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Demagnetization failure is a critical and prevalent fault in interior permanent magnet
synchronous motors (IPMSMs), resulting from a variety of factors including thermal
overheating, high electrical currents, and mechanical vibrations. Although the
electromagnetic analysis and performance curves provides a deep insight into the machine
behavior, it is not able to emulate the actual performance under various operating loads.
To tackle these restrictions, advanced analytical tools such as efficiency maps are adopted
to predict the behavior more accurately, which allows for enhanced performance
monitoring. This paper aimed to incorporate electromagnetic analysis with efficiency maps
to investigate the IPMSMs partial demagnetization fault, with emphasis on the magnetic
flux residual density coefficient (Br) variations. The results indicated a significant
degradation in the performance after exposure to the fault, with a 57% decrease in the
generated torque, losses increased up to 35%, with a significant reduction in the range of
high efficiency areas greater than 70% over the efficiency maps, and a deterioration in the
efficiency especially at low speeds as the peak torque range is reduced. This study
provides a comprehensive framework for evaluating the demagnetization faults effection,
thus contributing to the elaboration of effective operation and maintenance strategies.

Copyright ©2025 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

IPMSMs are used in electromechanical power conversion technologies in high performance applications, dominating the
sectors of traction systems for electric and hybrid vehicles [1-3], renewable energy systems for wind turbines as part of grid conversion
systems [4,5], photovoltaic to mechanical energy conversion systems [6,7], advanced industrial automation platforms, Maglev high
speed trains [8], electric aircraft and unmanned aerial vehicles (UAVs) [9,10], Distributed propulsion control systems [11], high
resolution automated production lines, electric submarines, smart ships, and unmanned underwater vehicles (UUVs) [12-14].
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The features of these machines include high power density, which allows reducing size and weight compared to other
machines with the same power, constant speed range, low losses and efficiency up to 95% owing to the existence of internal magnets,
the ability of operating in a wide range of speeds without significant losses and generate high torque which makes them suitable for
rapid start up in electric vehicles [15], and the possibility of precise torque and speed control and compatibility with advanced control
technologies such as direct torque control (DTC) and field oriented control (FOC) [16,17], Extended permanent magnet service lifetime
and homogeneous flux distribution inside the rotor that eliminates magnet direct thermal conductivity, efficient dynamic performance
and rapid response to load and transients that reduces noise and vibration. The operational reliability of permanent magnet synchronous
motors (PMSM) systems is mainly related to the integrity of the permanent magnet magnetic field , despite the superior materials
properties, they are susceptible to demagnetization effects under extreme operational conditions, which constitutes a critical failure
mode that affects both operational safety and long term system performance.

Demagnetization is a complex degradation mechanism that involves an irreversible or quasi reversible decrease in the flux
density of a permanent magnet. This failure occurs through a variety of methods including heat induced demagnetization when
operating temperatures exceed the magnet's curie temperature [18] or approach critical thermal limits, demagnetization caused due to
the exposure to adverse magnetic fields that exceed strength limits, and mechanical demagnetization caused due to the occurrence of
structural stresses and vibrations. Industry researchs indicates that partial demagnetization, which can affect more than 10% of the
magnetic field strength, leads to a 5-25% reduction in torque [19], a decrease in efficiency, and significant changes in the characteristics
of electromagnetic torque. Whereas total demagnetization, although rare leads to a complete loss of torque capability and system
failure. Predictive maintenance is considered an important direction in the PMSM maintenance field, where studies [20,21] have
developed advanced methods and techniques for predicting failures before their occurrence through monitoring electrical and
mechanical signals and operational indicators. These techniques aim to reduce costs and enhance operational efficiency through pre-
planned maintenance.

