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Abstract – This paper describes a sensorless fault-tolerant control (FTC) for a high-performance 
induction motor drive that propels an electric-vehicle (EV). The effect of the fault on the induction 
motor (IM) can be modeled by an exogenous signal from a stable autonomous system. An additive 
term is added to the nominal offset and serves to control the effect of the defect (FTC aspect). The 
proposed sensorless FTC for IM is realized in presence of both rotor and stator electrical faults. 
Consequently, the extended kalman filter (EKF) is proposed to estimate the rotor flux and the rotor 
speed using the measured stator currents and voltages. Therefore, a classical EV traction system is 
studied using an induction motor drive. Indeed, the induction motor based powertrain is coupled to DC 
machine-based load torque emulator taking into account the electric vehicle mechanics and 
aerodynamics. Simulation and experimental results confirm widely the feasibility and the effectiveness 
of the proposed FTC of IM based SMC in the electric vehicle application. 
 
Keywords: Fault-Tolerant Control (FTC), Induction Motor (IM), Sliding Mode Control (SMC), 
Internal Model, Extended Kalman Filter (EKF), Electric Vehicle (EV).  

 
 
 

1. Introduction 
 
Recently, fault-tolerant control (FTC) has begun to 

concern a wider range of industrial applications such as 
aerospace, automotive, nuclear power, manufacturing, etc. 
The past two decades have therefore seen considerable 
research on Fault Tolerant Control (FTC). FTC systems are 
designed to allow recovery from damage and system faults. 
When it comes to electrical drives used in safety critical 
applications or industrial processes where system faults 
may lead to enormous costs, FTC systems are crucial [1]. 
Stator, rotor and shaft faults together constitute up to 47% 
of recorded induction motor faults [1, 2]. Specifically, we 
address the case in which the faults affecting the controlled 
system can be modeled as functions (of time) within a 
finitely parameterized family. 

Then, we design a controller, which embeds an internal 
model of this family, whose purpose is to generate 
supplementary control actions which compensate for the 
presence of any of such faults, regardless their entity. 

In other words, the control reconfiguration does not rely 
upon an explicit FDI (Fault Detection and Isolation) design 
but, indeed, is achieved by a proper design of a dynamic 
controller, which is implicitly fault tolerant to all the 
possible faults whose model is embedded in the regulator. 
To increase the reliability and the continuous operation of 
electromechanical systems interest in fault tolerance has 

grown [3, 4]. Indeed, extensive research has been conducted 
toward fault-tolerant alternating-current motor drives in 
industrial applications [5, 6]. Fault tolerance is no longer 
limited to high-end systems but also to railway [7], and 
automobile applications. It becomes an important means to 
increase the reliability, availability, and continuous operation 
of electromechanical systems among the automotive ones 
[8]. Since the early 1990s there has been resurgence in 
electric vehicles (EVs) research, stimulated by various 
factors such as rising oil prices, environmental concerns, 
cost reduction of power electronics and motor drives, and a 
marked improvement in energy storage technologies [9]. 
Electric vehicles (EVs) have become very attractive in 
replacing conventional internal combustion engine vehicles 
because of environmental and energy issues. They have 
received a great attention from the research community. 
Control methodologies have been actively developed and 
applied to EVs to improve the EVs performances [10, 11]. 
A classical EV traction system is studied using an 
induction motor drive. A separated excited DC load is thus 
controlled to impose the same behavior of the mechanical 
power train to the induction motor. 

However, this control needs accurate information about 
rotor speed. The extended kalman filter (EKF) has been 
successfully applied for sensorless control of induction 
motor. Consequently, it is considered to be the best solution 
for the speed and flux estimation using the stator currents 
and stator voltages of the induction motor drive [12-13].  

This paper is organized as follows. In Section 2, the 
nonlinear model of IM in presence of faults and dynamic 
of EV are presented. The sensorless sliding mode control 
(SMC) for the IM is designed in Section 3. The proposed 
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fault tolerant control strategy is described in Section 4. 
Section 5 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 IM. 
Section 6 presents the experimental results, which shows 
the effectiveness of the proposed control scheme. Finally, 
conclusion is provided in Section 7.  

