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Abstract

Open-end winding induction machines are gaining more attention in the last years due to their attractive advantages in the industrial 

applications, where high reliability is required. However, despite their inherit robustness, they are subjected to various electrical or 

mechanical faults that can ultimately reduce the motor efficiency and later leads to full failure. This paper proposes a method of 

modeling the five phase induction machine with open end stator winding taking into consideration the short-circuit fault between turns. 

The fault modeling is based on the theory of electromagnetic coupling of electrical circuits. In addition, a sliding mode observer is used to 

estimate the speed rotor. The idea of proposed backstepping strategy is used in this paper to allow to the studied machine to continue 

its operating state under short circuit fault between turns. The proposed sensorless control strategy is evaluated in terms of the healthy 

and faulty performances through the simulation results presented in this paper. The obtained results prove that the proposed sensorless 

control technique allows to the open-end winding five phase induction machine to continue its operation mode under the specified fault 

of partial short-circuit of the stator winding. This can be a very practical situation in the industrial applications, especially in the case 

where the maintenance is not easy and the operation of the industrial process should not be interrupted suddenly.
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1 Introduction
Multiphase machines have been promoted in the last 
few years as an attractive choice for large variable speed 
drives. This is due to intrinsic features against their three-
phase counterparts like reducing the current per phase 
without increasing the voltage per phase, providing higher 
flux density, lesser acoustic noise, lower DC-link current 
harmonics, improved torque quality and reduced compo-
nent size due to higher power density [1-2]. Another distin-
guished advantage is improved reliability and continuous 
system operation even in the fault condition [3]. For exam-
ple, a machine is able to operate if one or even two phases 
of the supply are lost. This brings in an added advantage 
over their three-phase counterparts. Indeed, electric vehi-
cles (EVs), railroad vehicles, aircraft, ship propulsion, 
petrochemical or wind power generation systems [4] are 
examples of up-to-date real applications using multi-
phase machines. On the other hand, multilevel inverters 
become nowadays the most suitable solution to provide a 

variable voltage/current in industrial applications because 
of their high power capability [1]. Indeed, these inverters 
have some advantages such as reduced dv dt , lower total 
harmonic distortion and reduced common-mode volt-
age [5]. In this context, it has been shown recently that 
combining these two concepts, especially in high power 
industrial application can lead to additional benefits. To 
benefit from the merits of the both aforementioned con-
cepts, a combination based on opening the five-phase 
motor winding neutral point and supplying the motor 
from both ends of the winding which is known as "open-
end winding" by a dual two-level five-phase inverter is 
investigated in this paper [1]. The concept of dual two-
level five-phase inverters has been proposed in the litera-
ture with the open-end winding topology as an alternative 
approach to synthesize multilevel load voltage waveforms 
[6, 7]. In fact, this topology offers some additional bene-
fits over the traditional single-sided supply configurations, 
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such as possibility of reducing common-mode voltage, 
equal power input from both sides of each winding and 
that there is also no need to have the machine's neutral 
point, possibility to have twice the effective switching 
frequency (depending on the modulation strategy) and 
certain degree of fault tolerance [1, 7-9], which improve 
considerably the system reliability. However, despite all 
its previous advantages, these machines are subject to 
electrical or mechanical faults that ultimately reduce the 
motor efficiency [10] and later leads to failure can result in 
the shutdown of a generating unit or production line.

There are many different types of faults that may occur 
in electrical drive system such as failures in the power 
converters (a single transistor short circuit, a phase-
leg short circuit, open-phase, a loss of driving signal, 
a capacitor short circuit fault, and a two or three phase 
short circuit) [11], failures of the sensors (mechanical or 
electrical) [12] or failures in the electrical machine [13]. 
Regarding the statistics [14], 38 % of faults are located 
in power switching devices, 53.1 % in control circuits and 
7.7 % in external auxiliaries. Electrical machine is one of 
the most critical components of these systems; it is sub-
jected to both electrical and mechanical faults due to vari-
ous stresses during operating conditions, which can affect 
their lifespan. These faults can be classified according to 
their location: stator faults and rotor faults. Various sur-
veys on motor reliability have been carried out over the 
years [15, 16], these surveys indicate that the failure per-
centages of various components in motors are: bearing 
(41 %), Stator winding (37 %), rotor faults (Broken rotor 
bars and end ring faults) (10 %) and others (12 %), depend-
ing on the type and size of the machine [17]. It can also 
be seen that the stator faults are one of the most common 
faults in motors and are caused by stator insulation break-
down [18], which leads to short circuit between turns. 
The main reasons of winding insulation deterioration as 
described in [19-21] and [22], are thermal stresses (aging, 
overloading and cycling), mechanical stresses (coil move-
ment and strikes from the rotor, bearing failures, shaft 
deflection, and eccentricity problems), environmental 
stresses (ambient temperature and contamination) and 
electrical stresses, mainly related to the machine terminal 
voltages. All these stresses interact with each other in such 
a way that to degrade the insulation system. According 
to [23], a stator winding defects can be classified into: 
short-circuit between turns of the same coil, short-circuit 
between coils of the same phase, short-circuit between 
coils of different phases, short-circuit between a phase and 

