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A B S T R A C T  

 

This paper proposes a new approach for discrimination between short circuit fault, magnetic saturation 

phenomenon and supply voltage unbalance in permanent magnet synchronous motor. This proposed 

approach is based on tracking the simultaneous position in the polar coordinates of the amplitude and 
phase angle of the voltage and current indicator FFT signals of the harmonics characterizing the three 

phenomena. The voltage indicator set using three supply voltages to check the status of the power source. 

In the same way, the current indicator defined using three line currents to discriminate between the short 
circuit fault and the magnetic saturation phenomenon. To highlight the effectiveness and the capability 

of this approach, a series of simulations are performed on signals obtained from a permanent magnet 

synchronous motor mathematical model. This model is based on a 2D-extension of the modified winding 
function approach. 

doi: 10.5829/ije.2020.33.10a.15 
 

NOMENCLATURE 

PMSM : Permanent Magnet Synchronous Motor UVU : Under-Voltage Unbalance 

ITSC : Inter-Turns Short-Circuit OVU : Over-Voltage Unbalance 
MSP : Magnetic Saturation Phenomenon FFT : Fast Fourier Transform  
SVU : Supply Voltage Unbalance   ANN : Artificial Neural Network 

 
1. INTRODUCTION1 
 
The main industrial application areas, related to electric 

traction, processing, machining, material shaping, and 

recently electric propulsion are increasingly 

implementing the PMSM. These have a more compact 

structure, a high mass power, a higher dynamic response 

compared to conventional structures [1–4]. 

Although these motors are reliable, under certain 

electrical, thermal, mechanical, or environmental 

constraints, they are subjected to unexpected failures . 

Among these failures, approximately 30 % to 40 % fall 

into the category of faults related to stator windings [5–

7]. For this reason, early detection of this type of fault is 

important because a simple ITSC can produce more 
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severe damage. This detection will preserve the safety of 

goods and people and avoid the unscheduled shutdown 

of the production line and therefore increases the life of 

these motors and minimize financial losses . 

Several diagnostic techniques have been developed to 

detect this type of fault, depending on the selected 

physical quantities [8–16]. Among these techniques, the 

spectral analysis of the stator current is a promising 

approach. Its main advantages are the easy installation of 

the sensors and the information richness of the current 

spectrum for the detection of almost all faults that can 

appear in the electrical machines. Indeed, several studies 

[8, 9] have shown that the ITSC fault is manifested by the 

increase of the third harmonic amplitude of the PMSM 

current spectrum. 
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Unfortunately, these signatures may also be due to the 

SVU and the MSP. The appearance of these three 

phenomena by the creation of the same harmonics makes 

it difficult to discriminate between them . 

Several techniques have been recently deployed to 

discriminate between the ITSC faults from other 

secondary phenomena such as MSP and SVU [17–19].  

Paper [17] presents a simple method for the diagnosis 

and the discrimination between the ITSC fault and the 

SVU. The authors of this paper have used the ANN 

approach, where they chose the percentage of the 

amplitude of the third harmonic compared to the 

fundamental one, as input quantities in different cases of 

the motor operation. Unfortunately, the method used 

does not deal with the distinction of the third harmonic 

due to the MSP. In [18], a structure using a feed-forward 

type ANN, based on the analysis of active and reactive 

power to discriminate between a stator ITSC fault and an 

SVU in induction motors, is proposed. The simulation 

and experimental results obtained show the advantage of 

the use of the phase shift between the two powers as a 

simple diagnostic technique compared to the analysis of 

the signals of the stator current. Despite the advantages 

presented by these two techniques, they have significant 

drawbacks, such as the absence of a systematic method 

to define the best topology of the neural network and the 

number of neurons in the hidden layer . 

To overcome the various drawbacks mentioned 

above, this paper proposes a new approach of separation 

between the ITSC fault, the MSP, and the SVU in 

PMSM. This approach is based on tracking the 

simultaneous position in the polar coordinates of the 

amplitude and phase angle of the FFT signals of the 

voltage and the current indicator of the harmonic 

characterizing of three phenomena. The voltage indicator 

set using the three supply voltages to check the status of 

the power source. In the same way, the current indicator 

defined using three line currents to discriminate between 

the ITSC fault and the MSP. To highlight the 

effectiveness of this approach, a series of simulations will 

be carried out on a known and improved PMSM model. 

