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Abstract— Various factors can lead to the demagnetization 
of permanent magnets, such as excessive magnetomotive force 
and/or high operating temperatures. As a result, the 
machine’s flux density distribution is no longer uniform, 
producing new fault harmonics and reducing motor 
efficiency. In view of this problem, this paper presents the 
behavior of an external rotor permanent magnet synchronous 
machine in the presence of a total demagnetization fault in two 
adjacent magnets. The machine’s performance will be 
evaluated using an analytical model that has been developed. 
Finite element analysis and experiment tests are used to 
validate the feasibility of the proposed analytical model. 

Keywords— Demagnetization fault, external rotor 
permanent magnet synchronous machine, analytical model, 
finite element analysis. 

I. INTRODUCTION 

External Rotor Permanent Magnet Synchronous Motors 
(ER-PMSMs) is a topology that can be suitable in Hybrid 
and Electric Vehicles (HEV) driven by motors integrated 
into the vehicle wheels. The drive form that uses this type 
of machine can be the future trends due to the advantages of 
a compact drive system, high efficiency, effectiveness and 
good control performance. However, ER-PMSMs are 
sensitive to various types of faults that can decrease the 
stability and driving comfort of the vehicle or bring the 
system to a complete shutdown. 

Permanent Magnet (PM) are sensitive to inter-turn short 
circuit faults, manufacturing problems or excessive 
temperature variation, which can cause complete or partial 
Demagnetization Faults (DF) in a certain region of the rotor 
pole. This type of fault can lead to a reduction or unbalance 
magnetic flux, mechanical vibration or decrease of the 
torque and the efficiency of the ER-PMSM. 

A great deal of work and research has gone into the 
modeling of PM machines under DF conditions. Among 
these models, Finite Element Analysis (FEA) is widely used 

to analyze the operation of the machine due to its accuracy 
and reliability. In [1], the performance of a PM machine is 
analyzed in the presence of a crack in the PM. A 
computational time reduction methodology based on field 
reconstruction has been proposed to study the 
electromagnetic vibrations and torque ripples in PM 
machine with a partial DF [2].  

Analytical modeling methods based on Fourier series 
expansion or Magnet Equivalent Circuit (MEC) methods 
are considered efficient and favorable due to their 
computational speed and acceptable accuracy. In [3], a 
study on magnetic fault signatures is presented, based on an 
analytical approach using MEC to determine the impact of 
the fault on the machine. The paper [4] presents a strategy 
for modeling an ER-PMSM with DF based on an improved 
MEC approach with dynamic responsibility while taking 
into account the saturation effect. An analytical model for 
predicting the air-gap field distribution is proposed by [5] 
using Halbach networks for an axial flux PM machine with 
partial DF. The authors of [6] provide a quantitative 
comparison of two sub-domain models for computing the 
magnetic field in PM machines with any combination of 
poles and slots. The magnetization vector is chosen using a 
model that considers the combined impact of slots and rotor 
topologies. 

DF diagnosis is a critical research area for PM machines. 
[7] provides a mathematical model and FEA of a DF-
operating machine. The analysis is employed for diagnosis 
by examining the spectrum signatures of the different 
demagnetization modes to explore the feasibility of a 
specific characterization created by the faults. In [8], a study 
of DF detection based on homopolar voltage measurement 
is proposed. The back Electromotive Force (EMF) is used 
to diagnosis this type of fault on inverter-powered 
machines, particularly for fault-tolerant systems. An 
investigation of the magnetic characteristics of a PM 
brushless DC motor demagnetization condition is presented 
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in [9]. The fault is diagnosis by measuring the radial 
magnetic field. The back-EMF and magnetic flux density 
are used to derive diagnosis accuracy as defect indices. 

The main contribution of this paper is to propose an 
analytical approach to model the complete DF of two PMs 
for the ER-PMSM. The proposed analytical model requires 
less computational time and demonstrates good accuracy. 
The 2D FEA and experimental results are carried out to 
verify and validate the proposed model. The analytical 
approach is close to the real system and offers the 
advantages of an intuitive model and a distinct physical 
concept. In addition, this model can provide an accurate 
reference for fault diagnosis and preventive maintenance 
planning for the machine. 

