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Fault Tolerant Control for Induction Motors using Sliding Mode
Observers

N. DJEGHALI, M. GHANES, M. TADJINE, S. DJENNOUNE and J. P. BARBOT

Abstract— In this paper a fault tolerant control design based In this work the design of the fault tolerant controller for in-
on a sliding mode observer for induction motors is proposed. duction motors is based on the use of sliding mode observers
First, a direct field oriented controller based on backstepping for fault detection and reconstruction ([9]-[11]). The sliding

technique is designed in order to steer the flux and speed . . .
variables to their desired references and to compensate the mode observers are used in both linear and nonlinear systems

load disturbance. Second, a sliding mode observer is designed With uncertainties. They permit to reconstruct explicitly the
in order to detect and reconstruct the faults and also to estimate faults by analyzing the dynamic of the estimation error
the flux. Then, additic_mal cc_JntroI laws based on the estimates when the sliding mode occurs. In our method, the design
of the faults are designed in order to compensate the faults. -t the fault tolerant controller does not require to know or to
Numerical simulations show the effectiveness of the proposed . -
control scheme. estimate the vector of frequencies. Moreover, the approach
proposed here does not require to know the model of the
. INTRODUCTION faults effects and it can also compensate the faults caused

. by the parameters variations and additive faults in actuator.
Research on fault tolerant control systems has receiv hereas, the authors in ([4],[5]) are limited to stator and

a great attention due to significantly increasing demand Qg or asymmetries whose model is known. In this paper,
reliability, maintainability and survivability of physical plants j; is shown that a Direct Field Oriented Controller based

([1]-[3]). Fault tolerant control systems have abil.ities toon the backstepping strategy permits to steer the flux and
detect the presence of a fault and eventually to isolate dheeq variables to their desired references and to compensate
(fault detect!on and isolation) and also to reconfigure thg,a |0ad torque effect. A sliding mode observer is used to
control law in order to compensate the effect of the faulfeconstryct the faults and to estimate the flux, then additional
and maintain the stability and the control performance (faultynirol laws based on the resulting faults estimates are
tolerance). . designed in order to compensate the faults.

Induction Motors (IM) are subjected to rotor and stator faultsths paper is organized as follows: In Section 2, the induction
such as stator short circuits, broken bars or rings, eccentrigistor oriented model is presented. Section 3 is devoted to
ity,...etc. Asin ([4],[5]), this paper is concerned with the rotofipe design of the backstepping controller in un-faulty mode,
asymmetries caused by broken bars or dynamic eccentricijich is able to steer the flux and speed variables to their
and stator asymmetries caused by static eccentricity. Th@sjred references and to compensate the load disturbance.

presence of rotor and stator asymmetries induces harmorigction 4 describes the induction motor model in presence
components in the stator currents with frequencies which agg (gior and stator faults. Section 5 presents the faults

directly related to the kind of the fault (stator or rotor fault);oconstruction by using a sliding mode observer. Section
and amplitude and phase which depend on the severity gfresents the design of the fault tolerant controller, while

the fault ([4],[3])- Section 7 gives the simulation results. In Section 8, some

There are many literatures concerning fault tolerant contr@lynclusion remarks on the proposed fault tolerant control
of induction motors ([4]-[8]). This paper focuses on they.s given.

implicit fault tolerant controller proposed in ([4],[5]), where

the effects generated by the occurrence of the fault are ||, INDUCTION MOTOR ORIENTED MODEL
assumed to be modeled as an exogenous signal given by . ] ]
an autonomous “neutrally stable” system (exosystem). In In field oriented contcrlgl, the flux vector is forced to align
([41,[5]) the design of the fault tolerant controller is basedVith the d-axis &, = =z = 0). The resulting induction
on an internal model which requires to know or to estimatg'otor model in thg(d — q) reference frame is described by

the vector of the frequencies characterizing the faults. Thife following state equations [12]:

design method becomes very difficult in case of a large vector 4, . . L Vi
g H y g ;[iifé = —aigs + Wslgs + oL EL T, ¢d7" + Jzé
of frequencies. digs ) ) - V..
ddt = z‘”qs — Wslds — L., PQoar + oL, (1)
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( R, 1—0
a =
oL, oTy

Whereo is the coefficient of dispersion,given by:

) B. Step2:Speed control

The objective is to steer the spedd to the desired
reference)*, let eq = 2 — Q* be the speed tracking error.

