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Abstract—This article presents novel modeling, analysis, and HM Hybrid model.
suppression methods for the demagnetization fault in maximum EMF Electromotive force.
torque per ampere (MTPA) driven permanent magnet motors .
(PMMs) with distributed windings. First, a novel structural- ACR Automaqc current control.
mathematical technique is employed to formulate the analytical ASR Automatic s.p(?ed control.
model (AM) for PMMs under a demagnetization fault. Unlike ~MPC Model predictive control.
traditional AM methods, the proposed approach considers themo- FCS-MPC  Finite control set model predictive current control.
tor structure specifically designed for the motors with distributed THD Total harmonic distortion.

windings. Additionally, the new model takes the MTPA control
method into account, which is well-suited for analyzing the im-
pacts of demagnetization fault on the motor control performance.
Second, a quantitative analysis of the demagnetization impacts on
back electromotive force and MTPA current, based on the pro-
posed AM, is presented. Third, to suppress demagnetization fault
in MTPA-driven PMMs, a novel loss optimization-based control
strategy is proposed. It utilizes predictive control principles and
optimization theory to optimize losses, thus reducing the risk of
demagnetization caused by temperature rise. Finally, the proposed
AM and suppression strategy are validated by both finite element
simulation and experiment conducted on a PMM prototype with
24 slots and 4 poles.

Index Terms—Demagnetization analysis, demagnetization
suppression, finite element, maximum torque per ampere (MTPA),
modeling, permanent magnet motor (PMM).

ABBREVIATIONS
PMM Permanent magnet motor.
MTPA Maximum torque per ampere.
PM Permanent magnet.
FEM Finite-element analysis.
AM Analytical model.
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PI Proportional integral.

SVPWM Space vector pulse width modulation.
LoF Lines of force.

AMD Air-gap magnetic density.

Ni, Na, ... North pole of permanent magnet.
S1, S2, ... South pole of permanent magnet.
PD Partial demagnetization.

UD Uniform demagnetization.

DPM Discrete predictive model.

SPP Slots per pole per phase.

NdFeB Neodymium iron boron.

PC Personal computer.

I. INTRODUCTION

MMS controlled by MTPA techniques are characterized

by high efficiency, high power density, and low loss, mak-
ing both motors and control strategies widely adopted in the
fields of transportation, mining, and manufacturing, etc. [1],
[2], [3]. However, there are still many challenges influencing
the system performance when using PMMs, one of which is
that PMs installed in the motors are prone to get demagnetized
in harsh conditions such as intensive vibration, high operating
temperature, or high flux-weakening current during wide-range
speed regulation [4], [S]. Considering that PM demagnetization
can significantly reduce motor efficiency and torque output,
it is crucial to analyze its mechanisms and impacts [6], [7],
and to subsequently formulate effective strategies for mitigating
demagnetization faults.

Many up-to-date studies on PM demagnetization faults have
been carried out, covering five key areas [8], [9], [10], [11]:
motor modeling under fault; analysis of PM demagnetization im-
pacts; fault diagnosis [ 12]; fault handling [13]; and fault suppres-
sion. First, modeling is the cornerstone of PM demagnetization
research. Itis crucial for analyzing the performance of faulty mo-
tors and developing model-based fault diagnosis strategies [14].
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Effective modeling is indispensable for initiating and advancing
relevant research. Second, analysis plays a fundamental role in
revealing the nature and impact of faults [15]. It significantly
enhances our comprehension of how faults affect operational
performance and safety, thus motivating researchers to propose
strategies for fault handling and suppression. Third, many schol-
ars have been dedicated to formulating efficient techniques for
the detection of demagnetization faults. These methodologies
can be classified into three principal categories: the magnetic
characteristic analysis method; the electrical signature analysis
method; and the mechanical analysis method [16]. Fourth, fault
handling refers to how to ensure that the motor can still operate
efficiently after the fault occurs, which is a postfault handling
measure. Common methods include adaptive control [17] and
flux-intensifying control techniques [18]. Finally, the goal of
fault suppression is to stop the undesirable demagnetization from
occurring in the first place or lessen the severity of the fault [19].
Employing effective fault suppressing strategies offers many
benefits, including improved system reliability, reduced main-
tenance costs, and more. Notably, proactive mitigation of faults
could significantly lessen the immediate need for additional
research in this area. Among these aspects, it is worth noting
that modeling, analysis, and fault suppression have a more direct
impact on understanding and mitigating faults compared to fault
diagnosis and handling, thereby requiring further investigation.

The traditional models of PMMs under the demagnetization
fault include FEM, AM, and HM [8], [11], [17], [18], [19], [20],
[21]. The FEM is well-known for its high accuracy, capturing
each detail within the motor. For instance, Zhu et al. [8] present
an FEM with specific considerations of the silicon steel oversat-
uration and irreversible PM demagnetization. However, FEM’s
requirement for substantial memory and longer computation
times limits its practicality in certain scenarios. Farooqetal. [11],
Gui et al. [17], and Wang et al. [18] introduce different magnetic
equivalent circuit-based AMs developed through methods of di-
rect deduction and solving Maxwell’s magnetic equations. AM,
grounded in the electric motor theory, constructs the magnetic
field information of PMs and offers faster computational speeds.
The HM, which integrates FEM and AM, leverages the strengths
of both modeling methods [19], [20]. But it still requires pre-
cise motor structural data, often not readily available to users.
Comparatively, AMs present significant advantages in terms
of computational burden and data accessibility compared to
the other models. Despite these advancements, current research
presents limitations. Practical applications feature diverse motor
structures, such as different winding types (e.g., distributed
and centralized windings), which previous studies have often
overlooked [21]. For different motor structures, the model of the
motor under demagnetization fault should be different. However,
most existing studies focus on the universal PMMs, neglecting
these structural variations. These factors lead to model inaccu-
racy, which deserves further investigation. Finally, all AMs do
not take control methods into account. This is not conducive to
subsequent research in fault analysis and handling.

Current fault analysis mainly focuses on the impact of de-
magnetization on performance aspects, including back EMF,
harmonics, vibration, noise, and others [22], [23], [24], [25],
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[26]. For example, Usman et al. [27] investigates the relationship
between PM demagnetization and various factors such as the
magnetic flux, stator current, back EMF, electromagnetic torque,
vibration and noise. Contrastive analysis reveals that variations
in the magnetic field distribution contribute to the degradation
of electrical and mechanical performance. A limitation of tra-
ditional analysis methods is their tendency to treat PMMs as
generators. And the analytical results are often qualitative, such
as PM demagnetization increasing stator current. However, few
studies focus on quantitative analysis, determining the extent
of current increase relative to a specific demagnetization ratio.
This gap exists because quantitative analysis is more complex,
necessitating the treatment of PMMs as motors rather than
generators and requiring the incorporation of control methods.

