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This paper proposes an improved sensorless fault-tolerant control (FTC) for high-performance induction motor

drives (IMD) that propels an electric-vehicle (EV). The design strategy is based on the Backstepping control (BC).
However an appropriate combination of the BC and extended kalman filter (EKF) is done, this later is designed in
order to detect and reconstruct the faults and also to give a sensorless control. Then, additional control laws, based
on the estimates of the faults, are designed in order to compensate the faults. The results show the superiority EKF
in nonlinear system as it provides better estimates for faults detection. A classical EV traction system is studied,
using an IMD. Indeed, the IMD based powertrain is coupled to DC machine-based load torque emulator taking into
account the EV mechanics and aerodynamics. Finally, the effectiveness of the proposed strategy for detection of
faults, and FTC of the IMD is illustrated through simulation studies.

Key words: Backstepping control (BC), Fault-tolerant control (FTC), Induction motor drives (IMD), Extended
kalman filter (EKF), Electric vehicle (EV).

Rekurzivna izvedba za uocavanje kvarnih stanja i upravljanje otporno na kvarna stanja elektricnih vozila
zasnovanih na indukcijskim motorima. U ovome radu predloZena je unaprijedena bez-senzorska upravljacka
strategija otporna na kvarna stanja (FTC) za indukcijski motor visokih performansi koji pokrece elektri¢no vozilo
(EV). Strategija je temeljena na rekurzivnom upravljanju (BC). Nadalje, izvedena je odgovarajuc¢a kombinacija
BC-a i prosirenog Kalmanovog filtra (EKF), pri ¢emu je potonji izveden u svrhu uocCavanja i rekonstrukcije kvarova
te kako bi omogucio bez-senzorsko upravljanje. Kako bi se kompenzirala kvarna stanja, dizajnirani su dodatni up-
ravljacki zakoni zasnovani na estimaciji kvarova. Rezultati prikazuju pobolj$anje koriStenjem EKF-a za nelinearne
sustave buduc¢i da on omoguéava kvalitetnije uocavanje kvarova. Razmatran je klasi¢ni pogon EV-a koriStenjem
IMD-a. Takoder, pogonski sklop zasnovan na IMD-u je povezan s emulatorom momenta zasnovanom na DC mo-
toru, uzimajuéi u obzir mehanicke i aerodinamicke karakteristike EV-a. Na posljetku je simulacijama ilustrirana
efikasnost predloZene strategije za uocavanje kvarnih stanja i FTC-a IMD-a.

Kljucne rijeci: Rekurzivno upravljanje (BC), upravljanje otporno na kvarna stanja (FTC), indukcijski motor
(IMD), prosireni kalmanov filtar (EKF), elektri¢no vozilo (EV).

1 INTRODUCTION

A motor control system with high robustness is an im-
portant issue in research. Induction motor drives (IMD)
are making significant inroads, because of robustness and
rugged structure. They are widely used in industrial appli-
cations such as, electric vehicles (EVs), traction locomo-
tives etc. In the last decade, fault tolerance becomes an
interesting topic in their controls. The objective is to give
solutions that provide fault accommodation to the most fre-
quent faults and thereby reduce the costs of handling the
faults.

Backstepping control (BC) is a robust control for non-
linear systems. Based on the Lyapunov stability tools, this
approach offers great flexibility in the synthesis of the reg-
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ulator and naturally lends itself to an adaptive extension to
the case. This control technique offers good performance
in both steady state and transient operations, even in the
presence of parameter variations and load torque distur-
bances.

Generally, the fault information, such as where the fault
is and how bad the fault is, can be very useful information
in designing a fault tolerant controller.

