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Abstract: In this paper the problem of stator turn-to-turn 
fault detection is studied. The proposed technique is 
based on the residual generates from the error between 
the faulty system state and the reference one. A model 
reference adaptive system (MRAS) observer is designed in 
order to estimate the induction machine states and to 
detect stator turn-to-turn faults. 
A special three-phase induction machine has been 
constructed in order to simulate real faulty experiments. 
Simulation and experimental results show the 
effectiveness of the proposed strategy. 
 
Key words: Stator fault detection, Induction machine, 
MRAS observer, Sensorless control. 
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stator � and q axis currents  

stator � and 
 axis voltages 

rotor � and 
 axis fluxes 

global-linkage inductance 

mutual inductance 

stator resistance 

rotor resistance 

integral and proportional (IP) current controller 

integral and proportional (IP) current controller 

integral and proportional (IP) speed controller 

total rotor inertia 

viscous friction coefficient 

electromagnetic torque 

load torque 

 
 
1. Introduction. 
 
Speed controlled Induction Machines (IM) are 
widely exploited in several industrial fields thanks to 
their robustness and limited cost [1]. Control 
algorithms for inductions motors used in high 
performances applications require feedback 

information of rotor position and, for speed tracking 
applications, of rotor speed. As a consequence, so-
called "sensorless" control methods [2-5] attracted 
the industrial interest [6] to avoid the use of 
mechanical sensors and has induced an intensive 
research activity in the control community of 
different types of electrical machines, such as 
induction machines, stepper motors, PMSM. The 
approaches mentioned above share a common 
method consisting in building one or several 
observers based on the use of the electrical variables 
of Induction Machines [7,8] for example. 
Nonetheless, the electrical variables may also 
undergo faults affecting the IM normal functioning, 
with serious consequences on the effectiveness of 
eventual sensorless control techniques [9]. 
 
Fault detection is becoming more and more 
important for variable speed drives to increase 
availability and reliability and reduce downtime 
[10]. 
 
Recently, several methods were applied for fault 
detection and isolation purpose of electrical 
machines, among which analytical redundancy 
relations [11, 12, 13], parity equations or observers 
[14], [15], [16], [17] can be cited.  
 
To solve estimation and residual generation 
problems, several techniques have been proposed in 
the literature, such as Kalman filter [18], high gain 
observer [19], sliding mode observer [20], unknown 
inputs observer [21] and Integral Proportional 
observer [22]. All these techniques are based on 
model-based fault diagnosis and residual generation. 
  
By comparing the methods developed previously in 
the literature, we found that the model reference 
adaptive system (MRAS) technique is one of the 
best methods to estimate the rotor speed and for the 
diagnosis of induction machine [23]. This technique 



 
 

is preferred thanks to its simplicity, its easy 
implementation, and its proven stability [24]. 
 

 
Fig. 1. Overview of the considered IM fault detection 

strategy. 
 
This paper presents a model-based residual 
generation procedure for a rotor field oriented 
control of IM (Fig.1).The gains of the Integral 
Proportional (IP) currents and speed controllers are 
given in Appendix A. It proposes also a robust 
sensorless MRAS observer, which is applied to 
diagnose electrical faults of an induction motor, such 
as stator short circuits. The short-circuit fault can be 
detected by analyzing the residual between 
measured and observed variables. The proposed 
diagnosis strategy is tested through several 
simulations and experiments. 
 
The paper is organized as follows: the healthy 
mathematical model of the Induction Machine is 
introduced in Section (2). This model is used for the 
IM controller and the MRAS observer. Then, in 
order to simulate stator short-circuit faults of the IM, 
its faulty model is recalled in section (3). Section (4) 
is devoted to fault detection and estimation with the 
introduction of the MRAS observer. Section (5) 
contains the simulation of the proposed strategy. 
Finally, in Section (6), the proposed diagnosis 
strategy is tested experimentally. 
 