At present, most strategies aimed at suppressing demagne-
tization focus on advancements in motor structural design and
improvements in the PM materials [28], [29], [30]. For example,
Jung et al. [28] demonstrates that optimizing the core shape
reduces eddy current loss in the motor’s PM, effectively con-
trolling rotor temperature and, thereby, suppressing irreversible
demagnetization. Similarly, Farrok et al. [29] introduces a novel
design for the PM linear generator’s translator, employing a vari-
able length of air gap topology to counteract demagnetization.
However, there is a lack of literatures at the control strategies to
suppress demagnetization for PMMs.

To solve the aforesaid issues, this article conducts a compre-
hensive study on demagnetization faults in MTPA-driven PMMs
with distributed windings, encompassing aspects of modeling,
analysis, and suppression. The main novelties and contributions
are summarized as follows.

1) An innovative structural-mathematical technique is pro-
posed to establish a general AM of PMMs under demagne-
tization faults. This model represents an advancement over
traditional AM methods, as it is specifically tailored for
motors with distributed windings and addresses the impact
of motor structure on modeling accuracy. Furthermore,
when establishing the model of the PMMs, rather than
treating them solely as generators, the approach takes on
the theory from a motor perspective and incorporates the
motor control method, that is, MTPA control technique.

2) Utilizing the proposed general AM and with control strat-
egy considered, this article achieves quantitative analysis
of the demagnetization impacts on the back EMF of a
specific PMM. Subsequently, the extent to which MTPA
current motor increase is derived. By delving into the
analysis of demagnetization faults, more convincing con-
clusions are drawn regarding the necessity of suppressing
faults in practical applications. This contributes to the
enrichment of existing PM demagnetization fault analysis
theories and the enhancement of understanding of the
fault.

3) For the MTPA-controlled PMMs, a suppression method
based on loss optimization is proposed, which addresses
the factors that could lead to demagnetization faults due to
increased temperature. Unlike strategies based on motor
structural design, this method focuses on control and
optimization. Specifically, an optimized MTPA control
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Fig. 1. MTPA-driven permanent magnet motor drive.

strategy is developed. It begins with loss prediction, uti-
lizes predictive control principles, and employs optimiza-
tion theory to establish a cost function to evaluate the
magnitude of losses. This method can generate effective
control variables for reducing motor losses and mitigating
temperature increases.

The rest of this article is organized as follows. Section II con-
structs the general AM of MTPA-driven PMMs with distributed
windings. Section III presents the impacts of demagnetization.
To clearly illustrate the conclusions drawn from Section II and
make it easy for readers to understand the necessity of develop-
ing demagnetization fault suppression methods, a specific motor
is adopted for quantitative analysis. In Section IV, a suppression
method based on loss optimization is proposed, which is applica-
ble to general PMMs. In Section V, the general AM, analytical
results and the proposed demagnetization suppression control
method are verified by experimental results. Finally, Section VI
concludes this article.

II. AMS OF PMMS WITH DISTRIBUTED WINDINGS

As for the structures of MTPA-driven PMMs shown in Fig. 1,
when taking the flux linkage inside the motor as the intermediate
variables and ignoring magnetic saturation, eddy current and
hysteresis loss, the machine model in the abc-axis reference
frame can be described as

—’LaR + d1pa + dwfcose

up = iy Rs + dzpb + dipy C053272ﬂ/3)

R % + dip g cos((ii—47r/3)

ey

where i,, iy, and i, are a, b, c-phase currents. u,, uy, and u,
are a, b, c-phase voltages. Rj is stator resistance. 6 is electrical
position (rotating angle), ) is overall flux linkage generated by
the PMs and it is a constant. v,, v, and 1. are flux linkage
generated by stator windings and they can be represented as

’(/Ja Laa Mab Mac ia
o | = | Mpa  Lop  Mpe | |in )
% Mca Mcb Lcc Z.c

where L,,, Ly, and L. are the self-inductances of the stator
windings. M, Mpq, Mye, Moy, My, and M, are the mutual
inductances of the stator windings. For the sake of clearness,
taking the a-phase winding that has similar properties to the
other two phases (except phase angles) as an example, (1) can

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

Fig.2. General PMM Structure designed with disturbed windings and integer
slot. (a) Integer-pitch PMM. (b) Fraction-pitch PMM.

be further derived as

Ug = 1Ry +

d;ia —Pwm s sin 0 3)
Induced back—EMF Motional back—EMF

where p is the number of pole pairs. w,, is rotor mechanical
angular speed. Based on the Faraday’s law of electromagnetic
induction, the motional back electromotive force (EMF) in (3)
can also be described as the back EMF generated when the
conductors of windings cut through the LoF. The derivations
concerning the a-phase windings are detailed as follows.

As for the PM motor with distributed windings, its features
include that a-phase occupies s/m slots, where m is the number
of motor phases, and the number of slots per pole per phase is
s/2mp, where s is the total number of slots. With reference to
Fig. 2, denote analysis AMD at which the s/m a-phase slots
are located as By; and By, respectively, where i represents
the ith coil. By; and By, are associated with the leading and
lagging slots for each coil with the speed direction considered,
respectively. Then, motional back EMF Mg\ can be calculated
by

zs/2m

Z (Bg,; — Bgi/)NClU

i=1
zs/2m

d
> (Byi — Boir) Nelwn
=1

Q

“

where N, is the number of a-phase conductors in per slot per
layer. [ is the equivalent length of one conductor. v is the linear
speed where the conductors cut through LoF. d is the inner
diameter of stator. z is the number of the motor winding layers.

In this section, the research focus has shifted from the analysis
of a specific motor instance to the broader domain of PMMs.
The primary objective of this section lies in the exploration of
the universal applicability of PMMs, with the intent to provide
both theoretical foundations across a diverse spectrum of appli-
cation scenarios. This comprehensive analysis is then contrasted
with findings derived from the specific motor instance, thereby
revealing overarching principles.
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Fig.3. Air-gap magnetic density property when one permanent (N) encounters
demagnetization fault.

Define the number of virtual slots (¢) covered by per pole per
phase as
zs

q= % )

Due to the characteristics of a motor with distributed wind-
ings, the magnetic potential and back EMF in each phase of
the motor is generated through the combined superposition of
conductors distributed across multiple slots. When a motor with
distributed winding and integer-g, the stator windings are uni-
formly distributed within the machine, ensuring a fixed number
of slots per phase corresponding to each PM pair pole. This
kind of motor structure is shown in Fig. 2. When s/2pm is an
integer number, the motor is an integer-pitch motor as Fig. 2(a).
Otherwise, it is a fractional-pitch motor as Fig. 2(b). Therefore,
it is possible to analyze the conductors within one slot under
one of the magnetic poles, which correspondingly obtains the
back EMF of the conductors within that slot position under each
magnetic pole.