In recent years various researches have been done in the
field of motor fault detection and fault tolerant control. Ac-
tually, fault-tolerant control concepts are divided into "pas-
sive" and "active" approaches [1-3]. Assuming the possi-
ble faults are known a priori, the passive method takes into
account of all these possible faults in the design stage and
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does not change the controller when the fault occurs [2-4].
An active method usually uses a fault detection and isola-
tion (FDI) unit to collect the fault information and changes
the controller according to the fault [5, 6]. Depending on
the fault severity, a new control structure is applied, af-
ter the fault has been detected and reconstructed. Within
this framework, the main goal of FTC is to improve the
reliability of the system, which is rarely associated with
an objective criterion that guides a design. In terms of
control, FTC approach using Backstepping control is pro-
posed, to improve the induction motor drive performances
in case of rotor and stator failure. It does not consider
whether the fault has occurred or not. The faults are con-
sidered as uncertainties and are taken into account in the
controller design. A further objective consists to avoid the
use of the speed and flux sensors. A wide variety of esti-
mation techniques, have been used for the parameters and
speed estimations. These approaches include the model
reference adaptive system method [7, 8], speed observer
method [9, 10] and the extended Kalman filter (EKF) [11,
12]. The EKF algorithm is an optimal recursive estimation
algorithm for nonlinear systems. It processes all available
measurements regardless of their precision, to provide a
quick and accurate estimate of the variable of interest, and
achieves rapid convergence.

In this work, the design of the fault tolerant controller
for induction motors is based on the use of EKF for fault
detection and reconstruction. Consequently, is considered
to be the best solution for the speed and flux estimation us-
ing the measured state variables of an induction motor. On
the other hand, a classical EV traction system is studied
using a squirrel cage IMD. A separated excited DC load
is thus controlled, to impose the same behavior of the me-
chanical power train to the IMD. Compared with the ex-
isting work already reported in the literature [13-21], the
contributions of this paper are in the following aspects:

e The combination of the Backstepping control and
the EKF to design a sensorless fault tolerant control
scheme for IMD in presence of the faults.

e The EKF is used to detect, reconstruct the faults and
to estimate the state of an IM model, and for sensor-
less control.

e The exploitation of an observer (EKF) to actively
counteract the effect of faults.

e The proposed of an architecture emulating the electric
vehicle dynamics.

e This study is to propose a new control strategy to im-
prove dynamic performance of the traction motor in
the EVs.
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The outline of this paper is as follows. Section 2 de-
fines the control problem and describes the nonlinear sys-
tem. The dynamic model of EV and the nonlinear model
of induction motor in presence of faults is explains in sec-
tion 3. Then, the sensorless Backstepping control based
fault detection and reconstruction are presented in Section
4. The proposed fault tolerant control strategy is described
in Section 5. Section 6 is devoted to the presentation of the
simulation results obtained for various fault-free situations
and fault scenarios when the proposed scheme is applied
to the IMD. Finally, some concluding remarks are given in
Section 7.

2 STATEMENT OF THE PROBLEM

Let us consider a nonlinear uncertain system described as
follows [21]:

{ &= f(xz) + Bu+V; 0

y=Cx

where f (x) is smooth nonlinear function represents the
nonlinear input uncertainty of the system, x € R" is the
measurable state vector, v € R is the control input, Vy
is the control law designed for the faulty model, V; € R,
y is the detectable state vector and B, C' are known real
constant matrices with appropriate dimensions.

The control input « is defined by:
U = Unom + Uad (2

When there are no actuator faults in (2), the additional con-
trol laws (uqq = 0), so the control input becomes:

U = Unpom (3)

To achieve the above control objectives under a wide
range of faulty conditions, we propose in this work a ro-
bust control, namely Backstepping control (BC). The ob-
jective of the proposed approach is to design a robust non-
linear controller. To achieve this goal, and to avoid the
use of speed and flux sensors, an extended kalman filter
(EKF) observer is introduced to estimate the state of IM in
the two cases, healthy and faulty conditions. The observer
converges in a finite time and leads to good estimates of
the flux and the speed even in the presence of faults, the
rotor and stator resistance variations, and the load torque
disturbance.

The proposed flexible fault tolerant architecture is il-
lustrated in Figure 1. An alarm indicator is added to the
system. The alarm signal will indicate that maintenance is
needed if the fault is very big, then an alarm is sounded.

The proposed approach is applied to the traction sys-
tem, which will be developed in the following section.
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Fig. 1: The proposed fault tolerant control.

3 MODELING OF THE TRACTION SYSTEM

3.1 Modeling and dynamics of the EV

The traction drive is composed of a voltage source in-
verter supplying a squirrel cage induction motor (Fig.2),
EV model and contact law between the wheel and the road
are taken into account for dynamic modeling. However,
the slip phenomenon is complex and requires specific con-
trollers for good dynamic performance [22].

