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Abstract: In order to provide a complete solution for designing and analyzing the axial flux permanent
magnet synchronous motor (AFPMSM) for electric vehicles, this paper covers the electromagnetic
design and multi-physics analysis technology of AFPMSM in depth. Firstly, an electromagnetic
evaluation method based on an analytical algorithm for efficient evaluation of AFPMSM was studied.
The simulation results were compared with the 3D electromagnetic field simulation results to verify
the correctness of the analytical algorithm. Secondly, the stator core was used to open the auxiliary slot
to optimize the torque ripple of the AFPMSM, which reduced the torque ripple peak-to-peak value
by 2%. From the perspective of ensuring the reliability, safety, and driving comfort of the traction
motor in-vehicle working conditions, multi-physics analysis software was used to analyze and check
the vibration and noise characteristics and temperature rise of several key operating conditions of
the automotive AFPMSM. The analysis results showed that the motor designed in this paper can
operate reliably.

Keywords: AFPMSM; analytical algorithm; torque ripple; vibration noise; temperature field analysis

1. Introduction

Drive motors used in new energy vehicles require frequent start-ups and shutdowns, are subject
to large accelerations or decelerations, and require high-speed, low-torque mode operation. Compared
with radial flux permanent magnet synchronous motors (RFPMSM) [1–4], axial flux permanent magnet
synchronous motors (AFPMSM) have the advantages of compact axial structure and high power density,
which are suitable for new energy vehicles. As early as 2005, researchers have studied AFPMSMs.
Methods of finite-element analysis and theoretical analysis were combined into a multi-dimensional
optimization program to optimize the design of high-power coreless stator AFPM generators in 2005 [5].
In 2006, the author of Reference [6] studied the torque ripple component of permanent magnet motors
and proposed a method to minimize the torque ripple of surface permanent magnet motors. In order
to ensure the reliability, safety, and ride comfort of the AFPMSM for electric vehicles, it is also possible
to find an effective and reliable method from the control strategy. In Reference [7], a sliding mode
vector control system based on cooperative control is established to drive AFPMSM. In Reference [8],
the current control method is used to drive the AFPMSM, and internal model control was introduced.
This paper focuses on the design and optimization of the AFPMSM for electric vehicles.

The design of AFPMSM usually requires 3D finite element method (FEM) analysis. Considering
that multiple design variables need to be analyzed simultaneously, the time to design AFPMSM is
significantly increased. The analytical algorithms to simplify analysis time are used to solve this
problem [9–11]. A surrogate assisted multi-objective optimization algorithm was applied to significantly
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reduce function calls, effectively reducing motor design time [9]. Under the same magnetic energy of
the two models’ permanent magnets, an AFPM motor is equivalent to a linear synchronous permanent
magnet motor [10]. In order to obtain the key parameters of accurate surface mount permanent
magnet synchronous motors, an analysis model based on Maxwell’s equation and magnetic equivalent
circuit was introduced [11]. The analysis algorithm can effectively reduce the development time when
designing the motor. The AFPMSM for electric vehicles has a complicated structure, and the use of
FEM will greatly increase the analysis time. For AFPMSM, its structure is complex, and the analytical
algorithm can effectively reduce the development time in motor design. Therefore, the electromagnetic
design method based on analytical formula studied in this paper has certain advantages.

Similar to RFPMSMs, AFPMSMs also have a torque ripple problem during operation. The existence
of torque ripple will cause torsional vibration of the transmission system, which will adversely affect
the motor control and torque output quality. Therefore, it is necessary to analyze and optimize its
torque characteristics. The authors of Reference [12,13] optimized the torque ripple from the control
method. The authors of Reference [14,15] optimized the torque ripple from the motor itself. In this
paper, the stator core was used to open the auxiliary slot to optimize the torque ripple.

