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Due to its’ obvious advantages, there is no doubt that Electric vehicles 

are gaining huge popularity. That’s due to the advantages of electric 

vehicles when compared to the traditional ICE vehicles. On the other 

hand, and as electric vehicles are still machines built by human 

beings, the EVs have several components that can be faulty and affect 

the vehicle performance and maybe in some stages lead to severe 

failures or life threatening. These components are mainly the battery, 

electric motor and controllers. So, many studies focused on studying 

the electric vehicles components fault detection in the early stages. In 

this paper, we will focus on one of the most common motor types, the 

permanent magnet synchronous motors. One of the common PMSM 

faults related to the rotor is the demagnetization. This fault will be 

extensively studied using two of the signal analysis method 

techniques: the output torque and the stator current signal analysis. 

Using the MATLAB SimuLink, a complete model of the PMSM will 

be built and the uniform demagnetization fault will be introduced. 

Then, a comparison between both torque and current signatures will 

be presented to put our hands on the ability of these techniques to 

identify the uniform demagnetization fault. 

 

 Copy Right, IJAR, 2024,. All rights reserved. 

…………………………………………………………………………………………………….... 

Introduction:- 
The electric vehicles have many significant advantages when compared to the traditional ICE vehicles. These 

advantages include the quietness, the friendly usage, low pollution emission and low maintenance cost. However, as 

any human built machine, the electric vehicles have several components that can be faulty and affect the vehicle 

performance and maybe in some stages lead to severe failures or life threatening. Based on these facts, and in order 

to serve the expansion of the electricvehicles usage, it became a must to researchers to focus on studying the fault 

diagnosing of the electric vehicles components in earlier stages. 

 

The basic components of the electric vehicles can be classified to three main components: The Battery, the electric 

motor and the electronic components. The motor is considered to be the prime mover of the electric vehicle, and it 

has various types such as: DC Brushless motors, Induction motors, Synchronous motors. Among these types, the 

Permanent Magnet Synchronous Motor (PMSM) is one of the most used motors in the Electric vehicles. The reason 
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behind this is its advantages as: high efficiency, high output power to weight and to volume ratio, low noise 

emissions and easy maintenance and also its ability to achieve high-speed operation and precise torque control. Also 

the PMSM has a simple structure, small size, light weight and large overload capacity. That also means that the 

PMSM is compact and has a high torque density and high dynamic performance. 

 

When it comes to the PMSM faults, there are three main fault categories according to the fault nature: Electrical 

faults, Mechanical faults and Magnetic faults. At the same time, there is a mutual catalytic relationship between 

them. The demagnetization fault is a unique fault of PMSM. Permanent magnets in the PMSM can be demagnetized 

by damage to the magnet, a high temperature, large stator currents, large short-circuit currents produced by inverter 

or stator faults, and the aging of the magnet itself. The main source of this fault is armature reactions. During the 

normal operation of a PMSM, the stator current produces a reverse magnetic field that constantly resists the 

magnetic field of the permanent magnet [1]. 

 

According to previous studies of the fault diagnosing methods, there are three common categories: The model-based 

fault diagnosis method, the signal-based method and the knowledge-based method [2]. The main concept of the 

model-based fault diagnosis method is establishing a model of the motor which contains a specific fault based on 

physical principles. After that, the model predicted output is compared to the actual output that was detected and 

accordingly the fault occurrence can be detected. Also we can use the model built in simulation needed in other fault 

diagnosing methods same as carried out in our research. This method can penetrate the internal laws and physical 

nature of motor faults. However, the disadvantage of this method is that it requires a very accurate motor 

mathematical model [3]. On the other hand, the Knowledge-based methods can automatically detect the fault 

occurrence based on the expert knowledge, but this requires extensive expert experience. In addition to this point, 

and due to the extensive research in artificial intelligence and machine learning, many data-driven intelligent 

diagnosis algorithms have been proposed recently. These algorithms do not rely on prior knowledge. These methods 

mainly include the neural network, support vector machine, sparse representation, deep learning and so on. With the 

data-driven intelligent diagnosis algorithms, the fault type and severity of the motor can be automatically identified 

by the input data based on the given training data [4]. 

 

Accordingly, the signal-based fault diagnosing methods are widely used,especially in the field of fault diagnosing of 

the PMSM. The reason behind that is the fast, ease of usage and also that method does not require a specific model. 