b1 L2, The error dynamic of the speed is:
L,L, . PL,, f T -,
; bq = ——igsPar — = — = —Q 8)
L, L., L, are stator, rotor and mutual inductance, respec- L.J ¢ J J

tively. Rs, R, are respectively stator and rotor resistange. A Lyapunov function is defined as:
is the stator pulsationr, is the rotor time constah% )
2

P is the number of pole paird/,, Vs are stator voItage Vo = —€2, (9)
componentsgg,, ¢4 are the rotor flux components? is 2

the mechanical speed. is the load torqueigs, i, are stator BY deriving (9) we obtain:

current components/ is the moment of inertie of the motor. . ] PL,, f T .,

f is the friction coefficient. Vo = eqéa = ea(7— L] Tiqsbar — jQ T ) (20)

. BACKSTEPPING CONTROL DESIGN

This part deals with the speed and flux control by mean§5
of backstepping control. This nonlinear control technique cam’

is chosen as virtual element of control for stabilizing the
eed, its desired valug, is defined as:

be applied efficiently to linearise a nonlinear system with the, _ JL, _ kih  f o o
existence of uncertainties, it is usually incorporated with the?® — L,,,Lqud,,.( koeq—k: tanh e eqt 72+, far # 0
nonlinear damping to enhance robustness ([13],[14]). (11)

In this work in order to compensate the load disturbance the

backstepping technique is used. The idea of backsteppitiere:h = 0.2785. e; > 0,k > 0 andkq > 0 are design
design is to select recursively some appropriate functions Bframeters.

state variables as virtual control inputs for lower dimensioBY Settingi,s = i, in (10) we get:

subsystems of the overall system. At each step of the . kih T
backstepping a new virtual control input is designed. When Vo = ea(—kqeq — k1 tanh o U 7 12
the procedure terminates, the actual control input results

which achieves the original design objective by virtue of gqr 1., ~ IT\mW we obtain:

final Lyapunov function, which is formed by summing up the

Lyapunov functions associated with each individual design v, < —kqge2 — ky tanh(l?—heg)eg + k1 leq] (13)
step. 1

A. Stepl:Flux control with:

The objective is to steer the fluk;,. to a desired reference o _
o5, let ey, = ¢ar — ¢, be the flux tracking error. The The derivative of the Lyapunov equation (13) becomes:
dynamic ofe is:

lea| = eqsigneq (14)

. kih
Vo < —kgze% — k1 tanh(ieg)eg + kieqsigneq (15)

Lm . 1 M €1
Ch = s — — Qdr — ; 3
Co = = las = G = Qay @ \We have (see [14]):
A Lyapunov function is defined as: , kih
0 < kyeqsigneq — ki tanh(——eq)eq < €1 (16)
V, = L2 4) !
¢ 2% The derivative of the Lyapunov function (15) becomes:
By deriving (4) we obtain: .
y g (4) ; Vo < —kgeé + €1 (7)
Vo = epéy = g T:L lds — ;fbdr - ar) () This implies that the variablen, converges to a ball whose

: ) . . size depends on the parameter
To makeV,, negative definitejy, is chosen as virtual element

of control for stabilizing the flux, its desired valug, is C. Step3: Currents control

defined as: The objective is to steer the currerits and iy, to their
o Trg ddr  Tr s (©) desired referencag; andi,, respectively. Lety = iqs —ij,
tds = T NeCe T L, + L, Par ande, = i,s —i*, be the tracking errors of the currents, then
wherek, > 0 is a design parameter. the dynamic of the tracking errors are given by:
. di
: : éq = —aigs + Wsigs + Gar + L — Sis
By settingigs = i%, in (5) we get : , T ”L e Q(; ok » déi;q
. g = —Qlgs — Wslds — UL - dr + f T @t (18)
_ 2 ‘ L
V¢——]€¢€¢<O (7) e¢:Lmed+ WLng_ 1¢d7'_¢dr

This implies thate, — 0 or ¢g, — ¢, asymptotically. éq = IZL’” eqbar + FEmit dar — 52— L — O