2. Induction machine healthy model 
 
Under standard hypotheses (linear magnetic circuits, 
balanced operating conditions, negligible iron losses 
and effects of end windings and slots), the 
equivalent two-phase electro-magnetic model of the 
three-phase Induction Machine, expressed in a 
Park's reference frame (d, q) linked to the rotor, is 
given by [25] 
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3. Induction machine faulty model 
 
In order to take into account the presence of inter-
turn short-circuit windings in the stator of an 
induction motor, an original stator faulty model was 
proposed in [26]. In faulty case, an induction 
machine can be characterized by two equivalent 
modes: the common mode model which corresponds 
to the healthy dynamics of the machine (Park’s 
model) and the differential mode model which 
explains the faults. This stator faulty model is used 
for the present study. It is established in dq Park's 
reference frame with global leakages referred to the 
stator and it is composed of three short circuit 
dipoles Qcci added in parallel to explain a stator short 
circuit fault on each phase (Fig. 2). For example, a 
short-circuit winding on phase b will induce in stator 
a new short circuited winding Bcc localized 
according to the first phase a by the angle θcc = 2π/3 
rad. 

 
Fig 2: Stator short-circuit model of three phase Induction 

Machine. 



 

We consider the following state space 
representation:  
 �3� = �3(4) + �5(4)                              6(4) = �3(4) + 75(4)                        �                    (3) 

 
Where D represents the anticipation matrix, given  
by: 
 7 = ∑ 9:;;<=>?=@A% B(CDD@)                                         (4) 

The short-circuit report ηcc is the ratio of the number 
of turns in short circuit on the total number of coils 
in a stator phase without default. This parameter 
quantifies the fault severity and gives the number of 
turns in short circuit.  
 ηFFG = HIIJHK                                                               (5)                                                                                               

nFFG : Number of inter-turn short-circuit windings on 

phase M. N� : Total number of inter-turn in healthy phase. O��� = O���′ + ∑ O��DD@=@A%                                      (6) O��DD@: short-circuit current of phase M. 

 

The matrix BDD@(CDD@) allows the fault localization 

via the angle CDD@ (CDD@ = 0 for the phase a). BDD@(CDD@) =* cos (CDD@)9 cos(CDD@) sin (CDD@)cos(CDD@) sin (CDD@) sin (CDD@)9 +  (7)    

                                             
 
4. MRAS observer 

 
The method of MRAS (Model Reference Adaptive 
System) is based on the choice of two models to 
represent a system. The first one is called "reference 
model" and the other one is named "adaptive 
model". MRAS is used to design the adaptive PI 
controller that works on the principle of adjusting 
the controller parameters so that the output of the 
adaptive model tracks the output of a reference 
model having the same reference input. The MRAS 
estimator is designed here to estimate the stator 
currents, the rotor flux and the rotor speed. 
 
The main idea behind MRAS method is that there is 
a reference model and an adjustable one. The first 
model is used to determine the required states and 
the second one is an adaptive model, which provides 
the estimated values of the states [27]. The output of 
the reference model is compared with an adjustable 

observer-based model. The error obtained between 
the reference and the adjustable model is given to an 
adaptation mechanism, which adjusts the adaptive 
model by generating the estimated value of rotor 
speed. The block diagram of the estimation 
technique based on MRAS method is shown in 
Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Block diagram of the estimation technique with 

MRAS observer. 
 
From (1), the reference state space model of the 
Induction Machine in α−β reference frame is given 
by: 
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system (7) is given by: 
 \��] = �(�). �] + �. , + ^_`�] = �. �]                                 �                                  (9) 

 
Its gain can be computed as: 
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(8) can be represented as follows: ��] = �(�). �] + �. , + ^(�� − �a�)                        (11)                                                                             

With: 
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∆� = �(ω) − �(ωW) = T0 0 0 U9f∆ω0 0 U9f∆ω 00 0 0 −f∆ω0 0 f∆ω 0 X  (13)                                                                   

The value of the rotor speed error is given as: 
  

      ∆ω = ω − ωW                                                    (14) 

The difference between the state model given by Eq. 
(7) and the adjustable model given by Eq. (10) is 
used to drive a suitable adaptation mechanism. 
 