The road load is given by [23]:

Fy = ad+Fro+Fpr+FSf @

with F, is the aerodynamic drag force, F,, is the rolling
resistance force, I}, is the profile force of the road, and
Fl is the Stokes or viscous friction force.

The vehicle velocity v, is obtained using the classi-

cal dynamics relationship with the traction and road load
forces, F; and F, [24]:

dvey
dt

With M., is the mass of the electric vehicle.

The mechanical equation (in the motor referential) used
to describe each wheel drive is expressed by:

Mev :Ft_Fw (5)

dw,,
Jim—— =Ty, — T — 1] 6
tm B — 1L (6)
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Fig. 2: Traction system scheme of the EV.

Where J;,, is the moment of inertia, 1), is the motor
torque, T’z is the load torque accounting for friction and
windage, and 71, is the load torque.

The gearbox leads to the gearbox torque 7Tiy and the
rotation speed wwy given by:

— wm (7

TW = NntrTm
ww = N

The load torque is then given by:

_ Trw _ Rw Fyw
N N

Ty ®)

where N is the transmission ratio, 7, is the transmission
efficiency, and Ry is the wheel radius.
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The EV load torque emulator is based on DC machine
(DCM) fed by a 4-quadrant chopper to control the gener-
ated current. Figure 1 shows then the proposed architecture
emulating the EV dynamics.

3.2 Faulty Model of the Induction Motor

The model of the induction motor in the stationary refer-
ence frame with presence of faults is given by [19, 25]:

i = f(z) + Bu+~Vg )
with: "
[1000
TZlo0100 (10)
Vi = Vi Vf2]T

X a1X1 + a2X3 + agwyXyg

a1X9o — azwrX3 — agXy

|
)| = (11)
)

X
X a4X1 + asX3 — wWyXyq
a4Xo + wWrX3 + as X4

?
F9=1 40
ful

X

[z1 22 23 24.]7=[isa isp Pra @rg]T

T
b; 000
= 12
B |:0b200:| (12)

T T
u=[u uz" = [vsa USB]

For simplicity, we define the following variables:

_ (1 1V _ _ _M
{ ar = (VTS + VT,.) a2 =—flra3 = g 7

ag = MT,, a5 = —T,,b1 = by = o

(13)
where V. = 1 — LL;T is the coefficient of dispersion.
L, L,., M are stator, rotor and mutual inductance, respec-
tively. Rs, R, are respectively stator and rotor resistance.
T, = é—z,Tr = }LT: are respectively stator and rotor time
constant.

The fault scenario considered in this paper addresses
mechanical faults caused both by rotor and stator failures
of the IM.

The presence of the faults generates asymmetry of the
IM yielding some slot harmonics in the stator winding. In
the two-phase model, it is possible to model this effect
thinking of a sinusoidal component, which corrupts the sta-
tor currents:

nf nf
Z Al Sil’l(wit + (pz) and Z Az COS(wit + (pz)
% i

These assumptions allow us to express the deviation of
the stator currents values in presence of faults values as:

X1 — X1+ Z;Lf AZ sin(wit + (pl)
Xg — Xo + Yi 7 Aj; cos(wit + ¢;) (14)
1= 1, ey g
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with n ¢ is faults number,
wi =2nf; +2nf, =2w(fi + fa) (15)

where f; is the characteristic frequency of the fault and f,
is the fundamental frequency.

In added f; = (1£2k3+) with s, = w, —w, is the slip
angular frequency. k,w, are respectively positive integer
and stator angular frequency.

In the induction motor, the presence of faults shows
harmonic components on the stator currents with known
frequency and unknown amplitude and phase. The fre-
quency dependent on the kind of fault, which belongs to
the two possible classes (rotor or stator faults). In (14), the
amplitude A; and phase ¢; are unknown values depended
on the faults severity [26].

