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Abstract

This paper proposes the development of a new mathematical model dedicated to the diagnostic of the partial Demagnetization 

Fault (DF) in Permanent Magnet Synchronous Motor (PMSM). To do this, an extension of the Modified Winding Function Approach 

(MWFA) is proposed to accurately take into account the air gap asymmetry caused by the Demagnetization Fault (DF) in the PMSM 

inductances calculation. The calculated inductances are then used in the magnetically coupled electrical circuit model to simulate the 

PMSM behavior in the different operating modes. Finally, a diagnostic method based on the stator current spectral analysis is used to 

highlight the PMSM stator current spectral content in the various operating modes (with and without Demagnetization Fault).
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1 Introduction
In recent decades, the use of PMSM is constantly increas-
ing in many industrial and energy fields, such as rail and 
aeronautic transport, electric vehicles, electric traction, 
electric propulsion and wind farms. These motors, associ-
ated with inverters, have a more compact structure, a high 
specific power, and a higher dynamic response compared 
to conventional structures (direct current motors, syn-
chronous wound rotor motors or induction motors) [1–8]. 

Unfortunately, during the PMSM operation several con-
straints of different natures can affect them. The accumula-
tion of these constraints can cause failures in different parts 
of the PMSM. If these failures are not detected in time, they 
risk causing a progressive degradation of the motors. For this 
reason, it is important, from an industrial, economic, and sci-
entific standpoint, to diagnose the faults affecting the PMSM 
as of their appearance. This early detection increases the life 
of these motors, thus minimizing financial losses due to the 
unscheduled shutdown of the production chain [1–3, 8].

Among these faults, the demagnetization of the 
Permanent Magnet (PM) is one of the most critical faults 
in PMSM, due to their relatively high cost which represents 
approximately 50 % of the total cost of the machine [3, 9]. 

This type of fault can occur during abrupt load applica-
tions or in the presence of the short-circuit fault in the sta-
tor windings. Once produced, the irreversible reduction of 
PM remanent induction automatically reduces the overall 
performance of the PMSM system drive [10, 11]. 

In addition to the decrease of PM residual induction, 
it is known that some magnets such as Neodymium-Iron-
Boron can deteriorate through disintegration. Fissures 
that form during manufacture can lead to disintegration at 
high speed. This disintegration leads to disruption of the 
air gap flux and the imbalance of the magnetic attraction 
between the rotor and the stator, which produces vibra-
tions and stress on the PMSM bearings [12, 13]. 

PMSM modeling can be performed by different methods 
[1, 5, 7, 14, 15]. The most precise method consists in defin-
ing the real geometry of the PMSM studied. The Maxwell 
equations associated with the behavior laws of the materi-
als used are then solved using numerical methods (Finite 
Elements Methods) [5, 7, 14]. Unfortunately, the major 
drawback of this method is the computation time, which 
can be quite long, especially for a finer mesh or a strong 
coupling between the different physical domains.
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Another method consists in modeling the PMSM by a 
complex network of permeance and associating to each 
elementary permeance the magnetic characteristic of the 
represented material [15]. This second method, a little 
less precise than the previous one and still requires too 
long computation time and the exact geometry knowledge 
of the machine.

In order to overcome the various drawbacks mentioned 
above, the winding function approach offers a good com-
promise in terms of model precision and calculation time. 
This approach is widely developed and used in litera-
ture [16–22]. It is an efficient method for analysis of elec-
trical machines because it guarantees the consideration of 
the machine real geometry as well as the distribution of 
windings in the stator slots, which makes it possible to cal-
culate the PMSM inductances taking into account all the 
space harmonics. According to [16], it was initially applied 
to highlight the performance of the constant air gap induc-
tion machine: it was first been tested on a single-phase 
motor in 1969 [17], a linear motor [18], a three-phase cage 
motor [19] and then a saturated motor [20]. It should be 
noted that this approach has also been applied to the anal-
ysis of other types of machines: the synchronous machine 
with salient poles [21, 22] and the direct current motor [23].

On the basis of this study, the presents paper proposes 
an extension of the MWFA, whose variation of the air gap 
permeance and the Permanent Magnet distribution func-
tion are used to calculate the different PMSM inductances 
in the presence of the Demagnetization Fault. This idea is 
inspired from a study which deals with the modeling of the 
salient pole synchronous machine taking into account the 
air gap non-uniformity [21].

