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ABSTRACT
The paper study a novel approach which is developed and validated for Permanent Magnet Synchronous Motor
(PMSM) motor with demagnetization fault. The analytical model is derived for the calculate the magnetic field
distribution Permanent Magnet Synchronous Motor including with demagnetization fault to evaluate the back-
electromotive force (EMF) induced and the electromagnetic torque in a Permanent Magnet (PM). The proposed
model is used to analyze the effect of parameters (the magnetic field distribution, the back-EMF induced and the
electromagnetic torque) by a finite element (FE) simulations.
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I. INTRODUCTION

The introduction of the paper should explain the nature of the problem, previous work, purpose, and the
contribution of the paper. The contents of each section may be provided to understand easily about the paper.
Permanent Magnet Synchronous Motors (PMSM) are widely used in high performance application such us
automotive, appliances, medicine and aerospace because of their efficiency, reliability, multiple fields and high
dynamic response performance [1]. As the use of this diversity applications, the diagnosis fault of PM machine
becomes an important engineering field to enhance reliability and Keep the lifetime of drive systems [8], [11].
The most common PMSM fault types reported in industry are static and dynamic eccentricity, damaged bearings,
demagnetization in rotor magnets, fault in connection of the stator windings and stator short-circuited turns.
Demagnetization fault is one of the most significant and frequently occurred type of faults in PM motor [7], [9],
[12]. This type of fault is caused by the excessive field weakening the high temperature stress, the physical
damage and the inverse magnetic field [6], [16], [18]. The literature has indicated that the effect of
demagnetization fault can be investigate on the electromotive force (EMF) of the PM machine [17], [19]. In
addition, this fault leads to the variations of the electromagnetic torque and the distribution of flux density [2].
The modeling and analysis of demagnetization fault have been discussed in literature. Many researchers have
been studied demagnetization fault by using analytical methods based on Maxwell's equations [15], [19],
magnetic equivalent circuits [2], [3] and permeance network methods [13]. For these reasons, the present paper
studies the FE model of PMSM considering demagnetization fault. Initially, the analytical model is developed to
determine the expression of the induced voltage and the torque according to the magnetic flux density.
In this study, the investigation is based on the finite element method (FEM) that is becoming progressively
capable to analyze and simulate the demagnetization fault in each part of permanent magnet. To validate the
analysis, a 2D-FEM simulation is used to verify the analytical model.

This paper is organized as follows. Section 1 has to do with an introduction. In section 2, we derived an
analytical model for the electromagnetic torque, the back EMF induced and the flux density in a Permanent
Magnet (PM) due to the demagnetization fault of PMSM. In section 3, we developed a FE model to verify the
analytical model. Section 4 explains the model of the demagnetization fault of the machine. Section 5 is devoted
to a conclusion for this paper.
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I1. ANALYTICAL MODEL
In this section, an analytical model is developed to exploit the simulation results of FEM. Fig.1 shows
the simplified 2D model. The aim is pursued by evaluating the effect of the demagnetization fault on the induced
voltage, the electromagnetic torque and the flux density [4], [5].
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Fig.1. Simplified 2D model

The governing equation can be obtained using the Maxwell’s equation [14], [20].
In the PM region,

divB=0 1)
rotH =0 )
In the region Il (air gap),

By =1 H, ®)

where B is the flux density, H is the field intensity and £¢, is the permeability of the air.

To write the field equations in polar coordinates there are basically two regions:
In the air-gap as:

VA, =0 4)
o A +15Au +15‘2Au
or> r or r? 06?

=0 ©)

So, the general solution of (5) in the air gap region is written as

A (r,0) =" (4, 1%+ 2, .r *®)sin(kp 0) )
k=1

In the PM region,

By =44, Hy + M )

Where M is the magnetization of PMs and Hy is the permeability of the air.
The magnetization of permanent magnet is given by

M(@)=M+ > 2—Msin(k 8,).cos(kp ) (8)
k=impair
The field equations in polar coordinates in magnet regions is written as
1M (6)
VA, =- 9
A r oo 9)

2 2
A L0A) 1A, 10MO) )
or r or r° 060 r o6

The vector potential equations in magnet regions is given by
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Ay (r,0) :Z(am e + B -rikp)Sin(kp 0)+ AIIIJI (11)
k=1

where

" (r,0)= > yrsin(kpo) (12)

k=impair

and

2pM .
y=———"7-——s5in(k6,) (13)
(1-(kp)*) 7 ’

Thus, the radial and tangential components of flux density in both regions (11 and I11) are

Bl (r,0) =" kp.(4, .r'*"+ 7, .r ***)cos(kp 0) (14)
k=1

B (r,0)=> kp.(/l,, Iy, .r’kp’l)sin(kp 0) (15)
k=1

o0

By (1, 0) = (kp.(@y 1+ By .1 ) —kp? 5, ) cos(kp )  (16)

k=1

B/ (r.0)=>_ (kp.((x,“ LB *kp—l)+ p 5k) sinkpd) (17
k=1
Where
2M .
0, =———sin(k g 18
k (1—(kp)2)7l' ( 0) ( )
2.1 Electromagnetic torque expression

The electromagnetic torque expression is calculated using the Maxwell's stress tensor and it is expressed as
follows

LR? F . )
C.= B, (r.0)By (r,0)do (19)
Hy %

where L is the length of the machine and R is the radius of the integration surface.

2.2 Back Electromotive Force (EMF) expression
The expression of the induced back-EMF per phase is given as follow
0 00 0 0
e(t):_Nsﬂ:_Ns_ﬂ:_Nswrﬂ (20)
ot ot 06 00

where NS is the number of turns per coil of one-phase winding and @, is the rotating speed of the rotor.

