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ABSTRACT: To reduce the cogging torque of a 6-pole 36-slot permanent magnet synchronous motor, a method using a nonuniform air gap
is proposed. By establishing the sinusoidal distribution subdomain model of the rotor with a nonuniform air gap and combining the energy
method with Fourier decomposition, the analytical expressions of cogging torque under the conditions of uniform and nonuniform air
gaps are derived. Electromagnetic and thermal performance simulations of uniform and nonuniform air gap motors were performed using
ANSYS software. The influence of the nonuniform air gap on the motor’s electromagnetic and thermal performance was analyzed by
comparing simulation results. First, the finite element model of the motor was established in ANSY'S Maxwell to analyze its electromag-
netic performance under no-load and load conditions. The magnetic flux density distribution, no-load back EMF, output torque, cogging
torque, core loss, copper loss, and eddy current loss of the permanent magnet were analyzed, and the rationality of using a nonuniform
air gap was verified. The loss results obtained by the electromagnetic simulation were used as the heat source. It was imported into
the steady-state thermal analysis module of ANSYS Workbench to build a three-dimensional temperature-field simulation model of the
motor. Through a comparative analysis of electromagnetic performance and steady-state temperature rise results, it was confirmed that
the design of the 6-pole 36-slot permanent magnet synchronous motor met the predetermined performance indicators and thermal safety
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requirements, and the feasibility of the nonuniform air-gap design scheme was verified.

1. INTRODUCTION

wing to its high power density, high efficiency, and excel-

lent dynamic response characteristics, the Permanent Mag-
net Synchronous Motor (PMSM) has emerged as a core power
source for high-end equipment, such as new energy vehicles,
industrial servo systems, and wind power generation. Exten-
sive in-depth research has been conducted by scholars on mo-
tor design and thermal performance. In the field of PMSM
design, Ref. [1] proposed a nonuniform air-gap rotor design
based on the eccentricity principle. By aligning the minimum
air gap with the direct (d) axis and the maximum air gap with the
quadrature (gq) axis, the motor’s electromagnetic performance
was effectively improved. Meanwhile, an analytical model of
the no-load air-gap magnetic field based on the magnetic po-
tential admittance method was established, and prototype tests
verified the effectiveness of the proposed design in enhancing
electromagnetic performance. Ref. [2] designed a 6-pole 36-
slot interior permanent magnet synchronous motor (IPMSM)
structure with a nonuniform air gap. A multi-objective hierar-
chical design method was adopted to configure structural pa-
rameters of the stator and rotor, and a comprehensive analysis
of the loss, temperature distribution, and irreversible demagne-
tization of the fabricated motor was conducted. The test results
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verified the rationality of the proposed design scheme in reduc-
ing torque ripple and electromagnetic vibration. Aiming at the
vibration and noise issues under high-speed operating condi-
tions, Ref. [3] put forward a nonuniform air gap structure de-
sign with a micro-grooved surface. The micro-groove param-
eters were determined through extensive finite element simu-
lations, and prototype tests demonstrated that the proposed de-
sign significantly reduced the total harmonic distortion (THD)
of the no-load back electromotive force (back-EMF) and torque
ripple, with the vibration acceleration under full-throttle con-
ditions reduced by approximately 10dB compared with the
target limit. From the perspective of topology optimization,
Ref. [4] developed a PMSM design paradigm adopting a ro-
tationally asymmetric structure. Through a population-based
multi-dimensional design method, the synergistic improvement
of the constant power speed range (CPSR) and torque density
was achieved, and three-dimensional finite element analysis
(3D FEA) verified the superior performance of the asymmet-
ric design over the traditional surface-mounted PMSM struc-
ture. To address the design challenges under high-speed and
extreme operating conditions, Ref. [5] comprehensively con-
sidered demagnetization characteristics and mechanical prop-
erties of rare-earth permanent magnets in the design of high-
speed PMSMs. The rotor dimensions were derived based on
the variation of operating temperature, and the stator design
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was completed accordingly. The influence of operating tem-
perature and armature reaction field on irreversible demagneti-
zation was validated via electromagnetic finite element analy-
sis, and prototype tests confirmed the effectiveness of the pro-
posed design method. Ref. [6] focused on cryogenic environ-
ments and designed a low-temperature PMSM for liquefied nat-
ural gas (LNG) submersible pumps. In view of the significant
changes in the magnetoelectric properties of materials under
the operating condition of —161°C, a redesign was carried out
on the basis of the conventional motor design, and finite ele-
ment analysis and prototype tests verified the rationality of the
proposed scheme under extreme temperature conditions. For
the specific driving conditions of campus patrol electric vehi-
cles, Ref. [7] determined the rated power and speed range of the
drive motor based on operating data collected from real vehi-
cles. The motor’s initial design was completed accordingly, and
targeted optimization was conducted for the permanent magnet
structure, air-gap length, and stator core geometry. The test re-
sults verified the adaptability of the proposed design to specific
operating conditions. Based on flat wire winding technology,
Ref. [8] designed the structure and dimensional equations of an
IPMSM for traction drive, established a mathematical model
considering iron loss, and completed the optimization of the
magnetic pole structure. Through finite element simulation, ef-
ficiency map analysis, combined with vibration and noise anal-
ysis, as well as modal analysis, the comprehensive performance
of the proposed design in improving power density, widening
the high-efficiency range, and suppressing electromagnetic vi-
bration was verified. For the rail-mounted belt-driven eleva-
tor system, Ref. [9] completed the electrical and magnetic cir-
cuit modeling of a 4.5 kW inner-rotor PMSM under the volume
constraint defined by the mechanical design. Key parameters,
including the slot opening, magnet thickness, pole arc coefti-
cient, stator tooth thickness, and air gap, were optimized, and
the design goals of low torque ripple and high efficiency were
achieved by combining the segmented skewed pole technology
of the permanent magnet. Prototype tests verified the reliability
of the proposed design scheme. For the 15 kW, 120 k rpm high-
speed PMSM for gas compressors, Ref. [10] determined the
preliminary structure by comparing two rotor topology schemes
and carried out a detailed design for the winding wire diame-
ter, stator core size, and permanent magnet thickness, which
ultimately achieved effective reduction of windage and friction
loss and significant improvement of power density.