the earth and open-circuit in a phase. In [24], the authors 
state that the short-circuit between turns of the same coils 
in stator windings represent approximately 31 % of the 
reported faults. When this fault occurs causes extremely 
high current flowing in the shorted turns, leading to local-
ized thermal overloading, and reduction in the numbers 
of turns [25]. The mentioned fault has negligible effects 
on the performance of the machine at its early stages, but 
the heat generated in the short-circuited turns will soon 
cause severe faults like phase-to-phase, coil to coil, or 
winding to earth short circuit [26]. These faults can dam-
age the stator winding [7], which decreases the motor effi-
ciency and accelerates motor degradation. Consequently, 
the knowledge about fault mode behavior of motor drive 
system is extremely important from the standpoint of 
improved system design, protection, and fault tolerant 
control, in order to prevent the catastrophic failure of the 
machine. Machine modeling under fault conditions is 
a key to predict its behavior. Instead of using the binary 
decision for fault detection, the analysis of stator faults 
can be achieved based on the structural parameters of fault 
knowledge model. The key point to ensure the effective-
ness of these methods is to choose a model of knowledge. 
Indeed, the type of fault that has to be detected will be 
based on the model used [27]. A more precise knowledge 
model of the machine is necessary for an accurate anal-
ysis of the machine behavior in both healthy and faulty 
cases. A detailed analysis of short-circuit fault between 
turns requires a precise model, while retaining the ability 
to identify the desired parameter. These models can be the 
five phases model [10], which can reflect the operating of 
the machine over a broad frequency range.

The short circuit between turns of the same coils 
in stator winding is the starting point of stator winding 
faults. In [28] evaluated the fault performance of induc-
tion motor, which showed that the average torque would 
reduce and the torque ripples would increase under the 
fault of short circuit between turns of the same phase. 
Therefore, a monitoring system is becoming neces-
sary, in order to avoid extra damages to other parts and 
to extend the life of the motor, and continuation of the 
drive systems its minimum operating performance at least 
until the faults are rectified. In this regard, an effective 
and robust control design is needed. Fault tolerant control 
aims in ensuring the continuous operation of the system 
under a degraded mode due to the presence of failures. 
A fault-tolerant control is characterized by its ability to 
maintain control performances in degraded modes [29]. 
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This tolerance can be ensured for the fault studied in this 
paper thanks to the Backstepping control. This technique 
ensures the stability and the performances of the system 
against external (or internal) disturbances. They are capa-
ble of maintaining overall system stability and acceptable 
performance in both healthy and faulty operating condi-
tions. The control stability is proved, using the Lyapunov 
stability theory [1]. In addition, to achieve high-precision 
control system for OEW-FPIM, electromechanical sensors 
are needed to obtain an accurate rotor speed. However, 
practically these speed sensors are always accompanied 
by certain difficulties. Consequently, the accuracy of the 
control system is decreased causing low reliability [1]. 
To overcome the drawback resulting from the speed sen-
sor, the sensorless control technique has been proposed 
and applied in several applications by many research-
ers all over the world. This is due to its main advantages 
such as reducing the hardware complexity, avoiding the 
sensibility and the fragility of sensors [30], and increas-
ing the system robustness and reliability [31]. For three 
phase induction motor, many researchers have carried 
out the design of sensorless Backstepping control meth-
ods of induction motor drives. These methods are based 
on the following schemes: a High gain observer [32]. 
Model Reference Adaptive System [33]. Backstepping 
observer [34]. Luenberger observer [35], Neuronal net-
work observers [36] and Sliding mode observer [37]. 
Indeed, these methods have some problems, which need 
to be solved, such as the requirement of external hard-
ware (filter design), the influence of noise and large com-
putation burden. Among the above speed estimators, the 
Sliding mode observer (SMO) is very attractive for sen-
sorless control because of its comprehensive performance 
including the accuracy, the robustness, the computational 
cost, the reduced complexity and the high reliability [37]. 
For an open end winding five phase induction motor, there 
is, so far, no literature available related to the sensorless 
Backstepping control based on SMO. It can be said that the 
proposed sensorless control of studied OEW-FPIM topol-
ogy presented in this paper, is an original work that has 
not been treated before by the researchers.

This paper presents an accurate model by which the 
behavior of the open end-winding five phase induction 
motor (OEW-FPIM) in presence of stator faults can be 
successfully analyzed. It is based on the theory of electro-
magnetic coupling of electrical circuits (the matrix coef-
ficients of stator resistance, stator self-inductance, mutual 

inductance stator-stator and mutual inductance stator-ro-
tor). These coefficients take account the number of turns 
in short-circuit deducted from the total number of turns. 
After the modelling of the machine, taking into consid-
eration the stator faults, it is desirable for the machine to 
continue operating under short circuit between turns. For 
this purpose, a sensorless control based on SMO is imple-
mented to obtain the good performance with the ability 
to run the system before and after fault condition using a 
Backstepping control strategy. 

The present paper is organized as follows: 
• In Section 2, the modelling of OEW-FPIM under 

short circuit fault between turns is reviewed.
• Then, a review on the principle of the used sensor-

less backstepping control is explained in Section 3.
• The simulation results are presented and discussed 

in Section 4, where the main aim is to show the 
effectiveness of the proposed estimator and the pro-
posed control scheme used in the present paper.