Therefore, the total fluxesy/ . linking all the coils of a phase are calculated as follow:

2z
Vo= B} (r.0)do (21)
0

The analytical magnetic flux density distributions have been used to calculate the important quantities,
such as electromagnetic torque and the back-EMF induced. We derived the analytical solution for magnetic flux
distribution in order to show the effects of demagnetization fault in permanent magnet on back-EMF and
electromagnetic torque waveforms.

The preferred validation analytical model is provided by a FE model of a PM model employing the to
study the effect of the motor performance on the demagnetization fault. In this case, the analytical model is
carried out based on a FE solutions as described in the section 3.
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I1l. FINITEELEMENT MODEL OF PMSM

The FEM is a computer based numerical technique to calculate the parameters of the electromagnetic
devices. It can be used to calculate the flux density, the flux linkages, the inductance, the torque, the induced
EMF etc. A FEM, which addresses dynamic material properties of the magnets and yet can be implemented
readily in the software, is presented to find the parameters of the magnetization circuit.

The magnetic field distribution inside the machine is calculated using the FEM. This distribution can be
used to calculate other properties such as the induced voltage of the machine. Also, it provides detailed
information about the nonlinear effects of the machine (based on its geometry and material properties). The
finite element analysis is utilized to verify the analytical expressions, as well as to determine the electromagnetic
torque and the induced voltage generated by demagnetization fault.

Fig.2 shows the FE model of a the PMSM which is simulated in 2D-FE environment, employed to
confirm the validity of the analytical method. Its main specifications are listed in Table.1.

Fig.2. Finite Element Model of PMSM

Simulation results of the PMSM in healthy operating conditions are depicted in Fig.3.
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Fig.3. Simulation results of PMSM in normal operating conditions.
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Analyzing the flux distributions density in the machine's core reaches satisfactory values without any highly
saturated regions as shown in Fig.4.
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Fig.4. Flux distributions of PMSM in healthy case.
IV. DEMAGNETIZATION FAULT MODELING OF PMSM
In this study, the effect of electromagnetic field of the PMSM for the demagnetization fault is
presented. FEM is the main technique for calculating the magnetic flux density distributions in the machine
under different rotor fault conditions. In this section, a comparison of magnetic flux density distribution for a
machine with a healthy and a faulty rotor are presented.

Following, the demagnetization fault was modeled by cutting 10, 20 and 50 % of part of the magnet, shown in
Fig.5.

Parts of PM
demagnetised
(10%, 20% or
50%)

R i
Fig.5. Faulty machine with demagnetization fault

Fig.6 and Fig.7 show the magnetic flux density distribution in the PMSM and in permanent magnet under
different fault conditions.

The distribution of the magnetic flux density for a faulty machine is shown in Fig.6 at 0.2 [s].
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Fig.6. Magnetic flux density distribution of PMSM under different fault conditions.

In Fig.6, the demagnetization fault of the magnets, according to 2D model, is shown for the four fault
conditions. It shows that under fault conditions, the risk of demagnetization is actually low, contrary when the
demagnetized part of permanent magnet increase.

Fig.7.a, Fig.7.b and Fig.7.c illustrate the situation under the different fault conditions. The distribution
of flux density in PM shows that the outer corners of the magnets may be susceptible to demagnetization under
these conditions.
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Fig.7. The distribution of flux density in PM under different fault conditions.

The three curves compare favorably with different fault conditions are shown in Fig.8. During the three
case of demagnetized fault (10 %, 20 % and 50 % of demagnetization fault), the torque ripple decreases. It is
obvious that as the demagnetized part increases, the torque ripple deteriorates.
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Fig.8. Simulation Results of electromagnetic torque under different fault conditions.

Fig.9 shows a comparison of the results with different fault conditions for the induced voltage
according to the demagnetization fault. For more clearly comparison of the results, the peak value of the induced
voltage results are confirmed about 2 % by comparing with different fault conditions results. It can be seen that

the curves of the induced voltage according to demagnetization fault are not a pure sinusoidal waveform and are
deformed with the increase of the demagnetized part.
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Fig.9. Simulation Results of stator induced voltage under different fault conditions.

S S L S e S

Fig.10 presents the influence of various levels of demagnetization faults on the induced voltage and the
torque ripple while the various levels of demagnetization faults vary from 10 %, 20 % and 50 % obtained with
FE simulations. It can be seen in Fig.10.a that the induced voltage increase with the increase of the percentage of
the demagnetized parts.

Nevertheless, as it can be observed in Fig.10.b, the value of the torque is strongly influenced by the different
cases of demagnetized fault.
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(b)

Fig.10. The effect of the induced voltage and the electromagnetic torque for several of demagnetized fault

predicted by the FEM

V. CONCLUSION
On the basis of analytical magnetic-field computation techniques, the analytical model for a PMSM

considering demagnetization fault have been developed. The results of the nonlinear FEM are used to confirm
the validity of the analytical solutions for the electromagnetic torque, the induced voltage and the magnetic field.
The results under different conditions obtained by the FEM Software are presented and analyzed.
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Table 1. Specification Adopted of PMSM.

Permanent Magnet Synchronous Motor
Parameters Values
Number of poles 4
Output power 15 Kw
rated voltage 127V
Speed 1500 rpm
Frequency 50 Hz
Rotor inner diameter 40 mm
Length of Rotor 101 mm
Stator outer diameter 180 mm
Stator inner diameter 90 mm
Length of Stator Core 101 mm
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