The working strategy of this model is collection and processing the motor signatures and comparing these signatures 

in healthy models with faulty models. Of course, these signatures can be current, vibration, noise, heat, etc [5]. 

Usually, vibration signatures are used in mechanical bearing fault diagnosing [6]. However, this diagnosis method is 

not efficient in diagnosing the demagnetization fault. So, the motor current signature analysis (MCSA) fault 

diagnosing method is the most common fault diagnosing method between the signal analysis techniques. That’s due 

to its ability to diagnose all PMSM fault types [7]. 

 

In previous studies of the PMSM faults and diagnosing methods, many researchers studied the PMSM mathematical 

model in the (abc) stationary reference frame [8,9]. However, this reference frame has to be converted to the (dq0) 

rotating reference frame to study the output parameters of the motor including the output torque and rotational speed 

[10,11]. To accomplish this transformation, the Park transformation matrix is used [12,13]. 

 

In this research, a complete mathematical model of the healthy PMSM will be built. This model will also include the 

uniform demagnetization fault input parameters to simulate a faulty PMSM. Afterwards, a MATLAB model will be 

established with all the needed simulation blocks. Then, a comparison between the torque and the current signatures 

will be performed to study the effect of the uniform demagnetization on both signatures. That will put hands on the 

ability of every signature analysis method to detect the presented fault. 

 

Mathematical Model:- 

Basically, the three phase PMSM consists of a stator and a rotor. The stator is a set of windings creating a rotating 

magnetic field. That field results in the rotor, which is an earth magnet, rotation with respect to the Magnetomotive 

force concept. The rotational speed of the rotor will be according to the stator alternating current frequency. This 

speed is also defined as the synchronous speed. 
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Healthy PMSM model: 

The healthy model layout consists of three coils or windings, one for each phase of the three phases. The coils here 

have equal resistances and number of turns per coil. The equation of the healthy PMSM is illustrated below [9, 14]. 

vabc = Rsiabc +
dλabc

dt
     (1) 

λabc = Lsiabc + λpm      (2) 

 

Where vabc  is the phase voltage 3x1 matrix, Rs  is the 3x3 diagonal matrix describing the resistance of the winding, 

iabc  is the phase current 3x1 matrix, λabc  is the stator flux linkage 3x1 matrix, Ls  is the 3x3 stator inductance matrix 

and λpm  is a 3×1 matrix containing mover’s flux linkage produced by the permanent magnets. 

 

The abovementioned equations (1) and (2) represent mathematical model of the PMSM in stationary frame known 

as the (abc) reference frame. However, when we deal with the PMSM as a motor with a value of power, torque and 

rotational speed, we have to convert the (abc) stationary frame to another rotating frame known as the (dq0) 

reference frame [15,16]. This is carried out using the Park transformation matrix [17]. 

 

The Park transformation matrix is a transformation set of equations to convert the (abc) stationary reference frame 

model of the PMSM to a (dq0) rotating reference frame model. This conversion is carried out to make a simple 

dynamic reference frame model that ease the study and analysis of the PMSM performance. The Park transformation 

(P) matrix is mentioned in the following equation: 

P =
2

3
 

cos θe cos  θe −
2π

3
 cos  θe +

2π

3
 

−sin θe −sin  θe −
2π

3
 −sin  θe +

2π

3
 

0.5 0.5 0.5

  (3) 

Where θe  is the electrical angle defined asNθrwhere N is the number of pole pairs. When we apply the Park 

transformation to the (abc) model to the phase voltage matrix, the (dq0) model of the PMSM will be as the 

followings: 

vd = Rsid +
dλd

dt
−ωeλq      (4) 

vq = Rsiq +
dλq

dt
+ωeλd      (5) 

Where vd  is the d-axis stator voltage, vq  is the q-axis stator voltage, id  and iq  are the d-axis stator current and the q-

axis stator current, respectively, λd  and λq  are d-axis stator magnetic flux linkage and the q-axis stator magnetic 

fluxlinkage, respectively and ωe  is the rotor electrical angular velocity. The d-axis and q-axis stator magnetic flux 

linkages are expressed as the followings: 

λd = Ld id + λm       (6) 

λq = Lq iq        (7) 

Where Ld  and Lq  are the d-axis and q-axis inductances, respectively. When you apply these equations to the stator 

voltage equations (4) & (5), we get the following equations: 

vd = Rsid + Ld
did

dt
− NωmLq iq     (8) 

vq = Rsiq + Lq
diq

dt
+ Nωm Ld id + λm    (9) 

The stator current equations are: 
did

dt
=

vd

Ld
−

Rs id

Ld
+ Nωm

Lq

Ld
iq      (10) 

diq

dt
=

vq

Lq
−

Rs iq

Lq
−

Nωm  Ld id+λm  

Lq
    (11) 

Kowing that the permanent magnet flux linkage λm  is fixed. Accordingly, 
dλm

dt
 is Zero. And the rotor electrical 

angular velocity ωe  equals Nωm  where ωm  is the rotor mechanical angular velocity. 