This model is based on the modified winding function 

approach, of which the permanent magnet is considered 

as a fictitious coil traversed by an excitation current '' if ''. 

 

 

2. INTER-TURNS SHORT-CIRCUIT   
 

Electrical faults such as the degradation of the insulating 

material are internal faults that develop in the machine 

during its operation. They are caused by the increased 

temperature of the winding and stator yoke, natural 

thermal aging of the material, mechanical stresses at 

start-up, lack of eccentricity, contamination caused by 

hydrocarbons and moisture, and the fast switching of 

power electronics components [20, 21]. In most cases, 

this degradation causes an ITSC fault, which can 

generate a very large value of the current flowing in the 

short-circuit branch of the phase, which results in 

excessive heating of the conductors. In its operating 

conditions, a failure can be caused after a few minutes of 

its start. In fact, and as a rule, an increase of 10 °C in 

temperature compared to its nominal value, reduces the 

life of drivers twice as fast [22]. On the other hand, the 

ITSC fault also causes a risk of the permanent magnets 

irreversible demagnetization and the saturation of the 

magnetic circuit due to the high magnetic field . 

 

 

3. MAGNETIC SATURARATION PHENOMENON 
 

The saturation of ferromagnetic materials is a complex 

physical phenomenon that is difficult to model. In 

electrical machines, the MSP first appears in areas where 

the cross-section of the magnetic field lines is the 

weakest, usually in the stator and rotor teeth, but also in 

polar arcs for machines with salient poles; therefore, it is 

a local phenomenon. One of the leading causes of 

magnetic saturation is the increase of the current, which 

consequently causes an increase in the intensity of the 

magnetic field. Therefore, the magnetic induction is 

beyond the saturation bend. This increase in current is 

caused either by an increase in the supply voltage or by 

an ITSC fault [23–25]. To detect the MSP, a problem 

arises because many studies have proven that the MSP 

indicators manifest themselves in the same signatures as 

those of the ITSC fault [23–25]. 

 

 

4. UNBALANCE OF POWER SUPPLY VOLTAGE   
 

A three-phase system is said to be unbalanced or 

asymmetrical if the three-phase voltages and currents do 

not have the same amplitude and/or are not out of phase 

with each other by 120 °. This phenomenon is one of the 

most common interferences in electrical systems. The 

unbalances are generally due to single-phase loads 

because, in this case, the currents absorbed on the three 

phases are of amplitude and/or different phases, resulting 

in an unbalance of the three voltages. Voltage unbalance 

can also be due to three-phase loads, when these are not 

symmetrical. Indeed, several cases of SVU have the same 

unbalance factor but have different effects on the loads. 

Among these unbalances, one can quote [26–28]: 

• Under-voltage: decrease of a single-phase, two 

phases, or all three phases at the same time. 

• Over-voltage: increase of a single-phase, two phases, 

or all three phases at the same time. 

To diagnose this type of phenomenon by the stator 

current spectral analysis technique. Several studies        

[26–28] have shown that the SVU is manifested with the 

same signatures as those of the ITSC fault and the MSP . 
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The appearance of the effect of these three 

phenomena on harmonics of the same frequency makes 

the distinction between them a difficult task . 

The purpose of our work is to develop a new approach 

to discriminate between these three phenomena. To do 

this, it is crucial to establish a mathematical model of the 

Permanent Magnet Synchronous Motor. 

 

 
5. MODELING OF THE HEALTHY PMSM    

 
The modeling approach is based on a semi-analytical 

method of Permanent Magnet Synchronous Motor. This 

modeling method is rather generic in the sense that it 

relies on a description of the electromagnetic couplings 

within the machine based on the geometric and 

constitutive topology of the machine. This approach has 

already been proven for the modeling of squirrel cage 

induction machines [29, 30]. It has also been adapted to 

the PMSM in [31, 32]. In this section, we will present 

more precisely the model where the taking into account of 

permanent magnets is carried out, to preserve the notion 

of magnetic coupling with the stator, by the use of the 

fictitious coils.  