Several designs of IPMSMs have been proposed for enhancing performance and improve the operational efficiency, where
researchs [22-24] focused on improving the machines structures, permanent magnet geometry and its distribution inside the rotor to
achieve higher power efficiency, speed and torque properties to reduce harmonic distortion and magnetic losses and to reduce vibration
and torque ripples. Electromagnetic analysis contributes to the advanced analysis of the behavior and determination of areas of
magnetic flux concentration precisely, the effect of magnetic saturation, and iron loss on electric motors [24-26]. Previous researches
have investigated several important aspects of IPMSMs, focusing on analysis of various fault types and their direct impact on the
performance and operating efficiency in [27-31]. The broken permanent magnets failure of and its impacts on the mechanical and
electrical behavior of the PMSM were presented in [32], while researches [33,34] have focused on the analysis of acoustic noises and
electromagnetic vibration generated during operation and their impact on overall PMSM performance. A demagnetization fault
diagnosis method for PMSM based on machine learning (ML) was proposed by applying time frequency domain analysis and short
time fourier transform (STFT) in detecting permanent magnet faults through stator phase current signal analysis [35].

In [36], the method of using acoustic signals for detection in the diagnosis of demagnetization and deflection faults of PMSM
was investigated by feature conversion into 2D images, and fault detection and classification by a DeiT classifier was examined. The
accuracy of the proposed method reaches 99.26%, demonstrating the reliability and effectiveness of the method. The thermal behavior
of the interior permanent magnet synchronous motor (IPMSM) local demagnetization fault was discussed, adding temperature to the
input signals to diagnose the demagnetization fault through back propagation neural network, predicting the healthy state of the
permanent magnet, and determining the demagnetization ratio as an output signal [37]. LSTM and GRU neural network models were
adopted for fault classification and early detection of demagnetization and short circuit in the PMSM based on the three current signals
of different operating states of the motor, the two methods showed a high accuracy of about 98.7% in detecting faults [38]. A technique
has been proposed that allows accurate localization of demagnetized permanent magnets in PMSM. This method adopts three toroidal
yoke coils, which are used to measure the Back EMF. They are coiled in the stator core and through waveform analysis, the location of
the fault can be determined [39].

A method for identifying and detecting the location of demagnetization faults in PMSM by analyzing the sub-current signal
and calculating the pearson correlation coefficient between modeled and real currents was introduced, which provides an accurate and
non-intrusive method for determining the location and level of fault [40]. A method that relies on the combination of neural
convolutional networks (CNN) and gramian angular fields (GAF) transformation was proposed to classify and identify various
demagnetization faults, based on the output torque signal with a model training accuracy of 98.33% and a test accuracy of 97.41% [41].
The impact of inclined magnetic fields on the partial demagnetization in NdFeB magnets is investigated through proposing a model that
relies on an exponential function to predict this behavior [42]. In [43], a novel method has been proposed that is distinguished with its
ability to detect and accurately locate the fault based on time signal analysis without requiring complex analysis, relying on the Back
EMF constant using a new search coil to diagnose the partial demagnetization fault in IPMSMs, while in [44] a real time fault diagnosis
method has been proposed based on Kurtosis analysis of the magnetic flux density variation in the air gap with the use of frozen
permeability technique and equivalent magnetic circuit model (EMC).

A method for demagnetization fault diagnosis using multi-parameter estimation and Dual Extended Kalman Filter (Dual EKF)
using a least squares algorithm is presented, this method allows real time magnetic flux monitoring , and accurate fault diagnosis with
an error ratio less than 5% [45]. While current diagnostic approaches rely on existing post-failure detection methodologies, which limits
their benefit in adaptive control and predictive maintenance strategies, experimental investigations have focused on failure injection and
rapid aging tests, which provide valuable insights into demagnetization mechanisms but remain limited in scale due to time
requirements and cost constraints. Recent analytical modeling approaches have used electromagnetic, mechanical, and thermal analyses
to predict the effects of demagnetization, but these techniques typically involve simplifying assumptions, limiting their accuracy in
complex engineering structures and different operational conditions. Although previous studies have focused on presenting
electromagnetic analyses of IPMSMs and various curves of the performance evaluation for demagnetization faults, it is very important
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to adopt advanced predictive analytics to evaluate the behavior under various operating conditions over a wide range of speeds. The aim
of this study is to use predictive analysis for demagnetization faults by combining efficiency and loss maps as well as electromagnetic
analysis of different magnetic fields for more thorough evaluation of the machines behavior.