After substituting (4) into (3), a new machine model can be
obtained as

P
dfft“ DD (Boi— Bei/)NCZwmg. (©)

j=1i=1

q
Uq = 11
Now, as long as By; and By, are obtained, (6) can be used

to analyze the PM motor under different magnetic situations.
When the motor works, the variation trend of the AMD at a
particular point such as By is closely related to the rotor position
0. Specifically, it complies with the distribution curve of the
AMD generated by the PMs of a motor, of which shape is similar
to the B-curve (e.g., By and By at different positions) in Fig. 3.
It deserves to be mentioned that the distribution curve of the
AMD is not sinusoidal inside the PM motor, and instead, it is
trapezoidal due to the distribution of the PMs when the cogging
effect is ignored. While in the area a PM can cover, the AMD
remains constant, of which magnitude can be calculated by (7)
when leakage flux is ignored

By = 25t = 20 o

B,a=(1-0)B,;,0<0<1
where B, is PM remanence, « is the angle that a PM can cover,
Ipv 1s width of the PM, o is demagnetization degree, B, and
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B,_q are the magnitudes of AMD generated by the healthy and
postfault PMs, respectively.

2p partial back EMF is assessed since there are 2p regions
according to the number of poles. The resultant back EMF is
a piecewise function composed by each piece of partial back
EMF according to the rotor position [31]. According to the AMD
property of the health motor in Fig. 3, the AMD of the PMM
with distributed winding and integer-g can be written as

%%Jm+kw§0<ﬁ+kw

Fp(0) = { Ba,iff+kn <0< (m—pB)+kn
f%( m),if(m—p)+kr <0 <m+knm
T—«
B = 5 3
Fg(0),if0+ 2kpr < 0 < 7+ 2kpm
Bo1(0) = iZ’TB(G),ifﬂ+2kp7T§9<27T+2kp7r
Fp(0),if(2p — D)7 + 2kpr < 0 < 2pw + 2kpw
= (=1)"'Fp(0),if(i — 1)1 + 2kpr
<0 <im+ 2kprw
i=1,2,...,2p 9)

where i is positive integer and [ is the angle that a PM cannot
cover which is fixed by the motor structure.

The magnetic properties of UD is fundamentally consistent
with the healthy motor discussed earlier. When the UD occurs,
all magnetic poles would demagnetize symmetrically. Hence,
this section will further focus on modeling the PD fault PMMs.
This article specifically investigates PD faults caused by the
demagnetization of an entire magnetic pole. Other forms of local
demagnetization are not covered in this article. During analysis,
magnetic saturation is ignored because it contributes less to the
main objective of this article, which is to propose a modeling
method capable of analyzing and quantitatively assessing the
impact of demagnetization faults. Besides, the approximation is
made that during PD fault, only changes in the demagnetized
poles are considered, while variations in the other poles are
ignored. Assuming that the first north magnetic pole Nj is
demagnetized, (9) can be modified as

(1—0)Fp(0),if0+ 2kpr <0 < w+ 2kprw
—Fp(0),ifm+ 2kpr < 0 < 2w + 2kprw
Bgipp(0) = -+
Fp(0),if(2p — 1) + 2kpm
<0 < 2prm + 2kpm
(1 — 0)Fg(0),if0+ 2kpr < 0 < 7 + 2kpr
= (=) Fp(0),if(j — V)7 + 2kpr
<6< jm+2kpm
j=2.3,...,2p (10)

In order to express the analytical formula of the motor’s back
EMF more clearly, priority is given to considering the magnetic
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Fig. 4.  Whole back EMF of the conductors in each pole pair under the PMM

with one north pole demagnetization fault.

flux expression of slots in the same position under different
magnetic poles. In Fig. 2, in the motor’s forward rotation direc-
tion, slots at the same position under the N-pole are sequentially
labeled as 1, 2, ..., p, while those under the S-pole are labeled
as 1’,2’, ..., p’ in corresponding order. These AMD of different
slots can be obtained by

Bgl((g) = Bgl (9 — Q(i — 1)7‘1’)
By (0) = Bpi(0 — 7 + )
where 7 is the phase shift. The value of v depends on the specific
design of the motor winding. The v of the integer-pitch PMM is
Zero.
When the first north magnetic pole is demagnetized, the AMD

of different slots under demagnetization fault exhibit periodic
variations. These can be described as

(1—0)F5(0)
if2(p—i+ 1)m+ 2kpm
<O<2p—i+)m+7+ 2kpr

an
12)

PO =3 1yt o
if(j — V)7 + 2kpr < 0 < jm + 2kpm,
j#2p—i+1)+1
(1-0)Fs(0),
if2(p —i)m + 31 — v+ 2kpw

Bosen(6) = <40 < 2(p —i)w + 4w — v + 2kprw
(=1 Fp(0),
if(j—Dm—y+2kpr <0 < jm—r
+2kpr, g #£2(p—i+1)+2

(14)

Through the analysis of AMD, we can further obtain the
equation for the motor’s back EMF by (4). From the Fig. 4,
it can be observed that both By and By - experience a decrease
in magnetic flux density in each positive half-cycle due to the
presence of the N; pole. In this context, By -, due to the opposite
direction of the conductor current in the slot compared to the
current under By, requires a negative sign when synthesizing the
back EMF. As a result, -By - exhibits a decrease in magnetic flux
density in each negative half-cycle. Therefore, in the presence of
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TABLE I
SUITABLE APPLICATIONS FOR THE NUMBER OF SLOTS PER POLE PER PHASE
Winding 1 )
layers

1 1 1 1 1 1

SPP - - = 1 2 | - = = 1 2
4 3 2 4 3 2

Suitability X X X ~ J | X X v A N

PD fault, the synthesized back EMF of conductors at the same
position in each phase and each pole pair uniformly decreases
during both the positive and negative half-cycles, as opposed to
healthy machines where only amplitude variations are present in
the synthesized back EMF. So, the fixed single-slot (per phase
per pole) conductors’ motional back EMF of a healthy PMM
(MeMmr_p1) and a PD PMM (Mgyvre_ppi1) can be calculated as

p
d
Memg p1 = ; (Boi — Boir) Nelwm 3 (15)
b d
MgMmF PD1 = ; (Bgipp — BGi’PD)Nchm§
20 — o
= p2p Meyr n1. (16)

As illustrated in Fig. 4, summing up the back EMF of the
conductors in different slot (1, 2, ..., p) under each pole pair
for each phase, we obtain the analytical expression for the total
back EMF of one phase of the motor (Mgnyr 1) as follows

Memr_ha = Meme n1(0) + Memr_p2(0) + ... + Meme_nq(6)

2pm
= MEMF_hl(a) + MEMF_hl <9 + k1 Z) + ...