 
5. 1. Modeling of Permanent Magnets          The 

modeling method is based on the exploitation of an 

Ampere model which makes it possible to identify a 

permanent magnet whose magnetization M to the 

distribution of fictitious currents (ampere currents) 

constituted by: 
• A surface current density σ defined by:  

𝜎
→

= 𝑀
→

∧ 𝑑𝑠
→

  (1) 

• A surface volume current density  defined by:  

𝜌
→

= 𝑟𝑜𝑡(𝑀
→

)  (2) 

In our case, the permanent magnet is characterized by a 

constant magnetization. Thanks to the Equations (1) and 

(2) of the ampere model, we can deduce that there exists 

a fictitious surface current density. In contrast, the volume 

current density is zero because of the constant 

magnetization. In conclusion, we can represent the 

permanent magnet of the rotor by fictitious coils traversed 

by currents, as illustrated in Figure 1, which will allow us 

to implement the magnetically coupled electrical circuit 

approach [32]. 

 
5. 2. Modeling of the Machine           The PMSM 

equation system can be represented as fellow [21, 32]: 

[

𝑉𝑠𝑎
𝑉𝑠𝑏

𝑉𝑠𝑐

] = [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [

𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐

] +
𝑑

𝑑𝑡
[

𝜙𝑖𝑎

𝜙𝑖𝑏

𝜙𝑖𝑐

] +
𝑑

𝑑𝑡
[

𝜙𝑚𝑎

𝜙𝑚𝑏

𝜙𝑚𝑐

]       () 

Such that: 

[𝑉𝑠𝑎𝑏𝑐] = [𝑉𝑠𝑎 𝑉𝑠𝑏 𝑉𝑠𝑐]
𝑇  : Stator voltages vectors; 

[𝑖𝑠𝑎𝑏𝑐] = [𝑖𝑠𝑎 𝑖𝑠𝑏 𝑖𝑠𝑐]𝑇  : Stator currents vectors; 

[𝑅] = 𝑅𝑠[𝐼]   : Stator résistance matric; 

[𝜙𝑖] = [𝜙𝑖𝑎 𝜙𝑖𝑏 𝜙𝑖𝑐]
𝑇  : Stator fluxes vectors;  

[𝜙𝑚] =
[𝜙𝑚𝑎 𝜙𝑚𝑏 𝜙𝑚𝑐]

𝑇  
: Mutual fluxes vectors 

between stator and rotor.  

where, 

[

𝜙𝑖𝑎

𝜙𝑖𝑏

𝜙𝑖𝑐

] = [

𝐿𝑎𝑎 𝑀𝑎𝑏 𝑀𝑎𝑐

𝑀𝑏𝑎 𝐿𝑏𝑏 𝑀𝑏𝑐

𝑀𝑐𝑎 𝑀𝑐𝑏 𝐿𝑐𝑐

] [

𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐

]        () 

The mutual fluxes between the stator and the rotor of a 

machine consisting of 4 poles (corresponding to 4 

fictitious coils) are given by the following matrix system 

[21, 32]:  

[

𝜙𝑚𝑎

𝜙𝑚𝑏

𝜙𝑚𝑐

] = [

𝑀𝑠𝑎𝑓1

𝑀𝑠𝑏𝑓1

𝑀𝑠𝑐𝑓1

𝑀𝑠𝑎𝑓2

𝑀𝑠𝑏𝑓2

𝑀𝑠𝑐𝑓2

𝑀𝑠𝑎𝑓3

𝑀𝑠𝑏𝑓3

𝑀𝑠𝑐𝑓3

𝑀𝑠𝑎𝑓4

𝑀𝑠𝑏𝑓4

𝑀𝑠𝑐𝑓4

]

[
 
 
 
𝑖𝑓1

𝑖𝑓2

𝑖𝑓3

𝑖𝑓4]
 