In order to diagnose the DF in PMSM, many studies 
have been carried to analyze different types of measurable 
signals, [2, 3, 12, 24–27]. 

In papers [2, 3], the most common methods that can be 
used to diagnose the DF in PMSM are discussed, summa-
rized, and compared. In these papers, the fault indicators 
are classified according to the signal used in several types: 
current, voltage, torque, and magnetic flux indicators. 

Moon et al. [26] proposed a method to diagnose the 
DF based on the monitoring of the PMSM inductances 
variation by using the recursive least square method. 
Unfortunately, this method requires a large computation 
time due to the complexity of their algorithms. According 
to Ebrahimi and Faiz [12], the DF fault increases the ripple 
of the electromagnetic torque of the PMSM with surface 
magnets and increases the amplitude of sideband com-
ponents at particular frequencies in the electromagnetic 

torque spectrum. Furthermore, in [27], the authors pre-
sented the analysis of air gap flux density, measured by 
search coils installed around the stator teeth, as a diagnos-
tic tool for the DF fault. A major disadvantage of this tech-
nique is the location of the magnetic flux sensors, which 
have to be placed inside the machine. 

Note that, the stator current analysis is the most prom-
ising technique given the advantages it provides, namely 
[1, 6, 8, 28–31]:

• Using of a single current sensor instead of expensive 
and bulky equipment.

• Positioning of current sensors in any position from 
the supply voltage to the PMSM.

• Harmonic spectrum richness: The frequency loca-
tion of certain harmonics provides us with important 
information about the PMSM condition and the dif-
ferent faulty types.

• Monitoring of the fault severity simple: This is pos-
sible by a simple monitoring of the magnitudes of 
their frequency signatures.

In this paper, the developing a new mathematical model 
of the PMSM in the presence of the partial DF is first devel-
oped. This model is based on an extension of the MWFA 
to calculate the different PMSM inductances taking into 
account the real PMSM geometry as well as the distribu-
tion of the windings in the stator slots. Then, the technique 
used to diagnose the DF is the one that uses the stator cur-
rent as the quantity to be analyzed. Finally, to highlight the 
interest of the proposed model and the effectiveness of the 
technique used, a series of simulations will be presented.

2 PMSM modeling
The approach used to develop the PMSM behavioral model 
is based on the Magnetic Coupled Electrical Circuits 
(MCEC) approach. This approach is based on semi-ana-
lytical modeling of the PMSM using the electromagnetic 
coupling specific to its design and geometric topology.

MCEC approach has already proved its worth for sta-
tor fault modeling in induction motors [16–20] and PMSM 
[1, 6, 8, 32]. It offers a good compromise in terms of the 
accuracy of the physical phenomena observed and the 
associated calculation time. 

The PMSM model implementation using the MCEC 
approach requires two distinct development steps:

• The first step consists in establishing the different 
differential equations of the model; 

• The second step consists in accurately determining 
the different inductances of the PMSM.
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2.1 Permanent Magnet modeling
In the classical model of the PMSM, the flux produced by 
the Permanent Magnets crossing the stator windings is 
modeled with low precision by a sinusoidal or trapezoidal 
magnetomotive force [4, 33]. 

To eliminate this simplification and develop a rich and 
flexible PMSM model, each Permanent Magnet located at 
the rotor will be modelled in this paper work by a virtual coil 
traversed by fictitious excitation currents as shown in Fig. 1.

This modeling makes it possible to change the 
Permanent Magnet topology and to perform a "virtual 
experiment" to simulate the PMSM behavior in the pres-
ence of the partial DF.

2.2 PMSM equation system
The electrical equations governing the PMSM operation 
are written in [1, 6, 8, 32] as

V R i d
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[ Vsabc ]: Stator voltages vector;
[ isabc ]: Stator currents vector;
[ Rs ]: Stator resistances matrix;
[ ϕsabc ]: Stator fluxes vector.

Where the stator flux vector [ ϕsabc ] is given by 
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[ Mss ]: Stator inductances matrix;
[ if ]: Fictitious currents vectors;
[ Mf ]: Stator/magnet mutual inductances matrix.