• Finally this paper ends with a conclusion.

2 Open-end winding five-phase induction topology
This section presents the modelling of the FPIM in the 
original reference frame, taking into consideration the 
short-circuit fault between turns. In addition, a detailed 
analysis of the dual inverter supplying the studied OEW-
FPIM is presented.

2.1 Modeling of FPIM with stator faults
A FPIM is characterized with the spatial displacement 
between phases of 2π ̸ 5 degrees. The rotor is a symmetrical 
squirrel-cage which means that Vr = 0 . The mutual induc-
tance between the stator-rotor and the rotor-stator is the same 
M Msr rs= . The general equations of FPIM which describe 
the stator circuits and rotor circuits can then be written in the 
original reference frame by Eqs. (1) and (2) [10]:
V R i P

V R i P
s s s s

r r r r

[ ] = [ ][ ]+ [ ]
[ ] = [ ] = [ ][ ]+ [ ]

ϕ

ϕ0
 (1)

ϕ

ϕ

s ss s s sr r

r rs rr r r
s

M l i M i

M M l i

[ ] = [ ]+ [ ]( )[ ]+ [ ][ ]
[ ] = [ ]+ [ ]+ [ ]( )  

 (2)

where: R R M M ls r ss rr s, , , ,     and lr  are the stator resis-
tance, the rotor resistance, the mutual inductance sta-
tor-stator, the mutual inductance rotor-rotor, the leak-
age inductance of stator, the leakage inductance of rotor, 
respectively. P d dt=  is the derivative operator.
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The stator faults are very common faults of the electri-
cal machines in the industrial applications [7]. These can 
be typically classified to different types such as open-cir-
cuit fault when winding gets break, short circuit between 
two coils (coil-to-coil fault), short circuit between turns 
of two phases (line-to-line fault), short circuit between 
turns of same phase (turn-to-turn fault) and short circuit 
between winding conductors and the stator core (coil to 
ground fault) [38], as shown in Fig. 1.

Among these five faults, the short-circuit tum to tum 
in the same coil represents the origin which causes the 
other faults. The persistence of the latter will promotes 
the emergence of other cases of short circuit [39]. A FPIM 
with stator winding turn fault at A-phase (A-coil) is shown 
in Fig. 2, the phase B, C, D and E have the same number of 
turns Ns in healthy mode operation, where Ncca represents 
the number of shorted turns in A-phase.

For the study of the short-circuit fault between turns, 
this paper presents a method of modelling of the OEW-
FPIM, taking into account the changing parameters such 
as resistors and inductors i.e., the matrix of stator resistance 
and the matrix of stator inductors [7, 10, 40]. In other words, 
one must rewrite the stator differential equations taking into 
account the effect of the presented short-circuit between 
turns. If we take Nn as the number of useful turns for the 
i-phase after the short-circuit and Nccn  

the number of the 
short-circuited turns, then N N Ns n ccn= + ,  where Ns is 
the total number of turns at healthy state which is the same 
for all phases. So, the ratio between the number of short-cir-
cuited turns and the number of total turns is given by Eq. (3):

k N
Nsn
ccn

s

= .  (3)

The number of useful turns of the stator turns per 
phase, is then given by Eq. (4):

N N N k N f Nn s ccn sn s sn s= + = −( ) =1  (4)

with: n a b c d e= , , , , .

It has been shown that the parameters of the different 
parts affected by the short-circuit are directly linked to 
the five coefficients f f f f fsa sb sc sd se, , ,    and . Consequently, 
the inductances and resistance matrices will be changed 
by taking into account the introduced coefficients of 
short-circuited turns [7, 40]. As a consequence, the faulty 
matrices of l M M Msf ssf srf rsf       , , ,  and Rsf   are 
expressed by Eqs. (5)-(7):

M M

L l M
L l M

srf rsf

T

s s ss

r r rr

  =  
= +
= +










 (5)
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2
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





 (6)

Fig. 1 The types of stator winding faults of FPIM

Fig. 2 Stator winding scheme with a short-circuits fault between turns 
in A-phase
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The resistance stator can be written by Eq. (8):

R R Rs cc sf= + .  (8)

The resistance of each stator phase is proportional to 
the number of useful turns:

R R

f
f

f
f

f

sf s

sa

sb

sc

sd

se

  =




















0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0





 (9)

where: R l M M Msf sf ssf srf rsf, , ,   , and  are the parameter 
values of motor in faulty state. Rcc represents the effec-
tive resistance of the short-circuited turns and its value 
depends on the fault severity.

If the number of turns in all five stator phases are 
the same, the machine is balanced, so the five coefficients 
are equal. When the motor is running under short circuit 
fault between turns in A-phase only, the four coefficient 
corresponding to other phases are constant and equal to 
unity f f f fsb sc sd se= = = =1, while fsa is not constant and it 
remains between 0 and 1 depending on the degree or number 
of short-circuited turns, all stator variables can be changed 
into new variables with the same pulsation. Thus, all parame-
ters of the model will be independent of the angular position, 
the transformation matrix of Park T θ( )  is given by Eq. (10):

This transformation matrix has the following orthogo-
nal property: 

T T T
θ θ[ ] = [ ]−1  (11)

where T θ[ ]−1  and T Tθ[ ]  are the inverse and transpose 
matrices of T θ( ) , respectively.