The main contributions of this study include the enhancement of an analytical framework for demagnetization fault by relying on
high resolution electromagnetic simulation results with a focus on the efficiency and loss map analysis, the implementation of detailed
finite element modeling to simulate the demagnetization fault and compare it with a healthy IPMSM, and the quantification of
efficiency map variations under the demagnetization.This analysis uses a pure approach using experimental data obtained from
simulation results with the ANSYS Maxwell to solve and analyze electromagnetic fields. Efficiency maps are a effective tool for
advanced performance characterization of the IPMSMs, providing a thorough analysis of efficiency and loss distributions across
different operating speed and torque ranges. Finite Element Analysis (FEA) has the ability to simplify complex engineering models in a
short duration and a superior ability to capture detailed electromagnetic phenomena. Which makes it a popular choice for application in
many areas of electrical engineering.

I1. APPROACHED DESIGN OF THE IPMSM

This study aims to establish a simulation model for advanced analysis of the partial demagnetization faults in IPMSMs through
exploiting advanced predictive analysis techniques using efficiency and loss maps. The prototype of the proposed machine was created
with the ANSY'S RMxprt tool, under the following operating conditions: voltage of 220 V, speed of 1800 rpm, and power of 550 watts.
For the core components, high grade materials were selected, with M19_24G for the stator, copper as a conductor, and NdFeB as a
permanent magnet. After a thorough analysis of the 2D prototype, the evaluation of various curves, and advanced electromagnetic
analysis, the acquired data and results were used to compute and create the efficiency maps across a wide range of speed and torque
variation. To study the demagnetization faults with a particular focus on the residual magnetic flux density (Br), and comparing the
results with healthy IPMSM to assess the impact of this fault on the overall system behavior. The ANSYS Maxwell approach is based
on the application of the finite element technique as the basis for numerical analysis to simplify various geometrical models and
translate them into solvable systems with high efficiency, with the ability to provide accurate and fast solutions to complex designs.

Table 1: Parameters of the presented IPMSM.

Parameters Evaluated Value
Outer Diameter of Stator (mm): 120
Inner Diameter of Stator (mm): 75
Number of Slots: 24
Outer Diameter of Rotor (mm): 74
Inner Diameter of Rotor (mm): 26
Length of Stator Core (mm): 65
Type of Steel: M19_24G
Conductor Type: copper_75C
Number of Rotor Poles: 4
Rated Output Power (KW): 550
Rated Voltage (V): 220
Given Rated Speed (rpm): 1800
Operating Temperature (C): 75

Source: Authors, (2025).
Table 2: Parameters of the IPMSM Pole.

Name Evaluated Value
D1 72mm

01 3mm

02 3mm

Bl 4mm

Rib 3mm
HRib 3mm
Layers 1
Magnet Thickness Smm
Magnet Width 40mm
Magnet Type NdFeB (N38)

Source: Authors, (2025).
I11. DEMAGNETIZATION FAULT IN THE IPMSM

Permanent magnets are relied on to generate the magnetic field required for the operation of the IPMSM. Demagnetization is a
gradual or abrupt process that leads to the permanent magnets to lose their magnetic strength, which decreases the machine's efficiency.
It occurs as a result of several complex electrical and physical factors. Among the causes of the demagnetization are thermal factors
when permanent magnets are exposed to high temperatures, there occur alterations in the structure of the magnetic material which
reduces the overall magnetic power and affects the internal magnetic fields leading to a reduction in the coercivity and increases the
potential for irreversible demagnetization to occur. High electric currents, particularly at overloads or short circuits, lead to the
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generation of strong magnetic fields that oppose the normal magnetic field of the permanent magnet and may exceed the strength of the
magnetic resistance, causing a partial or complete demagnetization. Mechanical shocks and recurring high vibrations can affect the
permanent magnet's structure, causing a gradual deterioration of its magnetic properties. Demagnetization can be achieved by adjusting
the properties of the materials. Magnetic effects can be reduced or eliminated by assigning passive non-magnetic properties to the
material used, such as setting the magnetic permeability value to transition to a non-magnetic state or by adjusting the permanent
magnet field. The demagnetization fault can be monitored through indicators such as voltage, torque, currents, and magnetic field
analysis of flux density.