 
 

2. Modeling of the Traction System  
 

2.1 Induction motor model in presence of faults 
 
The induction motor state model developed in the 

stationary reference frame in presence of faults is given by: 
 

ሶݔ  ൌ ݂ሺݔሻ ൅ ߛ+ݑܤ ௙ܸ  (1) 
 

with: 
 												ቐ ߛ ൌ ቂ1	0	0	00	1	0	0ቃ்	௙ܸ ൌ ൣ ௙ܸଵ	 ௙ܸଶ൧்	  (2) 

۔ۖەۖ 
ݔۓ ൌ ሾݔଵ	ݔଶ	ݔଷ	ݔସሿ் ൌ ൣ݅௦ఈ	݅௦ఉ	ߔ௥ఈ	ߔ௥ఉ൧்	ܤ ൌ ൤ܾଵ	0	0	0	0	ܾଶ	0	0	൨்	ݑ ൌ ሾݑଵ	ݑଶሿ் ൌ ሾݒ௦ఈ 	௦ఉሿ்ݒ  (3) 

 
where: 

 

۔ە										
ሶଵݔۓ ൌ ܽଵݔଵ ൅ ܽଶݔଷ ൅ ܽଷݔସ߱௥	 ൅ ܾଵݑଵ	ݔሶଶ ൌ ܽଵݔଶ െ ܽଷݔଷ߱௥	 ൅ ܽଶݔସ	 ൅ ܾଶݑଶݔሶଷ ൌ ܽସݔଵ൅ܽହݔଷ െ ሶସݔ		ସ߱௥ݔ ൌ ܽସݔଶ ൅ 	ଷ߱௥ݔ ൅ ܽହݔସ		   (4) 

 
with: 

 

۔ۖەۖ 
ۓ 	ܽଵ ൌ െቀ ோೞఙ௅ೞ ൅ ଵିఙఙ ೝ் ቁ	 , ܽଶ ൌ ଵିఙெఙ ೝ் 	 , ܽଷ ൌ ெఙ௅ೞ௅ೝ	ܽସ ൌ ெ்ೝ 	 , ܽହ ൌ െ ଵ்ೝ 	 , ܽ଺ ൌ ெ்ೝ , ܽ଻ ൌ ெ௃௅ೝ , ଼ܽ ൌ ்ಽ௃ 	ܾଵ ൌ ܾଶ ൌ ଵఙ௅ೞ	  (5) 

௥ܮ	,௦ܮ ,is the coefficient of dispersion ߪ  , M are stator, 
rotor and mutual inductance, respectively. ܴ௦ , ܴ௥  are 
respectively stator and rotor resistance. ௥ܶ	is the rotor time 
constant ( ௥ܶ ൌ ௅ೝோೝሻ. 

The presence of electrical 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 
stator currents, i.e: 

 
 	∑ ݐሺ߱௜݊݅ݏ௜ܣ ൅ ߮௜ሻ	ܽ݊݀	 ∑ ݐሺ߱௜ݏ݋௜ܿܣ ൅ ߮௜ሻ	௡೑௜௡೑௜   (6) 

These assumptions allow us to express the deviation of 
the stator currents values in presence of faults values as 
[14]: 

 

 	൞݅ఈ → ݅ఈ ൅ ∑ ݐሺ߱௜݊݅ݏ௜ܣ ൅ ߮௜ሻ௡೑௜݅ఉ → ݅ఉ ൅ ∑ ݐሺ߱௜ݏ݋௜ܿܣ ൅ ߮௜ሻ௡೑௜݅ ൌ 1,… , ݊௙		   (7) 

 
with: ݊௙	: faults number, 

 
 ߱௜ ൌ ߨ2 ௜݂ ൅ ߨ2 ௔݂ ൌ .ߨ2 ሺ ௜݂ ൅ ௔݂ሻ  (8) 

 
where: ௜݂ is the characteristic frequency of the fault and ௔݂ is 
the fundamental frequency. 

 
The frequency dependent on the kind of fault, which 

belongs to the two possible classes (rotor or stator faults), 
and unknown amplitude and phase. The latter depending 
on the fault severity. In particular it is easy to realize that, 
defining the exosystem: 

 
 ሶܼ ൌ ௙ܼܵ  (9) 
with: 

 

 

۔ۖۖەۖۖ
ۓ ௙ܵ ൌ ݀݅ܽ݃൫ ௙ܵ௜൯	

௙ܵ௜ ൌ ൤ 0 ߱௜െ߱௜ 0 ൨	ܼ ൌ 	 ൤ܼଶ௜ିଵܼଶ௜ ൨	݅ ൌ 1,… , ݊௙		
  (10) 