Using Eq. (2), Eqs. (5)-(9) and the matrix T θ( )  the equa-
tion which represents the stator flux of the machine in the 
presence of failures to the stator can be written as by Eq. (12):

ϕs ssf sf s srf r

ssf sf

M l i M i

M l

[ ] =   +  ( )[ ]+  [ ]
=   +  ( ))[ ]+  [ ] [ ][ ]−i M T T is srf r

1

.

 (12)

Furthermore, the stator flux equations can be reex-
pressed by Eq. (13):

ϕs ssf sf s srf
s

r
sM l i M i[ ] =   +  ( )[ ]+      (13)

with: M T M

i T i

srf
s

sr

r
s

r

  = [ ] [ ]
  = [ ][ ]

−1

.

The global model developed in the origin reference 
frame is used for the prediction of turn to turn fault in the 
machine, where the five-phase stator currents are deter-
mined according to Eq. (14) [10]:

T[ ] =

+ +( ) + +( ) + −( ) + −( ) +cos cos cos cos cos

c
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di
dt

U

di
dt

U

di
dt

U

di

sa
SA a a

sb
SB b b
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sd

= + +

= + +
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∆ ∆

∆ ∆
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U
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


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
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







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

∆ ∆

∆ ∆
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1 2

.  (14)

The rotor flux linkage equations can be given by Eq. (15):

d
dt
d
dt
d
dt
d
dt

ra
a a

rb
b b

rc
c c

rd
d

ϕ
λφ φ

ϕ
λφ φ

ϕ
λφ φ

ϕ
λφ φ

= +

= +

= +

= +

1 2

1 2

1 2

1 dd

re
e e

d
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2

1 2

ϕ
λφ φ= +





















.
 (15)

The equation describing the mechanical motion of the 
machine is given by Eq. (16):

J d
dt

F T Te L
ω

ω+ = + .  (16)

The electromagnetic torque can be found using the sta-
tor current and rotor flux by Eq. (17):

T n M
L

ie p
sr

r
s r= [ ]∧[ ]( )ϕ  (17)

where: np : is number of pairs of poles, J : is moment of 
inertia of the motor and F: is viscous friction coefficient.

2.2 Open winding inverter configuration
The structure of dual-inverter fed an OEW-FPIM is per-
formed by opening the neutral point of the machine and 
supplying the machine from the both sides of the stator 
windings using two inverters [41]. The power circuit con-
figuration of a two-level dual-inverter feeding an OEW-
FPIM is shown in Fig. 3 [1]. The two inverters are defined 
with indices 1 and 2. The inverter 1 and inverter 2 outputs 
are denoted by symbols in capital letters (A1 , B1 , C1 , D1 
and E1 ), and (A2 , B2 , C2 , D2 and E2 ) respectively, while the 
inverter 1 is connected to stator winding terminal of a1 , 
b1 , c1 , d1 , e1 and inverter 2 is connected to stator winding 
terminal of a2 , b2 , c2 , d2 , e2 . It is assumed that the both 
inverters are fed by two separated DC power supply with 
the voltages of Vdc 1 and Vdc 2 which have the same value. 
By using this structure, the dual-inverter can be oper-
ated as a two-level, three-level or four-level inverter [41]. 
Indeed, this paper mainly discusses the OEW-FPIM fed by 
a dual-inverter with two separated DC sources. According 
to Fig. 3, the phase voltages of the stator winding can be 
expressed by Eq. (18): 

V V V
V V V
V V V
V V V

sa A N A N

sb B N B N

sc C N C N

sd D N D

= −
= −
= −
= −

1 1 2 2

1 1 2 2

1 1 2 2

1 1 2NN

se E N E NV V V
2

1 1 2 2
= −














 (18)

Fig. 3 Schematic diagram of dual-inverter connected OEW-FPIM with two separated DC.
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where: V Vdc dc1 2
=  is the equivalent single-sided supply 

DC source. V V V V VA N B N C N D N E N1 1 1 2 1 1 1 1 1 1
, , , ,    ( )  are the 

five phase output voltages for inverter 1, V VA N B N2 2 2 2
, , (

V V VC N D N E N2 2 2 2 2 2
, ,  )  are the five phase output voltages 

for inverter-2.

3 Sensorless control technique
This section presents the sensorless control strategy used 
for the simulation tests. First, the backstepping control is 
briefly described, where no modification of this strategy 
is required for the faulty operation. Secondly, the SMO is 
presented, where it is proposed for the estimation of the 
rotor speed and flux is addressed.

3.1 Backstepping control
The backstepping technique is a systematic and recursive 
design methodology for nonlinear feedback control [42]. 
This technique is very useful for the stability of the non-
linear system [1, 43]. It is a very powerful tool to test and 
find sufficient conditions for the stability of the different 
dynamic systems and its performances based on Lyapunov 
control functions [43, 44]. In this paper, the backstepping 
control is based on the principle of rotor field oriented con-
trol, where the direct and quadrature components of the 
rotor flux fulfil the Eq. (19):

ϕ ϕ
ϕ
rd r

rq

=
= 0.