In recent years, AFPMSM’s multi-physics analysis has also made great progress. The authors of
Reference [16–18] used the steady-state heat conduction equation method, the T-type thermal network
model method, and the AFPMSM full prediction heat transfer coefficient model with magnet geometry
parameters to perform thermal analysis on AFPMSM. The authors of Reference [19–22] conducted
a detailed study of the AFPMSM’s degaussing fault identification. The method was proposed for
detecting and locating asymmetric demagnetization defects in AFPMSM, which can be used for
real-time condition monitoring of demagnetization defects or as a virtual temperature sensor for
magnets. [19]. A time harmonic analysis model was proposed to study the demagnetization and
rotor eccentricity of a single stator dual rotor AFPMSM [20]. A forward model was established for
demagnetization detection of an AFPMSM. [21]. In addition, the eddy current losses of AFPMSMs have
been analyzed in detail in Reference [22–24]. Because electric vehicles require high system efficiency,
strong system environment adaptability and low noise, based on these characteristics, the current study
analyzed and checked the vibration noise and temperature rise of several key operating conditions of
automotive AFPMSMs based on multi-physics analysis software to ensure that the motor can always
run smoothly.

In summary, this paper covers the study and design of a dual-stator-single-rotor structure of the
new energy vehicle traction AFPMSM (the motor parameters are shown in Table 1; the motor structure
diagram is shown in Figure 1). The AFPMSM for electric vehicles was based on a fast electromagnetic
design method based on analytical formulas and a refined optimization design simulation technology
based on machine-electric-thermal-structure multi-physics analysis, providing a complete solution for
designing and optimizing AFPMSM for electric vehicles.
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Table 1. Motor parameters.

Motor Parameters Symbol Value

Pole-pairs p 6
Slot number Q 27 × 2

Air gap length δ 1 mm
Rated torque TN 300 Nm
Rated power PN 50 kW

Stator outer diameter Dso 250 mm
Phase number m 3
Rated speed n 1600 rpm

Permanent magnet Remanence Br 1.089 T
Coercivity HC 2 A/m

2. Magnetic Path Analysis Algorithm for AFPMSM

2.1. Modeling and Analysis of Magnetic Circuit Analysis Algorithm

The AFPMSM has a unique magnetic circuit structure, and its electromagnetic design is quite
different from that of the RFPMSM. In this paper, the model of AFPMSM was simplified by the 2D
multi-loop equivalent method. Based on this, the magnetic circuit analysis algorithm was used to
design the motor and obtain the electromagnetic parameters of the motor. The specific method is
as follows. Take the motor stator N different diameters and expand it into a linear motor, and then
superimpose the simulation results of N linear motors to get the final result, as shown in Figure 2.
The radius Diave taken by the i-th linear motor is as follows:

Diave = Dout −
2i− 1

N
Dout −Din

2
, i = 1, 2, · · · , N (1)

where Dout and Din are the outer diameter and inner diameter of the stator.
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When calculating the value of the electromagnetic field under ideal conditions, take N = 1.
When calculating the loss and other information, take N > 1.

Then, use the equivalent magnetic network circuit as shown in Figure 3 to calculate the key
electromagnetic parameters of the motor. In Figure 3, Ry is the equivalent reluctance of the stator
yoke, Rt is the magnetic reluctance of the tooth, Fl is the magneto motive force generated by the stator
winding, Rs is the slot reluctance, Rg is the air gap reluctance, and FPM is the magneto motive force
generated by the permanent magnet.



Energies 2019, 12, 3451 4 of 21

Energies 2018, 11, x  4 of 22 

 

stator winding, Rs is the slot reluctance, Rg is the air gap reluctance, and FPM is the magneto motive 
force generated by the permanent magnet. 

Ry
Ry Ry Ry

Rt

FI FI FI

Rg Rg Rg

FPM FPM FPM

Rs Rs Rs Rs

Rt Rt

 

Figure 3. Equivalent magnetic network model of the AFPMSM. 

