
Research Article
Thermal Analysis of Axial-Flux Permanent Magnet Motors for
Vehicles Based on Fast Two-Way Magneto-Thermal Coupling

Xiaoting Zhang ,1 Bingyi Zhang,1 Xin Chen,2 and Simeng Zhong1

1School of Electrical Engineering, Shenyang University of Technology, Shenyang 110870, China
2Zhejiang CRRC Shangchi Electric Co., Ltd., Jiaxing, China

Correspondence should be addressed to Xiaoting Zhang; zhangxt@smail.sut.edu.cn

Received 8 January 2022; Revised 22 February 2022; Accepted 3 March 2022; Published 7 April 2022

Academic Editor: Wei Liu

Copyright © 2022 Xiaoting Zhang et al. *is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Axial-flux permanent magnet motor (AFPMM) have small size and high power density. It has a good application prospect in the
field of new energy vehicle driving. In this paper, based on a 56 kWAFPMM, the magnetic circuit characteristics are calculated by
the split loop method, considering the influence of pulse width modulated (PWM) power supply. *e loss is taken as the heat
source, combined with the motor structure characteristics and cooling conditions, the lumped-parameter thermal network model
of the motor is established to solve the steady-state and transient temperature distribution of each structure. By this way, fast and
accurate thermal calculation of the motor is realized in design stage. *e accuracy of the lumped-parameter thermal network
model is verified by experiment. At the same time, the effects of spliting the permanent magnet (PM) into pieces, flow rate of
cooling water, and loss distribution on temperature rise are analyzed. *is research work provides an effective fast thermal
calculation method for AFPMM and provides a reference basis for the design of similar motors. It has important value of
theoretical significance and engineering practical.

1. Introduction

Owing to the demand for light weight and miniaturization
of new energy vehicles, drive motors need to have the
characteristics of high speed, high frequency, and high
power density. AFPMM have great superiority in terms of
power density and material utilization because of their
unique magnetic circuit structure. *e loss of high-fre-
quency motors increase under PWM-powered, and the
thermal load of high-power-density motors increase with
the decrease of relative heat dissipation area, make tem-
perature rise higher, which will pose a certain challenge to
the temperature resistance of insulating materials and PM
[1]; at the same time, changes in temperature rise have a
greater impact on the electromagnetic parameters of main
materials such as PM, copper wires, silicon steel sheets and
so on, thereby affecting loss of motor, and then having an
iterative effect on temperature rise. In order to solve the
above problems, thermal analysis based on the two-way

magneto-thermal coupling is very necessary for the re-
search and application of AFPMM for vehicles.

*e current analysis methods for motor temperature
rise mainly include simplified analytical method, finite
element method (FEM) and thermal network method. *e
simplified analytical method has poor calculation accuracy
[2]. *e FEM can obtain the overall temperature distri-
bution of the motor, and the calculation accuracy is high,
but it is necessary to establish a finite element model, carry
out corresponding meshing and parameter settings, es-
pecially for axial-flux motors often require the establish-
ment of a three-dimensional finite element model, which
takes a long time and requires high computer performance,
it is not conducive to parameter adjustment and optimal
design in the initial design stage of the motor. Kamiya et al.
analyzed the loss of motor and temperature rise of PM in
the hybrid electric vehicle used the three-dimensional FEM
under the power supply condition of the PWM controller
[3]. Li et al. proposed a three-dimensional flow-thermal
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coupling model, using the FEM to solve the different flow
velocity and temperature of the high-voltage linear motor
[4]. *e thermal network method replaces the real heat
source and thermal resistance with a small amount of
concentrated heat source and equivalent thermal resis-
tance, and converts the temperature field into a heat circuit
with concentrated parameters for calculation. Wrobel et al.
used the thermal network method to study the thermal
characteristics of the outer rotor brushless permanent
magnet motor, analyzed the advantages of modular
windings in reducing temperature rise, and verified them
through experiments [5]. Camilleri et al. established a
motor fluid network and an equivalent thermal network,
and used the thermal network method to predict the overall
temperature distribution of the segmented stator [6].
Scholars from various countries have achieved certain
results in the calculation of motor temperature rise [7–11],
but they have not considered the two-way magnetic-
thermal coupling of AFPMM and there are few studies on
its transient thermal analysis.

