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Abstract

Various types of faults can occur in a Permanent Magnet Synchronous Machine (PMSM) system, including bearing faults, electrical 

short/open circuits, eccentricity faults, and demagnetization faults (DFs). A DF occurs when the magnetic strength of the PMSM's 

permanent magnets weakens, resulting in reduced output torque, which is undesirable in electric vehicles (EVs). This fault can be 

attributed to physical damage, high-temperature stress, reverse magnetic fields, and aging. Motor current signature snalysis (MCSA) 

is a traditional method for detecting motor faults, relying on the extraction of signal features from the stator current. In this study, 

a simulation model of the PMSM was developed to represent both partial and uniform DFs, allowing for the simulation of varying 

degrees of demagnetization. Harmonic analysis using fast Fourier transform (FFT) demonstrated that the fault diagnosis method 

based on harmonic wave analysis is effective only for partial DFs in PMSMs, and not applicable to uniform DFs.
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1 Introduction
The permanent magnet synchronous motors (MSAPs) 
are highly recommended in the industry. This is because 
they have higher efficiency, high output power to volume 
ratio, high torque to current ratio, etc. [1]. However, since 
the motor is working in the industrial environment with 
different stresses, affected by the power supply and load 
conditions, various faults will inevitably occur in the 
motor during the course of long-term continuous opera-
tion. These faults can seriously affect the reliability and 
safety of the motor operation, if they cannot be diagnosed 
and corrected in time, it may cause serious equipment and 
property damage [2]. Therefore, it is especially important 
to study the fault detection and diagnosis technology of 
Permanent Magnet Synchronous Machine (PMSM) [3].

Faults in PMSMs are classified into three parts: electri-
cal such as stator windings short circuits, magnetic such 
as demagnetization, and mechanical faults such as rotor 
eccentricities and bearing damages [4]. Demagnetization 
faults (DFs) in PMSMs generally occur due to several 
factors such as load situations that require high starting 

torques and fixture reaction that occurs during the rapid 
change from transient situation to stationary state, mag-
netic fields in opposite directions that are caused by cur-
rents passing through stator coils in static state and high 
temperature that occur during winding faults [5].

Demagnetization can be complete, or partial. Partial 
demagnetization can be symmetric or asymmetric too. 
Depending on the severity of fault, demagnetization can be 
reversible or irreversible. However, it has been verified that 
irreversible demagnetization does not arise in the PMs under 
the steady states. Instead, it arises under transient states [6].

Therefore, it is very important to diagnose the DF. 
In  recent years, several approaches have been proposed 
for PMSM fault diagnosis, such as motor current signature 
analysis (MCSA) [7], zero-sequence voltage component [8], 
vibration analysis (VA) [9], back electromotive force (back-
EMF) and magnetic signals [10]. The magnetic signal is the 
most direct signal to reveal the DF, but it is difficult to obtain 
because of the closed characteristic of the motor. Researchers 
used magnetic leakage as a DF diagnosis signal [11]. Though, 
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the magnetic leakage signal is weak, necessity high preci-
sion of the sensor, and therefore an  increase the manufac-
turing costs. In order to reduce the cost, DF diagnosis using 
stator current signal analysis is also popular because it does 
not require the installation of additional sensors. The popu-
lar, reliable, and very frequently methods used for extract-
ing fault features contain fast Fourier transform (FFT) [12], 
continuous wavelet transform (CWT), discrete wavelet 
transform  (DWT)  [13], S-transform [14], Teager–Kaiser 
energy operator (TKEO)  [15] and Hilbert–Huang trans-
form  (HHT)  [16]. In addition, there is another method of 
equivalent network, which use air-gap permeance network 
as Permanent Magnet (PM) equivalent of magnet synchro-
nous motor in order to online diagnose PM DF through mea-
surement of the flux [17].

The aim of this paper is the modeling of the PMSM under 
the partial demagnetization with the magnetically coupled 
electrical circuit (MCEC). The study of the behavior of 
an electric motor is a difficult task and requires above all 
a good knowledge of its dynamic model in order to correctly 
predict, by means of simulation, its behavior in the differ-
ent modes of operation considered. However, the objectives 
of a simulation model are different, which has motivated 
researchers to develop models generally based on the fol-
lowing calculation approaches: MCEC method; reluctance 
networks method (RNM); finite element method  (FEM). 
These methods are widely detailed in the scientific liter-
ature, and present different degrees of complexity. In the 
field of diagnosis of electrical machines, the FEM is used in 
order to understand and quantify the local consequences of 
a fault on the different parts of the machine [18].

