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Abstract: Order tracking is one among the most reliable 
techniques in the field of vibration analysis for condition 
monitoring and fault diagnosis of rotating machineries. The 
key of its success is due to its capability to clearly identify 
non-stationary vibrations, which vary in amplitude and 
frequency. In the present paper, the Angular Domain Order 
Tracking (AD-OT) technique is applied for the first time on 
the induction motor current signal for detecting inter-turn 
short-circuit (ITSC) fault and compared with the classical 
Fourier analysis (FFT). For this purpose, an induction 
motor with an ITSC fault was modelled in the 
Matlab/Simulink environment and numerical simulations 
were performed under varying load conditions. The motor 
current and speed were monitored with and without fault 
(i.e healthy and with ITSC fault), and then analysed by the 
AD-OT technique. The obtained results show that the 
presented technique is more efficient than the FFT 
technique, especially for the detection of the inter-turn 
short-circuit fault under non-stationary conditions. 
 
Key words: Induction motor, Angular domain order 
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1. Introduction 
 Induction motors are key components in many 
industrial applications due to their construction, 
versatility, low cost and stable operation. However, it is 
crucial to have information on their behavior and 
condition to prevent degradation, malfunctions or 
failures during their operating service. Usually, 
induction motors operate under several types of stresses 
which can produce different types of faults. These 
faults may be classified into two groups according to 
their location: the stator faults and rotor faults. The 
stator faults are manifested by stator-winding open or a 
short-circuit (turn-to-turn, phase-to-phase or phase-to-
stator frame). Rotor faults include rotor winding open 
or short-circuits for wound rotor and broken bar and/or 
cracked end ring faults for squirrel cage rotor [1]. 
 According to [2, 3, 4], 30% to 40% of induction 
motor faults are due to defects in the stator winding. 
Such faults are generally due to a combination of 
various stresses (thermal, electrical, mechanical and 
environmental) acting on the stator. 
 Commonly, a small number of shorted turns do not 
have great physical signs, but it can induce a 
catastrophic insulation failure in a brief period of time. 

Early detection of ITSC fault during motor operation 
can prevent the occurrence of some damage in adjacent 
coils and stator core, therefore reducing the repair cost 
and motor outage time [5, 6]. For this purpose different 
strategies for the detection of ITSC fault in induction 
motor have been developed. Among them, vibration 
analysis [7], infrared thermography analysis [8] and 
motor current signal analysis (MCSA) [9] which is the 
most widely used due to its simplicity (requiring only 
one current sensor to acquire the stator current signal 
and a classical Fourier analysis (FFT) to obtain its 
spectral energy) and non-invasive properties [10, 11]. 
Unfortunately, although the MCSA is particularly 
powerful for induction motor operating under 
stationary conditions, it stills inadequate for a system 
undergoing sudden load changes [12, 13]. For this 
purpose another methodology is used in this kind of 
situation based on time-frequency distributions (TFD) 
techniques such as wavelet transform (WT) [12, 14] 
and Short Time Fourier Transform (STFT) [15]. 
Another interesting approach has been developed 
during these last years based on the so-called order 
tracking (OT) technique, which consists in analysing 
the frequencies corresponding to the motor speed or to 
its multiples commonly known as "orders". 
 The OT technique is distinguished from the TFD 
techniques by its precision and the simplicity of its 
diagnostic procedure because it allows displaying the 
results in a plot similar to the FFT spectrum. In [16], 
Akar used successfully the AD-OT technique for the 
detection of static eccentricity fault in a closed loop 
driven induction motor. 
 In the present work, the AD-OT technique is used 
for the analysis of the stator motor current signal to 
detect the stator ITSC fault under varying load 
conditions.  
 