Based on the idea of two-way coupling, this paper fully
considers the interactions and influencing factors among
multiple physical fields such as electricity, magnetism,
fluid, and heat, conduct an in-depth study on the tem-
perature rise of AFPMM for new energy vehicles; *e
method and the equivalent thermal network method re-
spectively simplify the calculation models of motor loss and
temperature rise, and fully consider different factors such
as PWM power supply harmonics, permanent magnet
block, cooling water flow rate, loss distribution and other
factors to affect the steady-state and transient temperature
of the motor. *e influence of temperature rise; the
magnetic-thermal coupling model was established, and the
temperature rise calculation was corrected through cou-
pling iterations, which achieved a small accuracy error; the
temperature rise calculation results were verified and
compared through experiments, and the test results proved
the calculation method High accuracy, meeting the design
calculation requirements, has important guiding signifi-
cance for the subsequent design and development of
AFPMM.

2. Loss Analysis

2.1. Establishment of Magnetic Circuit Model Based on Split
Loop Method. In this paper, the AFPMM adopt dual-stator
and single-rotor structure as shown in Figure 1, which can
offset the unbalanced axial magnetic pull between stator and
rotor, and has high structural stability, it is suitable for
vehicles in the working conditions of frequent starting. *e
rotor has no core support structure with magnetic steel
embedded on the surface, which has higher power density
and higher efficiency.

*e magnetic flux starts from the N pole of the PM,
passes through the air gap, the stator teeth, and the stator
yoke back to the S pole, forming a closed loop. *e magnetic
circuit structure and equivalent magnetic circuit model are
shown in Figure 2. *e relationship of magnetomotive force
on a magnetic circuit is shown in formula.

Fm � Hmhm � 4Fδ + 2Fj1 + 4Ft1, (1)

where Fm, Hm, and hm, respectively, represent the magne-
tomotive force, magnetic field strength, and length of the
PM; Fδ, Fj1, and Ft1 are magnetic potential drop of air gap,
yoke, and the tooth.

*e magnetic field of AFPMM is distributed along the
axial direction. As the increase of radius and tooth pitch, the
magnetic circuit length, tooth width also increase gradually,
and the saturability of magnetic circuit changed at the same
time. *e calculation method equivalent to a one-dimen-
sional magnetic circuit is unreliable, and the use of the three-
dimensional finite element method consumes a lot of time.
In this paper, the split-loop method is proposed to calculate
the magnetic circuit characteristics of the motor. Ignoring
the edge effect, the AFPMM is cut into several small annular
belts in the radial direction, and the magnetic circuit
characteristics of each small annular belt are calculated
separately.

2.2. -e Calculation of Loss. Ignoring the additional copper
consumption of winding, the basic copper consumption of
motor is

PCu � mI
2
R, (2)

where m is the number of phases of the winding; I is the
effective value of phase current passing through the winding;
and R is winding resistance.

*e iron loss of stator core mainly includes hysteresis
loss and eddy current loss. *e magnetic circuit split-loop
method is adopted to call the data of tooth magnetic
density Btn and yoke magnetic density Bjn in each split
loop. According to Steinmetz iron loss model and
standard sinusoidal power supply, the iron loss in each
split loop is calculated to obtain the total iron loss of the
motor:
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Ke fBmk( 

2
,

(3)

where k represents the number of split loops; Ph is hysteresis
loss; Pe is eddy current loss; is hysteresis loss coefficient; Bm
is the maximummagnetic induction intensity; f is frequency;
and α Is the Steinmetz coefficient, generally in the range of
1.5–2.5.