The electromagnetic torque equation of the PMSM in the dq0 reference frame can be expressed as the following: 

Te =
3

2
N λd iq − λq id      (12) 

Te =
3

2
N λm +  Ld − Lq id iq     (13) 

Where Te  is the electromagnetic torque. The PMSM speed equation in the dq0 reference frame is as follows: 
dωe

dt
=

N

J
 Te − TL − Bωm      (14) 
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Where J is the moment of inertia, TL  is the load torque and B isthe viscous friction coefficient. Also, you can express 

the electromagnetic torque as a combination of the load torque and the moment of inertia of the motor as the 

following: 

Te t = TL t + J
dωe

dt
 t       (15) 

 

 
Figure (1):- Variation of the PMSM flux linkage. 

 

PMSM with Demagnetization fault model: 

As clarified previously, the magnetic fault that is related to the PMSM is the demagnetization of the permanent 

magnets of the rotor. When demagnetization happens, the flux linkage of the permanent magnet will have a variation 

in the amplitude and direction. Figure (1). shows the variation of the flux linkage of the permanent magnet from λm  

to λmD  [18,19]. Accordingly, the d-axis stator magnetic flux linkage λd  and the q-axis stator magnetic flux linkage 

λq  will change to the followings: 

λd = Ld id + λm + ∆λmd      (16) 

λq = Lq iq + ∆λmq       (17) 

Where ∆λmd  and ∆λmq  can be expressed as the followings: 

∆λmd = λmD cos γ − λm      (18) 

∆λmq = λmD sin γ      (19) 

Based on these variations, the d-axis and q-axis stator voltages will also change to the followings: 

 

vd = Rsid + Ld
did

dt
− NωmLq iq +

d λm+∆λmd  

dt
−Nωm∆λmq  (20) 

vq = Rsiq + Lq
diq

dt
+ Nωm Ld id + λm + ∆λmd  +

d∆λmq

dt
  (21) 

But the time constant in the mechanical system is too large compared to the time constant in the electrical system. 

So, 
d λm+∆λmd  

dt
= 0and also

d∆λmq

dt
= 0. So, the equations will be as the following: 

vd = Rsid + Ld
did

dt
− NωmLq iq −Nωm∆λmq   (22) 

vq = Rsiq + Lq
diq

dt
+ Nωm Ld id + λm + ∆λmd    (23) 

did

dt
=

vd

Ld
−

Rs id

Ld
+ Nωm

Lq

Ld
iq + Nωm

∆λmq

Ld
   (24) 

diq

dt
=

vq

Lq
−

Rs iq

Lq
−

Nωm  Ld id+λm+∆λmd  

Lq
    (25) 

The electromagnetic torque will be as the following: 

Te =
3

2
N λd iq − λq id      (26) 

Te =
3

2
N  λm +  Ld − Lq id iq + ∆λmd iq − ∆λmq id  (27) 
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Motor Current Signal Analysis: 

The Motor current signal analysis (MCSA) method is one of the most common signature analysis techniques to 

diagnose any fault in the PMSM. It is simply the study of the current signature of the power supply to the stator. The 

principle of this method is to extract the current signature of a stator and carry out processing to the wave using one 

of the signal analysis methods such as: Fast Fourier Transform, Short Time Fourier Transform, Wavelet transform, 

etc. Figure (2) simplifies the basic motor current signature analysis method. 

 
Figure (2):- Motor current signature analysis chart. 

 

Matlab Model:- 

When it comes to the MATLAB model, and to build an accurate model of the PMSM, many specifications and 

working parameters are needed. Therefore, we used the Schneider Electric BMP0701F3NA2A motor. It is a 0.5 HP 

3-phase permanent magnet synchronous motor. Keeping in mind that the model built can be applied on any 3-phase 

permanent magnet synchronous motor regardless the motor size, specifications, or power. As the motor 

specifications and parameters will affect the healthy model output. However, the effect of the faults on the healthy 

motor current will be the same for any motor type. Below you can find the complete BMP0701F3NA2A motor 

model specifications and working parameters in Table (1). 