( /'H( > ) ”m

Figure 1: The characteristic of B-H demagnetisation of the permanent magnet.
Source: Taken from [46,47].

The no-load operating point is the intersection point of the B—H characteristic of the second quadrant (B-H demagnetization
characteristics) at the load line and operating temperature, as illustrated in Figure 1. The load line slope relies on the permittivity
coefficient PC [47] and is calculated by:
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where, the area of the air gap Aq equals the area of the magnet surface Am, f;i is the different coefficient of the rotor leakage,
L4 is the air-gap length. Therefore, the no-load operating (Bmo, Hmo) of the magnets are defined by:

From [46,47], the operating point of the no-load magnet (Bmo, Hmo), As illustrated in Figure 1, as follows:
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Where the magnet relative permeability is expressed as: p,., = [47].

" N38EH
. | NdFeB

w25

H[kOe] Hy
Figure 2: The NdFeB (N38EH) magnet demagnetisation B-H curves at various temperatures (1 kOe = 79.6 kA/mand 1 kG = 0.1 T).
Source: Taken from [48].

IV. FINITE ELEMENT ANALYSIS (FEA)

The finite element analysis (FEA) provides effectiveness in solving complex engineering systems. This method relies on
numerical techniques to analyze complex engineering and physical systems that are difficult to solve with conventional analytical
methods. The FEA divides geometric elements into a large number of small elements of a specific shape such as tetrahedrons and
triangles connected to each other by a set of nodes, which facilitates and allows the application of mathematical equations on the
elements to determine the overall system response in electrical machines. The machine parts are divided into very small elements,
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which enables the magnetic fields to be separately modeled after being combined to obtain more accurate results and solve Maxwell's
electromagnetic equations with high precision for each element as it contributes to solving the partial differential equations of magnetic
fields for the flux density, eddy currents, mechanical ,and thermal in the electrical machine that is able to simplify the handling of
heterogeneous materials and complex structures, as it contributes to accurately analysis of the flux, determine the parts exposed to
magnetic saturation, anticipate the parts that are more prone to failures, and analysis of the dimensional and material variations effect
based on simulation results leads to a reduction in the requirement to manufacturing many real models, which saves time and costs.

V. MATHEMATICAL MODELING OF THE IPMSM

A thorough analysis of the dynamic structure of the PMSM and the determination of the main factors that affect its functioning
involves the use of scientific mathematical models that reveal the interdependence between different parameters such as torque,
efficiency, loss, and power. These models provide the conceptual framework for the electromagnetic analysis and interpretation of
experimental data extracted from the simulation. These equations are crucial for visualizing the mechanisms of power conversion and
assessing the impact of external factors on the machine operational behavior. They allow for the analysis of the complicated interactions
between magnetic fields and mechanical motion, enabling an accurate interpretation of the dynamic response of the machine in a
variety of operating conditions. It also includes the evaluation of the design factors' impact on the operational properties.

Applying the Park transformation on the PMSM equation system, all current, voltage and flux vectors can be described in a rotor
frame of reference [49-50]. Electrical equations of voltage in the d-q axis :

a¢
Vd=RS‘Id+d_td_wr‘¢q

3)
ap (
Vq =Rs'1q+d_tq+wr'¢d
Where w, = p.Q is the rotational electrical speed.
The magnetic flux in the d-g axis can be expressed by the formula below:
ba=Lg-1g+ ¢ (4)
¢q = Lq; Iq (5)
Where ¢ is the field constant due to the permanent rotor excitation.
By replacing the Equations (4) and (5) in the Voltage Equation (3), this gives :
Vy=Ry I+Lg 24— L, I
dt q q (6)
di
Vo=RsIg+Lg —ttw (Lo o+t dy)
Hence, the vector of the armature currents is expressed in the d-q axis as follows:
( dl, RSI+ Lq1+1V
dt L, e @rp ety -
dl, Ly R 1 1

— =,y —— I+ — -V, —— s w
\ dt "L, Ly @ Ly 7L r
Electromagnetic torque is defined by the partial derivative of the electromagnetic power with regard to the rotational angle of the rotor.
This is given by :
awe _ - dWe
Te= dbgeo e (®)

Where W, indicates the energy stored in the air-gap magnetic circuit, p is the number of pairs poles, 8, is the angular

deviation of the moving part, expressed as follows: 6, = ef’r‘e.