The AFPMSM is equivalent to a linear motor in this paper, and the magnetic circuit analysis 
method (MCAM) model was used to analyze the air gap magnetic density distribution of AFPMSM 
[25–28]: 

( ) ∑
∞

=

+


















+

















−



















−



















+





















+

−

−

−

=
,5,3,1

1

cossin

1
)(

2

0

1
)(

2

1
)(

'

)(

'

)(
)(

'

2
)(8

,
n

e

e

mg

rp
PMln

e

rp
PMln

e
rp
gn

ePM

rp
gn

rp
xnrp

gn
nrp

n
rB

xrB

τ
π

µ

τ
π

τ
π

µ

τ
π

τ
πτ

π
πα

π

 
(2) 
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(MCAM) model was used to analyze the air gap magnetic density distribution of AFPMSM [25–28]:

Bmg(r, x) =
∞∑

n=1,3,5,···

−
8Br
nπ sin

(
αp(r)nπ

2

)
e
−nπg′

τp(r) cos
(

nπx
τp(r)

)
(
e
−nπg′

τp(r) + 1
)
+

µPM

e
−nπg′
τp(r) +1


e

2nπlPM
τp(r) +1


µ0

e
2nπlPM
τp(r) −1



(2)

where r is the radius and x is the perimeter at different radii and is equal to 2πr. τp(r) is the pole pitch
of the permanent magnet when the radius is r, and τp(r) = πr/p. αp(r) is the polar arc coefficient when
the radius is r, and αp(r) = wPM(r)/τp(r), where wPM(r) is the width of the permanent magnet when the
radius is r. lPM is the thickness of the permanent magnet, µ0 is the vacuum permeability, µPM is the
permanent magnet permeability, and g’ is the air gap length.

Since the open slot affects the air gap flux density, the air gap permeability function λ(x) is
introduced to consider the effect of the open slot on the air gap flux distribution. The air gap magnetic
density distribution Bmag(r,x) including the slotting effect is

Bmag(r, x) = λ(x)Bmg(r, x) (3)

when the motor is used as a drive motor; the no-load phase voltage is generated only by the flux
generated by the permanent magnet. According to Equations (2) and (3), it can be calculated as:

ei,PM = −Nphkdb
∆Φi,PM

∆t
(4)

where Nph is the number of turns in series for each phase, Kdb is the fundamental winding factor,
and Φi, PM is the air gap flux obtained by numerical integration of the air gap flux density distribution,

Φi,PM =

∫ τp,i

0

∫ ls
N

0
Bagap,i(x)dxdl (5)

where τp,i is the permanent magnet pole pitch of the i-th equivalent plane, ls is the length of the
stator punch and ls = (Dout−Din)/2, and Bagap,i(x) is the air gap magnetic density function in the i-th
equivalent plane.
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Therefore, the no-load back electromotive force (EMF) of the AFPMSM is

ePM(t) =
N∑

i=1

ei,PM(t) (6)

This paper presents a method to reduce the cogging torque. The cogging torque is calculated from
the no-load air gap flux density distribution. Assume that the cogging torque of the axial flux motor
unit is

Tcog,i(θ) =
∂W
∂θ

=

∂

(
t

V
B2

agap,idV
)

2µ0∂θ
(7)

where V is the air gap volume, θ is the rotor position angle, and W is magnetic energy.
During calculation of the cogging torque, it is assumed that the magnetic flux density distribution

of each axial flux motor unit does not change in the radial direction. Analogizing the back EMF
calculation, the cogging torque generated by the axial flux motor is

Tcog(θ) =
N∑

i=1

Tcog,i(θ) (8)

2.2. Comparative Analysis of MCAM and 3D FEM

As described in Section 2.1, based on Matrix Laboratory programming, the magnetic circuit
analysis method compared with the finite element method as follows.

