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Abstract: In this paper, a fault tolerant control for induction motors based on backstepping
strategy is designed. The proposed approach permits to compensate both the rotor resistance
variations and the load torque disturbance. Moreover, to avoid the use of speed and flux sensors,
a second order sliding mode observer is used to estimate the flux and the speed. The used
observer converges in a finite time and permits to give a good estimate of flux and speed even
in presence of rotor resistance variations and load torque disturbance. The simulation results
show the efficiency of the proposed control scheme.

1. INTRODUCTION

Induction Motors (IM) are widely used in many industrial
processes due to their reliability, low cost and high perfor-
mance. However, because of several stresses (mechanical,
environmental, thermal, electrical), IM are subjected to
various faults, such as stator short-circuits and rotor fail-
ures such as broken bars or rings,...etc. The diagnostic
of IM has shown that the presence of faults leads to
parameters variations (Moreau et al. [1999]). In this work,
we focus on the rotor resistance variations.

Fault Tolerant Control (FTC) systems are able to main-
tain specific systems performances not only under nominal
conditions but also when faults occur (change in sys-
tem parameters or characteristic properties). There are
two types of FTC: active and passive approaches. In the
passive approach, the controller is designed to maintain
acceptable performances against a set of faults without
any change in the control law. In the active approach, first
the faults are detected and isolated (fault detection and
isolation step), second the control law is changed (control
reconfiguration step) to maintain specific performances
(blanke et al. [2003], blanke et al. [2001]). This paper is
concerned with the passive fault tolerant controller for IM
in order to compensate the rotor resistance variations and
the load torque disturbance. The proposed approach uses
a direct field oriented controller based on backstepping
strategy to steer the flux and the speed to their desired
references in presence of rotor resistance variations and
load torque disturbance. Moreover, sensorless control is
considered. This control method avoids the use of the
speed sensor (Holtz [2006], Ghanes et al. [2009], Ghanes
et al. [2010]). For instance, in Ghanes et al. [2010] the
feedback controller uses an adaptive observer in order to
estimate the flux and the speed, in Ghanes et al. [2009]
the control scheme is based on a first order sliding mode
observer. The sliding mode observers are widely used due
to their finite time convergence, robustness with respect to
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uncertainties and the possibility of uncertainty estimation
(Perruqueti et al. [2002], Edwards et al. [2000]). When we
use the first order sliding mode approach the chattering
effect appears. To avoid the chattering effect, the high
order sliding mode techniques have been developed. In
this work, the controller uses a second order sliding mode
observer (Solvar et al. [2010], Levant [1998], Floquet et
al. [2007]) to estimate the speed and the flux.

Compared to the existing fault tolerant control schemes
reported in the literature (Diallo et al. [2004], Bonivento et
al. [2004], Djeghali et al. [2010], Tahami et al. [2006], Fekih
[2008]) the contribution of this paper is first the design of
a backstepping controller in presence of rotor resistance
variations and load torque disturbance and second is the
estimation of the speed by a second order sliding mode
observer which uses only the measured stator currents.
This paper is organized as follows: Section 2 describes
the IM oriented model in presence of rotor resistance
variations. Section 3 gives some definitions on the prac-
tical stability. Section 4 is devoted to the design of the
backstepping controller which is able to steer the flux and
speed variables to their desired references in presence of
rotor resistance variations and load torque disturbance.
Section 5 presents the speed and flux estimation by using
a second order sliding mode observer. Section 6 shows
the simulation results. Section 7 gives some concluding
remarks on the proposed fault tolerant controller.

2. INDUCTION MOTOR ORIENTED MODEL

In field oriented control, the flux vector is forced on the
d-axis (¢gr = dﬁg" = 0). The resulting induction motor
model in the (d — ¢q) reference frame is described by the
following state equations (Canudas [2000]):
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dids _ , . Lm Vds
- @lds = Wslgs + TP dar T OT
Z(ZS . . m qs
. s — Wslds — PQ r
dt @t Wstd O'LSL,« ¢d + O‘Ls (1)
dpge L. 1
a I tds — ;¢dr
@ _ P, Mg T
dt — Ly et T T
with:
ws = PQ+ L (2)
° Tr¢d7
R, 1—-0
“= (O'Ls + oy )
Where o is the coefficient of dispersion,given by:
L2
—1_ m
7 L.L,