 
 

    () 

The modeling of the rotating part of the machine is based 

on the use of Newton's second law. We will have: 

𝐽
𝑑

𝑑𝑡
𝛺 + 𝐹𝛺 = 𝐶𝑒𝑚 − 𝐶𝑟  () 

By carrying out an energy balance, it is shown that the 

electromagnetic torque is equal to the partial derivative 

of the magnetic Co-energy with respect to the position of 

the rotor. Consequently, the torque is expressed by the 

following equation [21, 32]: 

𝐶𝑒𝑚 =
𝜕𝑊𝑐𝑜𝑚𝑎𝑔

𝜕𝜃𝑟
= [𝑖𝑠𝑎𝑏𝑐]

𝜕[𝑀𝑠𝑠]

𝜕𝜃𝑟

[𝑖𝑠𝑎𝑏𝑐] +

[𝑖𝑠𝑎𝑏𝑐]
𝜕[𝑀𝑓]

𝜕𝜃𝑟
[𝑖𝑓]  

(7) 

 
 
6. INDUCTANCES CALCULATION  
 
It is essential to know that the accuracy of inductance 

calculation is the crucial point for a successful PMSM 

 

 

 
Figure 1. Illustration of the ampere model on a cylindrical 

permanent magnet [19] 
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simulation. All inductances are calculated by using the 

winding function approach [29–31], which is based on 

the following formula: 

𝐿𝐴.𝐵 = 𝜇𝑜𝑟𝑙 ∫ 𝑁𝐴(𝜑, 𝜃𝑟)𝑛𝐵(𝜑, 𝜃𝑟)𝑔
−1(𝜑, 𝜃𝑟)𝑑𝜑

2𝜋

𝑜
    () 

where, μo is the air permeability, r is the mean radius of 

the gap, l is the actual length of the machine, NA(r) is 

the winding function of the winding '' a '', nB(r) is the 

distribution function of the winding '' b '' and g-1(r) is 

the inverse of the gap function (see Figure 2). 

 

6. 1. Inductances Calculation in the Healthy Case       
To calculate the PMSM inductances in the healthy case, 

the air gap becomes uniform, so the inverse of the air gap 

g-1( r) must be constant and equal to the inverse of the 

nominal air gap go, which therefore allows the Equation 

(8) to be rewritten as follows:   

𝐿𝑎𝑏 =
𝜇𝑜𝑟𝑙

𝑔𝑜
∫ 𝑁𝑎(𝜑, 𝜃𝑟)𝑛𝑏(𝜑, 𝜃𝑟)𝑑𝜑

2𝜋

𝑜
   () 

 
6. 2. Inductances Calculation in the Presence of 
MSP              The MSP can be modeled by a variation in 

the function of the air gap [24, 25].  
The inductances calculation is made in the same way 

as in the one of a uniform air gap, except the inverse of 

the air gap function is replaced by the following equation: 

𝑔(𝜑, 𝜃𝑟) = 𝑔𝑜[1 − 𝑘𝑔𝑠𝑎𝑡 𝑐𝑜𝑠( 2(𝑝𝜑 − 𝜃𝑓))]  () 

𝑔−1(𝜑, 𝜃𝑟) =
1

𝑔𝑜
[1 + 𝑘𝑔𝑠𝑎𝑡 𝑐𝑜𝑠( 2(𝑝𝜑 − 𝜃𝑓))]  () 

where go is the average value of the gap length,  is the 

position of the stator, f  is the position of the air gap flux, 

p is the pole pair number, kgsat is the saturation factor. 