2.3. -e Loss Calculation under PWM Power Supply. *e
vehicle motor is controlled by the controller (inverter)
taking power from the DC bus, and equivalent sine wave
magnetic field in the form of PWM chopper. It will intro-
duce a large number of high-order current harmonics, es-
pecially when the motor frequency is high, due to the
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limitation of the highest switching frequency of IGBT, the
harmonic proportion will increase, resulting in the increase
of harmonic loss, thus increasing the heating power. When
under PWM power supply, the eddy current loss generated
by each harmonic is

PePWM � ke 

∞

k�1
kfBk( 

2
. (4)

*at is, the overall eddy current loss can be expressed as
the sum of eddy current losses generated by each harmonic
magnetic field.

*e ratio of total harmonic eddy current loss to fun-
damental eddy current loss can be expressed as
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(5)

where, uk is the inductive voltage of winding by the k-th
harmonic magnetic field, when the resistance voltage
drop is ignored, and THD is the total distortion rate of
harmonic voltage.

*erefore, in the case of PWM power supply, the total
eddy current loss caused by fundamental voltage and time
harmonic voltage can be expressed as

pFePWM � ph + pePWM

� (1 + κ)pFe,
(6)

where κ � (χ/kh/e) + 1 is the iron loss increase coefficient. As
the carrier ratio increases, the loss decreases, but limited by
the switching loss of power devices, the carrier ratio of
inverter cannot be too large. *e loss under different carrier
ratios is shown in Figure 3.

Considering the influence of PWM power supply, the
loss of motor under 36 kW and 5600 rpm is calculated, and
the results are shown in Table 1.

2.4. Simulation Verification. In order to verify the accuracy
of the calculated loss derived by the split loop method in this
paper, the finite element model of the motor is established as
shown in Figure 4. *e no-load loss of the motor at different
speeds is obtained through calculation, and the simulation
results are compared with the results calculated by the split
loop method, as shown in Figure 5. When the motor speed is
higher than 4800 rpm, the calculation results of split loop
method are very close to those of finite element method;
When the motor speed is lower than 4800 rpm, there is a
large error between the calculation results of analytical
method and finite element method, the maximum error is
97.6W. When the rotating speed is low, the hysteresis loss is

Figure 1: Motor structure.
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Figure 2: Magnetic circuit model of AFPMM. (a) Magnetic circuit structure. (b) Equivalent magnetic circuit model.
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dominant. Using the traditional iron loss calculation
mathematical model, there is a problem that the selection of
material hysteresis loss coefficient and Steinmetz coefficient
is not accurate enough.

3. Thermal Network Model

When the equivalent thermal network method is used to
mesh and calculate the temperature field of AFPMM, the
following assumptions are made:

(1) *e cooling conditions of the motor in the cir-
cumferential direction are the same, and the motor
temperature is symmetrical along the circumferen-
tial direction

(2) *e temperature field of the motor is symmetrical
along the axial centerline of the rotor

(3) *e temperature of each air node in the motor cavity
is the same, that is, it is divided by the same node

*e main structures of the motor include waterway, End
cap, stator yoke, stator teeth, winding, PM, rotor, bearing
and so on. *e temperature nodes are divided according to

10 20 30 40 50
0

200

400

600

800

1000

1200

Lo
ss

 [W
]

Carrier ratio

7000rad/min
5500rad/min
4000rad/min

Figure 3: Loss corresponding to different carrier wave ratios.

Table 1: Loss distribution of prototype at rated power.

Location Stator teeth Stator yoke Stator winding PM Rotor core Bearing
Loss/W 402 564 430 139 10 34

Figure 4: Finite element analysis model. 0 2000 4000 6000 8000
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Figure 5: No-load iron loss comparison.
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the characteristics of each part, and the nodes are connected
according to the heat flow direction to form a heat network,
as shown in Table 2.