2
+ MgmE_h1 (9 + kg1 T) . (17)

Similarly the total back EMF (Mg\ip-pp o )of one phase of the
PMM under the PD fault can be described as

Memr ppa = Mevr_ppi1(0) + Mevmre_pp2(6)
+ ...+ MEMF?PDq (9)

2pm
= Mgmr pp1(0) + Memr pp1 (9 + kK Z)

2pm
+ ...+ Mgwmr pp1 (9 + kg1 Z)

_2p—o0
=%

MewmF_ha- (18)

From (18), it can be observed intuitively that the PMM with
distributed winding and integer-¢ motion back EMF only un-
dergoes changes in amplitude when PD faults occur, without
exhibiting any harmonic variations. It should be noted that the
analysis process and results outlined above require that the
motors have distributed windings. Furthermore, the value of ¢ in
(5) should be an integer. Table I gives the suitable applications for
the number of SPP. It can be observed that the value of motor
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TABLE II
MOTOR PROTOTYPE PARAMETERS

Parameter VALUE Unit
number of slots s 24 -
number of pole pairs p 2 -
conductor number in one slot N, 69 -
length of conductor / 0.1 m
inner diameter of stator d 0.08 m
thickness of PM /pum 35 mm
PM-covering angle a Sn/12 rad
PM remanence B, 0.95 T
d-axis inductance Ly 28.2 mH
g-axis inductance L, 62.63 mH
phase resistance Ry 1.469 Q
rated load T; 4 Nm

winding layers influences the suitability in applications with
nonfractional number of slots. When it comes to the fractional
number of slots, the proposed method is well-suited.

On the one hand, by substituting the back EMF into the
MTPA-driven PMM (3), it can be deduced that due to the
decrease in magnetic flux amplitude, the back EMF experiences
amplitude changes. On the other hand, the AM reveals that
demagnetization in PMMs with distributed winding does not
significantly change the harmonics and phase angle of back
EMF. Considering that the back EMF properties are closely
related to the motor current harmonics, the current harmonics
do not undergo noticeable changes either. These happen because
the magnetic saturation issue is ignored.

III. IMPACTS OF DEMAGNETIZATION FAULT ON MTPA-DRIVEN
PMMs

This section uses the AM established in Section II to analyze
the impacts of demagnetization fault on the performance (back
EMF and currents) of MTPA-driven motors quantitatively. For
the sake of clarity, take a PMM prototype with distributed
windings (see Fig. 5) as an example for analysis. The parameters
of the motor is given in Table II.
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Fig. 5. Structure of specific permanent magnet motor prototype with 24 slots
and 4 poles. (a) Overall structure. (b) Outspread diagram.

A. Impacts of Demagnetization Fault on Back EMF

To intuitively explain the AM model, a PMM prototype with
24 slots (s = 24), 4 poles (p = 2) and distributed winding shown
Fig. 5 is formulated as an example. First, the a-phase winding
has s/6 = 4 coils, occupying a total of s/3 = 8 slots (1, 2,7, 8, 13,
14, 19, and 20), and the number of slots per pole per phase is s/6p
= 2. The winding pitch is s/2p = 6. The number of g is zs/2mp
= 2. Denote the AMD at the positions corresponding to the four
coils (eight slots) as Bg1, By2, Bg1’, Bg2, Bgs, Boa, Bgs, and
By, respectively. With the speed direction considered, slot 1 is
ahead of slot 7 for the first coil, so the sign of By is positive while
By is negative in (5). This also applies to the other three coils.
On this ground, since the conductors in each slot interact with
By1,Bya, ... and Byy when the rotor reaches 6, respectively, the
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Fig. 6.  Air-gap magnetic density property. (a) Distribution diagram between

P and P4 when the rotor position is zero. (b) Variation trend of Bg1 when rotor
makes one revolution from zero position.

one-slot motional back EMF can be calculated by NBy;lw ,d/2 or
-NBy;:lw,dl2, and M g equals the sum of them. Then, because
By1, Bya, Byps and By, are dominated by the north magnetic
pole (LoF radiates outward from shaft) obviously, their values
are positive based on (4), while the others are negative. Finally,
before leaving Fig. 2(b), it deserves to be mentioned that when
0 is zero, at which the a-phase axis complies with one north
magnetic pole, Mgy gets to zero because By; = Bp;». When a
healthy motor spins from 0 to 2p7, with reference to Fig. 6, the
variation trend of the AMD at By can be described as (19) shown
att the bottom of the previous page, considering symmetry.

On the one hand, if the UD occurs, all the PMs are demag-
netized uniformly. The symmetry of magnetic field (magnetic
symmetry) is not influenced. In this case, (19) is still suitable for
describing the AMD property at By, when B, 4 (instead of B,)
is adopted. On the other hand, when PD fault occurs. As shown
in Fig. 6(b), the magnetic symmetry is damaged. Assuming that
a north magnetic pole is demagnetized, (19) can be modified as
(20) shown att the bottom of the previous page, which becomes
totally different.

In terms of By;, it can be obtained by

By (6—

A1 = quot (z -1, 6%) , Ao = mod (Z — 1,&)

21)
where quot () and mod () are the functions calculating quotient
A1 and remainder Ao, respectively. Then, By, is as follows

By (0) = Bgi(0 — ).

72‘”22# — 2)\,171')
Byi(0) =

(22)

After substituting the slot number (s = 24), pole pair number
(p = 2) and PM-covering angle (o = 57/12) of the targeting
motor into (8), (10), and (11), the motional back EMF of a
healthy PMM (Mgnmp n) between O and 27 can be calculated
by (5) as
4By Nelwy d : s
4By Nelwmd,if5 <0 <m
—ABalNelomd (60 — 77, ifr < 6 < 4T

4By Nelwmd, if 5 < 6 < 27

(23)

MEMF_h =

It should be addressed as shown in Fig. 5, between 0 and
2w, N1, S1 and N», S are linked with the first, second coil, and
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third and fourth coils for the motor with distributed windings,
respectively. When a new electrical cycle starts, although No
and Sy are linked with the first and second coils while N; and
S are linked with the third and fourth ones, the variation trend
of the motional back EMF between 27 and 47 is the same as
that between 0 and 27 due to mechanical symmetry. Hence,
the motor characteristics within one electrical cycle (0-27) are
representative for analysis.

1) UD Fault: When the UD occurs, B, in (23) should be
replaced by B,,_4. Considering that B, is a factor in each equation
of (23), the relation of the motional back EMF under the UD fault
(Mgmr up) and the demagnetization degree can be described
as

Memr up = (1 — 0) Memr _p- (24)

As for the harmonics, the proportion of each order remains
unchanged in comparison with the ones of a healthy motor
because the motional back EMF experiences a proportional drop.