 
The additive perturbing terms in (7) can be thought as a 

suitable combination of the exosystem state, namely: 
 

 	݅ఈ → ݅ఈ ൅ ܳௗܼ݅ఉ → ݅ఉ ൅ ܳ௤ܼ  (11) 

 
with: 

 

 ൜ܳௗ ൌ ሾ1	0 1 0	… 1 0ሿܳ௤ ൌ ሾ0	1 0 1	… 0 1ሿ  (12) 

 
In this way, the uncertainty on the amplitude and phase 

of the additive sinusoidal terms in the faulty condition 

Fig. 1. Traction system scheme of the EV 
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reflects in that on the initial state of the exosystem. In view 
of this, it is readily seen that the model of the IM in 
presence of faults is given by (1) with the exogenous input ௙ܸ equal to: 

 

 	 ௙ܸ ൌ ൤ ௙ܸଵ௙ܸଶ൨ ൌ െ ൤ܽଵܳௗܼ ൅ ܳௗ ௙ܼܵܽଵܳ௤ܼ ൅ ܳ௤ ௙ܼܵ൨  (13) 

۔ۖەۖ 
ۓ ௙ܸ ൌ െ ൤ܽଵܳௗ ൅ ܳௗ ௙ܵܽଵܳ௤ ൅ ܳ௤ ௙ܵ൨ ܼ ൌ െΓܼ	݁ݎ݄݁ݓ:	Γ ൌ ൤ΓଵΓଶ൨ ൌ ቈൣܽଵܳௗ ൅ ܳௗ ௙ܵ൧ൣܽଵܳ௤ ൅ ܳ௤ ௙ܵ൧቉	

  (14) 

 
2.2 Modeling and dynamics of the EV load torque 

emulator  
 
The EV model and the contact law between wheel and 

road may be taken into account for a dynamic modeling. 
But the slip phenomenon is complex and requires specific 
controllers for good dynamic performance [15]. 

The road load is then given by [16]: 
 

௪ܨ  ൌ ௔ௗܨ ൅ ௥௢ܨ ൅ ௣௥ܨ ൅  ௦௙  (15)ܨ
 

with ܨ௔ௗ is the aerodynamic drag force, ܨ௥௢ is the rol
ling resistance force,	ܨ௣௥ is the profile force of the roa
d, and ܨ௦௙ is the Stokes or viscous friction force. 

The vehicle velocity ݒ௘௩ is obtained using the classical 
dynamics relationship with the traction and road load 
forces, ܨ௧ and ܨ௪ [17]: 

 
௘௩ܯ  ௗ௩೐ೡௗ௧ ൌ ௧ܨ െ  ௪  (16)ܨ

 
with ܯ௘௩ the mass of the vehicle. 

The mechanical equation used to describe each wheel 
drive is expressed by: 

 
௧௠ܬ  ௗఠ೘ௗ௧ ൌ ௠ܶ െ ஻ܶ െ ௅ܶ  (17) 

 
where ܬ௧௠	is the moment of inertia, ௠ܶ is the motor t
orque, ஻ܶ is the load torque accounting for friction an
d windage, and ௅ܶ is the load torque. 

The gearbox leads to the gearbox torque ௐܶ  and the 
rotation speed ߱ௐ respectively is given by: 

 

 ቊ ௐܶ ൌ ௧௥ߟܰ ௠ܶ߱ௐ ൌ ௪೘ே 	   (18) 

 
The load torque in the motor referential is then given by: 
 

 ௅ܶ ൌ ்ಽೈே ൌ ோೢிೢே   (19) 
 

where N is the transmission ratio, ߟ௧௥ is the transmissi
on efficiency, and ܴௐ is the wheel radius. 

3. Sensorless Sliding Mode Control 
 

3.1 Sliding mode control of IM 
 
Sliding Mode Control is considered to be the appropriate 

methodology for the robust nonlinear control of induction 
motor drives due to its order reduction, disturbance 
rejection, strong robustness and simple implementation by 
means of power converter [18]. The surfaces proposed by 
J.J.Slotine are given by: 

 												 ଵܵሺ߱௥ሻ ൌ ݇ଵሺ߱௥ െ ߱௥௘௙ሻ ൅ ሺ ሶ߱ ௥ െ ሶ߱ ௥௘௙ሻ  (20) 