In the research on thermal performance of permanent magnet
synchronous motors (PMSMs), as motor power density contin-
ues to rise, thermal management has become a critical factor
that ensures the operational reliability of motors. Aiming at
the excessive eddy current loss and temperature rise caused by
the multi-permanent magnet structure, this paper established a
multi-physics coupling simulation model for analysis. Ref. [11]
proposed a permanent magnet motor with combined magnetic
poles. A subdomain model of the rotor with a nonuniform
air gap was established based on Laplace’s equation, and the
analytical expression of eddy current loss was derived. The
temperature field analysis was carried out through the equiv-
alent thermal network method and magneto-thermal bidirec-
tional coupling method, and experiments verified the effective-
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ness of the nonuniform air-gap structure in reducing loss and
suppressing temperature rise. To address the pain points of
high loss density and difficult heat dissipation of high-speed
PMSMs, Ref. [12] took amorphous alloy stator core and inte-
rior permanent magnet rotor as the research objects, analyzed
magnetic flux density trajectories under different power sup-
ply modes, and proposed an electromagnetic-thermal iterative
calculation method, which provided a theoretical basis for mo-
tor temperature rise suppression. For megawatt-level high-
speed PMSMs, Ref. [13] systematically studied the electromag-
netic and mechanical losses of the motor using the finite ele-
ment method, proposed a composite rotor structure to enhance
the anti-demagnetization capability, and analyzed the temper-
ature distribution law of the motor through the fluid-thermal
coupling method. Prototype experiments verified the accu-
racy of the established numerical model. Ref. [14] established
an electromagnetic-thermal-fluid multi-field bidirectional cou-
pling model, where the loss calculated by the two-dimensional
transient finite element method was loaded as the heat source,
and the material physical properties were updated according to
the real-time temperature distribution. Tests on an 8§ kW pro-
totype verified significant advantages of the bidirectional cou-
pling model in improving calculation accuracy. Ref. [15] es-
tablished an accurate electromagnetic simulation model by ob-
taining the iron-loss curves of silicon steel sheets at different
frequencies and the B-H curves of permanent magnets at dif-
ferent temperatures, and comparatively analyzed the influence
of unidirectional and bidirectional coupling models on the tem-
perature field and electromagnetic characteristics of the motor.
The experimental results showed that the calculation results of
the bidirectional coupling model were in better agreement with
the measured values, as it fully considered the interaction be-
tween the electromagnetic and temperature fields. Aiming at
the problems of high loss and low efficiency of fractional-slot
PMSMs for automotive applications, Ref. [16] proposed three
novel rotor magnetic circuit structures, which reduced the to-
tal motor loss to 59% of that of the original structure. Mean-
while, a three-dimensional transient temperature-field simula-
tion model was established, which provided an important ref-
erence for the thermal design of wide-speed-range automotive
motors. For IPMSMs, Ref. [17] proposed a thermal equivalent
circuit model considering both rotor iron loss and permanent
magnet eddy current loss. The heat source distribution was ac-
curately calculated by a numerical method, and a thermal net-
work model was constructed based on thermal resistance and
heat capacity parameters. Temperature tests on a 25 kW proto-
type verified the effectiveness of the proposed model in improv-
ing thermal estimation accuracy. To solve the heat dissipation
problem of high-speed PMSMs for air compressors in hydrogen
fuel cell systems, Ref. [18] established an indirect magneto-
thermal coupling analysis model and comparatively analyzed
the cooling efficiency of axial water channels and circumferen-
tial parallel water channels. The research results indicated that
the axial cooling water channel scheme has better applicability
for centrifugal air compressor motors. Ref. [19] established an
electromagnetic-thermal dynamic coupling model of automo-
tive PMSMs under the maximum torque per ampere (MTPA)
and field-weakening control strategies, investigated the influ-
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ence of temperature variation on the electromagnetic param-
eters and output performance of the motor, and revealed the
complex mechanism that temperature rise leads to the reduc-
tion of electromagnetic torque ripple, the increase of total loss,
and the decrease of efficiency. For high-speed amorphous alloy
PMSMs, Ref. [20] proposed an electromagnetic-thermal bidi-
rectional coupling method considering the assembly gap be-
tween components. The loss was calculated, and the material
physical properties were updated in real time through the three-
dimensional transient finite element method. Tests on a 15 kW
prototype verified the superiority of the proposed bidirectional
coupling method in improving the calculation accuracy of loss
and temperature rise.

This study investigates a 6-pole, 36-slot permanent magnet
synchronous motor (PMSM). A nonuniform air-gap design is
proposed to enhance the motor’s electromagnetic performance.
Based on its performance specifications and key structural pa-
rameters, a finite element model was established to obtain the
electromagnetic characteristics and key loss distribution under
rated operating conditions. Utilizing the loss data derived from
the electromagnetic simulation, a steady-state thermal analysis
was conducted to observe the temperatures of the permanent
magnets and windings. A comparative analysis of the simula-
tion results for both uniform and nonuniform air-gap configu-
rations was performed to validate the rationality of the design.