2) PD Fault: Substitute the motor parameters into (20)—(22),
and then the obtained result can be adopted to calculate the
motional back EMF of the motor under the PD fault (Mgymr_pp),
which can be represented as

Uo)Balelemd (g9 ) if0 < § < T

(4 = 0)ByNelwp,d, ity <0 <7
—o)BalNelomd (9 770 ifr < § < 47

—(4 = 0) By Nlwynd, if & < 6 < 21

MemE pp =

(25
By comparing (23) and (25), it can be seen that the relationship
between Menppp and MenvE:p, 1S as follows

o
MemEe pp = (1 - *) Memg p- (26)

4

Interestingly, being similar to the UD fault, the motional
back EMF proportionally decreases when the PD fault occurs.
Intuitively speaking, the demagnetized PM only cause back
EMF reduction in its linked coils, but for the other coils, the
motional back EMFs are consistent with those when the motor
is healthy.

B. Impacts of Demagnetization Fault on Currents

The in-depth analysis of how demagnetization impacts the
current of MTPA-driven PMMs. This is detailed in this part,
which serves as the crucial bridge between the theoretical
groundwork laid above and its practical implications.

For the sake of simplicity, transform (1) into the dg-axis model
by means of coordinate transformation technique

dig _ _ Rsy Lg ; ug
at = " Lytdt L, pwmiqt+ I
dig _Lg - Rg, Ug py 27
o = T ILPWmld — it L T T PYm 27

T. = 1-5p(¢fiq + (Ld - Lq)idiq)

where i4, iy, are stator dg-axis currents, g, and u, are dg-axis
control voltages, Ly and L,, are dg-axis inductances. T is are
electromagnetic torque. When using the MTPA strategy for
control, the d-axis current tracks the reference one i .ot should
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Fig. 7. Relation of motor currents versus PM flux linkage and different

demagnetization degrees.

be set as

Yy B ¢s?
2(Lg — Ly) 4(Lg — Ly)

When the motor runs stably at a constant speed for a long time,
T equals the load torque 7; when ignoring friction, that is,

.2
2—|—zq.

Iq = iq_ref = — (28)

T.=1. (29)

Then, after substituting (27) and (28) into (29), the g-axis
current during control satisfies the following condition

AT )

. Vs _T+3p(Ld—Lq)2\/;

ig = 3

_sl e, Je 8 e [ e - GO
T_\/2+ 4+27+\/2 Tt o7

. 4T12'¢)f2
9p2(La—Lg)*

2

p= gpz(lfji[,q)z 4=

As for the PMM, the relation of motor currents and flux

linkage is depicted in Fig. 7 under the rated load. In Fig. 7,

the current magnitude i, is square root of the sum of dg-axis

current squares. Meanwhile, Fig. 7 quantitatively shows the

current characteristics versus different demagnetization degrees.

Because 17 is the overall PM flux linkage, it can be estimated
by the AM in Section II

2p(1 — 0)B,lpal, if UD occurs
77\ (2p — 0)B,ipyl, if PD occurs

is/(1
is/(1 — o /2p), if PD occurs

— o), if UD occurs
(€20)

lsfp =
where i, is the current magnitude of demagnetized motors.

It is interesting that regardless of the UD and PD faults,
both the dg-axis current magnitudes will increase once they
appear, and the larger the demagnetization degree is, the higher
the current magnitudes become. This is the main reason why
the copper loss rises while the motor efficiency and torque
output capacity drop when the demagnetization fault appears.
As far as the current harmonics are concerned, they witness rare
changes theoretically since the motional back EMF harmonics
in Section II do not change significantly. However, in practice,
the current magnitude variations might change the magnetic
saturation property (with armature reaction considered) of the
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iron core. In this case, the current harmonics would shift but the
changes are irregular.

The analysis presented in this section clearly shows that
demagnetization faults significantly degrade the performance
of PMMs driven by MTPA methods. However, the reduced
performance, in turn, is inclined to exacerbate the degree of de-
magnetization, thereby setting a vicious cycle. These underscore
the immense value of studying and implementing demagnetiza-
tion suppression techniques prevent the fault from occurring or
becoming more severe.

IV. PROPOSED MTPA-DRIVEN METHOD BASED ON LOSS
OPTIMIZATION TO SUPPRESS DEMAGNETIZATION FAULT

High temperature is an important cause of demagnetization
faults in PMs. However, the demagnetization of a magnet is a
gradual process [32], and some PM materials start to experience
demagnetization even the temperature is 60 °C and the fault will
get more severe during the long-time operations [33]. To sup-
press demagnetization fault caused by high temperature, this part
introduces an improved MTPA strategy with an MPC controller
integrated. As mentioned in [34], iron loss Li.o,n and copper
loss L., are the primary losses in the PMM and have the most
significant impact on motor temperature. Hence, the proposed
MPC-based MTPA strategy not only takes into copper loss but
alsoiron loss. It needs to be mentioned that the primary objective
of the article is to reduce the temperature rise by optimizing the
motor’s loss that s closely related to the control strategy. In terms
of mechanical loss and stray loss, which are hard to be optimized
through control methods, they are not addressed. Through the
proposed MTPA strategy, the demagnetization of the PMs can
be suppressed, ensuring the continued reliability and efficiency
of the motor system.

As shown in Fig. 8, the proposed MTPA method uses MPC
controller to replace the traditional PI current controllers in
the control structure. Because MPC can handle multiple ob-
jectives simultaneously, which can achieve the machine loss
optimization to reduce the PM temperature so that to suppress
the demagnetization fault. In practice, the mathematical model
needs to be used to predict the future states for an FCS-MPCC
strategy. After applying Euler discretization algorithm to (27),
the DPM of PMMs in the direct-quadrature rotating frame can
be described as

) Lys—TR; .
ig(k+1) = ded(k;)
TL T
DL o (k)i (k) + —ua(k) (32)
Ly Ly
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, TL _ L,—TR, .
iglk+1) = = FPwnR)ialk) + =", (k)
q q
T TV p
+ I, uq(k) — L, W (k) (33)

where T is control period.

To optimize motor losses more effectively, the motor losses
are calculated based on the predicted current and given voltages.
When ignoring the losses other than copper and iron losses. First,
the future copper loss can be calculated by

Lew(k+1) = amR, (i5(k + 1) +i2(k + 1)) (34)

where A is transform coefficient. It’s worth noting that A = 1.5
when the motor coordinate system undergoes a fixed amplitude
transformation, while it takes on a value of 1 when the system
experiences a fixed power transformation. Second, the total iron
loss Liyon can be predicted by

{Limn(k +1)=La(k+1) — Leu(k 4+ 1)

Lai(k + 1) = Mugiq(k + 1) + ugig(k + 1)) — wy,Tp,
(35)
where L, is the total motor loss. In (35), T} can be calculated
by using the observer in [35] instead of (29). The total iron loss
L. contains both rotor iron loss and stator iron loss, which
can be further calculated by

{Lirom"(k + 1) - 'YlLiron(k + 1)

(36)
Lirons(k + 1) = (1 - lyl)Liron(k + 1)

where Liyop - 1S rotor iron loss, Liyop s 1S stator iron loss, 1 is
the proportion of Li;op - to Liyon. Based on the FEM simulation
results for the motor in this article, y; is approximately 0.15.