The air gap magnetic density of the motor has a crucial influence on the saturation degree of the
motor, the output power requirement, and the loss level. Therefore, it is important to analyze the air
gap magnetic density of the AFPMSM. Figure 4 shows that the air-gap magnetic density distribution
waveforms calculated by the FEM and the MCAM are basically the same, and the FEM can more
accurately consider the cogging and magnetic flux leakage of the motor, so the calculation accuracy
is higher than the analytical method. However, the MCAM takes a short time and can be used for
screening the initial design of the AFPMSM.
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Figure 4. No-load air gap magnetic density of AFPMSM.

Figure 5 is a comparison of the analytical results of the FEM and MCAM of the AFPMSM back
EMF. It can be seen from Figure 6a,b that the MCAM has omissions in the analysis of the third harmonic
magnetic density, and the analysis results of the fundamental wave and other harmonics are in good
agreement with the finite element method.
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Figure 6. Comparison of back-EMF harmonic analysis results of the AFPMSM. (a) Overall picture.
(b) Partial enlargement picture.

Figure 7 shows that that the MCAM is basically consistent with the analysis of the positioning
torque and the finite element analysis results, and the maximum amplitude difference is 0.2 Nm,
which satisfies the initial design accuracy requirements of the motor.
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In summary, the air gap magnetic density, the no-load back EMF, and the positioning torque
calculated by the FEM and the MCAM are basically the same. Since the FEM can fully consider the
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motor cogging effect and the magnetic flux leakage coefficient, the accuracy is higher than the MCAM.
However, when the distribution trend is basically the same, the time used by the MCAM is much less
than that of the FEM. Therefore, the MCAM studied in this paper can be used to screen the initial
design of the AFPMSM.

3. Torque Ripple Optimization of AFPMSM

Electric vehicles generally operate in torque mode. The output of the motor torque is controlled
according to the depth at which the driver steps on the throttle. The presence of torque ripple adversely
affects the torque output. Therefore, the torque ripple needs to be optimized. The effect of opening
the auxiliary slot on the motor stator on the torque ripple is equivalent to increasing the number of
armature slots, i.e., changing the pole slot fit. If the position and size of the open auxiliary slot are
properly selected, the torque ripple of the motor can be weakened. First, theoretical analysis is used
to determine the number of auxiliary slots, slot width, and position distribution on each tooth, and
then the slot depth is continuously adjusted in the three-dimensional simulation. The slot depth
should suppress the torque ripple as much as possible without affecting the performance of the motor.
The number of auxiliary slots is derived below. The motor in this paper has 12 poles and 27 slots.
According to the literature [23]: {

i(k + 1)
∣∣∣i ∈ N∗

}
(9){

i·
2p

GCD(z, 2p)

∣∣∣∣∣∣i ∈ N∗
}

(10)

where p is the pole pairs, z is the number of stator slots, and GCD(z, 2p) is the greatest common divisor
(GCD) of z and 2p.

To attenuate torque ripple, the number k of stator toothed auxiliary slots should be such that the
intersection of set (9) and set (10) is reduced. The AFPMSM studied in this paper has p = 6, z = 27,
and k = 2, so the two sets are {3, 6, 9 . . . } and {4, 8, 12 . . . }. Obviously, there is no intersection between
the two sets, so the torque ripple is significantly reduced compared to the absence of the auxiliary slot.
If k = 1, the intersection of the above two sets is {4, 8, 12 . . . }. In summary, k = 2 and the width of the
auxiliary slot is equal to the slot width.

In summary, the motor of the present invention opens two auxiliary slots, the auxiliary slots are
evenly distributed on the stator teeth, and the width of the auxiliary slots is the same as the width of
the stator slots. The finite element analysis model is shown in Figure 8a, and a partial enlarged view of
the auxiliary slot is shown in Figure 8b.
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Figure 8. AFPMSM auxiliary slot schematic. (a) Finite element analysis model. (b) Partial enlarged
view of the auxiliary slot.

In order to verify the feasibility of opening the auxiliary slot to suppress the torque ripple,
this section analyzes the load back EMF and load torque of constant torque maximum speed operating
point and constant power zone maximum speed operating point under rated load and peak load before
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and after optimization. The maximum speed of the constant torque is 1600 rpm, and the maximum
speed of the constant power is 3000 rpm.