The paper is organized as follows: Section II presents 
the analytical model of the healthy and faulty ER-PMSM. 
In section III, a model validation using FEA. Finally, the 
robustness of the analytical model is demonstrated, 
followed by tests and experimental results. 

II. ANALYTICAL APPROACH FOR ER-PMSM 

In this paper, a 24-slot, 22-pole (24/22) three-phase ER-
PMSM with a double-layer fractional-slot concentrated-
wound (FSCW) structure is presented to verify the proposed 
method. A cross-section of the machine is depicted in Fig. 
1. The parameters and dimensions of ER-PMSM are 
specified in Table I. 
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Fig. 1. Geometric parameters of the FSCW ER-PMSM. 

TABLE I.  ER-PMSM PARAMETERS 

Parameter Value Parameter Value 

Rated power P 
(kW) 1.5 

Outer rotor radius 
Rrext (mm) 93 

Rated speed ω 
(rpm) 600 Inner rotor radius 

Rrint (mm) 91.5 

Frequency f (Hz) 110 Length Laxe (mm) 35 

Rated current iN 
(ARMS) 

11 Air-gap length g 
(mm) 1.365 

Rated torque Гe 

(N.m) 24 Magnet thickness 
hPM (mm) 3 

Number of slots 
Ns 24 Magnet arc θPM (°) 14 

Number of poles 
2p 22 Rotor thickness hcr 

(mm) 7 

Number of turns 
per coil NT 

22 Magnet-arc to pole-
pitch ratio αp (%) 85.5 

Magnet flux ϕPM 

(Wb) 0.1021 Residual flux density 
of PM Br (T) 1.26 

Outer stator radius 
Rsext (mm) 88.635 PM NdFeB 

N38SH 

Inner stator radius 
Rsint (mm) 56 Magnetic steel M530-

50A 
 

In this study, the developed analytical calculation 
depends on the following assumptions: 

(1) Infinite permeability of iron; 

(2) The magnetic energy is concentrated in the air-gap; 

(3) Small air-gap compared to the inner radius of the 
stator and the radial magnetic field (tangential 
magnetic fields are negligible). 
 

A. Healthy ER-PMSM Model 
 

a) PM Air-Gap Flux Density 
 

Let’s consider the flux density model of an FSCW PM 
motor presented in [10]. The flux density function generated 
by the PMs in the air-gap depends directly on: 

- The residual flux density of PMs; 

- The magnet arc angle of PMs; 

- The geometrical dimensions of PMs; 

- The positioning of the PMs in the rotor. 

The general form of the flux density produced by the 
PMs in the air-gap is given by the following expression: 
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(2) 

Where:  

- αna is the empty angle between two PMs; 

- BPM is the value of the flux density created by a PM 
in the air-gap; 

-  αp is the coefficient of the polar arc of the PM, 
which is calculated by the following expression in 
our analysis αp = θPM / τp; 

- τp is the pole pitch, τp = π / p. 

The rotor flux density, under pole pair, along the 
magnetization direction in rotor reference is represented by 
the waveform shown in Fig. 2. 
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Fig. 2. Air-gap flux density generated by PM over a pole pitch. 

The healthy distribution of the normal magnetic flux 
density generated by the PMs as a function of the rotor 
reference αr can be defined in the following Fourier 
decomposition form:  
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Where αr = αs ‒ θ = αs ‒ ((ωt/p)+ θ0) 
 

b) Magnetic Flux  
 

The calculation of the flux linkage generated by the PMs 
perceived by phase j depends on the winding distribution of 
the concerned phase. The elementary flux under the no-load 
case is derived by integrating the air-gap flux density. 
 

    r
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We consider that the flux density created by the PMs is 
uniform and varies with the radius of the ER-PMSM and the 
winding distribution function Fdistribution [11]. The magnetic 
flux can be expressed as follows: 
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The stator winding structure of the ER-PMSM is 
depicted in Fig. 3. Each phase is composed of 8 Elementary 
Coils (EC). 
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Fig. 3. Structure of the stator winding of the ER-PMSM. 

The winding distribution function shown in Fig. 4 can 
be given by the following expression:  
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Where θc is the coil opening angle, θc = 2π / Ns. 