 ܵଶሺΦ௥ሻ ൌ ݇ଶሺΦ௥ െ Φ௥௘௙ሻ ൅ ሺΦሶ ௥ െ Φሶ ௥௘௙ሻ  (21) 
 

with ݇ଵ	and	݇ଶ	are	positive	gains. 
The corresponding derivative are: 
 												 ሶܵଵሺ߱௥ሻ ൌ ݇ଵሺ ሶ߱ ௥ െ ሶ߱ ௥௘௙ሻ ൅ ሺ ሷ߱ ௥ െ ሷ߱ ௥௘௙ሻ  (22) 

 ሶܵଶሺΦ௥ሻ ൌ ݇ଶሺΦሶ ௥ െ Φሶ ௥௘௙ሻ ൅ ሺΦሷ ௥ െ Φሷ ௥௘௙ሻ  (23) 
 
After simplification calculates derivatives of the sliding 

surfaces are given in matrix form as follows: 
 

 ቈ ሶܵଵሶܵଶ቉ ൌ ൤ܨଵܨଶ൨ ൅ ቈെܾଶߔ௥ఉ ܾଵߔ௥ఈܾଵߔܯ௥ఈ ܾଶߔܯ௥ఉ቉ ൤ ௦ܸఈ௦ܸఉ൨  (24) 

 
with: 

ଵܨ	  ൌ ሺ݇ଵ െ ܽହ െ ܽଵሻܽ଻൫݅௦ఉΦ௥ఈ െ ݅௦ఈΦ௥ఉ൯ െ ݇ଵ଼ܽെ	߱௥ܽ଻൫݅௦ఈΦ௥ఈ ൅ ݅௦ఉΦ௥ఉ ൅ ܽଷߔ௥൯െ ݇ଵ ሶ߱ ௥௘௙ െ ሷ߱ ௥௘௙ 	ܨଶ ൌ 2ܽହ ൬2 ൅ߪܯ௥ܶ െ ݇ଶ൰ߔ௥൅ 2ܽସ ൬ܶܯ௥ ൫݅௦ఈଶ ൅ ݅௦ఉଶ൯൅	൬݇ଶ െ 3ܶ௥ െ ܽଵ൰ ሺ݅௦ఈΦ௥ఈ ൅ ݅௦ఉΦ௥ఉሻ൅ ௥ሺ݅௦ఉΦ௥ఈ߱݌ െ 	݅௦ఈΦ௥ఉሻ൰ െ ݇ଶߔሶ ௥௘௙െ ሷߔ ௥௘௙ 
 

The condensed form of (24) is given by:  
 

 ሶܵ ൌ ܨ ൅ ܦ ௦ܸఈఉ  (25) 
 
And check the condition of Lyapunov stability ( ௜ܵ ሶܵ௜ ൏ 0), 

must have: 
 

 ሶܵ ൌ െݒ	݊݃݅ݏሺܵሻ  (26) 
 
Equating (25) and (26) we have: 
 

 ௦ܸఈఉ ൌ െିܦଵݒ	݊݃݅ݏሺܵሻ െ  (27)  ܨଵିܦ
 
The law equivalent control is given by: 
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 ൤ ௘ܸ௤ఈ௘ܸ௤ఉ൨ ൌ െିܦଵ ൤ܨଵܨଶ൨  (28) 

 
The law of attractive control is given by: 
 

 
( )
( )

11 1

2 2

 0
0  

c

c

sign SV vDV v sign S
α

β

− ⎡ ⎤⎡ ⎤ ⎡ ⎤= − ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦
 (29) 

 
where:	ݒଵ ൐ ,|ଵܨ| ଵݒ ൐  	|ଶܨ|

Selecting the gain ki is such that the desired value is 
imposed at the output of each regulator. The global control 
ensuring both ( ௜ܵ ൌ 0 and ௜ܵ ሶܵ௜ ൏ 0) is given by: 

 

 ௦ܸఈఉ ൌ ൤ ௦ܸఈ௦ܸఉ൨ ൌ ൤ ௘ܸ௤ఈ௘ܸ௤ఉ൨ ൅ ൤ ௖ܸఈ௖ܸఉ൨  (30) 

 
3.2 Speed observer 

 
In an induction motor drive, the Kalman filter is used to 

obtain unmeasured state variables (rotor speed ߱௥ , rotor 
flux vector components Φ௥ఈ  and Φ௥ఉ ). The induction 
motor state model used by the EKF is developed in the 
stationary reference frame and summarized by: 

 

