i=1 m
5292 -1 b; —17-T
+7(1jb2)2e4 )I+7(1_1Z;m)265 K'K.

The inequality (25) can be reformulated as follows:
V + yTy — 'waTw

<[af W7 ]

X

Q PH, .
2
HIP li—seg 'HLHy — 20 { w ]

Thus Lemma 1 is satisfied if

Q PH,
2
HP (17b5“m)2€51H£Hm -2

7 ] <0. (26)

The next LMI can be derived from (26), by using
Lemma 3:

Q  PH, 0
HI'P %I b HEL <0. (27
0  buH, —(1—by)%el

After pre-multiplying and post-multiplying (27) by
diag [P~',1,I], considering X = P~' and R =
KX, the LMI (18) is obtained by the successive use of
Lemma 3. Therefore, the proof is complete. [ ]

4. Reachability analysis

In the preceding section a sufficient condition was derived
for the quadratic stability of the uncertain system on the
sliding manifold S(¢) = 0. Now, we proceed with the
second task, which is the design of an SMC law, such that
the reachability of the specified sliding surface is guaran-
teed.

4.1. Integral sliding mode control law. The proposed
ISMC law is specified through the following result.

Theorem 2. Consider the uncertain system (1) with the
assumptions (i)—(iv). Suppose that the switching surface
is given by (6) with K = RX ™', where X and R are
solutions of the LMI (18). Suppose also that the SMC law
is

uw= Kz — (28)

b
1511

where

1

p1 =G + (@m + by [ K[ 4 gm) [[2]| + [[Hin || wo,

p

with q being a small positive scalar. Then a stable sliding
mode exists from the initial time.

Proof. Consider the Lyapunov function
1
V= 5STS. (30)

Using (13), the derivative of this function with respect to
time is given as follows:

STS = ST[AApma + (Im + ABp)u
+ Hpw + fr — Kz
= ST(AAmx + AB, Kz + Hpw+ fm
S
= ST(AAma: + AB Kz + Hpw + fin)
S
- P ||S - pSTABm—
| 18T
= ST(AAmx + AB K+ Hpw + fim)
S

b,
—p1|IS| - p1[|IS| = pSTABy
181 = 1=, 1 191 5]
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<ISI [1AAmz|| + [ ABp Kal| + || Hpwl|

+ 1 fmll] = o1 1S = bmp |IS]]
< —q|lSll <0.

Then, the SMC law considered guarantees the reachability
of the switching surface. In addition, the initial value of
S(t) is given by S(0) = 0. Thus, the proof is complete.

|

Remark 2. The switching gain (29) of the proposed con-
troller is a function of the norm-bounds of the matched
components of uncertainties and disturbances a.,,, by, gm
and ||H,,||. Moreover, a,, < a, by, < b, gm < ¢,
||H.| < ||H]|, which allows the optimization of the dis-
continuous controller magnitude. This argument justifies
the procedure proposed in (11)-(12).

4.2. Adaptive fuzzy ISMC law. Two major prob-
lems may affect the applicability of the proposed SMC
law. The first is the difficulty to obtain the exact values
of uncertainties and disturbance bounds. The second is
the phenomenon of chattering, a major disadvantage of
SMC, which is induced by the switching nature of the con-
troller. Hence, to overcome these problems, an Adaptive
Fuzzy ISMC (AFISMC) law is presented in this section.
The proposed AFISMC is based on the introduction of
a Fuzzy Logic (FL) inference mechanism which replaces
the switching control law. The switching function (6) can
be written as
S=[s1- i sm]".

Let s; be the input linguistic variable of FL, and up ;
be the output linguistic variable. The associated fuzzy sets
are expressed as follows:

e for the antecedent proposition (s;): P (Positive), N
(Negative), and Z (Zero);

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

In order to make the sliding surface attractive, the
fuzzy linguistic rule base can be given as follows:

1. Rule 1: If s; is P, then ur; is PE.
2. Rule 2: If s; is Z, then up,; is ZE.
3. Rule 3: If 5; is N, then ur; 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

3
_ k=1 M0k

(3D
3 ’
D k=1 Hjk

where 0 < pj, < 1is the firing strength of rule k, k =

.,3,051 = 0,050 = 0, and §;3 = —J; stand for the
centres of the membershlp functions PE, ZE, and NE, re-
spectively. Owing to the special choice of triangular mem-
bership functions, we get

3
> mgr =1 (32)
k=1

As aresult, (31) can be reduced to the following:

ur; = (g1 = pj3) 0j. (33)

According to the aforementioned fuzzy rule base, it
is easy to observe that

o ujléj, if s; >0,
UFj = { —/ng(sj‘, if 55 < 0. (34
Then we can conclude that

sj (g1 — pg3) 65 > 0. (35)