 

6. 3. Inductances Calculation in the Presence of 
ITSC Fault             The presence of the fault modifies the 

equation system of the PMSM, so when the Short circuit 

 
 

 
Figure 2. Cross-section of 4 poles surface-mounted PMSM 

with main dimensions 

occurs between the turns of the phase '' a '', the system of 

the Equation (3) becomes [21, 22]: 

[

𝑉𝑠𝑎

𝑉𝑠𝑏

𝑉𝑠𝑐

𝑉𝑠𝑑

] = [

𝑅′
𝑠𝑎 0 0 0
0 𝑅𝑠𝑏 0 0
0 0 𝑅𝑠𝑐 0
0 0 0 𝑅𝑠𝑑

] [

𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
𝑖𝑠𝑑

] +
𝑑

𝑑𝑡
[

𝜙𝑖𝑎

𝜙𝑖𝑏

𝜙𝑖𝑐

𝜙𝑖𝑑

] +
𝑑

𝑑𝑡
[

𝜙𝑚𝑎

𝜙𝑚𝑏

𝜙𝑚𝑐

𝜙𝑚𝑑

]  () 

The inductances calculation is made in the same way as 

in the healthy PMSM. During an ITSC, the winding 

function of the faulty phase '' a '' changes as well as its 

inductance, its resistance, and its mutual inductances 

with the other branches of the PMSM [21]. 

 

 

7. PROPOSED APPROACH 
 
The approach proposed in this paper aims to precisely 

discriminate between the effects of ITSC failures to those 

due to secondary phenomena such as the SVU and the 

MSP. The flowchart ( Figure 4) of the proposed method  

is briefly explained by the procedure steps below: 

1st Step: Generation of the signature of the current and 

the voltage from the simulated model 

2nd Step: Determination of the voltage indicator  

• Extraction of the voltage indicator by the use of the 
following equation: 

𝑖𝑛𝑑_𝑣(𝑡) = |𝑉𝑠𝑎 − 𝑉𝑠𝑏| + |𝑉𝑠𝑏 − 𝑉𝑠𝑐| + |𝑉𝑠𝑐 − 𝑉𝑠𝑎|  (13) 

• Calculation of the spectra (amplitude and phase 
angle) of this indicator by using the FFT. 

• Determination from the spectra of the voltage 
indicator the magnitude and phase angle of the harmonic 
characteristics of the power unbalance that is (2fs).  

{

𝑚𝑎𝑔 = |𝑖𝑛𝑑_𝑣(𝑓)|𝑓=2𝑓𝑠

𝜑 = 𝑎𝑟𝑔(𝑖𝑛𝑑_𝑣(𝑓))𝑓=2𝑓𝑠

  

With: 𝑖𝑛𝑑_𝑣(𝑓) = 𝐹𝐹𝑇(𝑖𝑛𝑑_𝑣(𝑡)) 

() 

• Plot of the position in polar coordinates as a function 
of the magnitude and the phase angle of the harmonic 
(2fs), as shown in Figure 3. 

3rd Step: Determination of the current indicator   

• Extraction of the current indicator by the use of the 
following equation: 

𝑖𝑛𝑑_𝑖(𝑡) = |𝐼𝑠𝑎 − 𝐼𝑠𝑏| + |𝐼𝑠𝑏 − 𝐼𝑠𝑐| + |𝐼𝑠𝑐 − 𝐼𝑠𝑎|  (15) 

• Calculation of the spectra (amplitude and phase 
angle) of this indicator by using the FFT. 

• Determination from the current indicator spectra of 
the amplitude and the phase angle of the ITSC fault and 
the MSP characteristic harmonic. 

• Plot of the position in polar coordinates as a function 
of the amplitude and phase angle of the harmonic (2fs) as 
shown in Figure 3. 
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Figure 3. Representation in polar coordinates of the 

amplitude and phase of the second harmonic (2fs) 

 
 

 
Figure 4. Flowchart of the proposed approach 

 

 
4th Step: Exploitation of the voltage and current 

indicator in the separation between the ITSC fault and 

the secondary phenomena   

First, the state of the power source is determined by 

tracking the position of the plot (in one of the four 

quadrants) of the voltage indicator. 

• If the plot position is in the first quadrant, this implies 
the absence of power unbalances. 

• The presence of under-voltage or over-voltage 
unbalances indicated by the position of the voltage 
indicator plot in the second and fourth quadrants, 
respectively. 

Secondly, the ITSC fault is discriminated from the 

MSP fault by tracking the position of the plot (in one of 

the four quadrants) of the current indicator. 