After using (32) and (33) to calculate the future currents i,y
(k+1), iy (k+1) and the motor loss corresponding to different
voltage vectors, they will be applied in the cost function (37) to
choose the optimal control vector. The cost function J can be
divided into two distinct cost functions: the electrical function
J. and the temperature function J;

J=kiJe + kaJ;
Je =iy —iq(k + 1) + iy —ig(k +1)]

_ Lirons (k+1) La(k+1) Livonr (k+1)
Jp = i + =Lt A

(37

where k; is weight coefficient, ijand i; represent the reference
currents, 1/d; represent the extent to which the loss of each
component affects the temperature of the PM approximately

(38)

where R; is the distance between the 7 section that produces the
loss to the motor axis, R, is the outer radius of the motor rotor.

Before leaving this part, three aspects concerning the pro-
posed MTPA method need to be addressed. First, being different
from the analytical process and results in Section II, the proposed
MTPA control method is not influenced by the value of SPP. This
happens because (28), (30), and (32)—(38) demonstrate that the
proposed MTPA strategy is only related the motor parameters
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(e.g., resistance, inductance, and flux linkage, etc.) and work-
ing states. Second, cost function (37) distinguishes itself from
other model predictive control methodologies, such as the one
detailed in [36], by its focused optimization on both electrical
performance and loss reduction. This dual emphasis provides a
distinct advantage in tackling the essential challenges associated
with motor performance, loss, and temperature management.
Third, similar to the multitarget cost function approach in [36],
the proposed method introduces certain drawbacks, including
the increased complexity involved in managing the tradeoffs
between electrical and thermal performance metrics. Practically,
the weight coefficients in (37) require empirical tuning.

V. VERIFICATION RESULTS

To verify the theoretical findings and the proposed MTPA
method, simulations and physical experiments are conducted
on the 24-slot/4-pole interior PMMs. The parameters of the
healthy test motor are given in Table II. Besides, to simulate
the condition of PM demagnetization, two motors are specially
customized. In one motor, all PMs are magnetized to 90% of
their rated value, representing a 10% UD fault, while in the
other motor, one PM was not magnetized, signifying a 100%
PD fault. The experimental setup is shown in Fig. 9. For the
hardware platform, the test algorithms are executed on a DSP
TMS320F 28335 control board. The control frequency of the
proposed MTPA method s set as 10 kHz, which is high enough to
suppress harmonics caused by the control strategy in this article.
Data can be monitored by the control desk installed on the host
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Fig. 10.  Air gap flux density of different PMMs. (a) Healthy motor. (b) Motor
under 10% UD fault. (¢c) Motor under 50% PD fault.

PC and recorded by an oscilloscope. One magnetic powder brake
is connected to the test motor to provide the required load. It is
worth mentioning that, to measure the temperature of the motor
rotor, as shown in the Fig. 9(b), ameasurement window is created
on the motor’s rear cover for rotor temperature measurement.
An infrared sensor is positioned to measure the rotor’s real-time
temperature without making direct contact.

A. Validation of Fault Modeling and Demagnetization Fault
Impact on Back EMF

Finite element simulation is first carried out to verify the
proposed model and analytical results. The motor parameters
are consistent with those in Table I. Back EMFs of the motor
are given in this part, which can validate the results given in
Sections III.

Fig. 10 shows the air gap flux density of the healthy machine
and two fault machines without load. It can be noted that the
peak value of the healthy air-gap flux density Bai, is 0.93 T.
In the case of a 50% PD fault, where one of the motor poles
has lost half of its PM remanence, the air-gap flux density
under the pole is 0.52 T. And the peak value of air-gap flux
density under 10% UD fault is 0.84 T. As mentioned above,
the magnetic field generated by the PMs inside the motor is
trapezoidal, corroborating the assumption that the behavior of
magnetic density is both reasonable and accurate. These results
prove the accuracy of (9) and (10), validating the correctness of
the AM. Hence, the AM can be treated as an effective method
for subsequent back EMF analysis.

Then, the back EMFs of the three motors are tested experimen-
tally to verify the proposed model and analytical results. During

9439

Waveform View e — 3

...........

Mzerir 1, 7 b e < v
- _E\{F,_/NQ\_ : % ' L 1o Back-EME [20 V/div]
E |
|

Fundamental(10Hz)=56.56, THD=17.36%

=12
k=
L
5
8
E
B~
—
(=]
x4
2
s FEEFEEEEE=="
0 5 10 15

Harmonic order

Fig. 11.  a-phase motional back EMF of the healthy PMM.

. Meyr g, 39V ..

Fundamental(10Hz)=49.52, THD=15.11%

o]

IS

Mag (% of Fundamental)

J“,,mlh.LI | poutullle | | ol

0 10 15

(=}

5
Harmonic order

Fig. 12.  a-phase motional back EMF of PMM: under 10% UD fault.

the experiment, a healthy motor working under 300 r/min is used
to drive three test motors: a healthy PMM, a PMM with a 100%
PD, and a PMM with a 10% UD. The back EMF waveforms for
each motor are recorded. Figs. 11-13 and Table III compare
the motional back EMF of the PMM prototypes. The a-phase
fundamental back EMF of the healthy machine measures 56.6 V.
Meanwhile, the back EMF under 100% PD fault and 10% UD
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TABLE III
BACK EMFS OF THREE MOTORS UNDER DIFFERENT DEMAGNETIZATION FAULT

Overall back Fundamental N
Motors EMFs (V)  back EMFs (V) THD (%)
Healthy motor 70 56.56 17.36
Motor under 10%
UD fault 59 49.52 15.11
Motor under 50%
PD fault 47 38.94 16.86

fault respectively is 38.9 and 49.5 V, representing reductions of
31.2% and 12.5% from the standard back EMF value. There is
a slight deviation between the analytical results and the experi-
mental results, and the reasons for this phenomenon are twofold.
First, there is an error in magnetizing the pole in the faulty motor.
Second, the demagnetization of a single pole affects the other
poles of the motor, leading to a reduction in the overall magnetic
flux density.

In terms of the back EMF harmonics, the values of THD
for the healthy motor, motor under 10% UD, and motor under
100% PD are 17.36%, 15.11%, and 16.86%, respectively. They
see very small differences, complying with the analytical results
shown in Section II. Interestingly, by carefully comparing the
back EMFs in Figs. 11, 12, and 13, their phases see similar trend
as well.