With:
izs = k¢6¢ -+ der
. JL kih fFo o
'qu :m(fkgeg — kl tanh ZEQ -+ jQ —+ Q )
di;s o 1—Trk¢ Lm ¢dr Trkd’ s Tr T
dt *( Lm )( T lds T )+ Lm ¢dr + Lm ¢dr
diz,  JL PL,, f
qs _ r I
dt ~ LnPoy ) < L,J e JQ>
JL, (f .
Faleo, @, 6a) + ——— (L — Fy(eq) ) 2
+ 2(697 7¢d )+ LmP(bd,r (J 1(69))
L JL . LiFi(ea),
LmP(de PLm¢dr
(19)
Where:
kh kih f
F, ko — L (1= ft N2 J
1(eq) = —kq - ( tanh( - eq) ) +5

JL
F2(eQaQa¢dr) PL 2 ¢dr
m¥dr
h )
(erQ + kltanh(ieg) — iQ — Q*)
€1 J

By substitutingiy,, i,
the system of the tracking erro($8 ) becomes:

64 = — Gige + Wigs + —2T gy + Lo
d — ds slqs O'LSLTTT dr O'LS
_(Lmrohe) (Lu,  du) ke,
L,, Tr ds Tr L, ¢
Tr "
E(bch“
. . . Ly, Vs
€qg = — Qlgs — Wslds — oL.L, PQ(bdr oL
JL, PL, f
s T *Q
JL f . JL, -
—— (= — Fi(eq))?* — ——Q~
meﬁbdr( 1( Q)) meﬁﬁdr
L, Fi(eq)
m’f - FQ(eQa Q, ¢dr)
PL,, kih T
éqn = €q(de koeq — kltanh(ieg) - —

LJ €1 J

Proposition 1: Let:

) m . L,
Vs =0 Ly </€d€d + args — - €p — Wslgs — m@h
].77'T/€¢ Lm ¢dr Trk¢ Cx Tr T
(T)( - tds — - ) + I b + Zd)dr
(21)
koh
Vgs =0 L, (—kqeq - kgtanh(%eq) + aigs + welds
2
L7Tl m :]L
PQ - —
t7 I Gdr 7L, eq@ar + Lo Pon Fi(eq)
PL,, f
( L ¥i qu¢dr - jQ) + F2(6979a¢dr)
JL, f . JL, .
— F Q4 —QF
T Pog, 7 11(e2)) +mm@r>
(22)

be the actual control inputs, whereky; > 0, k, > 0

ko > 0 and e, > 0 are design parameters. Then, if
ks > ‘LPLFl ;“)T’ , the error variablesy, eq,eq ande,
are globally unlformly bounded.
Proof. By substituting the control lawg1) and(22) in (20)
we get:
Ly,
ke
€q d€d . €p
_ koh PL L, Fi(eq)
€g = — kqeq — k:2tanh(¥eq) — JLT: eqPar mT
€y =
. Ly, kih T
=77 €q¢dr kaeq — kltanh(;—leg) i
(23)
Consider the following Lyapunov function:
1
V= i(ei +ed +ed+ eg) (24)
The derivative ofl/ with respect to time is:
V =C¢ <— 6d)
PL,, kih T
+ eq ( 77 2 egtar — kaeq — kltanh(zeg) — J)
Ly,
+ eq (—kded — €¢>
Tr
koh PL, L Fi(eq)
€q (—k‘qeq — k;gtanh(geq) - L eqPar + PLoon,
(25)

7)



From the ste@ we havek; > |§|mam, then the derivative Wherew; is the pulsation of the harmonic generated by the

of the Lyapunov functior(25) becomes:

Vv < —kd)ei — kge?) +e1 — kded —k 63
—katanh(¥2le,)e, + %LFl(eQ)T

For ky > ‘%;LM;“)T

mPdr

max

function (26) becomes:

(26)

stator faults andvy 4,7 =1, ...,

N are the pulsations of the

harmonics generated by the rotor faults. The amplitudes and
the phases of the harmonics are unknown, they depend on
the initial statew(0) of the exosystem. Then, the additive
sinusoidal terms ir{28) can be as a suitable combination of

, the derivative of the Lyapunov the exosystem state, i.e:

ids = lds + Qqw

V < —kgel, — kaed — kael — kqel +e1+e2  (27) Bgs = igs + Qqu (30)
This implies that the error variables;,eq,eq ande, are  With:
globally uniformly bounded.
Qa=(10 10 10)
IV. IM MODEL IN PRESENCE OF FAULT
The presence of faults caused by rotor asymmetries (bro- Q=(0 101 .. .0 1)
ken bars or dynamic eccentricity) and stator asymmetri deriving (30 "
(static eccentricity) induces sinusoidal components in th y deriving (30) we get:
stator currents ( for more detail see ([4],[5]), i.e: digs Lo Vs
— = — aigs + u)siqa —— g + ——
N dt oLsLy7, oLy
iqs =ids + Asin(wit + @) + Z[AiSin(WZ,it + i) + aQquw + QqSw — wsQquw 31
i=1 digs ] . L., Vs (31)
+ A_;sin(wg _it + p_;)] (28) g = Ogs — Wslds — oL.L. PQégr + oL,
+ aQqw + QgSw + wsQqw