Ls, L., L,, are stator, rotor and mutual inductance,
respectively. Rgs, R, are respectively stator and rotor
resistance. w; is the stator pulsation. 7, is the rotor time
constant (7, = %) . P is the number of pole pairs. Vg,
Vgys are stator voltage components. @q., ¢4 are the rotor
flux components. € is the mechanical speed. T is the load
torque. iqs, iqs are stator current components. J is the
moment of inertia of the motor. f is the friction coefficient.
In presence of rotor resistance variations, the model (1)
becomes:

dids . . L Vds
= —Qlds + Wslgs t+ ————@ar +

+ hi(z)

ddt oL, L rTr L‘i
1 S . . S
d(gz = ;alqs _Wilds - oL, L ——PQ¢a, + O'zs 2($)
WM = T’f‘n ids — T_¢dr + h3(l‘)
dQ  PL,, . 5 " oT
it ~ Lo =0T

(3)
where © = (ids,igs, Par,2). h1(x), ho(z), h3(x) represent
the fault terms due to rotor resistance variations, they are
given by:

a) = ARy (o i+ it 0
l—0o . o
hQ(I) = AR,« (_(J—LT)ZQS — (ZSTT;/TZCISZ(IS)

Ly, . ¢dr
hs(z) = AR, | =Zigs —
3( ) r < L7~ ds L7~
Here we introduce some definitions on the practical stabil-
ity which will be used in the next section.

3. PRELIMINARY

Consider the following system:

x :f(t,ﬂ?)
x(to) =x0, to >0 (4)

where x € R", t € R>p and f : R>o x R® — R" is
piecewise continuous in ¢ and locally Lipschitz in . (to, 20)
are the initial conditions. We introduce the following
definition in which B, denotes the closed loop ball in R"
of radius r centered at the origin, i.e: B, = {z € R™
|lz|| <}, with ||.]| denotes the Euclidean norm of vectors.

Definition 1.  The system (4) is said to be globally
uniformly exponentially pratically stable (or convergent
to a ball B, with radius » > 0), if there exists § > 0 ,
such that for all ty € R>o and all zp € R" there exists
k > 0 such that ||z|| < k||zollexp(—B(t — to)) +r, VE >t
(Laskhmikantam et al. [1990]).

4. BACKSTEPPING CONTROL DESIGN

This part deals with the speed and flux control by means of
backstepping control. This nonlinear control technique can
be applied efficiently to linearize a nonlinear system with
the existence of uncertainties, it is usually incorporated
with the nonlinear damping to enhance robustness (Chen
[1996], Polycarpou et al. [1993]).

In this work in order to compensate the rotor resistance
variations and the load disturbance the backstepping tech-
nique is used. The idea of backstepping design is to select
recursively some appropriate functions of state variables
as virtual control inputs for lower dimension subsystems
of the overall system. At each step of the backstepping a
new virtual control input is designed. When the procedure
terminates, the actual control input results which achieves
the original design objective by virtue of a final Lyapunov
function, which is formed by summing up the Lyapunov
functions associated with each individual design step.

4.1 Stepl: Fluz control

The objective is to steer the flux ¢4, to a desired reference
o4 5 let e = ¢ar — @), be the flux tracking error. The
dynamic of ey is:

) L, . 1 .
ey = —ids — —Par + h3(x) — O, (5)
A Lyapunov function is defined as:
1
Vi=5¢ (6)

By deriving (6) we obtain:
. L
V¢€¢é¢€¢< -

Ty

To make V¢ negative definite, i4s is chosen as virtual
element of control for stabilizing the flux, its desired value
iy, is defined as:

Lt i) - d@) (7)

T,

. T kih .
lgs = L_ (—k‘¢6¢ — kltanh(;—lqu) ¢d

i) ®)

where h = 0.2785. ki,ky and e, are pos1t1ve design
parameters.
By setting iqs = ¢}, in (7) we get :

. kih
V¢ = 7k¢6§) — klttmh(?%)% + h3€¢ (9)
1

for k1 > |h3|max We get:

. k1h
Ve < fk(bei — kltanh(%e(b)e(b + kyleg| (10)
1

with:
leg| = epsigneg (11)

The derivative of the Lyapunov function (10) becomes:
V¢ § 71’6(1)6?5

kih
— kltanh(%e(b)e(b + kiegsigneg  (12)
1
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we have (see Polycarpou et al. [1993]):

kih
0 < kregsigney — kq tanh(%%)% <e (13)
1

The derivative of the Lyapunov function (12) becomes:
Vi < —kgel +e1 (14)
This implies that the variable es converges to a ball

whose radius can be reduced by making small the tuning
parameter 1.