3.1. Comparative Analysis of Rated Load Characteristics at 1600 rpm

Under rated load conditions, it can be seen from Figure 9 that the third, fifth, seventh, and ninth
harmonics of the load back electromotive force of the auxiliary slot method are weakened when the
rotational speed is 1600 rpm; the weakening of the fifth and seventh harmonics is more significant.
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Figure 10 shows that when the rotation speed is 1600 rpm, the peak-to-peak load torque of the
auxiliary slot method is 10 Nm, and the peak-to-peak value of the load torque without the auxiliary
slot method is 16 Nm. The peak-to-peak value of the torque ripple after opening the auxiliary slot
is reduced by about 4%, so the optimization method of opening the auxiliary slot at rated load can
effectively attenuate the torque ripple under constant torque conditions.
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3.2. Comparative Analysis of Peak Load Characteristics at 1600 Rpm

Under the peak load condition, it can be seen from Figure 11 that the seventh and ninth harmonics
of the load back electromotive force of the auxiliary slot method are weakened when the rotation speed
is 1600 rpm; the third and fifth harmonics are higher than the no auxiliary slot method.
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Figure 11. Back EMF of the AFPMSM at the peak load.

Figure 12 shows that the load torque peak-to-peak value of the open auxiliary slot method is
26 Nm when the rotation speed is 1600 rpm, and the load torque peak-to-peak value of the no auxiliary
slot method is 32 Nm. The torque ripple of the open auxiliary slot method is reduced by about 2%,
so the optimization method of opening the auxiliary slot at the peak load can also effectively attenuate
the torque ripple under constant torque conditions.
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3.3. Comparative Analysis of Rated Load Power Characteristics at 3000 rpm

Under the rated load condition, as can be seen from Figure 13, when the rotational speed is
3000 rpm, the fifth, seventh, and ninth harmonics of the load back EMF of the auxiliary slot method are
all weakened; the weakening of the fifth, seventh, and ninth harmonics is more significant.

Figure 14 shows that the load torque peak-to-peak value of the auxiliary slot optimization method
is 3.5 Nm when the rotation speed is 3000 rpm, and the peak-to-peak value of the load torque before
optimization is 10 Nm. The torque ripple of the auxiliary slot method is reduced by about 4%, so the
torque ripple optimization method of the auxiliary slot can effectively attenuate the load torque ripple
under constant power conditions.
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3.4. Comparative Analysis of Peak Load Power Characteristics at 3000 rpm

Figure 15 shows that the load back EMF waveform is significantly optimized under the peak load
power speed of 3000 rpm. Figure 16 shows that the load torque peak-to-peak value of the auxiliary slot
optimization method is 10 Nm when the rotation speed is 3000 rpm, and the peak-to-peak value of the
load torque before optimization is 16 Nm. The torque ripple of the auxiliary slot method is reduced
by about 2%. Therefore, the torque ripple optimization method of the auxiliary slot can effectively
attenuate the load torque ripple under constant power conditions and peak load conditions.Energies 2018, 11, x  11 of 22 
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In summary, at the constant torque maximum speed operating point, the rated load and peak load
torque ripple ratio are reduced by 4% and 2%, respectively, before optimization. At the constant power
maximum speed operating point, the rated load and peak load torque ripple are reduced by 4% and
2%, respectively, before optimization. Therefore, the AFPMSM opening auxiliary slot can effectively
weaken the torque ripple of the motor, which is a reference for scholars studying the axial flux motor
optimization design.

4. Multi-Physics Analysis

The traction motor of electric vehicle pursues high density and light weight in its design, and the
working environment is complex and changeable. This is easy for causing electromagnetic noise and
excessive temperature rise, which affects the reliability, safety and ride comfort of the whole vehicle.
Therefore, multi-physics analysis of the motor is required. Controlling the electromagnetic noise within
a certain range can improve the ride comfort; in addition, the heating problem of the motor directly
affects the safety and reliability of the drive system, so thermal analysis of the motor is necessary.
Figure 17 shows the finite element simulation model obtained and optimized above.Energies 2018, 11, x  12 of 22 
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Figure 17. AFPMSM finite element simulation model.