N
igs =igs + Acos(wit + @) + Z [A;cos(wa it + ¢;)
i=1 Then, the IM model in presence of faults becomes:

—+ A_iCOS((.UQ_’_it -+ ()0_1)]

dids o . . Vds r
Whereiz, andi,, denote the stator currents in tié — q) dr . Qds T Wslgs T Lr T‘ﬁdr oL, +Ta(w)
reference frame. The pulsations of tBé& + 1 harmonic i, . ) Vs
components depend on the kind of fault; (is due to the g = = ®fas T @stds T L 7.1 [ %ar + oL, +Tg(w)
stator asymmetries, while, 1,4 = 1,.., N are due to the dpar  Lum .
rotor asymmetries). The amplitudes AL; and the phases —— :T - *¢dr
©, p+; are unknown, they depend on the entity of the stator ;) _PL, ¥ T
or rotor asymmetries. — =g dar — S0 — =
- L.J J J
The sinusoidal components generated by the presence of (32)
the rotor and stator faults can be modeled by the following
exosystem ([4],[5]): With:
W= S(w)w,w € RAN+2 (29) Fy(w) = aQqw + QaSw — wsQqw
With: w = ( w1 W21 W2 1 W2 N W2 N ) is .
the vector of the pulsations. Lo(w) = aQqw + Q5w + wsQaw
S, 0 In this work the pulsationsvy,ws 14,4 = 1,...,N are
S(w) = 0 S, assumed to be unknown. In order to reconstruct the fault

effectsI'y(w) andT',(w) a sliding mode observer is used.
S. — 0 w1
s —Ww1 0

S,i = diag << 3 wé’i
—wa;

) , Sy = diag (Sr1,

0 wa _j
’ —W2 —; 0

V. FAULT RECONSTRUCTION

Consider the system (32), where the curreptsi,s and
speed() are assumed to be measured. In order to estimate



the fault effectsl'y(w), I';(w) and the flux, a sliding mode
observer is defined as:

digs d

= —a%ds + Welgs + ﬁ&dr + ;/L* — UgStgNSsq
d:ﬁs = —a%qs — Welgs — ﬁPQQAﬁdr + ;/% — UgSIgNS,
dﬁ;" = im ids Lédr
= PQ + - q;’;rzqs
(33)

Where:igs, zqs are the observed stator currents azry;l is

the flux estimateyq > 0 andu, > 0 are design parameters.

sq ands, are the sliding surfaces defined as:

84 = lds — lds (34)

Sq = lgs — lgs

The currents and flux estlmatlon errors are defmed;@&

Sd = st st; Eq = Sq = qu qu and Ep = der ¢dr:
then the errors dynamics are given by:
de ~ . Lm
7; = —agq + (ws — ws)zqs + m€¢ — Fd(w)
— UgSIgNE
d L,
% =—agg — (Ws — Ws)igs — oL, PQey —T'y(w)
— UgSigNEy
d5¢ 1
@R
(35)
Proposition 2: For:
> | —aza (@0 = wigs + —P—ey — Tufw)
Uq agq Ws Ws 'Lqe L 7 T Ep d\w .
(36)
Ug > ‘asq — (s — ws)igs — I. L ———PQey — (w)‘
g
@7

the sliding mode will occur, i.eeg =¢4 =0 ande, =&, =
0, then the faults can be estimated.
Proof. Consider the following Lyapunov function:

1
V:§Ed

1
+ =¢2

The derivative of(38) with respect to time is:

Vv =eq(—aeq + (@5

— ugsigneq) + €4(—agq —

™ pQe, —
oL L. 0

— Wy )igs +

Ly(w) —

554 (38)
L.,
—cy — T
oL,L TT€¢ a(w)
(Ws_ S)st
UgSigney)

(39)