We define the exosystem by:

7 =+4S¢7 (16)
with:
Sy = diag(Sg)
g 0 W
= —w, 0 (17)
| Z2i—1 .
Z—[Z% },z-lwwnf

The additive perturbing terms in (14), is considered as
a suitable combination of the exosystem state, namely:

X1 — X1 +QdZ

Xo = X2 + Qg2 (18)
with: 0 [ ]
4=[1010.10

{ Qe=1[010 1.0 1] (19)

In this way the uncertainty on the amplitude and phase
of the additive sinusoidal terms in the faulty condition re-
flects in that on the initial state of the exosystem, once the
perturbing terms ()¢ Z and(@, Z are added, by deriving (18)
the (x1 — x2) dynamics modify as:

5(1 = a1X1 + asX3 + asw,x4+
biuy +a1Q4Z + QqSrZ

X9 = a1X9 + agw,yX3 — aoX4+
bous + aquZ + QquZ

(20)

Then the model of the IM in the presence of faults is
given by (9) with exogenous input:

T1 = ar;X1+asxz+agwyxy + biug + Vi
To = a;Xg—agwyXg—agXy + boug + Vi
j33 = a4x1—|—a5X3 —WrXy

i34 = a4Xo + wyX3 + a5Xy

2y
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With:
{ V= a1QaZ + QqS¢Z 22)

Vie= a1QqZ + Q,S¢Z

This equation is rewritten as follows:

Ve — _ { a1Qd + QaSy ]
/ aqu +Qqu (23)
r— { I } _ [ [21Qa + QaSy] }
I'y [21Qq + Qq5¥]

4 SENSORLESS BACKSTEPPING CONTROL OF
INDUCTION MOTOR

4.1 Backstepping Control

The backstepping control offered numerous advantages
such as, achievement a high precision; ensure good sta-
bility of the system and good transient performance. The
proposed control technique has high performance in tran-
sient and permanent regimes. The basic idea of this ap-
proach is to render the equivalent closed-loop system to
stable subsystems by Lyapunov theory [27-29].

Before applying this approach, we need to define a new
variable representing the square of the rotor flux.

Or = X3+ X4 (24)
= (x3+ xi)l/z (cos(fs) + jsin(6s))
The rotor position is defined by the angle 6 given by:
fs = arctan (X4> (25)
X3
We consider the square of the rotor flux:
T = gof = xg—i—xi (26)
According to (9) and (11), its derivative is given by:
j?r =2 (.’L’gi‘?, + $4.’I'J4> (27)

= 2Tz, +2T, M (x1x3+X2X4)

The synthesis of this control is achieved in two succes-
sive steps:
First Step

We define two errors e; and ey representing respec-
tively, the error between the real speed w, and reference
speed w,..¢ and the error between the square of the rotor
flux and its reference ;..

{ €1=Wref —Wr (28)

€E2=Tref —Lr

The derivative of (28) is given by:

é1 = d}ref—g(l‘gxg —x124) + TTL (29)
bo=ref + 2Ty, — 2M T, (2123 + X24)
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In order to check the tracking performances, we choose
the first Lyapunov candidate functionV) associated with
the rotor flux and speed errors, such as:

Lo o
Vl - 5(61 + 62) (30)
Using Eq. (29), the derivative of Eq. (30) is written as
follows:

V1 = (61é1 + egég)
= e1(tref— 5 (22w3 — w124) + TE) + €a(rer + 21y
—2MT, (z123 + x224)
(€29)
Thus, the tracking objectives will be satisfied if we choose:

mlref:f;]z(klel =+ wmf+
TTL) + m(kzez + & + 2T, x,)

: 32
x2ref:p(%3(klel + Wret+ ( )
TTL) + m(erQ + j:r + 2Trx’r)
Therefore, (31) can be rewritten as:
Vi = (—kie? — kqpe2) < 0 (33)

where k1 and k, are positive design constants that deter-
mine the closed loop dynamics.

According to (33), the controls z1,efandzs,erin (32) are
asymptotically stabilizing.
Second Step

In this step, we define other errors in the components
of the stator currents and their references. Let us recall the
current errors, such as:

€3=T2ref —T2 (34)
€4=T1ref —T1

So the dynamics ofe;and e, are written:

é1=— kieq — %(64334 — e313) (35)
éa= — kaeo + 2M T, (eax3 — e324)

From (34), (9) and (11), the derivative errors dynamics in
(33) are given by:

€f3=£1:02ref — 01 — baup (36)
€4=T1ref — 02 — b1uUy
with:
01 = —a1X9 — agwryXx3 + agTixy 37)
0o = —a1x1 — agTix3 + agw,Xy

In this step we define the control laws, while final Lya-
punov function based on all the errors of the speed, the
rotor flux and the stator currents, such as:

1
V1= 5(6% +e3+e3+ef) (38)
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Its derivative with respect to time is:
Vo = (€161 + eaéa + e3é3 + €4éy) (39

According to (34) and (35), this equation can be rewritten
as follows:

VQ = —k‘le% — k‘g@%-ﬁ-
e3(Toref — 01 — boug — 2M T4 + Gzeq)+
e4(L1res — 02 — brug +2MT w360 — Sayer)
(40)
The stator voltages control is, then deduced as follows:

ulzbi(i”ef + k464 — 52 + 2MTTX362 — §X461)
u2:g(jjgref + ksez — 01 + 2M T, x40 + %Xgel)
ks >0,ks >0

(41)
Then, (36) can be expressed as:
é3= — ksez — Zxze; — 2M T, x4ez (42)
és= — kqeq + §$461 —2MT,z3e0

The choice of k3 and k4 as positive parameters can made
Vo <0.

To show boundedness of all states, we can rearrange
the dynamical equations from (35) and (42) as:

él €1

ea | €2

e | = H es (43)

é4 €4

where:
€1 0 gaﬁg — §$4
H= 0 —kig —QMTTJ)4 QMTTJ)?,
—%583 —2MT1«£E4 —kg 0
Sxy  —2MT,x3 0 —ky

(44)

In Eq. (43), the matrix H can be shown to be Hurwitz, this
proves the boundedness of all the states.

4.2 EKEF as Faults Estimation and Speed Observer

This section considers the use of extended kalman observer
for fault detection and reconstruction. EKF is employed to
estimate the motor state variables by only using the mea-
surements of stator voltages and currents [30]. EKF uses
errors estimation signal for the estimation of faults and
states.

The discrete IMD state model used by the EKF is de-
veloped in the stationary reference frame and summarized
by:

{ (k+1)=g( (k:),u(gv))jj—w(k) s)

g(x
yk+1) =h(zx(k+1))+v(k)
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where w (k) and v (k) are white Gaussian noise processes
with covariance matrices @ (k) and R (k), but the covari-
ance matrix of noise vector, which is shown below:

cov(w) = B{ww’} = Q,cov(v) = E{wvT} = R

According to equations (9) and (11) withV; # 0, the
matrix g and h are given by:

(]. — Teal)X1+TC32X3
+Teasxaw; + Tebiug
—)\1 tanh Zyl
(1 - T, a1)xy—Teasxzwr
+Tea6X4 + Teb2u2
7)\2 tanh Zy2
Teagxi+(1 — T a5)xg—Texsw,
| Teasxs + Texzw, + (1 — T as)x, |
h(k) = Ox(k/kJrl)

(46)
The predicted covariance matrix is estimated by:

Pk+1/k)=F (k) PkFFE" +Q 7

The Kalman gain matrix is obtained by:

K(k+1)=P(k+1/k)CT [CP(k+1/k)CT + R] ™

(48)
The error covariance matrix is obtained by:

Pk+1/k+1)=P(k+1/k)[I, - CK (k+1)]
(49)
The estimated speed is considered as a variable param-
eter. A global observer structure can be written as:

&= f(&)+ Bu+K @y —19) — Miag (50)

with:
T
y=I[z1 2]
A=A Ao]” (51)
T

Uad = [uadl uad2]
K is the observer gain matrix which is selected to insure
the error stability.

The global adaptive flux and speed observer structure
is illustrated in figure (3). Then the speed adaptive mecha-
nism is given by:

(217» = Kp (2’15&4 — Zgi‘g) + Ki / (Zli‘4 — Zgi‘g,) dt (52)

where z; = (23 — &3) and 2o = (24 — &4), K, K; are
positive gains.

Thus, the speed value is estimated by a simple PI con-
troller, to minimize the error:

e = (Zli‘4 — ZQJA,‘3) (53)

741



Backstepping design for fault detection and FTC of an induction motor drives-based EVs

T. Roubache, S. Chaouch, M.-S. Nait-Said

Controller

K}
= )

Fig. 3: Adaptive observer structure.