If the plot position is in the first quadrant, this implies 

the absence of the ITSC fault and the MSP. 

• If the plot is positioned in the second quadrant, this 
implies the existence of the MSP. However, if it is placed 
in the third quadrant, this means the presence of the ITSC 
fault. 

It is necessary to note that the SVU does not influence 

the current indicator. In the same way, the presence of the 

MSP or the ITSC faults does not influence the voltage 

indicator.  

 

 

8. SIMULATION RESULTS 
 
To demonstrate the effectiveness of the proposed 

approach, a mathematical model of the PMSM developed 

in Section 5 is used for the different modes of operation: 

• Healthy PMSM powered by a balanced voltage; 

• Healthy PMSM powered by unbalanced voltage; 

• Motor operation in the presence of the ITSC fault; 

• Motor operation in the presence of the MSP.  

The simulation is performed on a PMSM with the 

following specifications: 3.6 kW, 4 poles, 36 stator slots, 

and 4 fictitious rotor coils. The arrangement of the stator 

and the rotor windings of this motor and its parameters 

are indicated in the appendix (Table A). The 

mathematical model obtained, and all the expressions of 

the inductances are implemented under the MATLAB 

environment. In all the simulations of this work, the 

machine at no-load is started, and a load torque is applied 

at the instant 0.5 s. The load torque corresponds to that of 

the nominal torque of 17.5 Nm. 

 
8. 1. Analysis of the Current by the Classical Power 
Spectral Density Estimation           The spectral 

analysis of the obtained stator currents signature from the 

mathematical model of the simulated PMSM gives us the 

following results according to the established operating 

mode. 

 
8. 1. 1. Healthy PMSM Powered by Balanced 
Voltage         Figure 5 illustrates the stator current 

spectrum in the healthy motor operation mode (without 

ITSC fault, without MSP, and with a balanced power 

source). 

It can be noted that the spectrum contains in addition 

to the fundamental harmonic,  a series of harmonics  that 
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Figure 5. Healthy PMSM powered by a balanced voltage: 

Stator current spectrum 

 

 
represents the space harmonics whose frequencies can 

easily be checked using the Equation (16). This spectrum 

will be considered as the reference one. 

𝑓𝑠ℎ = [2. 𝑘 + 1]𝑓𝑠   () 

 
8. 1. 2. Healthy PMSM Powered by Unbalanced 
Voltage                 Figure 6 gives the spectrum of the stator 

current for a healthy operation under an SVU.  

From that figure, it can be noticed that there is an 

increase in the amplitude of the harmonic 200 Hz 

compared to the healthy case. This increase is due to the 

unbalance of the supply voltage. 

 
8. 1. 3. Motor Operation in the Presence of the ITSC 
Fault             Figure 7 illustrates the stator current 

spectrum for a balanced supply and with an ITSC fault of 

8.33 % (that is six turns in short-circuit).  

In reference to Figure 5, the stator current spectrum 

presented in Figure 7 depicts an increase in the magnitude 

of the characteristic harmonics of ITSC fault (3fs), which 

is of the order of 200 Hz. 

 
8. 1. 4. Motor Operation in the Presence of the MSP 

Figure 8 shows the stator current spectrum in the 

presence of the effect of the MSP (Kgsat = 0.06) with a 

balanced supply voltage.  

 

 

 
Figure 6. Healthy PMSM powered by an unbalanced 

voltage: Stator current spectrum 

 
Figure 7. Motor operation in case of 8.33 % ITSC fault:  

Stator current spectrum 

 

 

In the light of the results obtained, it is noticed that 

the frequencies due to the effect of the SVU are similar 

to the frequencies of the ITSC faults and that of the MSP.  

According to these results, it is noted that the use of 

the technique of spectral analysis of the signature of the 

stator current is insufficient to discriminate between 

these three phenomena. 

 
8. 2. Discrimination between ITSC Fault, MSP, and 
SVU Using the Proposed Approach        The 

advantage of the proposed approach is the use not only of 

the amplitude but also the phase angle to discriminate 

between three phenomena (ITSC, MSP, and SVU).  