2. MOTOR PARAMETERS

A PMSM primarily consists of stator windings, a stator core,
permanent magnets, and a rotor core. Based on the position of
the permanent magnets within the rotor, PMSMs can be cate-
gorized into two main structural types: surface-mounted and
interior-mounted. In the interior-mounted type, the magnets
are embedded inside the rotor. This configuration offers robust
magnet installation, resulting in enhanced safety and reliability
during high-speed operation, which is why it is the predomi-
nantly adopted rotor structure.

This study investigates a 22 kW, 1500 r/min PMSM designed
for electric vehicles. The main structural design parameters are
listed in Table 1. Two sets of parameters were used in the sim-
ulations for this study. Apart from the difference in the rotor

TABLE 1. Main structural design parameters of the motor.

Parameters Values (mm)
Rotor inner diameter 47
Rotor outer diameter 168,165
Permanent magnet thickness 4.6
Permanent magnet width 35
Magnetic bridge width 1
Stator inner diameter 169.4
Outer diameter of stator 260
Slot depth 1.5
Slot width 3.5
Parallel tooth width 6.5
Winding diameter 0.5

517

outer diameter, all other parameter values and simulation set-
tings remained identical between the two sets.

3. ANALYSIS OF ELECTROMAGNETIC AND THERMAL
PROPERTIES OF MOTORS

3.1. Mathematical Model of Electromagnetic Characteristics
and Loss Calculation

3.1.1. Mathematical Model of Electromagnetic Characteristics

When the motor rotor is driven into rotation by a prime mover,
the main magnetic field generated by the permanent magnets
rotates with it, creating relative motion with the stationary sta-
tor windings. According to Faraday’s law of electromagnetic
induction, this changing magnetic flux linkage induces an elec-
tromotive force (EMF) in the stator windings. Under this open-
circuit condition with no armature current, there is no armature
reaction magnetic field. Therefore, the induced EMF is gener-
ated solely by the permanent magnets. Its waveform is deter-
mined by the spatial distribution of the permanent magnet field
and winding configuration, ideally approximating a sinusoidal
wave under an optimal design. The calculation is as follows

Ey = V21 f Nk, ®; (1)

where Ej is back-EMF; f is the supply frequency of the motor
operation; N is the number of turns per phase, a fundamental
parameter in winding design; k,, is the winding factor, used to
account for the influence of winding structure on the induced
EMF; @ is the magnetic flux per pole, reflecting the strength
of the air-gap magnetic field.

Cogging torque is a type of detent torque present under no-
load conditions. It is caused by the interaction between the per-
manent magnet field and the slotted structure of the stator core.
As the rotor rotates, the stator slots cause a periodic variation
in the air-gap magnetic reluctance. This results in changes in
the permanent magnet field energy with rotor position, thereby
generating torque pulsations.

Compared with the case of a uniform air gap, the nonuni-
form air-gap rotor structure alters the air-gap flux density distri-
bution, which inevitably affects the magnitude of the cogging
torque. A mathematical model for the cogging torque of the
PMSM was established based on the energy method, and the
relationship between rotor eccentricity and cogging torque is
analyzed as follows.

oF
Tcog(a) = " 9a 2
_ 1 [
FE = 5o /VB (0, a)dV 3)

where E is the magnetic field energy storage of the motor that
is related to the relative position angle o between the stator and
rotor; i is the permeability of free; V is the spatial volume;
B is the air-gap flux density; 6 is the angle between the air-gap
flux density vector and the magnetic pole centerline.
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The mathematical model describing the distribution of air-
gap flux density along the rotor surface is given by:

E:ijﬁmﬂ%@%mmfw

where B, is the remanent flux density; A, () is the thickness
of the permanent magnet in the magnetization direction at the
position defined by angle 6 from the magnetic pole centerline;
0(0, ) is the distribution function of the effective air-gap length
along the circumferential direction.

hm (0)

By performing Fourier expansion on B2 and IS OEICOR

B}(0) = Bro + Z B, ,, cos 2npf (5)

n=1

han (9)

@) pa ) = G0t 2 Cncosnzf+a) (6

n=1

Substituting Equations (5) and (6) into Equation (4) and then
substituting the resulting Equation (4) into Equation (2) yields
the expression for the motor’s cogging torque. For a PMSM
with a uniform air gap, Equation (4) is reduced to

wzL,
4f10

(R% - R%) Z nGnBy,, ., sinnza  (7)

n=1

T(a) =

where L, is the axial length of the motor, and B,.,,. 2, repre-
sents the Fourier series coefficient of the uniform air-gap flux
density.

For a PMSM with a nonuniform air gap, Equation (2) be-
comes

_ L,
4po

(R — R3) Z nGp B, sin na

n=1

T(a) ®)

where B, , represents the Fourier series coefficient of the
nonuniform air-gap flux density.

The output torque is generated when a symmetric three-phase
alternating current is applied to the stator windings, producing
a rotating armature magnetic field. The calculation formula is
as follows:

3 . .
Te = 5p[¥yiq + (La = Lg)iaig] )

where p is the number of pole pairs; 17 is the permanent magnet
flux linkage; 74 and 7, are the components of the stator current
on the d-axis and g-axis; lq and [, are d-axis and g-axis syn-
chronous inductances, respectively.
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3.1.2. Loss Calculation

The temperature rise in a motor is primarily caused by its oper-
ational losses. Therefore, loss calculation is a prerequisite for
thermal field analysis. The total losses consist of two parts:
electromagnetic losses and mechanical friction losses. Electro-
magnetic losses include winding copper loss, core losses in the
stator and rotor, and eddy current loss in permanent magnets.
Mechanical friction losses encompass bearing friction loss and
rotor windage loss.