3.1. SteadyState-ermalAnalysis. *emotor in this paper is
a fully enclosed motor with water cooling and natural
cooling outside the motor. *e thermal resistance param-
eters of the equivalent thermal network model are mainly
conduction thermal resistance and convection thermal re-
sistance, and radiation thermal resistance can be ignored.
Distribution of thermal network node is shown in Figure 6.

3.1.1. -ermal Conductivity and -ermal Resistance

(1) Cylinder Structure. *e heat conduction between the
main parts of the motor can be equivalent to a cylindrical
structure. R1, R2 are the inner and outer diameters of the
cylinder, T1, T2 are the temperatures on both sides of the
cylinder, and L is the length of the cylinder. According to the
basic theory of heat conduction, the radial heat conduction
can be obtained. *e resistance is

Ra �
1

2πλL
ln

R2

R1
. (7)

Axial heat conduction resistance:

Rb �
1

λπ R2 − R1( 
ln

R2

R1 + R2( /2
. (8)

(2) Winding. *e position distribution of each conductor in
the winding is random, and the equivalent thermal con-
ductivity of the winding Ks is introduced. Node 3 (stator
yoke) and node 7 (slot winding) exchange heat through the
slot bottom section. *e thermal conductivity and thermal
resistance between the stator yoke and the slot winding are

G37 � Ks1S37,
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+
1
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d

⎤⎥⎥⎥⎥⎥⎥⎦.

(9)

In the formula, Q1 is the number of stator slots; b1 is the
width of the slot bottom; Ks1 is the equivalent thermal
conductivity of the slot winding; δi is the insulation thickness
of the slot; Sf is the slot full rate; d is the elongation of the
straight part of the coil after exiting the slot; dw is the diameter
of the parallel wire; λi is the insulation thermal conductivity of
the groove; λL is the thermal conductivity of the dipping
varnish; λd is the thermal conductivity of the wire paint.

3.1.2. -ermal Convection -ermal Resistance

(1) Case and Air. *e casing is in direct contact with the
outside air, where air flows slowly, the convective thermal
resistance is

R1a−1 �
1

S1α
. (10)

According to the definition of the heat transfer coeffi-
cient in the case of natural heat transfer between the casing
wall and the surrounding space, the heat dissipation coef-
ficient of the chassis surface is

α � 14 1 + 0.5
���
ωw

√
( 

3

��

θ
25



. (11)

In the formula, α is the heat transfer coefficient of the
chassis surface, W/(m2·K); ωw is the wind speed blowing on
the inner wall of the chassis; θ is the temperature of the outer
surface of the chassis, K.

(2) -e Space between Stator Teeth and Air Gap. *e node
11 and the node 15 exchange heat through an air gap. *e
heat dissipation coefficient of this part is related to the air
gap fluid velocity. *e key to calculating the air gap
convective thermal resistance is the selection and calcu-
lation of the Nusselt number. For a smooth air gap, when
the Taylor number is small, that is, Ta < 1700, the fluid is
laminar, and the air gap is dominated by heat conduction;
when 1700 < Ta < 104, the air gap fluid is not only laminar,

Table 2: Corresponding nodes of each part of the motor.

Location Node Location Node
Chassis 1–2 PM 15–17
Stator yoke 3–5 Air of end part 19–21
Winding 6–10, 33–37 Shaft 22–24
Stator teeth 11–13 Bearing 25
Rotor core 14, 18, 30–32 End cap 26–29
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Figure 6: Distribution of thermal network node.
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but also accompanied by eddy currents; When
104 < Ta < 107, the fluid state of air gap is turbulent, the
Nusselt coefficient and the corresponding convective heat
dissipation coefficient under different fluid states are
calculated as follows:

Reδ �
vrg

μair
,

Ta �
Re2δg

r
,

Nu �

2, Ta< 1700,

0.128Ta0.367
, 1700<Ta< 104,

0.409Ta0.241
, 104 <Ta< 107,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

αair �
Nu · λair

g
.