ݐ݀݀ ێێۏ
ۍێ ݅௦ఈ݅௦ఉΦ௥ఈΦ௥ఉ߱௥ ۑۑے

ېۑ ൌ ێێۏ
ଵ0ܽସ00ܽۍێ 	

0ܽଵ0ܽସ0 	
ܽଶെܽଷ߱௥ܽହ߱௥0 	ܽଷ߱௥ܽଶെ߱௥ܽହ0 ۑۑے00001	

ېۑ
ێێۏ
ۍێ ݅௦ఈ݅௦ఉΦ௥ఈΦ௥ఉ߱௥ ۑۑے

ېۑ ൅ ێێێۏ
ଵ0000ܾۍ

0ܾଶ000 ۑۑے
ېۑ ቂݒ௦ఈݒ௦ఉቃ 

 (31) 
 
The discrete induction motor state model used by the 

EKF is summarized by: 
 

  ቊݔሺ݇ ൅ 1ሻ ൌ ݂൫ݔሺ݇ሻ, ሺ݇ሻ൯ݑ ൅ ሺ݇ݕ	ሺ݇ሻݓ ൅ 1ሻ ൌ ݄ሺݔሺ݇ ൅ 1ሻሻ ൅ 	ሺ݇ሻݒ   (32) 

 
where w(k) represents the disturbances vector applied to 
the system inputs. It also represents modeling uncertainties; 
v(k) corresponds to system output measurement noises. It is 
supposed that the random signals v(k) and w(k) are 
Gaussian noises not correlated and with null average value. 
They are characterized by covariance matrixes, Q and R 
respectively, which are symmetrical and positive definite. 
with: 

 

ەۖۖ
۔ۖ
݂ۓۖ ൌ ێێۏ

ሺ1ۍێێ െ ௘ܶܽଵሻ݅௦ఈ ൅ ௘ܶܽଶΦ௥ఈ ൅ ௘ܶܽଷ߱௥Φ௥ఉ ൅ ௘ܾܶଵݒ௦ఈሺ1 െ ௘ܶܽଵሻ݅௦ఉ െ ௘ܶܽଷ߱௥Φ௥ఈ ൅ ௘ܶܽଶΦ௥ఉ ൅ ௘ܾܶଶݒ௦ఉ௘ܶܽସ݅௦ఈ ൅ ሺ1 െ ௘ܶܽହሻΦ௥ఈ െ ௘ܶ߱௥Φ௥ఉ	௘ܶܽସ݅௦ఉ ൅ ௘ܶ߱௥Φ௥ఈ ൅ ሺ1 െ ௘ܶܽହሻΦ௥ఉ	߱௥	 ۑۑے
	ېۑۑ

݄ ൌ ௞|௞ାଵݔܥ ൌ ሾ݅௦ఈ ݅௦ఉሿ்		
 

 
• Estimation of error covariance matrix 

 ܲሺ݇ ൅ 1	|݇ሻ ൌ ሺ݇ሻ்ܨሺ݇ሻܲሺ݇ሻܨ ൅ ܳ  (33) 
 

• Kalman filter gain 
ሺ݇ܭ  ൅ 1ሻ ൌ ܲሺ݇ ൅ 1	|݇ሻ்ܥሾܲܥሺ݇ ൅ 1	|݇ሻ்ܥ ൅ ܴሿିଵ (34) 
 

• Update of the error covariance matrix 
 ܲሺ݇ ൅ 1	|݇ ൅ 1ሻ ൌ ܲሺ݇ ൅ 1	|݇ሻሾܫ௡ െ ሺ݇ܭܥ ൅ 1ሻሿ  (35) 
 
The speed adaptive mechanism is then given by [19]: 
 ෝ߱௥ ൌ ௣൫݁௦ఈΦ෡௥ఉܭ െ ݁௦ఉΦ෡௥ఈ൯ ൅ ௜ܭ ൫݁௦ఈΦ෡௥ఉ׬ െ ݁௦ఉΦ෡௥ఈ൯݀ݐ  

  (36) 
 

where: ݁௦ఈ ൌ ݅௦ఈ െ ଓሶመ௦ఈ and ݁௦ఉ ൌ ݅௦ఉ െ ଓሶመ௦ఉ. ܭ௣, ܭ௜ are positive gains. 
 