This difference is expressed by: 

d = � − �] = T dh?idh?jdФ[idФ[j
X                                       (15)                                                                                                

Now, we define the following Lyapunov function: 

� = dkd + ∆�9/m                                (16)                                                                                                     

Its derivative with respect to time is: 

�n�� = o�(pq)�� r d + dk o�p��r + %s ��� (∆ω9)                    

(17) 

This derivative can be detailed by the following 

equation: ���4 = dkt(� − ^�)k + (� − ^�)ud − 

2U9∆ω wdh?iФx �� − dh?jФx ��y + 9s ∆ω ��� ∆ω9      (18)           

From this equation, we can deduce the 
following adaptation law to estimate the rotor 
speed: ωW = m. U9 z wdh?iФx �� − dh?jФx ��y �4�{            (19)                                                                                 

Where m is a positive constant. 

However, this adaptation law is established for a 
constant speed and to improve the response of the 
adaptation algorithm. The speed estimated by a PI 
controller is given by the following relationship 
 

ωW = M| wdh?iФx �� − dh?jФx ��y + M} z wdh?iФx �� −dh?jФx ��~�4                                                           (20)                 

Where M| and M} are positive adaptation gains of the 

PI observer. 

A PI controller is sufficient to guarantee the stability 
of the system. 

 
5. Simulation results 
 
This section presents simulation results obtained 
from sensorless speed control of Induction Machine. 
The simulation was performed with the Matlab–
Simulink software environment using the motor 
parameters listed in Table 1. The speed loop and the 
current id control are realized by integral 
proportional (IP) controllers. 
 
Table 1 
Induction Machine parameters 
 
Rs                    
Rr 
Lf 
Lm 
J 
p (poles pair number) 

 
      11 Ω 

3.62 Ω 
        60 mH 
      420 mH 

       0.04  kg m2 

2 
Tl         7 Nm 
  

 
The Figures 4 to 12 show the simulation results of 
the sensorless fault detection control of the Induction 
Machine. The machine parameters are the same as 
the parameters used for the MRAS observer. 



 

 
Figure 4 shows the measured speed with the 
observed one. In this figure it can be clearly seen 
that the observed speed tracks very well the 
measured one. 
 

 
Fig. 4. Observed speed & Measured speed in the healthy 

case with applied load torque (from 2s to 3.5s). 

 
Fig. 5. Observation error less than 0.5% despite applied 

load torque. 
 
For this case, we can clearly see the efficiency of the 
proposed sensorless control under load torque (see 
the small observation error given by the Figure 5). 
 
Figure 6 shows the sensorless operation at very low 
speed in the two rotation senses. 
 

 
Fig. 6. Observed speed and measured speed at very low 

speed operation. 
 
The zone at very low speed is very critical for 
sensorless operation. Figure 7 shows the high 
performance of the proposed strategy in this zone. 
 

 
Fig. 7. Observation error less than 1% despite operation 

at very low speed. 
 
The average value of the rotor speed error converges 
to zero, as shown in Figure 7. 

 

 
Fig. 8. Observed speed and measured speed at very low 

speed operation with full load torque. 
 
Figure 8 shows the sensorless operation at very low 
speed with full load torque applied between 3 and 6 
second. This figure illustrates the good performance 
of the proposed sensorless strategy in critical 
operation area.  
 
Now, the performance and the effectiveness of the 
proposed sensorless fault detection strategy are 
tested by computer simulation. The simulation 
results show the response for a stator short-circuit of 
58 coils. The short-circuit is applied to one phase 
from t=3s to t=5s. 
 
Although the speed follows its control trajectory (see 
Figure 9), a variation is noticed on the observed 
speed signal (see Figure 9 at t=3s). This variation is 
due to the introduction of the stator short-circuit. 
 

 
Fig. 9. Rotor speed with short-circuit fault activated 

from t=3s. 
 
The speed residual generated from the difference 
between the measured speed and the observed one is 
shown in the Figure 10. In Figure 11, the difference 
between the estimated and the measured stator 
currents indicates also the occurrence of a fault. 
 

 
Fig. 10. Rotor speed residual of the short-circuit fault 

activated from t=3s. 
 

           So the short-circuit fault can also be detected by 
analyzing the current signals. Before introducing the 
short-circuit fault, we can see that the observed 
current tracks very well the measured one. But the 
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stator short-circuit introduced at t=3s disrupts the 
observation from t=3s. 
 

 
Fig. 11. Observed and measured stator currents under 

short-circuit fault activated at t=3s. 
 

              The residual generated from the difference of the 
observed current and the measured one (observation 
error) shown by Figure 12 indicates the occurrence 
of a fault. 