(12)

(3) Waterway. *e convective heat transfer coefficient of the
waterway is calculated as follows:

Dh �
2HW

(H + W)
,

Rew �
ρwvwDw

μw

,

Pr �
μwCw

λw

,

(13)

where H and W are the height and width of the waterway
outlet; Dh is the hydraulic diameter of the waterway; Rew is
the Reynolds number of the waterway fluid; Cw, ρw, vw and
μw are the specific heat capacity, density, flow velocity and
dynamic viscosity of the fluid;

When Rew < 2300, the fluid in waterway is laminar, and
its Nusselt number is calculated as

Nusd � 7.46 − 17.02
H

W
  + 22.43

H

W
 

2

− 9.94
H

W
 

3
+

0.065DhRewPr/Lw( 

1 + 0.04 DhRewPr/Lw( 
2/3,

(14)

where Lw is the length of the waterway.
When 2300<Rew < 10

6, the fluid in the waterway is
turbulent, and its Nusselt number is calculated as

fw � 0.79 ln Rew(  − 1.64 
− 2

,

Nusd �
fw/8(  Rew − 1000( Pr

1 + 12.7 fw/8( 
1/2 Pr2/3 − 1 

.
(15)

where fw is the friction factor of the smooth waterway.

*e convective heat transfer coefficient of the waterway
is

αsd �
Nusdλw

Dh

. (16)

(4) Rotor Core. *e Reynolds number, Nusselt heat number
and heat dissipation coefficient of the rotor along the radial
end face are

Re1420 �
πD

2
2n

120μair
,

Nu1420 � 1.67Re0.385
1420 ,

α1420 �
Nu1420λair

2D2
.

(17)

*rough the heat transfer relationship of each node of
the motor, the heat balance equations related to the nodes
can be listed, and the heat balance equations of the motor
can be obtained by combining these equations. *e matrix
form is

[T] � [G][W]. (18)

In the formula, [G] is the thermal conductivity matrix of
each node; [T] is the temperature rise matrix of each node;
[W] is the heat source matrix of each node. By solving this
linear equation system, the temperature rise of each node
can be obtained, as shown in Table 3. *e thermal resistance
of different parts of the motor obtains an n× n thermal
conductivity matrix related to the node:

G �
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. (19)

3.2. Transient -ermal Analysis. When the motor is in a
short-term acceleration state, the output power exceeds the
rated power. At this time, it is obviously unreasonable to use
the steady-state thermal network equation to calculate the
motor temperature rise. *erefore, it is effective to use the
transient thermal network to calculate the temperature
change of the motor during short-term overload. Evaluate
the safety performance of the motor.
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Under transient conditions, for any temperature node,
the net heat flow into the node at all times is equal to the
increase in the internal energy of the node’s relevant volume:

qi � ρiCiVi

dTi

dt
, (20)

where qi is the net heat flow of the i-th node; ρi is the density
of the unit represented by the i-th node; Ci is the specific heat
capacity of the unit represented by the i-th node; Vi is the
volume of the unit represented by the i-th node; dTi/dt is the
temperature rise rate of the i-th node.*e initial condition of
the first-order nonlinear differential equation is the initial
temperature of each node. Solving the differential equation
can obtain the characteristics of temperature change of each
node with time.

If the temperature of node i at time tk+1 is Tk+1
i (i� 1, 2, 3,

4, . . ., n), then the temperature Tk
i of node i at time tk can be

used to recursively obtain Tk+1
i :

T
k+1
i � T

k
i +

dT
k
i

dt
Δt

� T
k
i +

q
k
i

ρk
i C

k
i V

k
i

Δt,

qk
i � Q

k
i − Q

k
oi.