By replacing the Eq. (3) in Eq. (1), the relation obtained is 

V R i
d M i

dt

d M i

dtsabc s sabc
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.    (5)

It is possible to obtain the voltage expression as a func-
tion of currents, flux and speed:
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The mechanical equation is written as follows:

J d
dt

f T Te lΩ Ω+ = −  (7)

J: Moment of inertia;
f: Coefficient of viscous friction;
Te : Electromagnetic torque;
Tl : Load torque;
Ω: Mechanical speed.

Generally, the electromagnetic torque delivered by the 
PMSM; obtained from the Co-energy derivative (∂Wco) 
with respect to the electrical position of the rotor ( θr ); is 
given by Eq. (8): 
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Given the matrix [ Mss ] which consists of a constant ele-
ment, then the Eq. (8) becomes Eq. (9):
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M
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 θ
.  (9)

3 Inductances calculation
After the formalization of the PMSM model, the differ-
ent inductances of the model must be determined with as 
much precision as possible in order to best translate the 
real physical phenomena of the PMSM in the different Fig. 1 Equivalent virtual coils for a Permanent Magnet



210|Gherabi et al.
Period. Polytech. Elec. Eng. Comp. Sci., 65(3), pp. 207–217, 2021

operating modes. To do this, a 2D extension of the MWFA 
is used. This approach of calculation is based on the use 
of the Eq. (10) to calculate the different inductances of the 
PMSM [19–22].

L rl N n gab o a r b r r
o

= ( ) ( ) ( )−∫µ ϕ θ ϕ θ ϕ θ ϕ
π

, , ,
1

2

d  (10)

Where Lab is the mutual inductance between windings 
a and b, μo is the air permeability, r is the mean radius 
of the gap, l is the active length of the machine, Na ( φ, θr ) 
is the winding function of the winding a, nb ( φ, θr ) is the 
distribution function of the winding b, and g−1 ( φ, θr ) is 
the inverse of the gap function (see Fig. 2). With φ is the 
position of the stator, and θr is the electrical rotor position.

3.1 Inductance calculation in the healthy case
To compute the different PMSM inductances in the healthy 
case, the air gap becomes uniform, so that the inverse of 
the air gap function g−1 ( φ, θr ) must be constant and equal 
to nominal air gap value go , which therefore allows the 
Eq. (10) to be rewritten as follows:
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3.1.1 Magnetization inductances of stator phases
The magnetization inductances of the stator phases are 
calculated using the integral:
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After calculation, these inductances are given as follows:

L
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3.1.2 Mutual inductance between stator phases
The mutual inductance between stator phases a and b is 
obtained as 
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After calculation, it is found that

M
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3.1.3 Stator/magnet mutual inductances
The mutual inductance ( Msaf1 ) between phase a and the 
fictitious coil f1 is obtained using the following integral:

M
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The expression of this inductance is obtained as a 
function of the relative position of the fictitious coil with 
respect to the windings of phase a. For every given inter-
val, a value of the mutual inductance Msaf1 is given as a 
function of ( θr ) (see Table 1). Where αs = π/18 and αr rep-
resents the magnet opening.

The mutual inductances between this fictitious coil 
and the other phases b and c will be deduced by the same 
method but shifted respectively by π/3 and 2π/3.

3.2 Inductance calculation in the presence of the DF
To compute the PMSM inductances in the presence of the 
DF fault, this paper work proposes an extension of the 
MWFA, whose variation of the air gap permeance and the 
Permanent Magnet distribution function are used to calcu-
late these inductances.

All inductances are calculated in the same way as in 
the healthy case, but the inverse function of the air gap 
is not constant and the fictitious coil distribution function 
changes according to the partial DF degree δdm .

In the presence of the partial DF, the inverse of the gap 
function depends on the thickness of the gap, the thick-
ness of the part in fault, the degree and position of the DF. 
However, the distribution function of the faulty magnet 
depends on the location and degree of the Demagnetization 
Fault δdm . Fig. 3 (a), Fig. 3 (b) and Fig. 3 (c) respectively 
illustrate the PMSM air gap variation, the inverse of the 
air gap function g−1 ( φ, θr ) and the distribution function Fig. 2 Cross section of 4 pole PMSM
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of the first fictitious coil nf1 ( φ, θr ), in the case of partial 
demagnetization in the first magnet.