The stator and rotor structure of AFPMSM is different from the traditional RFPMSM. In order
to ensure the comprehensiveness of the analysis, the electromagnetic interference generated by the
electromagnetic force of the stator and the electromagnetic force of the rotor is analyzed.

4.1. Electromagnetic Noise Generated by the AFPMSM Stator Structure

Firstly, a 3D finite element modal simulation model of the AFPMSM stator structure was
established. The stator core structure has an elastic modulus of 205 GPa, a Poisson’s ratio of 0.27 and a
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density of 7305 kg/m3. Figure 18 shows the stator structure finite element simulation model and mesh
segmentation diagram.
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Figure 18. Finite element simulation model of the stator core.

In the finite element modal calculation, the AFPMSM stator model uses the additional mass
method to make the winding end equivalent to a ring, thus calculating the natural frequency of the
motor stator. The AFPMSM stator structure mode shape obtained by simulation is shown in Figure 19,
and the modal frequency is shown in Table 2. It can be seen from Table 2 that using the winding as an
additional mass analysis stator mode can increase the stiffness of the stator, increase the frequency
range, and reduce the possibility of motor resonance.
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Table 2. Modal frequency of stator core (Hz).

Modal Order Order 2 Order 3 Order 4 Order 5 Order 6

Frequency 671 3664 7621 9357 11,830
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The air domain model of motor electromagnetic noise radiation is established by A-weighting.
The radiation characteristics of motor noise are analyzed based on the cylindrical air domain model.
The results of sound pressure level analysis at each frequency are shown in Figures 20 and 21.
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Figure 20. Stator system electromagnetic noise at 1600 rpm. (a) Electromagnetic noise at no load.
(b) Electromagnetic noise at rated load. (c) Electromagnetic noise at peak load.

The sound pressure level of the electromagnetic noise at each working point of the motor can be
calculated by the sound pressure level summation formula, as shown below:

L = 10lg(
n∑

i=1

100.1Li) (11)
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where Li is the sound pressure level value at the frequency and n is the number of frequency points.
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Figure 21. Stator system electromagnetic noise at 3000 rpm. (a) Electromagnetic noise at no load.
(b) Electromagnetic noise at rated load. (c) Electromagnetic noise at peak load.

According to the sensitive range of the human ear to frequency, the sound pressure components
in the range of 0 to 6000 Hz were selected for summation. The electromagnetic noise of the no-load,
rated load, and peak load of the motor 1600 r/min were calculated to be 71 dB, 80 dB, and 88 dB,
respectively; the electromagnetic noise of no-load, rated load, and peak load of 3000 r/min are 77 dB,
81 dB, and 86 dB respectively. The peak load noise of the motor 3000 r/min is large, but the torque
required by the general vehicle during high-speed cruising is not large, therefore, the electromagnetic
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noise of the working point has little effect on the performance of the whole vehicle, and certain
sound-absorbing or sound-insulating materials can be used for noise reduction processing.

4.2. Electromagnetic Noise Generated by the AFPMSM Rotor Structure

The finite element modal simulation model of the automotive AFPMSM rotor structure was
established, and the natural frequency and vibration mode of the rotor structure were obtained,
as shown in Figure 22.
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Figure 22. Rotor core axial flux mode shape. (a) Second order model. (b) Third order model. (c) Fourth
order model. (d) Fifth order model. (e) Sixth order model.

The natural frequencies of the second-order mode and the third-order mode of the rotor of
the AFPMSM are 1905 Hz and 3688 Hz, respectively, and the generated electromagnetic vibration
amplitude is small, so electromagnetic vibration does not cause large vibration noise.