The power expression is described as follows:

P(t)=§(vd'1d+Vq'IQ) ©)
The d-q voltage Equation (3) are replaced in Equation (9) to obtain :

Pt =2[Ry(1 + 1)) +2[1a - 222+ 1, Z29] 4 2y - 1y — g - 1] (10)

Where, the first expression (i.e., Z[RS(Id 2 + 1, 2)]) represents the joule effect losses, the second term (i.e., 3 [Id -% +1, ,dditq]

) represents the variation in stored magnetic energy, the last term (i.e., 3[% g — ¢q -Iq] ) represents the electromagnetic power
transmitted from the stator to the rotor through the air gap.

The Equation of an electromagnetic torque is given by:
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3 3
Te=§p-(Ld—Lq)-1d-1q+§.p-¢f-1q (11)

Where ¢ is the permanent magnet flux linkage [Wh].
The machine rotor is considered to have sliding poles, i.e., (Ld = Lq). Consequently, the expression (11) is simplified as follows:

The conversion of electrical energy to mechanical energy in the PMSM is expressed by the following Equation:

J Gt f Q=T - T, (13)
By replacing the Equation (12) in Equation (13). this gives :
dQ 3-p-¢s fr 1
E—T'Iq_T'Q_j'TT (14‘)

The overall efficiency n of the PMSM is defined as the ratio of the mechanical output power to the electrical input power:

Pout Te T Wy
n=-5-= (15)
Pin Pin

Where P, is the output mechanical power [W], P,, is the input electrical power [W], T, is the electromagnetic torque [Nm], w,,
is the angular speed [rad/s]

Electrical input power Equation:
3 . .
Pi =z (vdld +Uqlq) (16)
Where vy, v, is the voltage in the dg-axis, ig, i, is the current components in the dg-axis reference frame

Total losses Equation:
Ploss=PCu+PFe+Pmech+Padd (17)

Where Pagq is the additional losses (Stray, Harmonic, PWM)
The copper losses (stator winding losses):

Pe, =3 Ry (i +1i2) (18)
Where R, is the resistance per phase of the stator winding [Q]

The iron losses (core losses):
Pre=kn f-B* +ke-f?- B (19)
Where k,, is the hysteresis loss coefficient, f is the frequency [Hz], k. is the eddy current loss, B is the magnetic flux density in
the iron core [T].

The mechanical losses (Friction & Windage):
Pmech=Bm'wrzn+F'wm (20)

Where B, is the windage loss coefficient, F is the friction loss coefficient.
VI. RESULTS AND DISCUSSIONS

The curves shown in the Figures 3 to 6 reflect the dynamic variations of torque, stranded losses, and currents where the results
are compared between the IPMSMs with demagnetization fault and the healthy IPMSM using Maxwell 2D software. The obtained
results illustrated in Figures 7 and 8 indicate an analysis of the magnetic flux density distributions, magnetic flux intensity, and flux
lines, which are intended to evaluate the electromagnetic behavior of the various IPMSM components. Based on the data extracted from
this analysis, the efficiency and loss maps shown in Figures 9 to 10 were calculated and generated, which provide a thorough estimation
of the motor's behavior under various operating conditions and the fault's impact on the overall system functioning.
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Figure 3: Torque curves variations of the IPMSMs.
Source: Authors, (2025).