For example, the FEM allows the study of the local 
effects of the failure of breaking bars of the rotor cage in 
an asynchronous machine, namely excessive local heating 
due to the increase in currents circulating in the neighbor-
ing bars and a strong electro-dynamic stress on these same 
neighboring bars which can lead to the propagation of the 
fault. The fundamental principle of this method lies in the 
division of the field of study into elementary domains of 
finite dimension. On each domain called finite element, the 
potential is approximated by a low degree polynomial [19].

The permeance network method is based on the anal-
ogy between the magnetic and the electric. This approach 
makes it possible to take into account the characteristics of 
the iron used for the construction of the machine. Indeed, 
the calculation of the different reluctances can only be 
done by fixing a precise value for the relative reluctance 
of the iron Riron. The rotational movement of the machine 

is taken into account by means of variable air gap perme-
ance according to the angular position of the rotor [20]. 
The MCEC modeling approach is based on analytical 
modeling. This modeling method is quite 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 asynchronous 
squirrel cage machines. It has also been adapted to the 
synchronous machine with PMs and offers a compromise 
in terms of model precision and computation time. This 
type of modeling makes it possible to take into account 
a certain number of faults of electromagnetic origin such 
as short-circuit faults between stator turns, faults of the 
rotor bar rupture type and/or short-ring circuit [21].

2 PMSM simulation model establishment under 
normal and demagnetization condition
2.1 PMSM modeling in abc-phase frame 
PMSM are brushless machines with sinusoidal distributed 
stator windings. The excitation flux of PMSM is produced 
by the PM rotor and Kirchhoff's law is used to develop the 
electric model of the PMSM seen in Fig. 1. The magnetic 
permeability of iron is considered to be infinite; the oper-
ation is far from magnetic saturation; the magnetic motive 
force and the flux profiles are considered sinusoid ally 
distributed and higher harmonics are neglected. These 
assumptions are commonly acknowledged as appropri-
ate for a lumped parameter model of the electric motors, 
as found in the electric motor references b. Fig. 1 is a sche-
matic illustration of a three-phase two-pole PMSM.

In Fig. 1, symbols Vabc
S  and iabc

S  represent terminal volt-
ages and currents in each phase; Rabc

S  and Labc
S  represent 

Fig. 1 A two pole PMSM
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the stator resistance and inductance respectively, Ns is the 
turn numbers of each stator winding. Without magnetic 
saturation, the electrical model of the three-phase PMSM 
is obtained in its abc-phase frame as Eq. (1): 

V R iabc
S

abc
S

abc
S abc

Sd
dt

�� �� � �� �� � �� �� �
�� ����

, 	 (1)

where ϕϕabc
S  denotes stator magnetic fluxes for the three 

phases. For conciseness, matrix expressions are used to 
denote three-phase variables, i.e.,:
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Equation (1) is based on the magnetic circuit of the 
motor in Fig. 1. The stator phase voltages are composed of 
two parts: a resistive part representing the voltage drops 
across the stator resistance, and a magnetic part result-
ing from the changing of the stator magnetic flux linkage. 
This model generally applies to PMSMs with both sym-
metrical and asymmetrical phase windings. The winding 
asymmetry can be represented by variations in resistances 
matrix and inductances related to the magnetic flux.

Thus, ϕϕabc
S  can be calculated according to Eq. (6):
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Stator inductance Labc
S  is a (3 × 3) symmetric matrix as 

defined in Eq. (7). The diagonal elements are the self-induc-
tances of each winding, and the off diagonal elements are 
the mutual inductances between different phase windings.
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The flux linkage generated by PM φmabc relates to the 
rotor electrical angular position θr.

Assuming that the stator windings are placed evenly 
with a relative phase angle of 120° and the flux linkage 
distribution obeys the sinusoidal law, φmabc can then be 
expressed as periodic functions of θr defined by Eq. (8):

�� �� �� ��mabc ma r mb r mc r
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where φm is the magnitude of the PM flux linkage.
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Now, voltage Eq. (1) can be rewritten as Eq. (12) using 
Eqs. (1) and (2):
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In Eq. (12), the rotor angle θr and the electrical angular 
velocity ωr are two unknown variables that need to be calcu-
lated before solving the equation. To do this PMSM's mechan-
ical dynamic equations are incorporated. The  mechanical 
model can be described using Eqs. (14) and (15):

d
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where np is the number of the pole pairs of the motor, J 
is the inertia of the rotor, Bm is the viscous friction coef-
ficient. Te is the electromagnetic torque and Tl is the load 
torque of the motor. The electromagnetic torque Te gener-
ated by PMSM can be derived from the co-energy Wc of 
the magnetic system as given in Eq. (16):
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The torque can be expressed using phase currents and 
rotor angular position as in Eq. (18):
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Te can be rewritten as follows:
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Introducing the electromagnetic expression Eq. (19) in 
the mechanical Eq. (14), we obtain:
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Hence the PMSM space state model is given by:
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The differential equations system (Eq. (23)) is solved 
using the fourth order Rung–Kutta method while the step 
time is chosen at each time as the inverse of the maximal 
eigen values of the state matrix.