2. Angular Domain Order Tracking 
 Order tracking (OT) is considered as one among the 
most important techniques in vibration analysis. Its 
main advantage compared to other analytical 
techniques is its ability to clearly identify non- 
stationary vibration and easy noise analysis of 
components which vary in amplitude and frequency 
influenced by the rotational speed of the reference 
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shaft. OT can be performed by many different ways 
each of them presenting advantages and disadvantages. 
According to Blough [17] the most and widely used 
order tracking techniques are: the Fourier transform 
based order tracking (FT-OT), the angular domain 
order tracking (AD–OT) and the Vold-Kalman order 
tracking filter (VKF–OT). 
 The principle of the AD-OT technique consists in 

acquiring the data with a constant interval t . Then 
these sampled data are in their turn sampled to equal 
angular intervals via the use of an interpolation 
algorithm [17]. The times when the equal angular 
intervals occur are determined by two methods: either 
by using one tacho pulse per revolution as 
synchronization pulses or using the rpm-time profile 
(further details can be found in [18]). 
 The sampled data in the angular domain are 
processed via the FFT or Discrete Fourier Transform. 
The output spectral lines represent the constant orders 
from the moment that the transforms are realised on 
angular domain data. This involves that there are 
equivalent sampling relations in the angle/order domain 
to the time/frequency relation. These equivalent 
sampling relations are given as follow: 
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where 0 is the order spacing of the exiting order 

spectrum, R is the total number of analysed 
revolutions, N is the total number of points on which 
the transformation is performed,  is the angular 

spacing of the resampled data. sampleO , nyquistO  and 

maxO  are respectively the angular sampling rate at 

which the data is sampled, the Nyquist order and the 
maximum order which can be analysed. This involves 
that the analysis must be performed on many 
revolutions to obtain a good order resolution. The 
maximum order which can be analysed can be 
determined via the number of samples/or the angular 
sampling rate per revolution. . The cores of the Fourier 
transforms reformulated in the angular domain are 
expressed in the following form: 
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where mo , ma and mb represent respectively the order 

which is being analysed, the Fourier coefficient of the 
cosine term for mo  and the Fourier coefficient of the 

sine term for mo . 

The AD-OT technique marking flow diagram is 
illustrated in Fig. 1[16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Angular Domain Order Tracking technique diagram 

 

3. Modelling of the induction machine  
 In this study a three-phase squirrel cage induction 
motor is considered. Its rotor consists of conductor bars 
regularly distributed at the periphery of the rotor and 
connected to each other by two short-circuit rings. To 
develop our model, the rotor cage is considered as a 

system of ( 1)bN   Loops as shown in Fig. 2             

[19, 20, 21]. 
 

 
 

Fig. 2. Rotor model of the induction motor 
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 Using the classical assumptions which assume that 
the relative permeability is infinite, the skin effect and 
saturation are negligible and the magneto motive force 
(mmf) of the stator is sinusoidally distributed. We 
calculate the various inductances and mutual which 
intervene in the equations of the circuit [19, 21, 22]. 
                                                                                  
3.1. Calculations of the inductances 
3.1.1. Stator inductance 
 The expression of mmf in a phase " a " is given as 
follow: 
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The induction due to the stator coil of phase " a " is 
written as: 
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The main flux and the cyclic inductance are given by: 
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The mutual inductance between the stator phases is 
calculated as: 
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3.1.2. Rotor inductance 
 The principal inductance of a rotor mesh are given 
as follow [14] 
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The total inductance of the 
thk  rotor mesh as well as 

the mutual between two meshes are expressed as 
follows: 

2 2rr rp b eL L L L                                                (11) 

3.1.3. Inductance stator-rotor  
 The mutual inductance stator-rotor between the 
stator phase " a " and the rotor mesh k is given by: 
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 is the electrical angle of two adjacent 

rotor meshes 
 
3.2.   System equation  
 In order to facilitate our modelling, we apply the 
extended Park transform to the rotor system so as to 

transform the bN  bars system in a ( , )d q  system. The 

obtained result can take the following canonical form: 
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The expression of the torque is given by: 
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3.3. Modelling of the short-circuit fault  
 Starting from the idea proposed by [23] the ITSC 
fault is obtained by introducing an additional short-

circuited coil whose number of turns   cckn is equal to the 

number of defected turns in the motor. Thus, in the 
presence of a stator imbalance, the motor contains, in 
addition to the stator windings and the rotor cage, a 
short-circuited winding at the origin of the stationary 

field of fixed direction cck with respect to the stator. 