The electromagnetic noise of the rotor structure of the motor was simulated, and the noise sound
pressure level results of the respective frequency components were obtained as shown in Figures 23
and 24. Since the peak load electromagnetic noise is greater than the rated load electromagnetic noise,
the rotor section only shows the electromagnetic noise under peak load conditions.
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Calculated by Formula (11), the peak load electromagnetic noise of 1600 r/min is 72 dB; the peak
load electromagnetic noise of the motor speed of 3000 r/min is 71 dB. The electromagnetic noise
generated by the stator structure is the main source of AFPMSMs.

When the electromagnetic performance of the vehicle motor was evaluated, the magnetic field
saturation of the constant torque working point was the largest, and the magnetic field distortion of
the working point of the constant power maximum speed was the largest, which is the typical working
condition of the traction motor for the vehicle. Therefore, the maximum speed operating point of the
constant torque zone and the maximum speed operating point of the constant power zone are often
selected as the key working points of the electromagnetic performance. In summary, the rated load and
peak load electromagnetic noise of the stator structure at the constant torque operating point are 80 dB
and 88 dB, respectively, and the rated load and peak load electromagnetic noise at the constant power
maximum speed operating point are 81 dB and 86 dB, respectively. The peak load electromagnetic noise
of the rotor structure at the constant torque operating point is 72 dB, and the peak load electromagnetic
noise at the constant power maximum speed operating point is 71 dB. According to biology, the sound
range that does not affect human health ranges from 0 to 90 dB. The maximum noise of the motor
designed in this paper is 88 dB, which is within a reasonable range.

5. Thermal Analysis of AFPMSM

The problem of heating and cooling of the motor for vehicles directly affects the safety and
reliability of the drive system. The accurate prediction of the temperature rise of the motor and the
design of the efficient cooling system are of great significance to the safety and reliability of the new
energy vehicles.

5.1. AFPMSM Temperature Field Equivalent Simplified Calculation Model

To simplify the analysis, an equivalent model of the stator winding was established, introducing
an equivalent conductor that replaced the winding copper wire and an equivalent insulating layer of
all the insulating materials in the slot, as shown in Figure 25.
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The equivalent thermal conductivity of the slot insulation is calculated as

λeq =
n∑

i=1

di/

 n∑
i=1

di
λi

 (12)

where λeq is the equivalent thermal conductivity of the insulating material, di is the equivalent
thickness of each insulating material in the groove, λi is the thermal conductivity of the corresponding
insulating material.

The AFPMSM in this paper uses a fully enclosed end cap cooling structure. To simplify the
analysis, the following assumptions were made:

1. The insulating paint of the winding is evenly distributed, and the winding is completely dip-coated;
2. Since the inter-strand insulation of the armature windings cannot be completely considered and

wound, the inner region of the stator slots is equivalently treated. The cross-sectional areas of
the upper and lower windings are equal, and the thickness of the insulating layer, the windings
and the left and right sides, and the windings of the windings and the upper and lower sides
are equal;

3. Ignoring radiation heat dissipation and contact thermal resistance between the rotor and the
rotating shaft;

4. The loss of each part of the motor does not change with temperature;
5. The heat generated by the heat source is mainly carried away by the end cover cooling water, and

the heat exchange between the outer surface of the casing and the surrounding air is negligible.

The solution domain model of the motor based on the above assumptions is shown in Figure 26.Energies 2018, 11, x  18 of 22 
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Figure 26. Motor temperature field solution domain model.