 
 

Fig. 4. Winding distribution function. 

c) Back Electromotive Force  
 

The no-load-back Electromotive Force (EMF) is 
determined by the variation of the flux through a coil using 
Faraday’s law. When the rotor rotates by one polar step, a 
PM south pole takes the place of a PM north pole, and the 
flux in the coil reverses. The above developments concern 
the phase whose axis is along the reference axis. To obtain 
the expressions, they must be shifted relative to each other 
by an angle of 2π/3. The back-EMF of each phase can be 
determined by the following expression:  

    j j
dE t
dt

   

 

(7) 
 

Where j = a, b, c represents, respectively, the phases a, 
b and c of the stator winding. 

B. Faulty ER-PMSM Model 
 

a) Faulty PM Air-Gap Flux Density 
 

According to the machine model shown in Fig. 3, the 
faulty air-gap flux density is calculated from the healthy 
approach. The decomposition of the bf is employed to 
illustrate the effect of the fault. The faulty flux density of a 
complete DF of two adjacent PMs can be expressed as 
follows:   

      ,r faulty r f
r r rb b b     
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The analytical waveforms of the faulty PM air-gap flux 
density are shown in Fig. 5. 
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Fig. 5. The faulty air-gap flux density of the ER-PMSM, (a) Healthy 
state, (b) Flux density over two adajcent poles, (c) Faulty state. 

b) Faulty Magnetic Flux  
The flux generated by the PMs crosses each elementary 

coil. The flux through coils of the phases can be described 
by the following expressions: 

    ,
,

r faulty
j faulty T r jN b dS     
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III. NUMERICAL VALIDATION: FINITE ELEMENT ANALYSIS  

The FEA is widely used for in-depth analysis of 
electrical machines, enabling the intensity distribution of the 
flux density to be examined. This paper uses a numerical 
method to illustrate the impact of the full DF for the 
acquisition and analysis of magnetic signals. To evaluate the 
proposed analytical approach, a two-dimensional FEA-2D 
model of the ER-PMSM is considered. Simulations have 
been performed for the examined cases to illustrate and 
discuss the behavior of the healthy and faulty machine with 
a full DF of two adjacent PMs. The parameters of the ER-
PMSM are given in Table I. 

The distribution of the healthy and faulty flux densities 
is shown in Fig. 6. The flux density of the healthy model is 
higher and achieves satisfactory values without any 
extremely saturated regions. When the fault occurs, there is 
a significant decrease in the flux density, which can lead to 
a non-uniform distribution of the magnetic field lines and an 
asymmetry of the induced currents. The impact of the fault 
is shown in the flux line distribution presented in Fig. 7. 
Indeed, the missing flux produced by PMs is perceptible. It 
leads to a reduction in the voltage induced in the phases 
when the faulty PMs pass under the coil, which will generate 
an unbalance in the magnetic flux generated by the PMs and 
directly on the three-phase back-EMF. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 6. The healthy and faulty flux density of the ER-PMSM at 5 N.m 
load and 600 rpm, (a) Healthy state, (b) Faulty state. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 7. The healthy and faulty flux line distribution of the ER-PMSM at 
5 N.m load and 600 rpm, (a) Healthy state, (b) Faulty state. 

The radial flux density in the air-gap determined by the 
analytical model and FEA in the healthy and faulty states is 
illustrated in Fig. 8 and Fig. 9. In the DF case, the fault has 
a significant impact on the flux density in the region of the 
missing PMs. The numerical results are consistent with the 
analytical approaches.  

The results shown in Fig. 10, 11, 12, and 13 illustrate the 
no-load flux obtained using the analytical and FEA 
approaches at a speed of 600 rpm. Since the flux density 
generated by PMs is impacted by the fault, the ER-PMSM 
no-load flux varies proportionally, and its magnitude 
decreases by around 25% compared to the healthy 
condition. The impact of the fault on the motor is severe, 
reducing the back-EMF and leading to higher currents in the 
ER-PMSM windings, which can damage the winding 
insulation and affect the machine’s performance. The no-
load back-EMFs developed by the two methods are shown 
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in Fig. 14, 15, 16, and 17. Due to the fault, the no-load back-
EMF induced by the flux variation in the windings changes 
accordingly, introducing a remarkable unbalance. In Fig. 
18, the ER-PMSM operates at 5 Nm load, and the FEA 
representation of the torque waveform is provided. Under 
faulty conditions, the torque of the machine will be affected, 
and due to the change in the rotor symmetry, torque ripples 
appear. 