4.2 Step2: Speed control

The objective is to steer the speed 1 to the desired
reference 2%, let eq = 2 — Q0* be the speed tracking error.
The error dynamic of the speed is:

PL,, f T .
b0 = sPar — = — = —QF 1
=77 —lgsPd 7 7 (15)
A Lyapunov function is defined as:
1
Vo= 56?2 (16)
By deriving (16) we obtain:
Vo = eqéq = ea(——+ T.J igsPdr — F-5 -0 ) (A7)

iqs is chosen as virtual element of control for stabilizing
the speed, its desired value iy is defined as:
e JL, kah f

it = —2" (—kgeq—ko tanh ——e +ZQ40), ar # 0
s LmP¢dr( qeq—ks ., ot )¢d(?é)
18

where h = 0.2785. k2 and kg and e, are positive design
parameters.

By setting igs =iy, in (17) we get:

T

koh
kqeq — ko tanh Leg -=)

Vo = eal- &2 J

(19)
For ko > |§|maz we obtain:

. kah
Vo < —kzgeé — ko tanh(%eg)eg + kaleq| < —kqed + €2
2

(20)
This implies that the variable e converges to a ball
whose radius can be reduced by making small the tuning
parameter €.

4.8 Step3: Currents control

The objective is to steer the currents i4s and i4s to their
desired references 7}, and ic*ls, respectively. Let eq = 145 —
iy, and eq = 145 — 1y, be the tracking errors of the currents,
then the dynamic of the tracking errors are:

Ly, Vs di
2d = —Qlgs slgs T — +h -
éq @i + wsigs + — LrTr ———Qar + oL. + hi(x) 0t
¢q = —ai i PQoar + 22 4 () Loy
= - s — Wslds — r
9 e d aLsLT o, T dt
L L .
€p = —ed+ —ig, — <Z>d7 + hs(z) — ¢y,
. Pr. " PL, foT .
€Q = L J eq¢dr L Ni q5¢dr - Q - j - Q
(21)

with:
kih ,
IR :L— ( kpey — kltanh(—e )+ ¢d + qﬁdr)
m €1
e JL, kaoh f -
qu :m(*kﬂeg - k2 tanh g@g —+ jQ + Q )
di’ Par

Tr Ly, .
= F s — h
dt L'nL 1(€¢) ( Tr ' Tr N B(x))

Tr 1) . Ty -
Lo < 1 (€¢) ) ¢dr + Lo ¢d7

di* JL PL,, f
1 — s T _Q
at Lo Doy 2lee) < L,J et = )
JL’I“ f Y
+ F3(€Q, Q, ¢dr) + m (7 — F2(€Q)> Q
JL, L,.Fs(eq)
+ QF — T + Fihs(x
LuPéar PLyar ahs(z)
(22)
where
2
F1(€¢) = 71’64) — M <1 —1 nh(—e¢)2> + i
€1 Tr
k2 k
Fyleq) = —kg — 2= (1 — tanh(—=¢ )2) + 1
[50) 2 J
L,, . r
FB(GQ;97¢dT) = < lds — ¢d > F4(€Qa97¢dr)
Tr Tr

JL, koh
PLm¢d7 (erQ + kgt@ﬂh(g@g))

JL, f .
T PL02 <FQ -0 >

F4(€Q, Q7 ¢d7“)

*

By substituting 7}, ¢ qs,ddt
the system of the tracking errors (21) becomes:

. . . Vds
ed:*alds*'“wszqs oL L., 7¢dr O'L +h/1( )
Tr L, .
-7 (2 2 o)
+ 2 (Rt - 1) - 2265
) . ‘ Ly, Vs
€g = — Qlgs — Wslds — 5T.L. PQda, + az 2(2)
JL, PL,, F
__YJEr bar — L0
LoPog 2lea) ( L) lasbar =5 )
JL'r' f :
— Fyleq, 0 dar) — ——=2_ (L _ R O
3(eq, Q, dar) T Pon (J 2(69))
JL, ., L.Fy(eq)
- . T-F
LB~ PLodg - ()
. kih
ey = — kpeyp — kzltcmh(z%) (x)
. PL,, koh T
éq = 7 equd,« kaeq — kgta/nh(;—269) -3

(23)

The actual control inputs are chosen as follows:
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ksh L
Vas =0 Ly ( kaeq — kstanh (—ed> + aigs — —ey
€3 Tr
L Lm . ¢d7‘
Ay A iy -
oL.L. T¢dr Lm ( - id . )