The adaptation of the proposed algorithm is based on 

the amplitude and phase angle of the second harmonic 

obtained from the two indicators, voltage and current.  

The results found are plotted in polar coordinates to 

simplify the interpretation and analysis of the different 

modes of operation. 

 
8. 2. 1. Voltage Indicator            Figure 9 shows the 

location of the harmonic reference (2fs) of the first 

indicator. This position represents the healthy operation 

of the motor (without faults) powered by a balanced 

voltage, and according to the figure, it is noted that the 

location of the plot is positioned in the first quadrant of 

the circle (0 ≤   ≤ 90°) in the polar coordinates graphical 

representation.  

 

 

 
Figure 8. Motor operation in the presence of the MSP 

(Kgsat= 0.06): stator current spectrum 
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Figure 9. Position of the harmonic (2fs) plot of the first 

indicator for the healthy operation a balanced voltage 

 

 
 On the one hand, if the healthy machine is powered 

by an unbalanced voltage source (Under-Voltage 

Unbalance UVU), this position occurs in the second 

quadrant of the circle around 120° (see Figure 10(a)). On 

the other hand, if the healthy machine is powered by an 

unbalanced voltage source (Over-Voltage Unbalance  

 

 

 

 
Figure 10. Position of the harmonic (2fs) plot of the first 

indicator as a function of the severity of the SVU: (a) Under-

voltage unbalance, (b) Over-voltage unbalance 

OVU), the position of the plot moves to the fourth 

quadrant of the circle around 300° (see Figure 10(b)). In 

the case of increasing the degree of the SVU (UVU), the 

plot position remains the same (in the same quadrant) but 

causes the displacement of the plot position upwards to 

the left from the center of the circle. In the same way, the 

increase of the SVU (OVU) degree does not modify the 

position of the plot, but only causes the displacement of 

the plot position down to the right.   

 
8. 2. 2. Current indicator            The location of the 

harmonic reference (2fs) of the second indicator is 

illustrated in Figure 11. This position represents the 

healthy operation of the motor under a balanced power 

supply; this figure indicates that the location of the plot 

is at the first quadrant of the circle (0 ≤   ≤ 90°) in the 

graphical representation in polar coordinates. 

The MSP is manifested by the plot position in the 

second quadrant of the circle around 120°, as shown in 

Figure 12. Moreover, increasing the saturation factor 

does not change the plot position, but causes the plot 

position to move upwards to the left from the center of 

the circle  (Figure 12).  In the case of an  ITSC  fault,  the 

 

 

 
Figure 11. Position of the harmonic (2fs) plot of the second 

indicator for the healthy PMSM under a balanced voltage 

 

 

 
Figure 12. Position of the harmonic (2fs) plot of the second 

indicator as a function of the severity of the MSP 
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plot is positioned in the third quadrant of the circle 

around  210°  (Figure  13).  Increasing  the  severity  of 

the ITSC  fault  causes  the  position  to  move  down  to  

the left  from  the  center  of  the  circle  in  the  same  

quadrant. 

The simultaneous presence of the ITSC fault and the 

MSP is manifested by an intermediate position relative to 

the two phenomena (between the second and third 

quadrants), as shown in Figure 14. This position can vary 

between the second and third quadrant depending on the 

predominance of the phenomenon: 

• In the second quadrant, if the MSP is predominant 
(see Figure 14 in blue). 

• In the third quadrant, if the ITSC fault is predominant 
(see Figure 14 in black). 

As indicated at the end of section 7, the presence of 

the SVU does not influence the current indicator, and the 

presence of the MSP or the ITSC fault does not influence 

the voltage indicator.  

 

 

 
Figure 13. Position of the harmonic (2fs) plot of the second 

indicator as a function of the severity of the ITSC Fault 

 
Figure 14. Position of the harmonic (2fs) plot of the second 

indicator as a function of the severity of the ITSC Fault and 

the MSP 

 

 
Therefore, to diagnose the ITSC fault in the presence 

of the SVU, it is sufficient to track the current and voltage 

indicator plot position simultaneously. Our study shows 

that if the PMSM experiences an ITSC fault and powered 

by an unbalanced voltage source (UVU), the voltage 

indicator plot position takes place in the second quadrant 

of the circle around 120° (see Figure 10(a)) and the 

current indicator plot position takes place in the third 

quadrant of the circle around 210° (Figure 13).  