5 PROPOSED FAULT-TOLERANT STRATEGY
AND LOAD DRIVE CONTROLLER

A fault-tolerant system is a system able to detect the pres-
ence of faults and being able to maintain stability and better
performance capabilities of the system [32]. The additive
control (uqq = Vf) is added to the nominal control to com-
pensate the faults effect (FTC aspect). It assumes that the
effects of faults on the system can be adequately modeled
by an exogenous signal from a stable autonomous system
called exosystem [33]. The IMD will be evaluated using
a controlled load drive. This load drive has to impose the
same rotation speed as imposed by the mechanical power
train (EV dynamics). To provide the right set point to the
DC machine (DCM) rotation speed, the mechanical model
is used with the IMD torque as input.

The fault tolerant architecture proposed in this paper is
illustrated in figure (1). The objective of this technique is to
provide an observer (EKF) that generates an additive term
Uqq in the absence of faults that are added to the nominal
control to compensate the effect of faults on the system.

The instantaneous difference between the derivative of
the system state and the estimated system becomes:

x T

A T T

Ze= | 2| =] 2 (54)
T3 Zs3
{,i‘4 j74

(1 — al) 211 — /\1 tanhzyl — Vfl =0
(1 — al) gxg — )\2 tanhzyg — Vf2 =0
70w —ayZy1 + (1 — ag) Zp3— i
x (W —wyp) Zza =0
_342932 - (U:}r - W'r) 2953""
(1—as)Zuu=0
(55)
Equation (55) shows that z, converges to zero, as t — oo,
then w, — w,..
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Thus, the fault is estimated by the following expres-
sion: .
{ ‘A/fl = —)\1 tanh Zyl (56)

Vfg = —)Agtanh Zy2

The function tanh represent a hyperbolic function. X
and A, are selected constant vector, (z,1 = g1 — y1) and
(zy2 = §2 — y2) are the output estimation errors.

5.1 Reconfiguration Strategy

The structure of the global proposed fault tolerant con-
troller is given by:

u:|:u1:|:|:ulnom:|+|:u1ad:| (57)
U2 U2nom U2ad

With 41,0m and usnem are the backstepping control laws,
they are designed in un-faulty mode (V; = 0) to steer the
tracking errors to zero and to compensate the load distur-
bance. u14q and ug,q are additional control laws (compen-

sation units) that will be designed in order to compensate
the effect of faults.

Finally, the objective of the control is achieved by
adopting the performed procedure and may compensate the
effect of faults on the system.

In the case of global control reconfiguration, the addi-
tional control laws (u144 and us,4) can be expressed by:

14

wd = —~V,

Ulad bll Afl (58)
U2ad = —Evfz

6 NUMERICAL SIMULATION AND DISCUSSION

Numerical simulation results are presented in this section
to validate the efficiency of the proposed FTC scheme.
The overall block diagram of the induction motor drive is
shown in Fig. 1. A Matlab/Simulink computer program
was developed to model the whole system. The param-
eters of simulations have been carried-out for an electric
vehicle using a 1.5 kW induction motor with squirrel cage
rotor based powertrain, supplied by a 3-leg VST and a 1 kW
separated excited DC machine supplied by a 4-quadrant
chopper. The model of EV consists of a mass of 1.5t, a
wheel radius of 0.3 m, and a vehicle width of 1.6 m. The
adaptation coefficients are chosen in function of speed and
torque limitations: N = 20. The nominal parameters val-
ues of the used induction motor are shown in Table 1.

Three cases are simulated. In the first case, we have
illustrated the response of the machine without faults. In
the second case there is one fault affect the motor in the
stator caused by stator asymmetries (static eccentricity). In
the third case there are two faults affects the motor in the
stator (static eccentricity) and rotor (dynamic eccentricity).

AUTOMATIKA 57(2016) 3, 736-748
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Fig. 4: Simulation responses of an IM under 100% varia-
tions of Rs and Rr, applied at time ¢ = 14s. From upper
to lower plots: Speeds, flux (reference, real and estimated)
and tracking flux, where IM via backstepping controller.

6.1 Simulation of the Backstepping control case

The first objective of this case is to evaluate the IM perfor-
mance in healthy mode. In this case, variations of 100%
of the rotor resistance (R,.) and stator resistance (R;) be-
tween the time ¢ = 14s and ¢ = 15 s with variable speed
reference are introduced.

Fig. 4 shows the motor speeds (a), the rotor flux trajec-
tory (b), and the flux linkage (c).