Consider again the Lyapunov candidate function
(30). As was mentioned at the beginning of the proof of
Theorem 2, its derivative with respect to time is given by

V =8T|AApnx+ (I, + ABp)u
+ Hpw + frn — Kz|. (36)
Consequently, if the controller is selected as follows:

u=Kzx+urp, (37)

where ur is the fuzzy controller specified by
1

UR = ST [wp - wpm] (38)
then (36) can be written as
V =8T|p(@,w,t) + (Im + ABp)ur|, (39)
where
o(r,w,t) = AApx + ABp Kx + Hypw + fin
T (40)
= [spl . @m] .
Therefore,

m
b Zs qu—S AB,,ur
m]

VZZSJ'%‘
<Z|5190J|_ b

+ |AB,|| ||5Tup||

m
< Z |sje5 — b ZSJ pg1 = tj3)0;
i=1 m j=1

m
bm > si(pin — pgs)d;.
7j=1

sj (i1 — 1153)0;

MSH

m

<.
Il
—

@amcs
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+ System

/5

AFISMC/scheme |

[

Fig. 1. Structure of the proposed AFISMC scheme.

Switching
surface

Hence we get

m

Z sjl lleil = [mg1 — pzl 05 (41)

As aresult, V < 0 if the following inequality holds:

s

5> —1Pal
1 — sl

j=1...,m. (42)

According to Wang’s theorem (Wang, 1997), there
exists an optimal value E which satisfies the preceding in-
equality. However, this value cannot be accurately deter-
mined because the uncertainties bounds cannot be easily
extracted. Then, §; is chosen as the parameter to be up-
dated. The structure of the proposed scheme is indicated
in Fig. 1. The following theorem describes this control
law.

Theorem 3. Consider the uncertain system (1) with the
assumptions (i)—(iv). Suppose that the switching surface
is given by (6), where X and R are solutions to be LMI
(18). If the control law is given by (37), where ur is the
fuzzy controller (38), and 6; is replaced by the adaptive
parameter 5} described as follows:

8; = B;s; (i1 — 1j3), (43)

with (3; being a nonnegative scalar, then a stable sliding
mode exists from the initial time.

Proof. The estimated error between the adaptive parame-
ter 0; and the optimal value ¢, is defined as

0; = 0; — ;. (44)

Thereafter, we choose the following Lyapunov candidate:

Ies o
V1:V+§;ﬁj 52. (45)

c
e 24 —1 ] — 3
m1 KA m2 2 m3
ul - .v‘v.v vl'.v — u2
[OIN O] [OIH®) Q Q)

Fig. 2. Mechanical system example.

Thus we obtain
. m ~ <
=V +> B350 (46)
j=1

By using (37), (39), (43) and (44), (46) can be rewritten as
i 1
Vl:zsjwj_ 1_bm

m p—
Z —05)85 (1 — Hy3)

J=1

m
:Z SjP; _SJ

J=1

1 U
13 E sjur; + Y 058 (11 — pj2)
m =1 j=1

m
E SjUF,j — STABmuF
J=1

(11 — pys)] — STABpup

535} (11 — py3)

m
Z Mjl — Kj3)
m

Z Sjpj — MJl Nj?»)]

j=1

+ | AB|[|STur||

m —_
ZSJ||¢J 05 |51 — pys|
=1

m

Z Mjl Mj:s)

m

Z Mjl Mj:s)

=1
m

Z s; [ 105

= 0; | — pyal] <0.

Thus, the time derivative of the Lyapunov candidate func-
tion is negative. This completes the proof. [ ]

5. Example

In this section we shall evaluate the proposed control laws
through the application to a sixth-order mechanical sys-
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switching functi

0 2 4 6 8 10 0 2 4 6 8 1

time [s] time [s]

=

(@ (b)

controller ul(t) [N]
controller u2(t) [N]

2 4 6 8 10 0 2 4 6 8 10
time [ time [

() (d)

time [s]

®
Fig. 3. Simulation results using ISMC: switching function S1 (t) (a), switching function S2(t) (b), controller u; (¢) (c), controller us ()
(d), acceleration ¢1 (t) (e), acceleration g2 (t) (f), acceleration ¢s3(t) (g).
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hing function S1(t)

time [s

(@)

(t) [N]

Controller ul

Controller u2(t) [N]

0 1 4 5 6 7 8 9 10 73'50 é x‘i é é 9‘7 10
time [s] time [s]
(©) (d)
1 T T T T T T T 0.5 T T T T T
o
’;; 0
o
1 £ -05 4
<
0 1 4 5 6 7 8 9 10 0 3 4 5 8 9 10
time [s] time [s]
(e) ®
e "
time [5
(2)