By choosing:
>‘ + (@ )igs + L Ia(w)
Ud —Aacq Ws — Ws)lgs —F— &¢ —lalw
ULSLTTT max
Ug > ‘asq — (s — ws)igs — oL. L ——PQey —Ty(w )‘

max

the sliding mode occurs, i.ey =¢4 =0 ande, = ¢, = 0.
Therefore the equations5) become:
Ly,

g —Ta(w)

(Ws —ws)igs+ . —UgSigneqgea = 0 (40)

LSLTTT
R . L, .
—(Ws — ws)ids — SL.L. ———PQey — Ty(w) — ugsignee, =0
(41)
d€¢ 1
o _ - 42
dt T, ¢ (42)

Equation(42) shows thats, converges to zero as— oo,
thenw, — w, and the estimates of the faults are given by:

I?d = _UdSigneq(Ed)
Ty = —ugsigneg(gq)

(43)

Remark 1: The function sign., represents the average
value of thesign function, it can be obtained by the use
of a low passe filter or by a continuous approximation of the
sign function. Here theign function is approximated by an
hyperbolictanh function.

VI. DESIGN OF FAULT TOLERANT CONTROL

The structure of the global controller is given by:

Vds = Vdsn + Vdf

Vas = Vgon + Vo (44)

with Vg, and Vg, are the backstepping control laws
(21) and (22) designed in un-faulty modéw(t) = 0) to
steer the tracking errors to zero and to compensate the load
disturbance.

Var and V¢ are additional control laws (compensation
units) that will be designed in order to compensate the faults.
Proposition 3: Let Vy,, and V,,, be the backstepping

control laws given by(21) and (22) and let:

Vi = —oLsTy (45)

Vs = —oLTy, (46)
be the additional control laws, where the estimiel’, are

given by (43). Then the faults are compensated.



Proof. The dynamics of the tracking errors are given byreferences and the load disturbance is rejected. Figure 2

shows the responses of the induction motor controlled by the
backstepping controller when stator and rotor faults occur.
The IM responses exhibit oscillations and deviation from
their desired references. Figure 3 shows the responses of
the IM in case the backstepping controller is augmented
with the fault compensation units. The effectiveness of the
compensation units in compensating the effect of the faults
is evident. Figure 4 shows a good estimation of the faults. In
order to test the robustness of the proposed control scheme,
the variations of the rotor resistané& and stator resistance

R, are introduced. the simulation results are given by the
figure 5. We see that the proposed controller is insensitive
to the rotor and stator resistance variations.

VIlII. CONCLUSION

In this paper a sliding mode observer based approach to
fault compensation for induction motors has been presented.
In absence of faults a backstepping controller permits to steer
the flux and the speed variables to their desired references
and to reject the load disturbance, however the presence of
faults degradates the performances of the induction motor.
In order, to detect and estimate the faults a sliding mode
observer is used. The use of a sliding mode observer provides
a good estimation of the faults. Then, additional control laws
based on the resulting faults estimates permit to eliminate the
effect of the faults.

dea o I Vi
gt T Mds T Wales O Gar T
1 — 7k Par\  Trke ;.
O =
Tr e
- L7¢dr + Fd(w)
m
deq . . Vs
E = — Qlgs — Wslds — L L PQ¢dr O'Ls
JL, PL,, f
s r *Q
LTTLP(Z)d’I (651)( L J Zq ¢d J ) (47)
JL, | f . JL, .
— Fi(eq))¥* — ——QF
L P¢dr( 1( Q)) me(bdr
L Fl(eg)
mT — Fy(eq,Q, par) + Fq(w)
de¢ L
o = — k¢e¢ + P [¥]
de PL,, kih T
dtﬂ T.J —Leqdar — kaeq — kltanh(;—leg) - =
By substituting(44) in (47) we get:
ded ~
ar = (w) — Tg(w)
deg kah PLy,
a kqeq — kzt@mh(geq) - ﬁeﬂ¢dr
L.F .
+ ) - By (w) (@8)
d€¢ L
o T Recet
deq PLy, kih T
ot LJ —eqdar — kaeq — kﬂfcmh(zesz) -3

Section (5) shows thdt,(w) — Iy(w) andl’, (w) — Ty (w)

then the faults are compensated and the resulting closed loop
system is stable. Its stability is proved in Sectidby the
Lyapunov function(24).