 (19)

The studied FPIM can then be described based on the 
standard assumptions such as the linearity of the magnetic 
circuit (no magnetic saturation), the balanced operating 
conditions, and the sinusoidal spatial distribution of the 
field [45]. Under these assumptions, the FPIM can be mod-
elled in the synchronous reference frame d q x y− − −( )
in terms of the stator currents, the rotor flux and the 
mechanical equation as by Eqs. (20) and (21) [1]:

di
dt

i i
L
V

di
dt

i i
L
V

sd
sd sq r

s
sd

sq
sq sd r

s

= + + +

= − + +

α ω α ϕ
σ

α ω α ϕ
σ

1 2

1 2

1

1
ssq

sx s

s
sx

s
sx

sy s

s
sy

s
sy

di
dt

R
l
i

l
V

di
dt

R
l
i

l
V

= − +

= − +

















1

1


 (20)

d
dt

d
dt

M
T
i

T
d
dt

M
T
i

d
dt

rd r sr

r
sd

r

r

rq sr

r
sq sl r

r

ϕ ϕ ϕ

ϕ
ω ϕ

ω
α ϕ

= = −

= = −

=

0

3
ii

n
J
T F

Jsq
p

L− −
















ω

 (21)

with:

α
σ

α
σ

α

σ

1

2 2

2 2 3

2

1

=
+

= =

= −

M R R L
L L

M R
L L

n M
J L

M
L

sr r s r

s r

sr r

s r

p sr

r

sr

s

, , ,

LLr
s sl, .ω ω ω= −

For FPIM, the first two components d q−  are responsible 
for fluxes developing, power generation, torque production 
and the remaining components x y−  generates losses in the 
system. The backstepping control procedure applied in this 
paper on the studied machine consists of two steps.

Step 1: Computation of the reference stator currents
The first step consists in defining the errors and 

the dynamics of the variables to be controlled. 
Since the rotor speed and the rotor flux magnitude are 
the control variables, the tracking errors eω and eφ which 
respectively represent the error between rotor speed and 
reference speed, and the error between the rotor flux and 
its reference are expressed respectively by Eq. (22):

e
e
e
e

r r

r r

ω

ϕ

ω

ϕ

ω ω
ϕ ϕ
ω ω
ϕ ϕ

= −
= −
= −
= −













∗

∗

∗

∗

  

  

.  (22)

By replacing ω ω= d dt  and ϕ ϕr d dt=  with their 
expressions presented in Eq. (21), Eq. (22) becomes:

 

 

e i
n
J
T F

J

e
T

M
T
i

r sq
p

L

r
r

r

sr

r
sd

ω

ϕ

ω α ϕ ω

ϕ
ϕ

= − + +

= + −










∗

∗

3

.
 

(23)

The first Lyapunov function V1 is introduced, which is 
associated with eω and eφ it is defined by Eq. (24):

V e e
1

2 21

2
= +( )ω ϕ .  (24)

Its derivative is:


 V e e e e
1
= ⋅ + ⋅ω ω ϕ ϕ .  (25)
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By using Eq. (23) and Eq. (25), the derivative of the 
Lyapunov function is given by Eq. (26): 







V e i
n
J
T F

J

e
T

M
T
i

r sq
p

L

r
r

r

sr

r
sd

1 3
= − + +











+ + −







∗

∗

ω

ϕ

ω α ϕ ω

ϕ
ϕ


.

 (26)

To fit the requirement of the Lyapunov stability condi-
tions, Eq. (26) can be reformulated by Eq. (27):



V e K e i
n
J
T F

J

K e K e e K e

r sq
p

L1 3

2 2

= + − + +










− − + +

∗
ω ω ω

ω ω ϕ ϕ ϕ ϕ ϕ

ω α ϕ ω

ϕ
ϕ

r
r

r

sr

r
sdT

M
T
i∗ + −









.

 (27)

To ensure asymptotically the stability of the both control 
loops, the Lyapunov condition � ≺V

1
0  has to be satisfied, 

which means that the following condition have to be met:

K e i
n
J
T F

J

K e
T

M
T
i

K
K

r sq
p

L

r
r

r

sr

r
sd

ω ω

ϕ ϕ

ω

ω α ϕ ω

ϕ
ϕ

+ − + + =

+ + − =

∗

∗

�

�

�

3
0

0

0

ϕϕ � 0

.















 (28)

This yields to final form of the derivate of Eq. (24) 
which can be written by Eq. (29): 
V K e K e
1

2 2= − ⋅ − ⋅ω ω ϕ ϕ .  (29)

Based on Eq. (29), the virtual control inputs presenting 
the stator reference currents isd

∗  and isq
∗ , which allow gen-

erating the stabilizing functions using the stability condi-
tion of Lyapunov theory, are obtained [1]:

i T
M

K e
T

i K e F
J

T n
J

sd
r

sr

r

r

sq
r

L p

* *

*

= + +










= + + +
 ∗

ϕ ϕ

ω ω

ϕ
ϕ

α ϕ
ω

ω





1

3 



















.
 

(30)

Step 2: Computation of the reference stator voltages
In the second step, the control law V V Vsd sq sx, ,   and Vsy  

of the whole system are determined, where the two new 
errors of the current stator components along d q−  axis 
and x y−  axis are defined by Eq. (31):

e i i

e i i

e i i

e i i

i sd sd

i sq sq

i sx sx

i sy sy

sd

sq

sx

sy

= −

= −

= −

= −








∗

∗

∗

∗

.