Overall, both the FEM and experimental results prove that
the proposed AM and analytical results are effective, and mean-
while, it is reasonable to ignore the magnetic saturation during
the modeling process. Besides, what needs to be addressed is
that, first, unlike the AMs based on magnetic equivalent circuit
theory referenced in [17] and [18], the proposed AM does
not require complex mathematical calculations. Instead, it can
equally demonstrate the overall properties of the PMMs under
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TABLE IV
CURRENTS OF THREE MTPA-DRIVEN MOTORS UNDER DIFFERENT
DEMAGNETIZATION FAULT

Motors is (A) iq (A) ia (A)
Healthy motor 2.06 2.05 -0.21
Motor under 10%
UD fault 2.35 2.28 -0.33
Motor under 50%
PD fault 2.88 2.83 -0.52

demagnetization faults. Second, in contrast to the AM developed
to analyze a single conductor in [23], which indicates that the
back EMF waveform of a single conductor aligns with the
asymmetrical air-gap magnetic field’s waveform, the proposed
method shows that the overall back EMF within the windings
is symmetrical. This distinction is a significant contribution of
this research, facilitating a more straightforward understanding
of the features of the demagnetization faults.

B. Impacts of Demagnetization Fault Impacts on Currents

To validate the quantitative analysis of the impact of demag-
netization on the currents of MTPA-driven PMMs, experiment
is conducted on the healthy motor. The goal is to corroborate
the theoretical findings and assess the practical effects of de-
magnetization faults on motor performance. In this part, the
results of phase currents that contain the amplitude and harmonic
information are provided. For the sake of comprehensiveness,
the impacts of demagnetization on phase current, overall current
amplitude, and dg-axis current amplitude are provided.

Fig. 14 illustrates the performance of dg-axis currents and a-
phase current (i,) when the three tested motors work at 600 r/min
under 4 N-m. It also shows how current characteristics change
with different demagnetization faults.

In Fig. 14(a), the current characteristics are all normal. i 4
and i, are —0.21 and 2.05 A. The overall current magnitude
is is 2.06 A. The amplitude of a-phase current is 2.10 A. In
Fig. 14(b), the current characteristics for PMM under 10% UD
exhibit minor variations. ig and i, are —0.33 A and 2.28 A. i
is 2.35 A. And the amplitude of i, is 2.38 A, has increased by
13.3%. In Fig. 14(c), the current characteristics under 50% PD
have significant changes. ig and i, are —0.52 A and 2.83 A.
is 15 2.88 A. And the amplitude of i, is 2.91 A, has increased
by 38.1%. Table IV gives the current performance, and it can be
noted that the current variation trends comply with the analytical
results in Section III-B.

Notably, regardless of the UD and PD faults, the magnitudes
of motor currents increase with the severity of demagnetization.
This increase is a key reason for the rise in copper losses, as
well as the reduction in motor efficiency and torque output
capacity. The results in this section clearly demonstrate that the
demagnetization faults have a significant and adverse impact
on the motor performance. The experimental results align with
the theoretical analysis, confirming the significance of address-
ing demagnetization in practice. By contrast with the previous
studies such as [22], [23], [24], [25], [26], [27], which did not
address the quantitative impacts of demagnetization faults on



GAO et al.: MODELING, ANALYSIS, AND SUPPRESSION OF DEMAGNETIZATION FOR MTPA-DRIVEN PERMANENT MAGNET MOTORS

Waveform View
. 4

Curr ent [4 A/le]

: . Currenjt 2 ~A/div]§

Currelﬁ [2 A/div]:

C3 AP R S A

’/l}/ ave =-021 A Curlent [2 A/le]

4 A

Time[olsdiv] s
(a)

i

ave=238 A Current [4 A/div]E

“sdq ave=-033 A

(b)

i

AAAAAAAAAAAA lo . ave=291 A . Cuuent [4 .A/.dl.v].
faanciucee f s sapee2BA 'Current [3 A/div]
3 . : : A :
Culrent [3 A/le]
o T e
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(a) Healthy motor. (b) Motor under under 10% UD fault. (c) Motor under 100%
PD fault.

the control performance, the aforesaid analytical results clearly
show that the current changes are quantitatively related to the
demagnetization severity. Hopefully, the analytical results to-
gether with the experimental results in this research will serve
as basic principles to explain the performance of a specific motor
once it experiences the fault.

C. Validation of the Proposed Demagnetization Suppression
Strategy

To validate the proposed MTPA algorithm, it is used to control
the test motor to operate in a 25 °C environment for 2 h. Electrical
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Fig. 15. Comparative results of different control strategies under condition 1.
(a) Performance of traditional MTPA algorithms. (b) Performance of proposed
MTPA strategy.

signals and temperature data were collected under four different
operating conditions. To well balance the performance of current
and losses, the weight coefficient k; and k2 set as 1 and 0.0025
through empirical methods.
1) Condition 1: The motor rotates at 600 r/min with a torque
of 4 N-m.

2) Condition 2: The motor rotates at 600 r/min with a torque
of 2 N-m.

3) Condition 3: The motor rotates at 400 r/min with a torque
of 4 N-m.

4) Condition 4: The motor rotates at 400 r/min with a torque
of 2 N-m.

For the purpose of comparison, the performance of the tradi-
tional MTPA strategy will also be given to show the advantages
of the proposed methods. Considering that the proposed MTPA
method aims to reduce temperature rise by optimizing copper
and iron losses, the results related to temperature and losses are
presented to demonstrate the superiority of the new method.
Additionally, recognizing that current characteristics are key
factors influencing losses, the overall current amplitude along
with the constituent dg-axis current information is also provided
for comparison purposes.

1) Condition 1: Fig. 15(a) denotes the performance of the
traditional MTPA method when motor speed is 600 r/min under
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Fig. 16.  Comparative results of different control strategies under condition 2.
(a) Performance of traditional MTPA algorithms. (b) Performance of proposed
MTPA strategy.

4 N-m in 5 min. ig and i, are —0.18 and 2.08 A. The current
magnitude i, is 2.09 A. In addition, the copper loss L., of the
machine is 30.63W and the iron loss L;;.,, is 18.54 W. Fig. 15(b)
denotes the performance of the proposed MTPA method. i; and
ig are —0.22 and 2.10 A. The current magnitude i, is 2.12 A.
In addition, the copper loss L., of the machine is 31.29 W and
the iron loss Liyop, is 14.53 W. From the above results, compared
to the traditional control method, it can be observed that the
current values of the proposed algorithm have a 1.1% increase.
Notably, while the copper losses have slightly rises by 2.1%,
there has been a significant reduction in iron losses, amounting to
21.5%. This demonstrates that the proposed algorithm maintains
comparable electrical efficiency to the traditional method, yet
achieves a notable decrease in overall losses.