VII. SIMULATION RESULTS

Numerical simulations have been performed to validate the
proposed control scheme. The induction motor parameters
are given in the appendix. The controller parameters are
chosen as followsk; = 650,k, = 500,kq = 0.5,ky =
25,k1 = 300,ky = 300,uq = 26000,u, = 26000. The
speed and flux references are fixed (& = 100rad/s
and ¢3. = 0.9Wb, respectively, also a load disturbance
T = 3N.m is applied. Figure 1 shows the responses of
the induction motor in the absence of faults in case just
the backstepping controller is present in the loop. The
speed and the flux trajectories converge to their desired
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Fig. 1. Responses of the IM controlled by the backstepping
controller in un-faulty mode
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Fig. 2. Responses of the IM controlled by the backstepping
controller when faults occur

Q(rd/s) 8, (Wb) and §,, (Wb)
.
o
.
/ o
/ o7
o
/ f
i
o
o
0.1 02 03 04 05 06 07 0.8%" 01 02 03 04 05 06 07 08
time (s) time (s)
igs(A) iy (A)
i
y \
‘ \
0T oz o7 64 o5 o5 o7 os or 6z o5 o4 o5 o6 o7 e
time (s) time (s)
Ve (V) Vs V)
57 oz o8 os 05 08 o7 o8 57 6z o8 o4 o5 08 o7 o
time (s) time (s)

Fig. 3. Responses of the IM in case the backstepping controller is
augmented with the fault compensation units
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Fig. 5. Responses of the IM with an increase4650%R, and
+50%Rs
IX. APPENDIX
The induction motor used in this work is a
1.5KW, U = 220V,50Hz,I,, = 7.5A. The parameters

are: R, = 1.633Q,R, = 0.93Q,L, = 0.076H, L,
0.142H, L,, 0.099H, J 0.0111Kg.m2, f
0.0018N.m/rad/s and P = 2.

REFERENCES

[1] M. Blanke, R. Izadi-Zamanabadi, S. Bogh and C. Lunau, Fault tolerant
control systems- a holistic view, Control engineering Practice, pp. 693-
702, 1997.

M. Blanke, M. Staroswiecki and N. Wu, Concepts and methods in
fault-tolerant control, Proceedings of the american control conference,
Arlington, pp. 2606-2020, 2001.

P. Mhaskar, A. Gani, PD. Christofides, Fault-tolerant control of nonlin-
ear processes:Performance-based reconfiguration and robustness, Int J
Robust Nonlinear Control, pp. 91-111, 2006.

(2]

(3]

C. Bonivento , A. Isidori ,L. Marconi, A. Paoli , Implicit fault tolerant
control: Application to induction motors. IFAC, 2002.

C. Bonivento , A. Isidori ,L. Marconi and A. Paoli , Implicit fault
tolerant control: Application to induction motors. Automatica, 40, pp.
355-371, 2004.

F. Tahami, A. Shojaei and D. A. Khatir, A diversity based re-
configurable method for fault tolerant control of induction motors,
International Symposium on Power Electronics, Electrical Drives,
Automation and Motion, pp.66-71, 2006.

R. L. A. Ribeiro, C. B. Jacobina, E. R. C. Silva and A.M.N.Lima,
Compensation Strategies in the PWM- VSI Topology for a Fault
Tolerant Induction Motor Drive System, Atlanta, 2003.

J. M. Miller and C. Morrison, Fault-tolerant operation of induction mo-
tor drives with automatic controller reconfiguration, in conf.Rec.IEEE
IEMDC, pp.156-162, 2001.

C. Edwards, S. K. Spurgeon and R. J. Patton, Sliding mode observers
for fault detection and isolation, Automatica, 36, 541-553, 2000.

C. Tan and C. Edwards, Sliding mode observers for detection and
reconstruction of sensor faults, Automatica, 38, 1815-1821, 2003.

T. Floguet, J-P. Barbot, W. Perruquetti and M. Djemai, On the
robust fault detection via a sliding mode disturbance observer, INT. J.
Control, Vol.77, No.7, pp. 622-629, 2004.

C. Canudas de Wit, Commande des moteurs asynchrones 2, Optimi-
sation, discrtisation et observateurs, Edition Hermes Science, Paris,
2000.

C. Chen, Backstepping control design and its applications to vehicle
Lateral control in automated highway systems, Dissertation, University
of California at Berkeley, 1996.

M. Polycarpou and P. loannou, A Robust Adaptive Nonlinear Control
Design”, Proceedings of American Control Conference, pp. 1365-
1369, 1993.