The variation of the inverse of the air gap function can 
be expressed as follows:
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Where go is the air gap nominal thickness, gm is the 
Permanent Magnet thickness, gf is the faulty part thick-
ness, gt is the total air gap thickness, δdm is the DF degree 
and Nr is the fiction coil turns number.

4 Stator current spectral content with and without DF
The stator current analysis in the frequency domain 
remains the most commonly used method because the 
resulting spectrum contains a source of information on the 
majority of electrical and mechanical faults that can occur 
in the PMSM [1–3, 6, 8, 12, 34, 35]. 

4.1 Healthy case
In PMSM, the stator currents spectral content includes, 
in addition to the fundamental, a set of harmonics at the 
frequencies given by the Eq. (18). These harmonics are 
due to the switching of the inverter IGBTs and to the real 
distribution of the windings in the stator slots [1–3, 6, 8].

f k fsh s= +( )2 1  (18)

4.2 Cases with Demagnetization Faults
These studies [2, 3] show that the DF is manifested by a 
signature on the spectrum of the stator current at the fre-
quencies given by the Eq. (19). With fs the supply fre-
quency, P the pole pairs and k a positive integer.

f k
p
fsDF

= +







1  (19)

5 Simulation results
Once the PMSM model has been established, the next step 
of the work is the simulation of this model in the following 
operating modes:

• Healthy Motor Operation Mode;
• Faulty Motor Operation Mode: presence of the DF.

The simulation program of this model is developed 
under the MATLAB environment. The parameters of the 
PMSM, the arrangement of the stator and rotor windings, 
as well as the diagram of the developed program are pre-
sented respectively in Appendices A, B, and C. 

Table 1 Variation of Msaf1 as function of θr

Inductance Msaf1 (H) ( θr ) (rad)
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Fig. 3 (a) PMSM air gap variation, (b) inverse of the air gap function 
variation, (c) distribution function of the first fictitious coil f1 variation 

in the presence of the partial DF in the first magnet
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The simulation parameters are as follows:
• The integration step: h = 10−4 s;
• The simulation time: Ts = 5 s;
• The sampling frequency: Fe = 1/h = 10 kHz;
• The frequency resolution f = 1/Ts = 0.2 Hz.

In all simulations the PMSM is fed by a two-level 
inverter controlled by the MLI-SVM strategy with a 
switching frequency of 6 kHz.

5.1 Healthy motor operation mode
Fig. 4 and Fig. 5 show the electromechanical characteris-
tics of the healthy motor under the nominal load (17.5 Nm). 
Fig. 4 shows the plot of the supply voltage applied across 
phase a of the PMSM. 

Fig. 5 (a) depicts the PMSM rotational speed. If it is 
zoomed at the time 0.8 s, it is then noticed the existence 
of fluctuations of ±20 rpm around to the PMSM theoreti-
cal speed (2000 rpm). These fluctuations are caused by the 
real distribution of the MMF along the air gap and by the 
switching of the inverter IGBTs, which are translated in 
frequency domain by a series of harmonics at the frequen-
cies given by the Eq. (18). 

Fig. 5 (b) shows the waveforms of the three stator cur-
rents absorbed by the simulated motor. These currents are 
balanced at constant magnitudes in time. On the other 
hand, these currents are no more sinusoidal, they present 
fluctuations, which are due to the effect of space harmon-
ics and to the inverter IGBTs switching. 

Fig. 5 (c) shows the stator current spectrum of phase a. 
It contains in addition to the fundamental, a series of har-
monics at frequencies given by the Eq. (18), which rep-
resents space and time harmonics. This analysis is consid-
ered as the reference for the next operating mode.

Theoretically, the DF signatures appear around the 
fundamental frequency. In the case of our PMSM all the 
parameters are fixed, which gives us the values of the dif-
ferent frequencies listed in Table 2.

For a best reading of the spectrum, the analysis must 
focus particularly on these two frequencies (see Fig. 6).