The state model of the induction motor taking account 
of the ITSC fault can be expressed by the following 
system of nonlinear equations as in [24, 25]: 
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where the matrix   cckQ  is depending on the short-

circuit angle {when the ITSC occurs on phase a   

(respectivelyb and c ), then the angle cck  is 0  rad 

(respectively 2
3

 and 4
3

 )} and   is the electrical 

angle.  
 
4. Simulation results and discussion 
 In order to validate the model presented in the 
previous section and to evaluate its behavior in the 
healthy and faulty case, numerical simulations were 
carried out under the Matlab/Simulink environment. 
For this purpose, a 1.1 kW, 220 V, 50 Hz, 2-pole 
induction motor is used.  The induction motor 
parameters are given in Tab. 1. 
 The motor is started with a symmetrical three-phase 
sinusoidal voltage. At instants t=0.5 s and 2 s 
respectively. The motor is loaded with a torque of 3 
Nm and 5 Nm. At time t=4 s a dynamic load is applied 
which increases the load value up to 7 Nm as shown in 
Fig. 3. The same procedure is used when the stator 
presents a fault of 1 and 4 shorted turns in phase " a " 
introduced at the instant t=1 s. 

 
 

Fig. 3. Applied load to the induction motor 

 
 

 
 

 
 

Fig. 4. Evolution of current, (a) healthy case, (b) faulty 
case (1 shorted turn at t = 1 s in phase a ), (c) faulty case 

(4 shorted turns at t = 1 s in phase a ) 

 



 

    The curves of the stator current for the healthy state, 
1 shorted turn, 4 shorted turns are shown respectively 
in Fig. 4 (a), (b) and (c). In Fig. 4 (a) we can easily 
observe an increase in the amplitude of the current at 
instants t = 0.5 s, 2 s and 4 s corresponding to the 
moments when the loads are applied. In Fig. 4 (b) and 
(c) we notice a slight increase in the amplitude of the 
current at the instant t = 1 s which coincides with the 
moment when the ITSC fault is introduced. This 
increase in amplitude is much more visible in the case 
of 4 shorted turns as shown in Fig. 4 (c). 
    From these observations, it is clear that the detection 
of an ITSC fault using conventional analysis of the 
stator current in the time domain is difficult to perform 
especially in the cases of small number of shorted turns 
and load variations. Hence it is important to implement 
an analysis that allows exploiting all the information 
present in the motor current signal. 
 
Application of the AD-OT technique to the stator 
current 
    In this section, a thorough analysis of the 
information present in the stator current is carried out 
through the application of the FFT and AD-OT 
techniques. The implementation of the AD-OT 
technique requires the introduction of several 
parameters such as the sampling frequency and the 
rotational speed information.  
    However, before we begin our analysis, we consider 
it important to know that a ITSC fault makes appear a 

.
ksc sf k f   frequency lines near the fundamental on the 

stator current frequency spectrum ( k = 3, 5, 7…)[12]. 
Therefore, the location of these frequency lines in the 
order domain is obtained by the equation (16): 
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where r  is the rotational speed in rpm.  

 
    The frequency spectrum of the stator current 
obtained with the FFT technique for different load 
levels are shown in Fig.5. From this figure, it can be 
seen that the ITSC fault induce a new frequency 

component with a value of 3 3.sc sf f (150 Hz). For the 

load values of 3 Nm, 5 Nm and 7 Nm, the amplitude of 
this component is proportional to the number of 
shorted turns. 
 On the other hand, a decrease in the amplitude of the 
ITSC fault component is noted when the value of the 
load increases, until it becomes almost imperceptible 
for a load value of 7 Nm. In the case of dynamic load, 
no fault related finding was observed even in the case 
of 4 shorted turns. Because of the short duration of the 
transitions stay, it limits the number of recorded points, 
making the FFT analysis inadequate. 
 