— Wslgs —

Tr 7k T_” Tk
_Lm (Fl - T_r) ¢dr + Lmq/)dr)
leuh (24)
Vgs =0Ls | —kqeq — k:4tanh(€—eq) + aigs + Welds
4
Ly, PL,, JL,
PQ T T 7 T
+ oL.L. o) 7L, eqdar + Lo Pon Fy(eq)
PL,,
( L.J qu¢dr - §Q) + F3(€Qa Qa ¢dr)
JL, f . JL, - )
(= - F(eq) + ———OF
LoPoy g P g

(25)
Proposition 1. Consider the system (3) and the control in-
puts (24) and (25) where : kq, kq, k3, k4 are positive design
parameters. €1, €2, €3 and €4 are positive and arbitrary

small parameters. Then, if k3 > ‘hl( ) — = F1h3($)}
max
pie s G|

and kg > , the error

ha () PLodar
variables ey, eq, eq and e, are globally unlformly expo-
nentially practically stable.

Proof. By substituting the control laws (24) and (25) in
the error system (23) we get:

ksh Lo,
€q = — kqgeq — kﬁanh(%ed) — (l’)
3
—_ T Fh
I 3(z)
. kah PL,,
eq = — kqeq — k4t¢mh(;—46q) — JTGQ(,de + hQ(I')
r
L7'F2(eQ)
- F. —T
4h3($) + PLm¢dr

()

PL koh T
Lrj;eqcéd,. — kqeq — k/’QtG/nh(;—QEQ) - =

ép =—kopep — kltanh(%%)

eq =

Consider the following Lyapunov function:
V=c (ed+e +e¢+eQ)

The derivative of V Wlth respect to time is:

V =ey (kded — k3tanh(@ed) _ Lm (x)
3
Tr
In h3(””))
ksh PL,,
+eq (—kqeq - k:4tcmh(geq) - J—Lregqbd,« + ho(x)
L.,-FQ(@Q)
_F — T
4h3($) + PLm¢dr

kih
+ey (—k¢e¢ — kzltcmh(%ed))
1

)

PL,, koh T
+eqn ( T.J eq¢d7 kaeq — k’gtanh(;—269) — 7)

(28)

From the step 1 and 2 we have k1 > |h3|maz and ko >

|2 |maz , then the derivative of the Lyapunov function (28)
becomes:

V< —kzd)ei — kgeé +e1+e9— k:defl - kqeg
h
fk3tanh(gied)ed - k4tanh(€ieq)eq
4
L.F:
2(eq) T> ey (29)
PLm¢d7'

+ | ha(w) - LT—;Fl (%)hs(I)) ed

+ hQ(IL’) — F4h3(£L') +

For
ks > |h1(x) — L; hs(zx)
and L Fyl W)w
ri'2(€q
k4 > |ho(x) — Fyhs(z) + PLoon ‘maw
we get:
V < —kged — kaed — kael — kge2 +e1 + €2 + €3 + ey

(30)
This implies that the error variables ey, eq, eq and
eq converge to a ball whose radius can be reduced by
making small the tuning parameters €1, €2, €3 and &4.
This means that the error variables are globally uniformly
exponentially practically stable (see the definition 1).

In order to implement the control laws without flux and
speed sensors, a second order sliding mode observer is used
to estimate the speed 2 and the flux ¢g;-.

5. SECOND ORDER SLIDING MODE OBSERVER
DESIGN

The IM model in (a — ) reference frame is given by:

. . Ly, L, Vs
as — T Ulas ar PQ r
7 Alos + oI Lr Tr,b L% Opr + VL
. . Bs
s = — s ——PQ ar —7 5 _ 9pr
'8 Wps = oL L ¢ oL bor + T
(bar = 7PQ¢[3T —mias - _¢ar
. I Tr 17—7“
bpr = PQoar + Tm igs — T_d)ﬁr
& T
- PLy . ‘ f T
Q= sPar — tasPpr) — =0 - =
.7 (igsdar —tastpr) = 72—~ -

with Vi, Vg, are stator voltage components. ¢, ¢g, are
the rotor flux components. 2 is the mechanical speed. T
is the load torque. i4s, igs are stator current components.
The currents i,s, i35 are assumed to be measured.

By applying the following change of variable:

Z1 :ias
%) :iﬁs
Lm —PQ
z3 = oL Lr T(bar L L ¢ﬁr (32)
24 = — O’str PQ¢ar + %qj)ﬁr
Z5 =23
Z6 224

the system (31) becomes as follows:
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as

Z1=—az1 + 23+

1 1 3 ULS

%
Zo = —azy + 24+ UZS
s

2’3 =Z5 (33)
2’4 —=Z6
2’5 =Z7
2.;6 —Z8

A second order sliding mode observer is defined as (Levant
[1998], Floquet et al. [2007)):

: - . ) . V.