 (31)

Thus, the derivative of the dynamic error is obtained 
by Eq. (32): 



 



 



 





e i i

e i i

e i i

e i

i sd sd

i sq sq

i sx sx

i sy

sd

sq

sx
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= −

= −
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=

∗

∗

∗

∗∗ −














isy

.  (32)

According to Eq. (20) and Eq. (32), the stator current 
errors can be expressed in the Eq. (33): 





e di
dt

i i
L
V

e
di
dt

i

i
sd

sd sq r
s

sd

i
sq

sq

sd

sq
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α ω
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e di
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sx s

s
sx

s
sx

i
sy

sx

sy

− −

= − −

=

∗

∗

α ϕ
σ2

1

1

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










R
l
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l
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s
sy

s
sy

1

.
 (33)

The new Lyapunov function V2 is defined by taking 
into account the three errors such as the rotor speed error, 
the rotor flux error and the stator currents error, which is 
expressed by Eq. (34): 

V e e e e e ei i i isd sq sx sy2

2 2 2 2 2 21

2
= + + + + +( )ϕ ω .  (34)

The derivate of V2 is written by Eq. (35):


     V e e e e e e e e e e e ei i i i i i i isd sd sq sq sx sx sy sy2
= + + + + +( )ϕ ϕ ω ω .  (35)

By substituting Eq. (33) into Eq. (35), while keeping 
the first parameters kω and kφ the same as the ones used in 
Eq. (29), the derivative of V2 is rewritten by Eq. (36):

V O O O O O
2 1 2 3 4 5
= + + + +  (36)

with:
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(37)
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To obtain a negative derivative of the Lyapunov func-
tion V2 , the following conditions have to be satisfied:

K e di
dt
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.  (38)

The final step in the design of the control law by defin-
ing the expressions of the control voltages which are given 
by the following expressions [1]: 
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3.2 The sliding mode observer
The sliding mode observer (SMO) presented in this paper, 
is the original one proposed in [37, 46], its basic princi-
pal is shown in Fig. 4. Indeed, the main aim of this esti-
mation technique is to provide the estimated rotor speed 
and the estimated rotor flux under the assumptions that 
the only available input variables for the measurement are 
the stator currents and the supplied voltages. In addition, 
this structure does not require knowledge speed and rotor 
resistance, unlike other observers [35, 46-47]. This advan-
tage allows the SMO to provide a good estimation of 
the rotor flux and the rotor speed, as well as good dynamic 

performance over the entire speed range even under vari-
ation of these quantities. The equations of the motor are 
defined in the stationary frame by Eq. (40):
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The parameters that appear in Eq. (40) are defined as:
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The function U is defined by Eq. (41):
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r
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−
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.  (41)

The equations of the stator currents and rotor flux 
for the SMO model [46] can be defined by Eq. (42):

di
dt
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s
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(42)

The generated sliding functions are defined by Eq. (43): 

U k sign S
U k sign S
r s

r s

α α

β β

= − ′′

= − ′′′
( )

( )
 (43)

with: S i i S i is s s s s sα α α β β β= − = −,ˆ ˆ  and βr rT=1 .

The sliding mode surface is defined by Eq. (44): 

s S Sn s s

T
=  α β .  (44)

Where " ^ " denotes the estimation value, and sign rep-
resents the signum function which is expressed by Eq. (45):
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In Eq. (42) both Ssα and Ssβ are the sliding surface, 
′′k  and ′′′k  are gains which represent the amplitudes of 

the control quantities and which are determined from 
the condition of existence of the sliding mode � ≺sn 0 . 
They are defined by Eq. (46):

′′ + +

′′′ + +
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L L
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.  (46)

Fig. 4 Block diagram of the sliding mode observer
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It should be noted that the gains ′′k  and ′′′k  are positive 
values and they are larger than a minimum that can be com-
puted based on the steady state. When the system reaches 
the sliding surface, this means that the observed currents 
converge to those measured. In this case, the flux estima-
tion is just an integration of the sliding functions and the 
stator currents without needing other information related 
to motor parameters or the rotor speed. The equivalent 
control of the observer is difficult to be implemented [37]. 
Therefore, it is reasonable to assume that equivalent con-
trol is close to the slow component of the real control that 
can be derived by filtering out the high frequency compo-
nent using a low-pass filter [46]:
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U
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P
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U

r
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r
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1
0

0
1

1

.  (47)

Where: τ is the time constant of the low pass filter and 
should be sufficiently small to preserve the slow com-
ponent to be undistorted but large enough to eliminate 
the high frequency components. From the equivalent con-
trol concept [37, 48] assuming the observed currents isαˆ  
and isβˆ  must converge to those measured, from Eq. (42), 
Eq. (43) and Eq. (47), the Eq. (48) is obtained:
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(48)

By using Eq. (42) and Eq. (48), the Eq. (49) is obtained: 
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Where, the observed fluxes ϕ αrˆ  and ϕ βrˆ  can be obtained 
by reorganizing Eq. (48), it can be rewritten by Eq. (50):
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According to Eq. (48) and Eq. (50), the βr and ω̂  can be 
expressed by Eq. (51):
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Finally, using Eq. (50), the estimated value of the rotor 
speed is found by Eq. (52):