 

Fig. 8. The healthy PM air-gap flux density of the ER-PMSM. 

Fig. 9. The faulty PM air-gap flux density of the ER-PMSM. 

 

Fig. 10. he healthy flux linkage generated by PMs through phase a. 

 

 

 

 

 

Fig. 11. The healthy flux linkage generated by PMs of the ER-PMSM. 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 12.  The faulty flux linkage generated by PMs through phase a. 

 

 

 

 

 

 

 

 

Fig. 13. The faulty flux linkage generated by PMs of the ER-PMSM. 

 
 

 

Fig. 14. The healthy back-EMF of phase a. 

 

 

 

 

 

 

Fig. 15. The healthy back-EMF of the ER-PMSM. 

 
 

 

 

 

Fig. 16. The faulty back-EMF of phase a. 
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Fig. 17. The faulty back-EMF of the ER-PMSM. 

 

 

 

 
 

Fig. 18. The FEA faulty electromagnetic torque of the ER-PMSM. 

IV. EXPERIMENTAL SETUP AND VERIFICATION 

A. Demagnetization Fault Implementation 
 

The experimental campaign has emphasized the 
prototype of the FSCW ER-PMSM with a DF to validate the 
results acquired analytically and by FEA. To carry out the 
study, the ER-PMSM has been designed to offer the 
possibility of realizing the fault with a rotor including two 
PMs that have been demagnetized by a thermal method. The 
assembly process is illustrated in Fig. 19. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 19. Faulty rotor mounting of ER-PMSM prototype. 

 

B. Experimental Platform 

To validate the proposed approach, an experimental 
platform of ER-PMSM with DF is designed. As shown in 
Fig. 20, the test bench consists of the ER-PMSM coupled to 
the load machine and its Semikron three-phase IGBT 
inverter. The control is performed via a dSpace-
MicroLabBox 1202 system. The electromagnetic torque is 
measured via a T22 sensor connected to an HBM MX440B 
amplifier module. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 20. Experimental test bench. 
 

Measurement of healthy and faulty back-EMF is 
performed using a drive motor at 600 rpm (Fig. 21, 22). The 
results of the analytical and FEA models correspond to the 
experimental results. However, there is a slight discrepancy 
between the analytical, FEA, and measured results, which 
can be potentially due to the manufacturing process. The 
faulty electromagnetic torque under FEA is experimentally 
validated as shown in Fig. 23. As a result, the calculations 
and approaches are validated. By comparing the 
measurement torque in the faulty case at 600 rpm and 5N.m 
load with the numerical simulation, it can be shown that the 
results match well. 
 

 
 

Fig. 21. The experimental healthy back-EMF of the ER-PMSM. 

 

 

 

 

 

 

 

 

Fig. 22. The experimental faulty back-EMF of the ER-PMSM. 

Fig. 23. The experimental faulty torque of the ER-PMSM. 
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V. CONCLUSION 

This paper presents an approach to the analytical 
modeling of an ER-PMSM with a full demagnetization fault 
in two adjacent PMs. This modeling technique based on the 
demagnetization region is also applicable to various types 
of demagnetization faults. This model enables us to examine 
the theoretical performance of different operating 
conditions. Flux density, flux linkage, back-EMF, and 
torque have been developed under healthy and 
demagnetization situations. These parameters are quickly 
calculated with good accuracy compared with the FEA and 
experimental results. The proposed methodologies offer 
significant advantages, such as fast computation and 
correlations between several components. The analytical 
and numerical study will highlight the presence of fault 
components, provide information on the state of the ER-
PMSM, and thus identify possible failure levels. Using this 
analytical development, a fault tolerant control strategy, 
fault detection, and diagnosis can be implemented in 
numerical models (such as MATLAB/Simulink) to provide 
a reference for the prediction and planning of the 
maintenance. 
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