2 = —az + 23+ M|z — 51| Psign(z — 2) + ——

. oL,

zZ3 = agsign(z1 — £1)

; - . ) R Vs

Z9 = —azo + 24+ Aalz2 — 22|0'5szgn(22 — %)+ azé
S

,'2?4 = aasign(za — 22)

,7;’3 = ElEQ (25 + )\3|,§3 — 23|()‘5sign(23 — ,7:’3))

25 = E1E2a3sign(23 — ,7:’3)

,%4 = F1Fs (26 + )\4|54 — 734|O'55ign(24 — 24))

Ze = EyEsaysign(Zy — 24)

7;'5 = E1E2E3E4 (27 + >\5|§5 - 25|O'55ign(25 — 25))

27 = E1E2E3E4a5sign(25 - 25)

26 = E1E2E3Ey (28 + Aol 26 — 26" sign(Zs — %))

28 = E1E2E3E4a65ign(26 — 26)

(34)

where E; = 1if Z; — 2; = 0 else E; = 0 for i=1,...,n. with
Z1 = 21, Z2 = 2. For a suitable choice of the parameters

) / 2
A and o g > Z5maz AL > (041 + Z5maac) a1—zs )
omax
/ 2
a2 > Zemaz, A2 > (@2 + Zemax) o -ete (for proof

see Levant [1998], Floquet et al. [2007]), the observation
errors (Z; — Z;) tend to zero in finite time, then the speed
and the flux are estimated as follows:

From equations (32) we have:

23 =boar + CQ(bg,«

35
24 = — CQ¢a7‘ + b¢ﬁr ( )
where: b = O'LF‘F.T.’ €= o’f%.
By solving the above equations we get:
bzz — cQzy
¢ar = B2 +CQQQ
cNz3 + bzy
Por = T3 a2
b% + c2Q

By substituting z3, z4 and € by their estimates 23, Z4 and
) we obtain the flux estimates as follows:

~ o bZA,’g — 6024

2 4202

; 225 + b

Ppr = o

b2 + CQQQ
By deriving the equations (35) we get:

1 L )
25 =23 = —T—Zg — PQzy + bT—mias +c Tm Qiﬁs + C(bﬁ,«Q
(36)
26 =24 = ——2z4 + PQzz + b—igs — c—Qiqs — cPard
Ty Tr Tr

(37)

Finally, by neglecting the speed variation €, the estimate
of the speed is obtained from the above equations as
follows:

Ly,

Tr

~ 1 2 .
z5+T—TZ3fb Tas

Q:

L‘m. . ~
CEigs — Pz

6. SIMULATION RESULTS

Numerical simulations have been performed to validate the
proposed control scheme. The IM parameters are given
in the appendix. The controller parameters are chosen as
follows: kg = 0.5, k4 = 10, k1 = 10, ke = 300, ks = 100,
ks = 100, kq = 700 and k; = 500. The speed and flux
references are fixed at . = 100rad/s and ¢}, = 0.9Wb,
respectively, also a load disturbance T' = 3N.m is applied.
Figure 1 shows the responses of the IM without parameters
variations (un-faulty mode), we see that the speed and
the flux trajectories converge to their desired references,
also the estimated flux and speed converge to their actual
values. Figure 2 and 3 show the responses of the IM
with rotor resistance variations of +50%R,. and +100%R,.,
respectively. In each case, the controller rejects the rotor
resistance variations.

Fig. 2. Responses of the IM with rotor resistance
variation of +50%Rr
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Fig. 3. Responses of the IM with rotor resistance
variation of +100%Rr

7. CONCLUSION

In this paper a sensorless fault tolerant controller for IM
has been presented. First, a field oriented controller based
on backstepping strategy is designed to steer the flux and
the speed to their desired references in presence of rotor
resistance variations and load torque disturbance. Second,
to achieve the sensorless fault tolerant control, a second or-
der sliding mode observer is used to estimate the speed and
the flux from the stator currents measurements. The simu-
lation results show the robustness of the proposed control
scheme. Certain points remain to be studied. The stability
analysis of the closed loop system (observer+controller)
and the experimental validation of the proposed control
scheme will be included in the future work.
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Appendix

The induction motor used in this work is a 1.5 KW, U =
220V, 50Hz, I, = 7.5A. The parameters are: R, =
1.6339Q2, R, = 0.93Q2, L, = 0.076H, L, = 0.142H, L,, =
0.099H, J = 0.0111Kg.m?, f = 0.0018N.m/rad/s and
P=2.
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