ω
ϕ ϕ

ϕ ϕ
α β

α α β α=
+

−( )1
2 2
r r

r r
eq

r r
eqU U .ˆ

ˆ ˆ
ˆ ˆ  (52)

4 Simulation results and discussion
In this section, simulations have been performed to val-
idate the performances of the used sensorless backstep-
ping technique which has been applied to the OEW-FPIM 
with filed oriented control based on the proposed sliding 
mode observer under healthy and faulty operation modes, 
as shown in Fig. 5. The electrical and mechanical specifi-
cations of the studied motor are as follows: Rs = 7 58.  Ω , 
L R L Ms r r sr= = = =0 5976 6 3 0 1612 0 0265. , . . . H   ,  H,  H,Ω  
n J FP = = =1 0 0054 0,  kg m ,  N.ms

2
. .

The control system has been designed and the overall sys-
tem has been simulated using the MATLAB / SIMULINK 
environment, where the control system has been tested 
under several operating conditions, such as at start-up, 
under load application, reverse speed, low speed, short 
circuit fault between turns, and parameter variation.

4.1 Control scheme design
The complete system block diagram of the proposed sen-
sorless control technique based on sliding mode observer 
of the OEW-FPIM is presented in Fig. 5. This scheme 
allows eliminating the speed sensor by using an estimated 
speed in place of the measured one. The SMO based on 
the measured values of the stator currents and the stator 
voltages components in α β−( )  frame.

4.2 Performances evaluation during healthy 
mode operation
In order to evaluate the performance and correctness of 
the proposed sensorless control technique based on sliding 
mode observer of the OEW-FPIM. In first test, the stud-
ied motor is analyzed under healthy state conditions in the 
whole interval (1.5 s). The simulation results have been 
obtained with no load at starting up condition. The load is 
applied at t = 0 5.  s  with a value of 2 N.m. The reference 
speed is fixed to 300 rad/s and the reference rotor flux is 
fixed to 1 Wb. Fig. 6 presents the reference, the real and 
the estimated speeds. One can see that the estimated and 
real speed follow the reference speed with a fast response 
time and a small overshoot. In the same time, the real speed 
and estimated speed are almost indistinguishable from each 
other. Thus, the simulation results confirm that the pro-
posed observer gives very good results. Furthermore, the 
real speed is compared with the estimated one. One can 
notice that the maximum estimation speed error is approx-
imately zero at steady state and it attains 0.09 rad/s as max-
imum value in transient state as shown in Fig. 7. The load 
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torque and the electromagnetic torque of OEW-FPIM are 
presented in Fig. 8. Where the excellent dynamic perfor-
mance of torque can be noticed clearly. On the other side, 
beside the good response during the change of the load 
torque where the developed motor torque follows this last 
closely, the decoupling between the torque and the flux is 
quite good. As it is shown clearly from Fig. 9, the direct 
current component (isq ) presents an image of the rotor flux 
and the quadratic current component (isq ) presents an image 
of the electromagnetic torque. Fig. 10 shows the rotor flux 
components in (d-q) reference frame where the direct rotor 
flux component is stabilized at the flux reference value 

Fig. 5 The block diagram of the overall control system

Fig. 6 The real, reference and estimated speed

Fig. 7 The speed estimation error Fig. 8 The electromagnetic torque and load torque
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(1 Wb), while the quadratic rotor flux component is main-
tained at almost null value. According to Fig. 11, one can 
notice that the rotor flux trajectory in the stationary α − β 
frame presents a circular form, which proves the sinusoidal 
behavior of the both components (φrα , φαβ ).

The five phase stator currents of the OEW-FPIM are 
shown in Fig. 12. It is clear that the currents behave 
according to the dynamic behavior of the motor, which is 
depending on the load torque change, where a sinusoidal 
waveform is obtained with reduced harmonic content and 
the magnitude changes following the developed torque. 
In the same time the five phase currents are balanced 
as shown clearly in the zoom area of Fig. 12.

4.3 Performances evaluation during short circuit fault 
between turns
In this test, the reference speed is fixed to 300 rad/s, 
the start-up is proceeded under no load and a load torque 
of 2 N.m is applied at time t = 0 5.  s . In this test the case 
of a short-circuit of 7 % of the turns in A-phase is taken 
in consideration in this study. However, the Backstepping 
algorithm is not affected where it is the same as the one 
used in the case of healthy case.