Copper loss in windings constitutes a major portion of the
total motor loss. It is calculated using the following formula:

P., =3I°R (10)

where [ is the phase current, and R is the winding resistance.

The stator core loss primarily comprises three components:
eddy current loss in the laminations, hysteresis loss owing to
the ferromagnetic material properties, and additional (or ex-
cess) loss. Based on the Bertotti core loss separation model,
the iron loss in the stator can be calculated as follows:

PFe:Ph+Pe+Pc (11)

where Pr. is the total iron loss, P, the hysteresis loss, P, the
eddy current loss in the silicon steel laminations, and P, the
additional (excess) loss.

During motor operation, the permanent magnets are sub-
jected to a time-varying magnetic field, which induces an elec-
tromotive force and consequently generates circulating eddy
currents. These currents cause power loss along their paths,
leading to an increase in the temperature of the magnets. The
eddy current loss in permanent magnets was calculated using
the following formula:

In
Py = zn: ( |20dv> (12)
where P, is the eddy current loss in the permanent magnets,
J,, the eddy current density, and o the electrical conductivity.
Windage loss refers to the friction loss generated between
the high-speed rotating rotor and the surrounding air. It can be
expressed as:

Py =17D?n4l, x 1077 (13)
where Py is the windage loss, n; the rotational speed of the
rotor, D, the rotor outer diameter, and [,- the axial length of the
rotor.

The specific loss values under the rated operating conditions
obtained from the simulation are presented in Table 2.

3.2. Electromagnetic and Thermal Performance Analysis Model
for Electric Motors

3.2.1. Electromagnetic FEM Model and Settings

The procedure for establishing the finite element model (FEM)
of the permanent magnet synchronous motor is outlined as fol-
lows:

Based on the motor’s structural parameters, a 2D motor
model was created using software AutoCAD. This model was
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TABLE 2. Losses in various parts of the motor.

Stator

Rotor Permanent

Loss Part Copper Loss
Core Loss Core Loss Magnet Loss
Value (nonuniform air gap) (W) 349 12.3 34 124.4
Value (uniform air gap) (W) 32.1 10.3 2.8 124.4

FIGURE 1. 1/6 motor model.

then imported into the Maxwell simulation software in .dxf or
.dwg format. To enhance simulation speed and computational
efficiency, a 1/12 sector model of the motor was selected for
the analysis.

The stator and rotor cores were assigned DW350 material.
The permanent magnets were defined as N35UH, and the wind-
ings were assigned copper properties. The stator and rotor so-
lution regions were set to air. Fig. 1 illustrates the resulting 1/6
sector simulation model of the motor.

Before electromagnetic simulation is conducted, the perma-
nent magnet synchronous motor (PMSM) model needs to be
meshed, and the boundary conditions and winding parameters
need to be set reasonably.

The main contents of transient field analysis are the time and
frequency domains. The solver was set as a transient field, and
the coordinate system was rectangular. To improve the accu-
racy of the simulation results and consider the simulation speed,
the air gap was divided into four mesh layers. According to the
above parameter settings, the air gap is divided into layers. The
results of the division are shown in Fig. 2.

In the electromagnetic simulation of the PMSM, both the
master-slave and Dirichlet (zero flux) boundary conditions
must be configured. The master-slave boundary condition was
applied perpendicular to the magnetic flux lines. Combined
with subsequent periodic sector settings, this allows for the sim-
ulation of the full motor model using a minimal computational
domain. The Dirichlet boundary condition (& = 0) is applied to
constrain the magnetic flux lines to be parallel to the boundary,
preventing them from crossing it. Subsequently, a motion band
(or rotating region) is assigned and set to the rotational prop-
erty. Because the motor model was imported from CAD, the
winding properties needed to be defined. Windings for phases
A, B, and C are added separately, with their respective current
directions specified.
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FIGURE 2. Mesh generation results.

3.2.2. Multi-Physical Field Models for the Temperature Field of Magne-
tocaloric Coupled Motors and Settings

A magnetic-thermal multiphysics coupling approach was em-
ployed. The motor losses were directly mapped as heat sources
onto the temperature field, enabling an integrated coupled sim-
ulation analysis of the electromagnetic and thermal fields under
rated operating conditions.

An electric motor constitutes a complex coupled system with
intricate interactions among multiple physical fields. To sim-
plify the simulation process, the following assumptions are
made:

(1) The skin effect of currents was neglected:

This study focuses on a 6-pole PMSM traction motor rated
at 1500 r/min. The fundamental electrical frequency:

_pn

h=% (14)

where p is the number of poles of the motor (p = 3), and n is
the mechanical speed. The fundamental frequency of the stator
winding of the motor is 75 Hz under the rated working condi-
tion.

To verify the skin effect under Pulse Width Modulation
(PWM) supply, the skin depth in copper is:

Vi
7 f ko

where p is the copper resistivity at the working temperature
(take 2.26 * 1078 Q - m under the rated working condition of
100°C); p is the vacuum permeability (47 * 10~7 H/m); f is
the current frequency. The skin depth of the copper conductor
at the fundamental frequency is about 8.7 mm; combined with

(15)
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TABLE 3. Motor materials and their selected properties.

Thermal

Specific Heat

. .. . Density
Component Material Conductivity Capacity (ke/m™)
(W/m-K) (J/kgK)
Stator Core DW350 30 450 7650
Winding Copper 400 385 8900
Permanent Magnet NdFeB 8 450 7500
Housing Aluminum Alloy 160 900 2700

the typical carrier frequency (8 kHz) of the on-board traction in-
verter, the skin depth corresponding to the carrier subharmonic
is about 0.84 mm.