On the other hand, if the PMSM is powered by an 

unbalanced voltage source (OVU), the position of the 

voltage indicator plot moves to the fourth quadrant of the 

circle around 300° (see Figure 10(b)). Otherwise, the 

position of the current indicator plot always remains in 

the third quadrant (see Figure 13).   

The different positions of the voltage and current 

indicators, depending on the state of the machine and the 

power source, are summarized in Table 1. 

 
 

TABLE 1. Position of voltage and current indicators for different cases of operation 

Plot Position Healthy PMSM 
SVU 

ITSC MSP 
SVU and ITSC 

UVU  OVU UVU  OVU 

Voltage Indicator  Q1 Q2 Q4 ------ ------ Q2 Q4 

Current Indicator Q1 ------ ------ Q3 Q2 Q3 Q3 

 

 
9. CONCLUSION 
 

In this paper, a new approach is proposed to discriminate 

between the inter-turns short-circuit fault, the magnetic 

saturation phenomenon, and the supply voltage 

unbalances in permanent magnets synchronous motors. 

This approach is based on the tracking of the 

simultaneous position of the polar coordinates of the 

amplitude and phase angle of the signals of the voltage 

and current indicators of the harmonic characteristics of 

the three phenomena. These indicators are based on the 

supply voltages (Vsa, Vsb, and Vsc) and the stator 

currents (Isa, Isb, and Isc) that are available in any drive 

system and do not require additional hardware.  

The simulation results prove the effectiveness and 

reliability of the proposed approach. For this purpose, the 

method using polar graphical representation shows better 

readability in terms of the spectrum and speed of decision 

making concerning the distinction between these three 

phenomena (ITSC, MSP, and the SVU). 
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11. APPENDIX 
 

TABLE A. PMSM parameters 

Symbol Description Values Units 

Vn Rated voltage 150 V 

fs Rated frequency 66.7 Hz 

In Rated current 15.1 A 

Cn Rated torque 17.5 Nm 

n Rated speed 2000 rpm 

Rs Stator resistance 0.295 Ω 

Ls Synchronous inductance 3.5 mH 

J Moment of inertia 3.10-4 Kg.m2 

F Viscous rubbing 0.017 Nm/rad/s 

P Number of pole pairs 2 ----- 

go Nominal air gap 12 mm 

r Stator radius 64 mm 

rr Rotor radius 52 mm 

l Length of the machine 250 mm 

Ns Number of turn/coils 6 ----- 

h Thickness of magnets 10 mm 

 

 

 

 

 

 

 
 

Persian Abstract 

 چکیده 
 (PMSMs) ربادر موتورهای همزمان آهن (SVU) و عدم تعادل ولتاژ تأمین (MSP) پدیده اشباع مغناطیسی  ،مقاله یک رویکرد جدید از تبعیض بین گسل اتصال کوتاهاین  

های توصیف شده از سه پدیده همسازجریان از نشانگر  FFT هایاین رویکرد در پیگیری موقعیت همزمان در مختصات قطبی دامنه و زاویه فاز ولتاژ و سیگنال . ارائه شده است

به همین روش، نشانگر جریان با استفاده از سه جریان خط برای تفکیک   د.شونشانگر ولتاژ با استفاده از سه ولتاژ منبع تغذیه برای بررسی وضعیت منبع تغذیه تنظیم می  ت.اس

   PMSM های به دست آمده از یک مدل ریاضی ازسازی بر روی سیگنالاثربخشی این رویکرد؛ یک سری شبیه برای برجسته کردن  .شودتعریف می    MSP و ITSC بین گسل

 . از رویکرد عملکرد سیم پیچ اصالح شده است  2Dاین مدل در یک پسوند  .شودانجام می

 
 