 
 

 
Fig. 12. Stator current residual generated under short-

circuit fault activated at t=3s. 
 
Consequently, the simulation results show the 
efficiency and the feasibility of the proposed 
sensorless fault detection strategy of Induction 
Machine based on MRAS scheme. This work is 
validated experimentally using a special rewound 
Induction Machine. The experimental results are 
shown in the next section. 

6. Experimental results 
 
The effectiveness and the performances of the 
proposed sensorless control and fault detection 
strategy of the Induction Machine were 
experimentally tested following the controller-
observer scheme given in Figure 1. 
 
dSPACE DS1104 controller board was used to 
implement the control and detection fault algorithms 
in real-time. The parameters of the motor are listed 
in Table 1. The coding of real-time control software 
was done using C language. The sampling period 
was set to 0.1 ms. The IM is fed by a three phase 
IGBT inverter supplied by a DC link voltage of 
410V. The PWM frequency is set to 12 kHz. The 
Pulse Width Modulated (PWM) signals [28] were 
generated by the DS1104 board [29]. 
An incremental encoder was used to obtain the 
measured position signal solely used for comparison. 

The developed test bench (shown in Figure 13) is 
located at LIAS laboratory in Poitiers University, 
France. 

 
Fig. 13. Experimental test bench located at LIAS ENSIP 

France. 

 
Fig. 14. Observed and Measured speed in the healthy case 

with applied load torque (from 2.5s to 4s and 
from 10s to 11.5s). 

 
The Figures 14 to 17 give the experimental results of 
sensorless control fault detection for Induction 
Machine. The controller and the observer are 
designed by using the nominal IM parameters in 
healthy case (given in Table 1). 

    Figure 14 shows the observed speed with the 
measured one. We can observe that the estimated 
speed tracks the measured one very well. The speed 
error due to load torque disturbance introduced from 
2.5s to 4s and from 10s to 11.5s is very small. This 
figure shows also the machine operation in the two 
rotation senses, that confirms the effectiveness of the 
proposed observer. 
 

 
Fig. 15. Zoom of the measured and observed speed in the 

nominal case. 
 
Figure 15 shows a zoom of the measured speed and 
the observed one at nominal speed with a load 
torque applied from 2.5s to 4s. We can see that the 
estimated rotor speed accurately follows the 
reference one, even at stand-still speed operation. So 



 

this figure shows the robustness of the proposed 
strategy. 
To evaluate the effectiveness of the proposed 
observer for fault detection, a short-circuit of 58 
coils was introduced on one phase of stator 
windings. The short-circuit is introduced from 6s to 
8,5s. On Figure 16, we can clearly see the influence 
of the introduced fault on the observed speed. 
 

 
Fig. 16. Rotor speed with short-circuit fault activated 

between 6s and 8,5s. 
 
The residual generated by the observer is given by 
Figure 17. We can see that the residual value is more 
important from 6s to 8.5s, which allows to detect the 
short-circuit fault. 
 

 
Fig. 17. Rotor speed residual of the short-circuit fault  
              activated between 6s and 8.5s. 
 
7. Conclusion  
 
The early bird fault detection is able to prevent 
catastrophic faults. The problem of the Induction 
Machine sensorless fault detection is studied in this 
paper. To detect short-circuit faults of the induction 
machine, a MRAS observer is developed and 
investigated by simulations and experiments. The 
obtained results in simulation and experimentally 
show the effectiveness and the performances of the 
proposed strategy. These results show that a clear 
fault indicator can be defined by the residuals 
generated from the difference between the observed 
states and the measured ones. 
In this study, only stator short-circuits were 
considered. The proposed methodology will be 
applied to broken rotor bars detection in future work. 
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Appendix A.  
 
Controllers parameters of the rotor field oriented 
vector control of the Induction Machine: 
 
The Integral and Proportional (IP) controllers on d and q-
axis currents (not detailed here) are tuned with the 
following parameters: 
 
Kp_id= 87 �p.u� and K i_id= 315 �s�, Kp_iq= 101 �p.u� and 
K i_iq= 325 �s� 
 
The parameters of the speed Integral Proportional (IP) 
controller are set to: 
 
Kp_�= 12 �p.u� and K i_�= 25 �s� 
 
 
 
 

 