The stator uses 0.5 mm diameter copper wire, much smaller
than the skin depth. Given the high carrier ratio (> 100), the
additional copper loss from carrier and higher harmonics is less
than 2% of the total copper loss. Including proximity effects,
the total loss contribution is under 3%, which is acceptable for
this study.

(2) The influence of temperature variation on material pa-
rameters was not considered.

(3) All materials were assumed to be isotropic.

(4) Thermal radiation effects of the motor were ignored.

(5) The electromagnetic field was governed by Maxwell’s
Equations, formulated as follows:

A (5-3)-2EE-%)- %
GGG -2) -4 -5) =74
2% -) -2 (8-2)=-7-%
(16)

Ni: A=0
{ N 483 =, 0

where A is the magnetic vector potential, J the current density,
N; the Dirichlet boundary condition, No the Neumann bound-
ary condition (natural boundary condition), H; the tangential
component of the magnetic field intensity, u the permeability,
and ~y the electrical conductivity.

Based on the fundamental principles of heat transfer, the heat
conduction differential equation is established in a polar coor-
dinate system as follows:

{ )+ 2 (W) + & (8

AGils2 = o (T = Ty)

where A\, Ay, A are the thermal conductivities along the coor-
dinate axes; s; and so represent the adiabatic and the dissipation
surface, respectively; Ty and T are the fluid and unknown solid
temperatures, respectively; « is the convective heat transfer co-
efficient; ¢ is the volumetric heat source density in the solid.

As a complex system containing numerous fine structures,
the motor’s 3D model was reasonably simplified prior to the

o oT
7 (\a G
orT

On 181 —

J==1

520

simulation to balance computational efficiency and solution ac-
curacy. This simplification involved applying equivalent treat-
ments to the winding end turns, internal insulation, and air gap.
The resulting simplified geometric model is shown in Fig. 3.

FIGURE 3. Simulation model of motor temperature field.

The motor thermal simulation model was imported into the
Steady-State Thermal module of software ANSY'S Workbench.
The materials assigned to various components of the motor
model, along with their key thermal properties, are listed in Ta-
ble 4.

TABLE 4. Performance specifications of the PMSM.

Motor parameters ~ Values
Rated power (kW) 22
Efficiency (%) 94
Rated torque (N-m) 65
Speed (r/min) 1500
Polar logarithm 6
Number of slots 36

The following basic assumptions are made for the fluid-
thermal coupling analysis of the permanent magnet syn-
chronous motor:

(1) The motor housing outer surface is simplified as a smooth
cylindrical surface.

(2) The losses in various motor components are assumed to
be independent of the temperature and uniformly distributed
within each component.

(3) Thermal radiation is neglected; only heat conduction and
convection are considered.
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FIGURE 4. Flux distribution line and flux density of motor (nonuniform
air gap motor).

(4) The effects of mechanical and frictional losses are disre-
garded.

(5) The thermal conductivity of the materials is treated as a
constant, ignoring its temperature dependence.

(6) The simulation was conducted with an ambient tempera-
ture of 50°C.

Based on the losses obtained from the electromagnetic simu-
lation, the volumetric heat generation rate (heat generation per
unit volume) of the windings was calculated using.
Q

R= v 19)
where () is the total heat generation of the component, and V'
is the total volume of the component.

After defining the heat sources, the convective heat transfer
coefficient on the housing surface and the cooling coefficient at
the rotor ends need to be determined, which can be calculated
using Equations (20) and (21).

T,
oy = 14(1+0.5\/a)31/272

where v, is the air velocity over the housing surface (m/s), and
T is the air temperature at the housing surface (°C).

042:28(1+\/0.45'1)2)

where v, is rotational speed of the rotor (m/s).

(20)

@n

4. SIMULATION RESULTS

Following the establishment of the simulation models and mesh
generation, electromagnetic performance simulations for the
two parameter sets were conducted using ANSYS Maxwell,
while the corresponding loss and temperature field simulations
were performed using ANSYS Workbench.

4.1. Analysis of Electromagnetic Performance Results

4.1.1. Magnetic Flux Distribution and Magnetic Flux Density

Figures 4 and 5 show the magnetic flux lines and magnetic flux
density distribution of the motor. In a PMSM with a uniform

B [mTesla]

A Wbim
Max. 1620012 - MO 03]2
1700 e
0.032
. 1530 ||
1380 0022
1190 — o 0014
1020 CSI 0.006
)

850
680
510

340
l 170
0

-0.001
-0.009
-0.017
-0.024
-0.032

Min: -0.032

Min: 0.121

FIGURE 5. Flux distribution line and flux density of motor (uniform air
gap motor).
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air gap, the magnetic flux lines exhibit a radially symmetric dis-
tribution, and the air-gap flux density waveform is trapezoidal
with a relatively high harmonic content. In contrast, in a mo-
tor with a nonuniform air gap, the magnetic flux lines converge
toward the central region of the pole shoes, resulting in an air-
gap flux density waveform that more closely approximates a si-
nusoid, with significantly reduced harmonic components. The
fundamental reason for this difference is that the nonuniform
air gap introduces a spatially gradual variation in magnetic re-
luctance by altering the curvature of the rotor outer surface or
the stator pole shoes. This guides the flux lines to distribute
along the path of least reluctance, thereby optimizing the mag-
netic field waveform, suppressing harmonics, and mitigating
localized magnetic saturation. Conversely, in a uniform air gap,
where the reluctance is constant throughout, the flux lines are
evenly distributed, but this leads to a pronounced distortion in
the flux density waveform and higher harmonic content.