2.2 Analysis of the PMSM partial DF performance
PMSM DF can be divided into two kinds. One is entire 
PM poles occurrence uniform demagnetization to a cer-
tain extent, which is called whole demagnetization or uni-
form demagnetization, and the second is partial PM poles 
occurrence demagnetization to a certain extent, which is 
called partial demagnetization or local partial [8].

In the case of DF, the flux (φrdem ) of the demagnetized 
magnets in Eq. (24) will change according to the sever-
ity and the position of the demagnetized magnets is deter-
mined using Eq. (24):
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where φrdemag is the percentage of demagnetization.
And the linkage flux can be rewritten in Eqs. (25) and (26):
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In the presence of the DF, the PMSM space state model 
is given by:
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3 Simulation results and discussions
The simulation parameters of the PMSM are given in 
Table 1.

Applying the sinusoidal AC voltage source, setting the 
resistance and reactance parameters, a simulation model 
was established. The simulation flux linkage wave form, 
the electromotive force and the stator currents under the 
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PM of normal, 5% partial demagnetization, 10% partial 
demagnetization and 15% partial demagnetization at the 
speed of 1000 rmp are shown in Figs. 2 to 10.

It can be seen that the phase current, the electromotive 
force and the flux are unbalanced during demagnetization. 
Meanwhile, the harmonics component increase. Thus, it is 
very important to monitor the PM flux variation during 
motor operation and then detect the demagnetization in its 
early stage to maintain the healthy motor operating.

When DF occur in the rotor of the PMSM, the flux link-
age fundamental wave amplitude significantly reduces rel-
ative to the rotor normal condition, and when the increase 
of rotor demagnetization degree the fundamental wave 
amplitude gets smaller and smaller [8].

Current based detection approach is popular due to the 
easy availability of the current signal, and simple mathe-
matical model. Researchers are trying to use current fre-
quency distribution, harmonic component and injected 

Table 1 Specification on the presented PMSM

Components Rating values

Rated power (Pn ) 335 W

Voltage (V  ) 32.5

Frequency (  f  ) 50 Hz

Rated speed (Nn ) 1000 rpm

Number of poles pairs (np ) 3

Stator resistance (Rs ) 1 Ohm

Inductance (Ls = Lls + Lm ) 3.2 mH

Mutual inductance (Lm ) 0.13 mH

Magnetic flux (φm ) 0.3 Web

Moment of inertia (J  ) 0.00065 kg m2

Fig. 2 Flux linkage under 5% of the asymmetric demagnetization

Fig. 3 Flux linkage under 10% of the asymmetric demagnetization

Fig. 4 Flux linkage under 15% of the asymmetric demagnetization

Fig. 5 Electromotive force under 5% of the asymmetric demagnetization

Fig. 6 Electromotive force under 10% of the asymmetric demagnetization
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current to detect the PM filed fault. Stator phase currents 
frequency distribution is used to describe the fault distri-
bution by FFT averages in time domain, but it is not appli-
cable to variable speed and load because frequency com-
ponents appearing asymmetrical stator windings gives 
improper fault analysis result.

Figs. 11 to 13 show the power spectral density under 
different percentages of asymmetric demagnetization.

4 Conclusion
Partial DF of the PMSM in varying degrees under load 
state have been simulated using analysis software. In this 
paper, the simulation results show that the reasonable DF 
waveform can be obtained by changing the PM material 
parameters, and the partial demagnetization simulations 

Fig. 7 Electromotive force under 15% of the asymmetric demagnetization

Fig. 8 Temporal evolution of the phase currents in case of 5% of the 
asymmetric demagnetization

Fig. 9 Temporal evolution of the phase currents in case of 10% of the 
asymmetric demagnetization

Fig. 10 Temporal evolution of the phase currents in case of 15% of the 
asymmetric demagnetization

Fig. 11 Power spectral density under 5% of the asymmetric 
demagnetization

Fig. 12 Power spectral density under 10% of the asymmetric 
demagnetization

Fig. 13 Power spectral density under 15% of the asymmetric 
demagnetization
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show that the magnetic field strength will be reduced with 
the increase of DF severity. The harmonic analysis shows 

that the harmonic amplitude is increased significantly 
under the partial DF condition.
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