In Figure 3, the black curve indicates the torque of the IPMSM in the healthy state, exhibiting a consistent and regular pattern
in the range of 2 to 5 Nm and an average torque of approximately 3.7 - 3.8 Nm, with limited steady ripples indicating a balanced
distribution of magnetic flux inside the rotor. In contrast, the red curve of the faulty IPMSM exhibits a sharp reduction in torque
between 1 and 3 Nm, with an average torque of about 1.5 - 1.6 Nm, and the ripple in the red curve is noticeable and severe, indicating a
perturbation in the magnetic flux causing an increase in mechanical vibrations and noise, which indicates the effect of demagnetization
on the stability and operational efficiency of the IPMSM.
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Figure 4: The IPMSMs stranded losses.
Source: Authors, (2025).

As illustrated in Figure 4, which shows the stranded losses curves of the IPMSM, the affected demagnetized machine (orange
curve) exhibits a noticeable and continuous increase in losses compared to the healthy IPMSM (blue curve). While the losses in the
healthy state settle within a steady range between 15 and 37 watts in the shape of periodic waves, reflecting the stability of the internal
magnetic field and balanced currents, in the faulty state they exceed 50 watts with sharp oscillations, reflecting the disturbance of the
magnetic field and increased compensating currents in the stator windings to compensate for the reduced flux. This increase in losses is
directly attributed to the decrease in flux due to the permanent magnets degradation, which leads to an increase in the currents applied
to the stator currents to compensate for the decrease in flux, thereby increasing the losses. These results confirm that continued
monitoring of stranded losses curves is an effective means for early detection of demagnetization failure in the IPMSM, allowing for
improved system reliability and failure avoidance.
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Figure 5: Healthy IPMSM current.
Source: Authors, (2025).
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Figure 6: Current of IPMSM under demagnetization fault.
Source: Authors, (2025).

Figures 5 and 6 show a comparison of the branch current curves of the IPMSM in the cases of healthy operation and
demagnetization failure, exhibiting a distinct difference in the shape and temporal behavior of the currents. In the healthy state, the
currents are regularly alternating between the three branches, reflecting a balanced system and a steady magnetic flux inside the
machine. On the other hand, the defective case reveals noticeable distortions in the waveform, with steeper slopes currents, an increase
in the maximum current values, and relatively greater peaks and troughs compared to the healthy case, indicating that the system is
injecting higher currents to compensate for the flux loss due to weakened magnets, as well as overlapping harmonic components and a
slight misalignment of currents. Harmonic interference and a slight phase imbalance, which may affect the IPMSM operation and
increase the torque ripple, as a results of the weak magnetic flux caused by the deterioration of the permanent magnets To compensate
for this decrease in flux, the inverter is forced to drive higher currents, which increases the deformation in the current form. This
negatively affects the efficiency and stability of the machine. Therefore, the branches currents analysis indicates a malfunction in the
system and contributes to the early diagnosis of faults in the IPMSM.

Figure 7: Distribution of the magnetic flux density: a) Healthy IPMSM, b) IPMSM under demagnetization fault.
Source: Authors, (2025).

The magnetic flux density of the healthy IPMSM in Figure 7a exhibits a homogenous and uniform distribution, reflecting
stable magnetic field behavior and high efficiency in power and torque conversion. In contrast, in the defective IPMSM in Figure 7b,
the permanent magnet's magnetic flux density is significantly reduced to 0.4 Tesla while in the healthy IPMSM it reaches 0.8 Tesla.
Irregular flux density distribution is observed in other machine parts with the appearance of regions of reduced flux between the air gap
and the permanent magnets due to the loss of their effectiveness, while the magnetic saturation appears in the rotor between the magnets
and the stator as well as more saturation in the stator, this disruption leads to a decrease in efficiency, power conversion, and increase in
torque ripples.

" tAmml

(@) (b)
Figure 8: Distribution of the magnetic intensity and flux lines: a) Healthy IPMSM, b) IPMSM under demagnetization fault.
Source: Authors, (2025).
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Figure 8 indicates that the magnetic intensity and the flux lines of a healthy IPMSM exhibit a homogeneous and uniform field
distribution, with consistent and uniform magnetic flux lines, reflecting high efficiency and the strength of the magnetic connection
between the rotor and the stator. In contrast, a demagnetization fault leads to a decrease in magnetic field strength in each permanent
magnet as well as deformation and irregularity of the flux lines, causing magnetic imbalance inside the machine, reduced operating
efficiency and torque instability, highlighting the importance of electromagnetic analysis in the early detection of this type of failure.
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Figure 9: Efficiency Maps: a) Healthy IPMSM, b) IPMSM under demagnetization fault.