4.1.2. Air-Gap Flux Density

Figures 6 and 7 respectively show the air-gap flux density of the
motor under no-load conditions. Due to the unequal arc design,
slight fluctuations are present at the peaks of the waveform,
which otherwise approximates a sinusoidal shape. Under no-
load conditions, the air-gap flux density waveform of a motor
with a uniform air gap exhibits a distinctly trapezoidal shape,
characterized by rich harmonic content and significant wave-
form distortion. In contrast, the waveform for a motor with
a nonuniform air gap more closely approximates an ideal sinu-
soid, with a marked reduction in high-frequency harmonic com-
ponents. This difference arises because the nonuniform air gap
introduces a spatially gradual variation in the air-gap length.
This alters the distribution of magnetic reluctance, guiding the
magnetic flux lines to converge toward the center of the poles.
Consequently, the magnetic field waveform was optimized; the
harmonic components are suppressed; and the localized mag-
netic saturation was mitigated. Conversely, the constant reluc-
tance in a uniform air gap leads to concentrated flux density and
severe waveform distortion.
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FIGURE 6. Air-gap flux density under no-load conditions.
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FIGURE 8. No-load back EMF.

4.1.3. No-Load Back EMF

Figure 8 shows the no-load back EMF of the PMSM. The no-
load back electromotive force waveform of a motor with a uni-
form air gap exhibits significant distortion and high harmonic
content. In contrast, the EMF waveform of a motor with a
nonuniform air gap more closely approximates an ideal sinu-
soid, with a marked reduction in high-frequency harmonics.
This discrepancy arises because the back EMF is directly de-
termined by the air-gap flux density. In a uniform air gap, the
flux density waveform is trapezoidal and contains numerous
harmonics. Conversely, the nonuniform air gap, through its
gradual variation in length, optimizes the flux density wave-
form, which in turn leads to a cleaner EMF.

4.1.4. Cogging Torque

The cogging torque of the PMSM with both uniform and
nonuniform air gaps was calculated using the finite element
method, as shown in Fig. 9. The motor with a uniform air
gap exhibits a cogging torque with a large amplitude and se-
vere fluctuations, leading to a significant torque ripple. In con-
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FIGURE 9. Cogging torque.

trast, for a motor with a nonuniform air gap, the cogging torque
amplitude is substantially reduced; the waveform is smoother;
and the torque ripple is effectively suppressed. This difference
arises because the cogging torque originates from the magnetic-
field interaction between the stator slots and rotor permanent
magnets. In a uniform air gap, the magnetic reluctance is
constant, resulting in a pronounced cogging effect and conse-
quently large torque ripple. Conversely, the nonuniform air gap
introduces a gradual variation in the air-gap length, altering the
reluctance distribution. This weakens the magnetic coupling
between the slots and permanent magnets and simultaneously
optimizes the air-gap flux density waveform. As a result, the
cogging torque was significantly decreased.

4.1.5. Electromagnetic Torque

As shown in Fig. 10, the electromagnetic torque waveform of
the motor with a uniform air gap exhibits severe fluctuations
and large amplitude pulsations, resulting in poor torque smooth-
ness. In contrast, the motor’s electromagnetic torque wave-
form with a nonuniform air gap is significantly smoother, with
greatly reduced amplitude fluctuations and markedly improved
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FIGURE 10. Electromagnetic torque.

FIGURE 11. The stator of the motor.

torque smoothness. This phenomenon arises because electro-
magnetic torque is generated by the interaction between the
air-gap magnetic field and stator current. In a motor with a uni-
form air gap, the distorted air-gap flux density waveform, which
is rich in harmonics, leads to pronounced torque ripple. Con-
versely, in a motor with a nonuniform air gap, the gradual vari-
ation in air-gap length optimizes the flux-density waveform,
suppressing the magnetic-field harmonics. Simultaneously, it
mitigates the influence of cogging torque. Consequently, the
smoothness of the electromagnetic torque is significantly en-
hanced.

The simulation results were consistent with the motor name-
plate parameters in Table 3, indicating the accuracy of the finite
element model.

The following formula was used to calculate the efficiency
of the motor in both cases:

nm
P, =T -2 { P, +15P;
30 + + 'F
H1.5Puggy + 2% T - % (22)
Pout
- 23
n 7. (23)
nm
Pout =T % (24)

523

FIGURE 12. The rotor of the motor.

where T is the motor output torque, P.,, the copper consump-
tion, Py, the iron consumption, and P44, the eddy current loss
According to Equation (23), the efficiency of the nonuniform
air-gap motor is 96.51%, and the efficiency of the uniform air-
gap motor is 95.8%
The stator and rotor of the motor are shown in Figs. 11 and 12,
respectively.

4.2. Thermal Performance Analysis

The temperature distribution contours for the entire motor,
windings, rotor, and stator under natural cooling conditions
were obtained via finite element simulation, as shown in
Figs. 13 to 18.

As can be seen from Figs. 13 and 14, the motor with a nonuni-
form air gap has a maximum temperature of 69.568°C, charac-
terized by a gentle temperature gradient and a more uniform
overall temperature distribution. In contrast, the motor with
a uniform air gap shows a comparable maximum temperature
of 69.538°C, but with more concentrated high-temperature re-
gions, more pronounced local hotspots, and a steeper temper-
ature gradient. This difference arises because the nonuniform
air gap suppresses magnetic-field harmonics by optimizing the
air-gap flux density waveform. This reduces additional losses
and leads to a more uniform loss distribution, thereby facilitat-
ing heat dissipation. Conversely, in the uniform air gap, har-
monic losses are concentrated in localized areas, forming dis-
tinct hotspots and resulting in a less balanced temperature dis-
tribution.