Fig. 13 shows the real, the reference and the esti-
mated speed responses, while the waveforms in zoom A 
(see Fig. 14) presents the speed responses around the 
point of fault occurrence. It can be seen clearly that when 
the fault occurs the speed oscillates slightly around the 
300.01 rad/s as shown in Fig. 14, this resulting speed oscil-
lation is negligible as its amplitude is less than one percent, 
which proves the robustness of the proposed control use 
in this paper for the studied motor. Fig. 15 shows the elec-
tromagnetic and the load torque, while Fig. 16 presents 
a zoom around the point of fault occurrence. Where, it can 
be observed that very small fluctuations occur in the elec-
tromagnetic torque and the maximum magnitude reaches 
2.4 N.m. The appearance of these oscillations is directly 
related to the existence of a residual asymmetry in the 
motor stator circuit. On the other side, these fluctuations 
introduce acoustic noise, and additional mechanical vibra-
tions which may be dangerous for motor. Fig. 17 presents 
the five phase stator currents. Before the occurrence of 
the stator faults, under healthy condition, all of these cur-
rents are equal and balanced. As the fault occurs at the 
moment t =1 s a current unbalance takes place. It can 
be seen that the A phase current grows ias =( )3 15.  A  

Fig. 9 The d-q stator currents

Fig. 10 The d-q rotor flux

Fig. 11 The rotor flux trajectory

Fig. 12 The five phase motor stator currents
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Fig. 13 The real, reference and estimated speed

Fig. 14 The zoom A

Fig. 15 The electromagnetic and load torque

Fig. 16 The zoom A Fig. 17 The five phase stator currents
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more than the b, c, d, and e phase currents. This increase 
is related to the number of turns in short-circuit. This is 
obviously the simultaneous decrease of resistance and 
the inductance phase in the affected phase of the stator.

The following test is to verify the effectiveness of 
the proposed observer and the studied motor performance 
during the different speeds changes (low speed, high-
speed, reverse speed and load) under short-circuit which 
touches 7 % of the turns. It can be seen that the motor runs 
at four stages, according to the following steps: 300 rad/s, 
50 rad/s, −50 rad/s, −300 rad/s, respectively, which covers 
practically the full range of motor running speeds. Fig. 18 
shows the step reference speed, the estimated speed, and 
the measured speed (real speed) when the machine is sub-
jected to a sequence of speed changes. Again, the esti-
mated and real rotor speeds follow the reference speed 
accurately during all the phases of the speed changes, 
and that the motor can operate adequately at low speeds. 
Hence, the backstepping control based on SMO exhibits 
good performance under both of fault and speed change, 
confirming the effectiveness of the SMO. Also, it can be 
seen that the speed estimation error is approximately zero 
in Fig. 19. The electromagnetic torque and the five phase 
stator currents are presented in Figs. 20 and 21. It can be 

stated that the values of the torque and the stator currents 
depend on the working states of the motor.

4.4 Performances evaluation during parameter 
variation
In this test, the influences of parameter variations are 
investigated in order to test the sensitivity of the proposed 
SM-Observer. Indeed, to show the robustness of the pro-
posed control scheme, the initial stator resistance is set 
at its nominal value Rs = 7 58.  Ω . Then, the stator resis-
tance of the motor model is suddenly set to 9.1 Ω at t =1 s, 
meanwhile the rotor resistance is changed from 6.3 Ω to 
7.56 Ω at the same instant t =1 s . In this case, the rotor and 
stator motor resistances used in the controller design are 
20 % smaller than the real values as shown in Fig. 22. This 
situation can be occurred due to the machine heating, if the 
temperature rises, motor resistance rises as well. Thus, the 
values used in the observer become smaller than the real 
one. The reference speed was firstly set to 50 rad/s under 
constant load which is approximately equals to 2 N.m. 
whereas, the reference rotor-flux is maintained at 1.0 Wb.Fig. 19 The speed estimation error

Fig. 18 The real, reference and estimated speed

Fig. 20 The electromagnetic and load torque

Fig. 21 The five phase stator currents
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It is important to note that in this test only the sliding 
function has been changed from S i is s sαβ αβ αβ= −ˆ  

to S
i i

i i dts
s s

s s
αβ

αβ αβ

αβ αβ

λ
=

− +

−∫
ˆ
ˆ , where λ is a positive scalar. 

This will guarantee the elimination of the static errors 

in case of ill-known parameters or in case of the applica-
tion of external perturbations.

The speed responses, the speed estimation error, 
the torque and the rotor flux are shown in Figs. 23-26 
respectively. It can be observed clearly that the obtained 

model speed (real speed of the motor) and the estimated 
speed obtained based on the used estimator, have tracked 
the reference speed adequately as shown in Fig. 23, where 
the estimation error between the real speed and the esti-
mated speed in nearly neglected which indicates the good 
accuracy and dynamics of the proposed speed estimator.

On the other side, the proposed control allows maintain-
ing the flux when the motor resistance undergoes variation 
as shown in Fig. 25. The obtained results in Figs. 23-26, are 
quite similar to those obtained in the first case (Figs. 6-8 
and Fig. 10). Finally, it can be concluded that the obtained 
results confirm clearly that the proposed control strategy 
in this paper is distinctly robust against the variation of 
the studied motor parameters during operating state such 
as the rotor resistance and the stator resistance, where the 
studied OEW-FPIM does not lose the stability against the 
investigated operation conditions. These main outstand-
ing features resulting from the application of the proposed 
backstepping control technique on the OEW-FPIM will 
permit to such motor to be used in several indusial appli-
cations, where the main problems, which can be faced 
practically, are frankly overcome.

Fig. 22 The motor resistances variation

Fig. 23 The real, reference and estimated speed

Fig. 24 The speed estimation error

Fig. 25 The electromagnetic and load torque

Fig. 26 The d-q rotor flux
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The used coefficients are defined as:
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