Thus, the speed value can be estimated by a simple PI 

controller, to minimize the error ߝ  defined by the 
following expression:  

 
ߝ  ൌ ൫݁௦ఈΦ෡௥ఉ െ ݁௦ఉΦ෡௥ఈ൯  (37) 

 
 
4. Fault-Tolerant and Load Drive Controller 

 
The fault scenario considered in this paper addresses 

electrical faults caused both by rotor and stator failures of 
the IM. Fig. (2) shows the proposed flexible architecture 
for fault tolerant control purposes that maintains maximum 
performance and the overall system failure rate at an 
acceptable level. The IM drive 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 (Load characteristics of Electric Vehicle). To provide 
the right set point to the DC machine rotation speed, the 
mechanical model is used with the IM torque as input. 

The objective of this technique is to provide an internal 
model that generates an additive term ݑ௔ௗ  zero in the 
absence of faults that are added to the nominal control to 
compensate the effect of faults on the system. The new 

 
Fig. 2. The proposed fault tolerant control scheme 
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control is then expressed by: 
 

ݑ  ൌ ቂ௨భ௨మቃ ൌ ቂ௨భ೙೚೘௨మ೙೚೘ቃ ൅ ቂ௨భೌ೏௨మೌ೏ቃ ൅ ቂ௨భ೎௨మ೎ቃ  (38) 
 
The term is used to compensate ሺݑ௖ ൌ ቂ௨భ೎௨మ೎ቃሻ  known 

terms, which allows to give a suitable form to the system 
dynamics of the error, on the basis of which the unknown 
term ݑ௔ௗ  calculated [20]. The instantaneous difference 
between the derivative of the system state and the set value 
becomes: 

 

ሶݔ̅  ൌ ێێێۏ
ۑۑۑےሶସݔሶଷ̅ݔሶଶ̅ݔሶଵ̅ݔ̅ۍ

ې െ ێێێۏ
ۑۑۑےሶସ௥௘௙ݔሶଷ௥௘௙ݔሶଶ௥௘௙ݔሶଵ௥௘௙ݔۍ

ې ൌ ۔ۖەۖ
ଵݔ̅ߟെۓ ൅ ܾଵݑଵ௔ௗ െ ௙ܸଵ	െݔ̅ߟଶ ൅ ܾଶݑଶ௔ௗ െ ௙ܸଶ	ܽ଺̅ݔଵ ൅ ܽହ̅ݔଷ െ ଷݔଶ̅ݔܽ଻̅	ሶଷ௥௘௙ݔ െ 		ሶସ௥௘௙ݔ   (39) 

 
where: 

 ቐ ௙ܸଵ ൌ 		ଵܼଵ߁
௙ܸଶ ൌ ,ଶܼଶ߁ ߟ ൌ ሺܯଶܴ௥ ൅ ௥ଶሻܮ௦ܮߪ௥ଶܴ௦ሻሺܮ 	 

 
For the determination of ݑ௔ௗ we consider the following 

system: 
 

෤ݔ  ൌ ൤̅ݔଵ̅ݔଶ൨  (40) 

 
Whose dynamics is derived from the system (39): 
 

 ቐ ሶܼ ൌ ௙ܼܵ	ݔ෤ሶ ൌ ൤̅ݔሶଵ̅ݔሶଶ൨ ൌ ൤െݔ̅ߟଵ ൅ ܾଵݑଵ௔ௗ െ ଶݔ̅ߟଵܼଵെ߁ ൅ ܾଶݑଶ௔ௗ െ    (41)	ଶܼଶ൨߁

 
The Eq. (41) can be written in matrix form: 
 

෤ሶݔ   ൌ ෤ሻݔሺܪ ൅ ௔ௗݑ෨ܤ െ  (42)  ܼ߁
 

with: 
 

۔ۖەۖ 
ۓ ෤ሻݔሺܪ ൌ ሚܣ	෤ݔሚܣ ൌ ൤ െߟ	0	0	 െ ෨ܤ	൨	ߟ ൌ ൤ܾଵ	00	ܾଶ൨ ,   (43) 

 
4.1 Internal model 

 
Assuming that the characteristics of ߱௜ faults (number ݊௙  and thus the matrices ௙ܵ  and ߁ pulses) are perfectly 

known, consider the following Sylvester equation [21]: 
 

௦ܯ  ௙ܵ െ ௦ܯܨ ൌ  (44)  ߁ܩ
 are matrices of suitable dimensions such that ܩ and ܨ 

 selected such that ܩ is an arbitrary stable (Hurwitz), and ܨ
the pair (,ܨ	ܩ) is available: 