As shown in Figs. 15 and 16, the simulation results indicate
that for the motor with a nonuniform air gap, the maximum
rotor temperature is 64.027°C, characterized by a gentle tem-
perature gradient and a confined high-temperature region. In
contrast, for the motor with a uniform air gap, the maximum
rotor temperature reached 65.098°C, with a more concentrated
high-temperature zone and more pronounced local hotspots.
This difference is attributed to the fact that under a uniform air
gap, the flux density waveform is rich in harmonics, leading
to increased and concentrated rotor eddy current and hysteresis
losses. These effects, coupled with the localized magnetic sat-
uration, exacerbate the temperature increase. Conversely, the
nonuniform air gap, by suppressing harmonics and dispersing
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FIGURE 13. Overall motor temperature distribution (nonuniform air-gap

motor).
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FIGURE 15. Rotor temperature distribution (nonuniform air-gap motor).
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FIGURE 17. Permanent magnet temperature distribution (nonuniform

air-gap motor).

losses, effectively alleviates local overheating in the rotor and
optimizes the thermal distribution.

Asshown in Figs. 17 and 18, for the motor with a nonuniform
air gap, the maximum temperature of the permanent magnets is
64.274°C, characterized by a gentle temperature gradient and
a more uniform temperature distribution among the magnets.
In contrast, for the motor with a uniform air gap, the maximum

Unit: °C
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54.146 Min

FIGURE 14. Overall motor temperature distribution (uniform air-gap
motor).
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FIGURE 16. Rotor temperature distribution (uniform air-gap motor).
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FIGURE 18. Permanent magnet temperature distribution (uniform air-
gap motor).
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permanent magnet temperature reaches 65.212°C, with a higher
overall temperature level and more prominent local hotspots.
This difference arises because the flux density waveform with
a uniform air gap is rich in harmonics, leading to increased and
concentrated eddy currents and hysteresis losses in the perma-
nent magnets. These effects, combined with localized magnetic
saturation, exacerbate the increase in temperature. Conversely,
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FIGURE 19. Flowchart of iterative correction for magneto-thermal coupling considering material temperature characteristics.

the nonuniform air gap, by suppressing harmonics and dispers-
ing losses, effectively alleviates local overheating in the perma-
nent magnets and optimizes the temperature distribution.

4.3. Magnetothermal Iterative Correction

The traditional unidirectional magneto-thermal coupling results
were corrected using a sequential iterative weak bidirectional
coupling method. Based on the temperature results from unidi-
rectional coupling, the temperature’s feedback effect on mate-
rial electromagnetic parameters was introduced into the elec-
tromagnetic field. Self-consistent convergence between the
electromagnetic field and the temperature field was achieved
through multiple iterations, which strikes a balance between
computational efficiency and analysis accuracy.

The ambient temperature and material reference temperature
Ty were defined, and the electromagnetic and thermophysical
parameters of materials at room temperature were imported.
The iteration convergence threshold 7" (commonly 1-2°C in
engineering practice) and the maximum number of iterations
Nmax (typically 5-10 to prevent iteration divergence) were set,
with the iteration counter initialized as k£ = 1.
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The electromagnetic field was solved with the current mate-
rial parameters as inputs. Losses in each component, including
stator copper loss, core loss, and permanent magnet eddy cur-
rent loss, were extracted and applied as volumetric heat source
loads for the temperature field.

The electromagnetic losses were mapped to the correspond-
ing structural regions. Heat dissipation boundary conditions,
such as convective heat transfer, contact thermal resistance, and
thermal radiation, are imposed, and the global temperature dis-
tribution of the motor 7% is obtained via numerical solution.

The temperature of the current iteration 7% was compared
with that of the previous iteration 7%~!, and the maximum tem-
perature deviation of key components is calculated as:

ATy = max (T} — T} 1) (25)

If AT < €T or the number of iterations reaches Ny, the
iteration converges, and the procedure proceeds to limit verifi-
cation. If the convergence condition is not satisfied, the pro-
cess enters the material parameter correction step; k is updated
as k = k + 1; and the procedure returns to the electromagnetic
simulation step for the next iteration.

WWwWw.jpier.org



rPIER C

Wang et al.

Unit: °C

70.625 Max

H 68.82

1 67.014

| 65.208
63.402
61.597
59.791
57.985
56.18
54.374 Min

FIGURE 20. Overall motor temperature distribution after magnetother-
mal iteration correction (nonuniform air-gap motor).
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FIGURE 22. Rotor temperature distribution after magnetothermal itera-
tion correction (nonuniform air-gap motor).
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FIGURE 24. Permanent magnet temperature distribution after magne-
tothermal iteration correction (nonuniform air-gap motor).

Based on the temperature of each component obtained in the
current iteration, electromagnetic parameters (winding resistiv-
ity, magnetic properties of permanent magnets, iron loss coef-
ficients of silicon steel sheets, etc.) and the corresponding ther-
mophysical parameters were updated according to the afore-
mentioned material temperature correction formulas to serve
as inputs for the next round of simulation. After iteration con-
vergence, the motor temperature rise was checked against the
design limit: a temperature rise < 2°C is judged to meet the de-
sign requirements, while a temperature rise > 2°C is deemed

Unit: °C
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60.084
58.224
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54.504 Min

FIGURE 21. Overall motor temperature distribution after magnetother-
mal iteration correction (uniform air-gap motor).
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FIGURE 23. Rotor temperature distribution after magnetothermal itera-
tion correction (uniform air-gap motor).
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FIGURE 25. Permanent magnet temperature distribution after magne-
tothermal iteration correction (uniform air-gap motor).
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to exceed the limit, requiring optimization of the heat dissipa-
tion or electromagnetic scheme. The corrected global temper-
ature distribution of the motor was outputted. It can supple-
ment the error comparison with unidirectional coupling results.
The flowchart of iterative correction for magneto-thermal cou-
pling considering material temperature characteristics is shown
in Fig. 19.