Source: Authors, (2025).
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The efficiency map of the IPMSM after the demagnetization failure shows an overall degradation in performance. In the case
of a healthy IPMSM, there is a distinct concentration of high efficiency areas greater than 97% over an effective operational range
between 1250 and 5500 rpm and torques up to 3.8 Nm, with a wide spread of high efficiency areas indicating a magnetic balance and
consistent flux distribution inside the rotor. After the demagnetization, the highest recorded efficiency decreases to 97% and the highest
efficiency above 96% is confined to a range of speeds between 7300 to 10000 rpm and a lower torque of 0.1 to 1.1 Nm. The efficiency
decreases at lower speeds and over most areas of the map. The expansion of the speed range to 10000 rpm in case of failure is due to
the torque drops drastically and attempting to compensate the loss through expansion of the operating range. The decrease in efficiency
is attributed to the deterioration of magnetic flux due to the weakening effect of permanent magnets after the demagnetization,
increased losses in the iron core and windings, torque deformation, and a reduction in power conversion.
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Figure 10: Loss maps: a) Healthy IPMSM, b) IPMSM under demagnetization fault.
Source: Authors, (2025).

The loss map of the IPMSM after the demagnetization, in Figure 10b, indicates a significant alteration in the performance
characteristics compared to the healthy IPMSM. The faulty machine exhibits a sharp decrease in the torque producing ability, The
maximum operating peak torque is reduced by 57 % from 3.8 Nm in the healthy machine to 1.55 Nm, in the healthy IPMSM in Figure
104, the losses increase in a tight range between 3.2 and 3.8 torques. While in the case of partial demagnetization failure, the maximum
operating range at 1.2 to 1.55 Nm , and the speed range extends to 10000 rpm, this comes at the expense of the ability to generate a
higher torque, which reduces the overall efficiency.

The degradation in functioning is due to the reduction in flux resulting from the loss of magnetic material properties, which
leads to lower magnetic flux density in the air gap and reduced electromotive force (EMF). As a result, the IPMSM requires higher
currents to compensate for the lack of torque, which increases the copper losses. The absence of magnetization affects the positioning of
the optimal operating point in the MTPA curve, resulting in inefficient operation outside the maximum efficiency area. On the other
hand, Iron losses increases as the operational frequencies increase at higher speeds. Thus, it can be considered that partial
demagnetization leads to a profound disruption of the torque and the efficiency in the IPMSM, which hinders the stability of operation
in high torque applications and requires the adoption of strategies for early detection and compensation in intelligent control systems.
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VII. CONCLUSIONS

In this paper, the effect of partial demagnetization faults on the IPMSM behavior is investigated by relying on the efficiency
and loss maps compared to a healthy IPMSM. The results indicate that these faults deteriorate the efficiency of the machine under
various operating conditions, particularly in the high torque and speed areas, with large ripples and a significant reduction in torque
affecting the maximum safety threshold for operation. The results emphasize the importance of monitoring the condition of permanent
magnets based on data extracted from the efficiency maps and the advanced electromagnetic analysis, for early detection of the
demagnetization faults, which can lead to system degradation, increased losses, reduced efficiency, significant loss in power conversion
effectiveness, the appearance of magnetic saturation in certain parts of the machine and inconsistent flux distribution, which emphasizes
the importance of early detection of this failure type. The analysis of the magnetic field distribution reveals complex distortions in the
magnetic flux density and intensity that affect the overall machine functioning and highlights the reliance on the advanced analysis
based on efficiency maps for in-depth investigation of the impact of these failures. This contributes to the enhancement of predictive
maintenance systems for electric motors. These systems increase reliability and reduce maintenance costs.
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