 

 ቊdimሺܨሻ ൌ 2݊௙ ൈ 2݊௙dimሺܩሻ ൌ 2݊௙ ൈ 2	   (45) 

 ௦ is the unique solution of the Sylvester equation andܯ 
is non-singular. The internal model takes the following 
form (known ௙ܵ) : 

 

 ቊ ሶߦ ൌ ௙ܵߦ ൅ ܰሺݔ෤ሻ	dimሺߦሻ ൌ dimሺܼሻ ൌ 2݊௙  (46) 

 
Consider the system (40), ݑ௔ௗ is selected so as to: 
 

௔ௗݑ  ൌ  (47)  ߦ߁෨ିଵܤ
 
And the expression (42) of  ݔ෤ሶ  becomes: 
 

   ൜ݔ෤ሶ ൌ ෤ሻݔሺܪ ൅ ߦሺ߁ െ ܼሻݔ෤ሶ ൌ ෤ݔሚܣ ൅ 	݁߁   (48) 

 
The new error variable is considered: 
 

 ݁ ൌ ሺߦ െ ܼሻ  (49) 
 
We derive with respect to time, taking into account the 

dynamics of the internal model and the faults: 
 

 ቊ ሶ݁ ൌ ൫ߦሶ െ ሶܼ൯ ൌ ௙ܵߦ ൅ ܰሺݔ෤ሻ െ ௙ܼܵሶ݁ ൌ ௙ܵ݁ ൅ ܰሺݔ෤ሻ	   (50) 

 
The equations describing the dynamics of closed-loop 

errors are:  
 

 ൜ ෤ሶݔ ൌ ෤ݔሚܣ ൅ ሶ݁	݁߁ ൌ ௙ܵ݁ ൅ ܰሺݔ෤ሻ  (51) 

 
We need to find the expression of ܰሺݔ෤ሻ which cancels 

the error of observation of faults and allows at the same 
time to reject their effect because it also cancelsݔ෤. Is the 
Lyapunov function of (51), we have: 

 
 ܸ ൌ ଵଶ ෤ݔ෤்ݔ ൅ ଵଶ ்݁݁  (52) 

 
After development and derivative with respect to 

time,	ܸ	ሶ becomes: 
 

 ሶܸ ൌ ෤ݔሚܣ෤்ݔ ൅ ෤ݔ்߁்݁ ൅ ்݁ܰሺݔ෤ሻ  (53) 
 
Finally ሶܸ  is written as following: 
 

 ሶܸ ൌ ෤ݔሚܣ෤்ݔ ൑ 0  (54) 
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In this case the choice of ܰሺݔ෤ሻ is given by: 
 

 ܰሺݔ෤ሻ ൌ െݔ்߁෤  (55) 
 
Then the system (51) becomes: 
 

 ൜ Γ݁ ൌ 0ሶ݁ ൌ  ௙݁  (56)ݏ

 
Finally the objective of the control is achieved by 

adopting the procedure performed and may compensate for 
the effect of faults on the system (̅ݔ → 0) and replicate 
(݁ → 0 ) in the internal model. ( ݔ̅ → 0 ) and reproduce 
(݁ → 0) in the internal model. 

 
 

5. Simulation Results 
 
In order to evaluate the proposed fault-tolerant sliding 

control strategy performance, simulations have been 
carried-out for an electric vehicle using a 1 kW induction 
motor with squirrel cage rotor based powertrain, supplied 
by a 3-leg VSI and a 1 kW separated excited DC machine 
supplied by a 4-quadrant chopper. The model of EV 
consists of a mass of 1.5 t, 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 values of the studied induction 
motor and separated excited DC machine are shown in 
appendix. 

 
5.1 Simulation of the sliding mode control 

 
Figs. 3 and 4 illustrate the simulation models developed 

for the performance of the SMC. Firstly, no- perturbations, 
then at t=8 sec, introducing perturbations in the parameters 
80% in rotor resistance (Rr) and stator resistance (Rs), after 
at t=9 sec occurrence of a single fault in the stator. A 
trapezoidal trajectory with a reverse operation is imposed 
as set point of the vehicle velocity ݒ௘௩_௥௘௙ . The rotation 
speed of the machine is closed to the speed generated by 
the mechanical model. 

Then, two faults are introduced at t=9 sec, one in the 
stator and the other in the rotor. 