The results after magnetothermal iteration correction were
shown in Figs. 20 to 25.
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TABLE 5. Temperature of key parts before and after nonuniform air-
gap correction.

Temperature (before Temperature (after

Part
correction) (°C) correction) (°C)
All motor 69.568 70.625
Rotor 64.027 65.948
Permanent 64.274 66.067

The temperatures of key parts before and after the correction
of uniform air gap and nonuniform air gap are shown in Tables 5
and 6.

After iterative convergence, the temperature rise of the key
heating parts of the motor is not more than 2°, indicating that
the motor’s temperature rise performance under this working
condition meets the design requirements, and there is no risk of
temperature exceeding the standard in long-term operation.

5. CONCLUSION AND PROSPECT

5.1. Conclusion

The design and simulation of a built-in permanent magnet syn-
chronous motor (IPMSM) with 22 KW, 1500 r/min, 6 poles and
36 slots for electric vehicles were studied. A method for re-
ducing cogging torque using a nonuniform air gap is proposed.
By establishing the rotor’s sinusoidal distribution subdomain
model with a nonuniform air gap and combining the energy
method and Fourier decomposition method, the analytical ex-
pressions of cogging torque with uniform and nonuniform air
gaps are derived. Through a detailed analysis of its electro-
magnetic and thermal properties, the feasibility of the design
was verified.

Electromagnetic simulation results demonstrated satisfac-
tory performance: the flux distribution showed negligible leak-
age; the maximum flux density of 1.7 T remained below satura-
tion; the no-load air-gap flux density was nearly sinusoidal; the
no-load back EMF reached 514.04 V; the cogging torque was
reduced from 2.98 N-m to 1.55 N-m by using a nonuniform air
gap; and the average electromagnetic torque was 66.7163 N-m,
meeting the rated torque requirement of 65 N-m. All key elec-
tromagnetic indicators met the design targets.

The thermal performance was evaluated using electromag-
netic losses as heat sources under natural convection cooling.
The results indicated a maximum winding temperature of ap-
proximately 69°C, with the end windings forming hotspots ow-
ing to poor heat dissipation. The permanent magnets reached a
maximum temperature of 64°C with a nonuniform radial gra-
dient. The stator teeth were hotter than the yoke, whereas the
rotor operated at a lower temperature owing to smaller losses.
The temperature increase of all components remained within
acceptable limits for thermal safety.

In conclusion, the design of the 6-pole, 36-slot PMSM ful-
fills the preset performance specifications and thermal safety
requirements, demonstrating its feasibility for practical engi-
neering application.
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TABLE 6. Temperature of key parts before and after uniform air-gap
correction.

Temperature (before Temperature (after

Part
correction) (°C) correction) (°C)
All motor 69.538 71.246
Rotor 65.098 66.023
Permagent 65.212 66.143

5.2. Prospect

During the thermal margin assessment in this study, the dy-
namic coupling between material properties and temperature
variation is not incorporated, which may render the obtained
conclusions somewhat optimistic. Clarifying this limitation is
essential for a correct understanding of the applicability of this
work. Specifically, the limitations are reflected in the following
two aspects:

(1) The winding copper loss is underestimated. During actual
motor operation, the resistance of copper windings increases
with rising temperature. Taking the typical operating condition
noted by the reviewers as an example, copper resistance at an
ambient temperature of 69°C increases by approximately 7%
relative to the reference temperature, which directly leads to
underestimated Joule heat loss, further elevates the steady-state
operating temperature of the motor, and results in a lower actual
thermal margin than the calculated value in this paper.

(2) The magnetic properties of permanent magnets degrade.
The existing analysis fails to account for the effect of high tem-
perature on permanent magnet materials. The remanence and
coercivity of permanent magnets undergo reversible or irre-
versible degradation at elevated temperatures, which directly
affects the electromagnetic torque output characteristics and
iron loss distribution and further deviates the thermal assess-
ment results from reality.

(3) One key limitation of this study is the lack of experimen-
tal validation for the reported results. All conclusions are based
on finite element simulation, and while the model’s geometry,
material properties, and boundary conditions are set strictly in
line with engineering standards and prior literature to ensure
computational reliability, a physical prototype has not been
tested due to current laboratory facility constraints. The sim-
ulated magnetic-field distribution, thermal performance, and
output characteristics have not been calibrated with measured
data, meaning that there may be deviations between our numeri-
cal findings and the motor’s actual operating performance. The
engineering applicability of the conclusions still requires fur-
ther experimental confirmation. Experimental verification and
model calibration based on prototype testing will be prioritized
in our follow-up research.

Accordingly, the thermal margin derived in this paper can
be regarded as an “ideal boundary” under the assumption of
constant material properties. For scenarios requiring higher as-
sessment accuracy, it is necessary to incorporate temperature-
dependent material properties and iterative coupling calculation
of electromagnetic and thermal fields, and conduct experimen-
tal research to verify the accuracy of the reported results, which
also constitutes the core focus of our follow-up research.
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