2) Condition 2: Fig. 16(a) denotes the performance of the
traditional MTPA method when motor speed is 600 r/min under
4 N'-m in 5 min. ig and i, are —0.12 and 1.21 A, respectively.
The current magnitude iy is 1.21 A. In addition, the copper
loss L., of the machine is 9.03 W and the iron loss Li,on 1S
13.31 W. Fig. 16(b) denotes the performance of the proposed
MTPA method. iy and i, are —0.15 and 1.21 A, respectively.
The current magnitude i, is 1.22 A. In addition, the copper loss
L, of the machine is 9.12 W and the iron loss L, is 11.79 W.
From the above results, compared to the traditional method, it

Loss [15 W/div]:

iron dve
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Fig. 17.  Comparative results of different control strategies under condition 3.
(a) Performance of traditional MTPA algorithms. (b) Performance of proposed
MTPA strategy.

can be observed that the overall current values of the proposed
algorithm have a 1.0% increase. The copper loss increases by
1.0%, but the iron loss decreases by 11.5%.

3) Condition 3: Fig. 17(a) denotes the performance of the
traditional MTPA method when motor speed is 600 r/min under
4 N'm in 5 min. ig and i, are —0.13 and 2.01 A, respectively.
The current magnitude is is 2.03 A. In addition, the copper
loss L., of the machine is 30.21 W and the iron loss Li.on 1S
15.39 W. Fig. 17(b) denotes the performance of the proposed
MTPA method. iz and i, are —0.16 and 2.03 A, respectively. The
current magnitude i is 2.05 A. In addition, the copper loss L, of
the machine is 30.57 W and the iron loss L;,o,, is 12.48 W. From
the above results, it can be observed that the current values of the
proposed algorithm are largely consistent with those calculated
using the traditional MTPA algorithm, with a 1.0% increase.
The copper loss increases by 1.2%, but the iron loss decreases
by 18.8%.

4) Condition 4: Fig. 18(a) denotes the performance of the
traditional MTPA method when motor speed is 600 r/min under
4 N-m in 5 min. i; and i, are —0.08 and 1.14 A, respectively.
The current magnitude i; is 1.14 A. In addition, the copper
loss L., of the machine is 8.22 W and the iron loss Lo, is
12.15 W. Fig. 18(b) denotes the performance of the proposed
MTPA method. iz and i, are —0.12 and 1.15 A, respectively. The
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Fig. 18. Comparative results of different control strategies under condition 4.
(a) Performance of traditional MTPA algorithms. (b) Performance of proposed
MTPA strategy.

current magnitude i is 1.15 A. In addition, the copper loss L., of
the machine is 8.49 W and the iron loss L;,,, is 10.62 W. It can be
noted that the electrical performance of the proposed algorithm
closely aligns with that of the traditional MTPA algorithm, with
only a minor increase of 0.9% in current values. The copper
losses have increased by 3.3%, but iron losses have decreased
by 12.6%.

Furthermore, as shown in Fig. 19, after two hours of operation,
the rotor temperatures for both the traditional algorithm and
the proposed algorithm are as follows: 62.3 °C and 57.4 °C in
condition 1; 52.8 °C and 51.0 °C in condition 2; 57.7 °C and
54.8 °C in condition 3; 48.1 °C and 47.3 °C in condition 4.

After continuously operating for five hours, the temperature
rise of the motor in different operating conditions has stabilized,
and the final temperature values under different conditions are
given in Table VI. Overall, the proposed MTPA algorithm con-
sistently results in a lower rotor temperature rise compared to the
traditional MTPA algorithm, regardless of working conditions.
This phenomenon occurs because the proposed MTPA control
method can reduce the overall losses, as given in Table V. It can
be concluded that the PMs in motors controlled by the proposed
MTPA method are subjected to lower risks of demagnetization
because they experience lower temperature rises. Compared to
the techniques in [28], [29], and [30], the proposed method is
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Fig. 19. Temperature of PMs under different working conditions.
TABLE V
IRON AND COPPER LOSSES UNDER DIFFERENT CONDITIONS
Traditional MTPA Proposed MTPA
Conditions Livon L, Overall Liron Leu Overall
W) (W) (W) (W) W) (W)
Condition 1 18.54 30.63 49.17 14.53 31.29 45.82
Condition 2 13.31 9.03 22.34 11.79 9.12 2091
Condition 3 15.39 30.21 45.60 12.48 30.57 43.05
Condition 4 12.15 8.22 20.37 10.62 8.49 19.11
TABLE VI

MOTOR TEMPERATURE RISE UNDER DIFFERENT WORKING CONDITIONS

Method Condition 1 Condition 2 Condition3  Condition 4
Traditional 66.6°C 57.0°C 61.7°C 53.4°C
method
Proposed 61.5°C 54.6°C 57.7°C 50.2°C
method

dedicated to suppressing demagnetization faults by refining con-
trol strategies. The superiority of the proposed MTPA method
is evident because of the broader applicability.

Interestingly, the temperature rises in Fig. 19 are not high,
which happens because the motor prototype used in this article
has low rated load and low rated speed. This does not mean the
proposed method cannot be used in the motors experiencing high
temperature rises. Theoretically, the proposed MTPA strategy is
able to suppress demagnetization faults by reducing temperature
rises of any motors. It should be noted that the temperature
increases depicted in Fig. 19 and Table VI are attributed not
only to the losses in copper and iron but also to mechanical
losses. Nevertheless, the experimental results demonstrate that
the temperature rise of the motor is significantly reduced when
the proposed MTPA method, which considers only copper and
iron losses, is applied for control. This indicates that optimizing
a subset of losses (excluding mechanical loss and stray loss) can
effectively mitigate temperature increase and demagnetization.



9444

This constitutes a major advantage of the proposed MTPA
strategy.

VI. CONCLUSION

This article contributes to the understanding and suppression
of demagnetization faults in MTPA-driven PMMs with dis-
tributed windings. First, an innovative structural-mathematical
technique is introduced for modeling, which provides a more ac-
curate representation of motor behavior under demagnetization
faults. Second, the detailed quantitative analysis of demagnetiza-
tion’s impact on the back EMF and currents of the MTPA-driven
PMMs enhances our understanding of the characteristics of the
demagnetization fault, addressing the necessity of developing
fault suppression strategies. Third, a new loss optimization-
based MTPA strategy is proposed to suppress demagnetization
fault caused by temperature rise, offering an approach to mitigate
demagnetization risks in practical applications. Finally, the pro-
posed AM, analytical results, and fault suppression strategy are
validated by experiment. Overall, by addressing the challenges
in PMM demagnetization research, this article provides valu-
able insights for improving the performance and reliability of
the motors.
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