 

 

   
     



 

 

  
        

Fig.5. FFT motor current spectrum 

                                                                           
    Fig.6 displays the time-order representations for 
healthy and faulty induction motor obtained via the 
application of the AD-OT technique to the stator 
current signal for the following cases: healthy, 1 
shorted turn and 4 shorted turns shown respectively in 
Fig. 6 (a), (b) and (c). The Kaiser windowing was 
adopted in this study. 
    In Fig.6 (a) we note the presence of a single time-
varying order component corresponding to the 
fundamental component whose value can be calculated 
using the equation (16) as follow: 
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    By comparing the time-order representation for the 
faulty motor shown in (Fig.6 (b) and (c)) with that of 
healthy case (Fig.6 (a)) we can clearly see the 
apparition of a new time-varying order component 
(whose value is around the 3rd order, corresponding to 

the component
3

3.sc sf f in the frequency domain) at 

the instant t= 1s, whose amplitude increases as the fault 
severity increases. Using the equation (16), the exact 
value of the order component due to the ITSC fault can 
also be calculated as follow: 

3 3

60.sc sc
r

Order f


   
 

 

On the other hand, it is also noted that the value of 
these order components depends on the amount of load 
applied to the motor. 
 

  
 

 
 

 
 

Fig. 6. AD-OT spectral map of the stator current,  
(a) healthy case, (b) faulty case ( 1 shorted turn  at t = 1 s 

in phase a ), (c) faulty case (4 shorted turns  at t = 1 s in 
phase a ) 

 
 



 

 

 

 
 

 
 

Fig. 7. AD-OT motor current spectrum 

 
 One of the highlights of the AD-OT technique is its 
ability to extract the information present in the signal 
with high precision at different times and for different 
operating modes. Fig. 7 shows the spectrum of the 
stator current obtained with the AD-OT technique for 
different load levels. From this figure it can clearly be 
seen that the ITSC fault gives rise to an order 
component whose values are 3.097, 3.185, 3.231 and 
3.305 corresponding respectively to load level of 3 Nm, 
5 Nm, dynamic load and 7 Nm. The amplitude of this 
order component increases with the degree of the 
defect. On the other hand, it is observed that the AD-
OT technique is not affected by the transient state 
caused by the dynamic load applied to the motor. 
 
5. Conclusion 
 In this study the Angular Domain Order Tracking 
(AD-OT) technique was applied on the induction 
motor current signal for detecting inter-turn short-
circuit (ITSC) fault and compared with the classical 
Fourier analysis (FFT).  
 Our main goal was to test the ability of the AD-OT 
technique to detect the ITSC fault under non-stationary 
conditions. 
 The obtained results demonstrated the efficiency of 
the AD-OT technique for the detection of  ITSC fault 
under varying load conditions and this even for 1  
shorted turn. 
 On the other hand, the diagnostic procedure of the 
AD-OT technique is simple and accurate since it is 
sufficient to monitor the evolution of the 3rd order 

component corresponding to the 3. sf component in the 

frequency domain. 
 
 
 
 
 
 



 

 

Appendix  
 
Tab.1. Induction motor parameters 

n
P  output power 1.1 KW 

sV  stator voltage 220 V 

sf  stator frequency 50 Hz 

p  number of pole pairs 1 

s
R  stator resistance 7.828   

b
R  rotor bar resistance 0.15 m  

e
R  resistance of end ring segment 0.072 m  

b
L  rotor bar inductance 0.1 µH 

e
L  inductance of end ring 0.1 µH 

sfL  leakage inductance of stator 0.018 H 

sN  number of turns per stator 

phase 

160 

b
N  number of rotor bars 16 

l  length of the rotor 65 mm 

e  air-gap mean diameter 2.5 mm 

i  inertia moment 6.093 10-3 kg.m2 
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