We notice that the responses of speed and flux shows
that the influence of this variation is weak, and that the
dynamic error of flux and of speed estimation always re-
mains low. We can see that the control present a stable and
acceptable response.
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Fig. 6: Reference, real and estimated of IM and DCM
speeds in faulty conditions (upper plot) in case of single
fault affect the IM at time ¢t = 14 s, and healthy conditions
(lower plot) with using the proposed FTC scheme.

6.2 Single fault case

The obtained results are shown in Figures 5 to 10. It is
concluded from the simulations that, besides the rejection
of external disturbance in all results. Thus, it clear to see
that, the proposed FTC system gives satisfactory results in
term of stability and tracking performance for the IMD.
Then at time t= 14s an occurrence of one fault in the stator
(Static eccentricity) is provoked. A trapezoidal trajectory
with a reverse operation is imposed as set point of the ve-
hicle velocity. The rotor speed of the machine converges
to the speed generated by the mechanical model.

The simulation results show that the proposed FTC
strategy is able to maintain the vehicle stability and ac-
ceptable performance under both faulty and fault free con-
ditions.
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Fig. 7: Induction motor currents (z2) in faulty conditions
(upper plot) case of single fault affect the IM at time
t = 14s, and healthy conditions (lower plot) with using
the proposed FTC scheme.

Fig. 7 shows the IMD currents in both conditions. As
we can see from the plots, an oscillatory behavior is ob-
served when the fault is switched. Such oscillatory behav-
ior can be easily eliminated by using the proposed fault
tolerant control. We were able to achieve good tracking
performances and disturbance rejection.

6.3 Two fault case

In this case, two faults are introduced, one in the stator and
the other in the rotor. The same tests, presented previously,
are applied to the machine during the introduction of fault
tolerant control Figures (11-15).

The rotor flux and the speed follow up the reference
quickly and perfectly for the backstepping control which
confirms the robustness of this technique. In order to sim-
ulate the stator fault, figures 9 and 10 shows the EKF per-
formance in the estimate of unknown additive faults VfI
and Vf2.

From these results, we can see that the proposed control
is robust to parameter variations, but is insufficient in case
of faults. Increased strength reduces the error on the speed
but can not cancel the effect of faults on the currents.

The results show clearly the effectiveness of the FTC
control that occurs during the application of the fault by
removing all defects. In faulty conditions, it is found
that EKF has better performance for high and low speeds
and is also less sensitive to rotor and stator resistance
variations.
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Fig. 9: Real and estimated fault in case of single stator fault
(Vy1) affect the IM at time ¢ = 14 s (upper plot), and fault
error (lower plot) when using the proposed FTC scheme.

7 CONCLUSION

In this paper, we have proposed a new improved sensor-
less fault-tolerant control around the Backstepping struc-
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Fig. 10: Real and estimated fault in case of single stator
fault (V) affect the IM at time ¢ = 14s (upper plot),
and fault error (lower plot) when using the proposed FTC
scheme.

ture for induction motor drive by using both Backtepping
strategy and Lyapunov stability theory. A new approach to
fault estimation is presented, where an EKF is used for a
good estimation of the faults. Then, additional control laws
based on the resulting faults estimates permit to eliminate
the effect of the faults.

The effectiveness of the proposed FTC system is veri-
fied by controlling two mechanical systems, an induction
motor and an electric vehicle. The simulation results
prove that the proposed FTC scheme can guarantee the
good tracking performance as well as the stability of the
closed-loop system against the simulated faults. Finally, it
is important to highlight that the final performances of the
proposed FTC strategy are mainly due to the fault estimate.

APPENDIX A

Table 1. Rated data of the simulated Induction Motor

1.5kW, 5Nm, 1430rpm, p = 2, R =
572Q, R, = 420, L, = 0462H, L, =
0.462H, M = 044H, J = 0.0049kg.m?
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Fig. 11: Reference, real and estimated of IM and DCM
speeds in faulty conditions (upper plot) in case of two
faults affects the IM at time ¢ = 145, and healthy con-
ditions (lower plot) with using the proposed FTC scheme.

Table 2. Rated data of the simulated DC Machine

1kW, 5Nm, 1500rpm, R, = 2.581Q0, R, = 281.3(2,
L, = 0.028H, L, = 156H, J = 0.02215kg.m?
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