Table 2 DF Theoretical Frequency signatures (k = 1)

Frequency Signatures Demagnetization Fault

fDF = (1 − 1/P)fs 33.3 Hz

fDF = (1 + 1/P)fs 100 Hz

Fig. 4 Supply voltage applied to phase a of the PMSM

Fig. 5 (a) Rotational Speed, (b) Three stator currents, (c) Current 
spectrum of the phase a. - Healthy motor operation mode

Fig. 6 Current spectrum of the phase a. - Healthy motor operation mode
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5.2 Faulty motor operation mode with DF
To simulate the operation of the PMSM in the presence 
of the partial Demagnetization Fault, the degree of DF 
(δdm ≠ 0) of Eq. (17) is varied. The magnetizing induc-
tance of phase a and the mutual inductances between sta-
tor phases a and b are calculated for a demagnetization of 
20 % in the first magnet and shown in Fig. 7. 

From Fig. 7 (a) and Fig. 7 (b) and using the Eq. (17), 
it can be noticed that these inductances become constant 
when the degree of demagnetization is zero (see Fig. 7 
in red) and varying according to the air gap function vari-
ation when the degree of demagnetization is different to 
zero (see Fig. 7 in blue). Fig. 8 (a) and Fig. 8 (b) respectively 
show the variations of the mutual inductances between 
phase a and the four fictitious coils f1 , f2 , f3 and f4 as well 
as their derivatives as a function of the rotor position for a 
DF of 20 %. According to Fig. 8 (a) and Fig. 8 (b), it can be 
noticed the decrease in the amplitude of the mutual induc-
tance between phase a and the first fictitious coil (the coil 
that represents the faulty magnet) compared to the other 
inductances (see Fig. 8 in blue).

Fig. 9 (a) illustrates the PMSM rotational speed. If it 
is zoomed at the time 0.8 s, it is then noticed the increase 
in rotational speed ripples from ±20 rpm for a zero DF 
degree to ±150 rpm for a DF degree equal to 10 %. 

In addition, Fig. 9 (b) illustrates the three stator cur-
rents of the PMSM for a nominal load and a demagneti-
zation of 10 % in the first fictitious coil. It is noticed that 
there is a difference compared to the results obtained in 
the healthy case. The currents are not balanced and have 
different magnitudes and higher than those obtained in the 
healthy case (see Fig. 5 (b)). 

Finally, the spectral analysis of the stator current of 
phase a shows that the partial DF is manifested by the 
creation of a series of harmonics at frequencies given 
by the Eq. (19) (see Fig. 9 (c)). In addition, from Fig 10 
and Table 3. It is noticed that the increase of the partial 
DF severity increases the magnitude of these harmonics' 
characteristics.

6 Conclusion
In this paper, a mathematical model dedicated to diagnose 
the partial Demagnetization Fault diagnosis in PMSM 
is proposed. This model; based on an extension of the 
MWFA to accurately take into account the air gap asym-
metry caused by the DF; calculates precisely the different 
inductances of the PMSM. 

The simulation results showed that the partial DF is 
manifested by the creation of a series of harmonics at fixed 
frequencies (depending on constant parameters such as: 

Fig. 7 (a) magnetization inductance of phase a, (b) mutual inductance 
between stator phases (a and b), for a DF of 20 %

Fig. 8 (a) Mutual inductance between phase a and the four fictitious 
coils ( f1 , f2 , f3 and f4 ), for a DF of 20 %, (b) Their derivatives
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Appendix A
Table 4 PMSM Parameters

Symbol Description Values Units

Vn Rated voltage 260 V

fs Rated frequency 66.7 Hz

In Rated current 15.1 A

Cn Rated torque 17.5 Nm

Ωn 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 Pole Pairs Number 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 turns/Coil 6 -----

αr Magnet Opening 1.15 rad

gm Thickness of magnets 10 mm
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Appendix B
Fig. 11 (a) represents na (φ) the distribution function of 
phase a with a mean value na ϕ( ) = 3 Ns . This value 
allows us to find the winding function as shown in 
Fig. 11 (b). The phases b and c have the same form of dis-
tribution and winding functions but shifted respectively 
and lagging by π/3 and 2π/3. Fig. 11 (c) represents the dis-
tribution function of the fictitious coil f1 . The fictitious 
coils f2 , f3 , f4 have the same form of distribution functions 
but shifted by an angle k. π/2 respectively, with k = 1,2,3.

Appendix C

Fig. 11 (a) Distribution function of phase a. (b) Its winding function. 
(c) Distribution function of the fictitious coil f1 .

Fig. 12 Flowchart of the developed program
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