From these results, we can see that the proposed control 
is robust to parameter perturbations and load torque, but is 
insufficient in case of faults. Increased strength reduces the 
error on the speed and flux but does not negate the effect of 
faults on the currents. 
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Fig.4. Two faults affect the motor in the stator and rotor
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Fig. 3. One fault affects the motor in the stator 
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Rotation speeds 
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Fig. 5. One fault affects the motor in the stator with using 

the proposed FTC scheme 
 

5.2 Tests of the FTC approach 
 
The proposed fault-tolerant control strategy has been 

simulated on a 1 kW induction motor drive whose ratings 
are summarized in Appendix. 

Then, two faults are introduced, one in the stator and the 
other in the rotor. 

 
 

6. Experimental Results 
 

6.1 Test bench 
 
The test bench used to validate the proposed approach is 

illustrated in Fig. 7. It is made up of a 1-kW induction 
motor drive whose ratings are given in the Appendix. 

The experimental test-bench main components are a 
Static power electronics convertor from Semikron composed 
of a diode rectifier (AC-DC converter) and a three-leg 
voltage source IGBT inverter (DC-AC converter), current 
sensors of Hall, an optical encoder attached to the motor 
shaft, and a dSPACE 1104 development board, which is 
interfaced to a standard PC.  

In this section experimental results are presented 
validating the proposed control on the experimental 

viewpoint. To this purpose, a closed loop control system 
has been realized that is composed of the above IM, 
supplied by a voltage source inverter, The IM has been 
operated with a rotor flux of 1 Wb. Both the controller and 
the observer have been implemented on a plat form 
involving a dSPACE1104 micro controller, operating under 
the Matlab/Simulink environment. The use of the dSPACE 
plat form is particularly important since it allows rapid 
prototyping of the control system and a real-time execution 
of it. 
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Fig. 6. Two faults affect the motor in the stator and rotor
with using the proposed FTC scheme 

 

 
Fig. 7. Photograph of the experimental setup 
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The bloc diagram of the proposed fault tolerant controller 
used in the experimental set-up is presented in Fig. 8.  

 
6.2 Experimental tests 

 
The experimental results obtained are presented in Figs. 

(9-12) show clearly the effectiveness of the FTC scheme 
that occurs during the application of the fault by removing 
all defects thanks to the FTC strategy. In faulty conditions, 
it is found that the observer has better performance for high 
and low speeds. We see that the speed follow up the 
reference quickly and perfectly for the SMC which 
confirms the robustness of this technique. 

 
 

6. Conclusion 
 
This paper has presented a sensorless fault-tolerant 

sliding mode control strategy of induction motor based on 
electric vehicle application, suitable for dealing with 
electrical faults. A fault tolerant control based on SMC 
strategy is designed to steer the flux and the speed to their 
desired references in presence of rotor and stator resistance 
variations. The simulation and experimental results show 
the robustness of the proposed control scheme, and the 
results presented in this paper confirm that the EKF 
observer is more efficient. This controller presents high 
robustness in presence of the internal and the external 
perturbations. 

 
Fig. 8. Experimental test setup: schematic diagram 

 

 

 
Fig. 9. Reference, real and estimated of IM speeds in faulty

conditions (upper plot) in case of single fault affect
the IM at time t=9s, and healthy conditions (lower
plot) with using the proposed FTC scheme 
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Fig. 10. Induction motor currents in faulty conditions

(upper plot) in case of single fault affect the IM at
time t=9s, and healthy conditions (lower plot) with
using the proposed FTC scheme 

 

Fig. 11. Reference, real and estimated of IM speeds in
faulty conditions (upper plot) in case of two faults
affect the IM at time t=9s, and healthy conditions
(lower plot) with using the proposed FTC scheme
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Fig. 12. Induction motor currents in faulty conditions 

(upper plot) in case of two faults affect the IM at 
time t=9s, and healthy conditions (lower plot) with 
using the proposed FTC scheme 

 
 

Appendix 
 
The Induction Motor parameters 
 
1 kW, 5 Nm, 1400 rpm, p=2, Rs=12.75 Ω, Rr = 5.1498Ω, 

Ls=0.4991 H, Lr=0.4331 H, M=0.4331 H, J=0.0035 kg.m² 
 
The DC Machine parameters 
 
1 kW, 5 Nm, 1500 rpm, Ra = 2.581 Ω, Re = 281.3Ω, La 

= 0.028 H, Le = 156 H, J = 0.02215 kg.m²  
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