 

Table (1):- The BMP0701F3NA2A motor model technical specifications and working parameters. 

 

The MATLAB model can be broken down to three basic constructing model groups: 

a- The healthy PMSM model which contains the representation of all mathematical equations of the PMSM 

without adding any fault. 

b- The simulation blocks and these are divided into two sub-groups. 

i. The current analysis simulation blocks that use the inverse Park transformation matrix to get the (abc) reference 

frame back from the (dq0) model to extract the motor currents for analysis. 

ii. The output Torque block that contains the needed torque signal monitor for the torque signal analysis of the 

fault. 

c- The Fault simulation block: This block simulates the terms of the Demagnetization fault. To add the 

Demagnetization fault to the healthy model of PMSM, all we have to do it setting the value of the Fault 

actuation constant from “0” to “1”. 

 

The Demagnetization fault will require a block that is simulating the ∆λmd  and ∆λmq  as in equations (18 & 19). To 

make the simulation easier with few fault parameters, we assumed the new flux linkage of the permanent magnet is 

0.2 Wb and the angle of the new flux linkage of the permanent magnet γ is 45°. 

 

Accordingly: 

λmD cos γ = λmD sin γ = 0.1414 Wb   (28) 

 

Rated power 0.5 HP 

Rated torque 2 Nm 

Operating frequency 100 Hz 

Number of pole pairs 3 

Winding inductance 40.03 mH 

Rotor inertia 0.59 kg.cm
2
 

Stator coil resistance 17.75 Ohm 

Permanent magnet flux 0.25 Wb 

Viscous friction coefficient 11*10
-5

 N.s/rad 
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After we assume the new fault parameters, the Demagnetization fault MATLAB block of ∆λmd and ∆λmq  will be as 

shown in Figures (3) & (4). 

 
Figure (3):- ∆λmd  and ∆λmq  block. 

 

 
Figure (4):- The complete MATLAB model. 

 

Results and Discussion:- 
After building the complete mathematical and MATLAB models, we will focus in our research on comparing the 

torque signature differences between the healthy and faulty PMSM model and also the current signature in one of 

the three phases of the supplied current. According to the previous studies, the demagnetization fault has a clear 

effect on the torque. Because of the ripple of the flux linkage, the output torque of the PMSM will decrease and be 

insufficient. Accordingly, the PMSM will consume more current to overcome the torque shortage. In other words, 

the demagnetization fault results in lack of output torque. Accordingly, the stator current signature amplitude 

increases to produce more torque to compensate for the torque absence. That means that the uniform 

demagnetization will have no effect on the torque signature of the motor. To verify this estimation, both torque and 

current signatures were extracted from the MATLAB model in two cases: Healthy and faulty PMSM. Figure (5) 

shows the torque signature of the PMSM with no fault and with Demagnetization fault.  
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Figure (5):- Torque signature of the PMSM in both Healthy and Faulty states. 

 

You can see the symmetry between the steady accurate output torque value of the motor in both cases. The reason 

for this is there are no change in the torque load of the motor. However, when it comes to the current signature of the 

motor, you can easily see the effect of the uniform demagnetization fault on the current signature of the PMSM. The 

noticed effect is an increase in the amplitude of the current signal of the stator and this effect will be noticed in all 

phases of the power supply. 

Figure (6):- Current signature of the PMSM in both Healthy and Faulty states. 

Figure (6) shows the current signal of the PMSM stator in two states: one with healthy PMSM and the other with 

uniform demagnetization fault. 

 

Conclusion:- 
The demagnetization is one of the main faults related to the permanent magnet synchronous machines. This fault 

manipulates the flux linkage direction and amplitude. Accordingly, there will be lack of output torque which is 

compensated by increasing the stator current consumed. A complete MATLAB model was built to simulate the 

PMSM in healthy state and the demagnetization fault was simulated. Afterwards, the torque and the current 

signatures were extracted in both healthy and faulty conditions. It was noticed that the torque signature doesn’t have 
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the ability to diagnose the uniform demagnetization fault. However, the demagnetization fault has a significant 

effect on the rotor current signature represented by an increase in the current amplitude. 
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