The axial flux motor is meshed, and the split model of each part of the motor is shown in Figure 27.
The whole motor is divided into 17,346,364 individual cell grids and 3,412,225 nodes.
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5.2. Temperature Field Analysis under AFPMSM Rated Conditions

Thermal simulation of the motor was conducted based on ANSYS/Workbench. The inlet water
flow rate was 0.8 m/s, the ambient temperature was 30 ◦C, and the inlet coolant temperature was 25 ◦C.
The rated torque operating point of 50 kW and 1600 r/min was selected, and the motor temperature
distribution as shown as Figure 28 is when the motor reached the thermal steady state for a long time.
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As seen from the thermal simulation results, the temperature rise at the end of the stator winding
is high. There is a direct temperature difference between the upper and lower windings in the same
slot, and the temperature near the stator yoke winding is lower. The temperature of the stator teeth
is significantly higher than the stator yoke. The temperature at the outer diameter of the permanent
magnet is significantly higher than the inner diameter. The maximum temperature of the motor
appears at the outer end of the winding (near the casing) at 95 ◦C. The maximum temperature of the
stator core is the stator tooth at 87 ◦C. The maximum temperature of the permanent magnet is at the
outer diameter of the permanent magnet at 78 ◦C. The internal temperature of the whole machine is,
from the highest to the lowest, the winding end, the stator tooth, the permanent magnet, the rotor disk,
the stator disk, and the casing. The analysis shows that the temperature rise of the motor’s long-term
rated operation is within a reasonable range, and the motor can operate safely and reliably.
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5.3. Temperature Field Analysis of AFPMSM under Peak Operating Conditions

Considering the operating conditions of the actual electric vehicle, the temperature rise of the
motor is further checked by operating the peak torque for 60 s after assuming that the rated operation
of the motor reaches a thermal steady state. The temperature rise of the motor components over time
during the 60 s operation of the motor with peak torque is shown in Figure 29.
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Figure 29 shows that the winding temperature rises the fastest when the motor peak torque is
running, and the maximum temperature of the winding reaches 113 ◦C after running for 60 s, which is
18 ◦C higher than the rated working temperature; the maximum temperature of the stator core is
95.9 ◦C, which is 9 ◦C higher than the rated working condition. The maximum temperature of the
permanent magnet is 84.68 ◦C, which is 7 ◦C higher than the rated working temperature. The winding
temperature rises the fastest. Because the copper consumption of the peak torque condition is relatively
large, the thermal conductivity of the insulating material is poor, and the generated heat is difficult to
dissipate in a short time. In this paper, the motor uses H-class insulation. The results of motor thermal
analysis show that the temperature rise of the motor meets the technical requirements.

6. Conclusions

This paper first proposes a 2D multi-loop equivalent method to simplify the AFPMSM model
and, based on this, establishes the equivalent magnetic network model and air gap magnetic
density distribution function of AFPMSMs. Secondly, by comparing the torque ripple values under
multi-operating conditions before and after the open stator auxiliary slot, the feasibility of reducing the
AFPMSM torque ripple is verified by the open stator auxiliary slot. Finally, the experimental results of
AFPMSM in multi-physics such as vibration, noise, and temperature rise are obtained by finite element
software and simulation experiments. The following conclusions can be drawn:

1. The electromagnetic design method based on the analytical method was used to analyze the key
electromagnetic parameters such as air gap magnetic density harmonics, positioning torque and
no-load back EMF of AFPMSM. The correctness of the analytical calculation was verified by 3D
electromagnetic field simulation.

2. The stator core was used to open the auxiliary slot to suppress the torque ripple, and the maximum
torque ripple peak-to-peak value was reduced by 2%.

3. Based on the multi-physics simulation software, the vibration and noise characteristics of the
motor were analyzed from the electromagnetic force and the modal state. The electromagnetic
noise characteristics of the no-load, rated load, and peak load operating points at different speeds
were simulated. The noise, vibration and harshness (NVH) of the motor was verified.
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4. The thermal simulation based on fluid-structure coupling checked the temperature rise of
the AFPMSM after the rated operating point reached the thermal steady state and transient
operation for 1 min, which ensured the safety and reliability of the motor running under vehicle
working conditions.

In summary, the AFPMSM design and research method proposed in this paper verifies the superior
performance of AFPMSM as a motor for vehicles. On the other hand, this paper provides a complete
solution for the design and optimization of AFPMSMs for electric vehicles, which can provide relevant
researchers with AFPMSM performance reference indicators.
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