Fig. 4. Simulation results using AFISMC: switching function S1(t) (a), switching function S2(t) (b), controller w1 (t) (c), controller

us(t) (d), acceleration ¢1(t) (e), acceleration g2 (t) (f), acceleration §s(t) (g).
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tem shown in Fig. 2. Suppose that

m; =m+ Am;

=m(l+¢&), i=1,...,3, m=1,
k1:k2=2, C=3,
. . . 1T
fU:[Ql q. 492 42 (3 QB} )
T T
u:[ul u2}7 W:[fl f2 f3]

The system can be described by the following state
equation:

t=(A+AA)x + (B+AB)u+ Huw,

with
[0 1 0 0 0 0
-2 0 2 0 0 0
0 0 O 1 0 0
A= 2 0 -4 -3 2 3 ’
0 0 O 0 0 1
| 0 0 2 3 -2 -3
[0 0 0 0 O
1 0 1 0 0
0 0 0 0 O
B= 0 0|’ H = 0o 1 0|’
0 0 0 0 O
L0 1 00 1
[0 0 0 0 0 0
2¢6 0 —-2¢y 0 0 0
0 0 0 0 0 0
AA =
—2C2 0 4 3 20 -3¢ |’
0 0 0 0 0 1
L 0 0 —2¢ -3¢ 20 3¢
[0 0
-G 0
0 0
AB = 0 0 ,
0 0
L 0 -G
G = & . fi =0.1sin(rt).
1+&

For ¢ = 0.1,% = 1,...,3, applying the decom-
position procedure given by (11)—(12), we get a,, =
0.4711,a, = 0.5892,b,, = 0.0909, b, = 0. Then a fea-
sible solution of the LMI (18) is given by

0.055 —0.099 —0.005
—-0.099 0.380 0.015
—-0.005 0.015  0.062

0.023 -0.072 -0.070
—-0.015 -0.001 -0.010

0.027 —-0.015 0.012

X =

0.023 —-0.015 0.027
-0.072 —0.001 -0.015
-0.070 -0.010 0.012

0.385  0.038 —0.129]°
0.038  0.053 —0.075
~0.129 —0.075  0.238
e1 = 0.0385, ~ = 1.4534,
5 _ [F2661 —3.862 —2.453
T 228 0922 —3.025

0.286 —4.266 —1.972
—3.742 —0.740 —0.637|"

We remark that none of the traditional design meth-
ods of Kim et al. (2000), Choi (2001) or Xia and Jia
(2003) nor the integral SMC methods given by Cao and
Xu (2004), Shaocheng and Yongji (2006) or Choi (2007)
is applicable to the example considered. The simulation
results are obtained for the initial state vector

2(0)=[01 02 03 04 05 06 ] .

Figures 3 and 4 indicate the evolution of switch-
ing function components, controller components, and ac-
celerations using the proposed ISMC (28) and AFISMC
(37)-(43), respectively. The displacement evolution for
both ISMC and AFISMC methods is shown in Fig. 5.
From these simulation results it is clear that the proposed
schemes result in a stable sliding mode from the initial
time. However, it is obvious from the controller evolu-
tion that the first approach is accompanied with the chat-
tering phenomenon, which induces the appearance of an
undesirable vibration as depicted by the evolution of ac-
celerations. Fortunately, this disadvantage is overcome by
AFISMC through the elimination of high frequency dis-
continuities in both the controller and acceleration. In ad-
dition, Fig. 5 shows that the last approach preserves the
same dynamical performances of the closed loop system
as the first one.

Figure 6 shows the displacement evolution for both
the nominal and uncertain systems. The displacements
q1(t) and g3 (t), which are directly actuated by the control
input, are superposed for both systems, while there exist a
slight difference in the case of g2 (t) representing a nonac-
tuated variable. Therefore the robustness of the proposed
approach is confirmed.

6. Conclusion

A robust ISMC design for mismatched uncertain systems
has been studied. A sufficient condition for quadratic sta-
bility of sliding motion has been established in terms of
LMIs. The immediate sliding mode existence has been
guaranteed by the proposed ISMC law. The induced chat-
tering phenomenon has been eliminated by the introduc-
tion of an AFISMC law. Finally, the effectiveness of the

@amcs
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—t— |SMC
~——— AFISMC

displacement q1(t) [m]
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Fig. 5. Displacement evolution according to both ISMC and
AFISMC: displacement ¢i(t) (a), displacement g2(t)
(b), displacement g3 (t) (c).

proposed methods has been proved through a sixth order
uncertain mechanical system example.
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