(21)

In the formula, Qk
i is the calorific value of the node at

time k, which is anm× 1matrix;Qk
oi is the heat outflow of the

node at time k, which is anm× 1 matrix;m is the number of
nodes divided by the thermal network. Vi is a fixed value,
and only qk

i , Ck
i , ρi and Tk

i at time tk are calculated, Tk+1
i can

be obtained. *erefore, as long as the initial temperature of
the node is obtained, the node temperature at each time can
be obtained.

Taking nodes 3, 6, and 7 as examples, construct their
transient thermal network solving equations:
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k
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dt
.

(22)

It should be noted that, due to the presence of windings
and dipping varnish in the stator slots, the calculation of the
heat capacity of the windings is more complicated. *e
calculation method of the equivalent specific heat capacity of
the winding nodes in reference [12] in this article is as
follows:

Ceff �
Sf ρwCw − ρinCin(  + ρinCin

Sf ρw − ρin(  + ρin

. (23)

In the formula, Ceff is the equivalent specific heat ca-
pacity; Sf is the slot full rate; ρw is the winding density; ρin is
the dipping varnish density; Cw is the winding specific heat
capacity; Cin is specific heat capacity of dipping varnish.

*e initial temperature is the ambient temperature, and
the motor runs at rated power. *e transient temperature
changes of each node are shown in Figure 7. *e stable

temperature reached by each node is the same as the cal-
culation result of the steady-state thermal network. *e
temperature of each node is stable in about 2000 s, and the
temperature of the PM rises fastest.

In order to fit the actual situation of the motor oper-
ation better, the motor operating state is given as shown in
Figure 8, the temperature changes of each node over time
are shown in Figure 9. It can be seen that when the output
torque of the motor increased, the winding temperature
increases rapidly with the increase of the winding current,
and the permanent magnet temperature decreases with the
decrease of the speed. *e change trend of the rotor
temperature is the same as that of the permanent magnet
temperature. *e transient temperature of the winding
does not affect the transient temperature of the permanent
magnet basically.

Table 3: *e temperature rise of each node at the rated power of the prototype.

Location Node Temperature rise (K) Node Temperature rise (K) Node Temperature rise (K)
Stator yoke 3 12.5 4 12.8 5 12.0
Stator teeth 11 29.3 12 31.3 13 34.0
Stator winding 6 60.3 8 56.1 10 59.0
PM 15 77.9 16 84.4 17 85.6
Shaft 22 43.0 23 48.6 24 53.9
Rotor core 14 63.8 18 59.4
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*e temperature changes of the windings and permanent
magnets at maximum power are shown in Figure 10. *e
maximum temperature of the winding is 235°C, and the
maximum temperature of the permanent magnet is 140°C.
*e temperature of the permanent magnet changes
smoothly during short-term overload. Due to the short time,
the heat in the winding is not enough to be taken away by the
cooling medium, so the temperature of the winding basically
rises linearly. According to the insulation specification, the
maximum overload time can be solved.

3.3. -e Effect of Permanent Magnet Segmentation on Eddy
Current and Temperature Rise. *e eddy current loss of the
permanent magnet is related to the eddy current path,
magnetic induction intensity, permanent magnet material
and shape, and can be calculated by the following formula:

Peddy � 
V

E · JdV

� 
V
ρJ

2dV,

(24)

where E is eddy current intensity; J is eddy current density; ρ
is permanent magnet resistivity; and V is permanent magnet
volume.

*e permanent magnet is divided into pieces along the
axial and radial directions, and an insulating layer is added
in the middle to block the eddy current loss path. *e eddy
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Figure 7: *e temperature change curve of each part of the motor
when running at rated power.
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Figure 8: Motor operating conditions.
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under the working condition shown in Figure 8.
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current loss of the permanent magnet decreases with the
increase of the number of segments, as shown in Figure 11.
*e number of segments cannot be increased indefinitely
due to factors such as the manufacturing process, changes
in the effective size of the permanent magnet, and the
utilization rate of the permanent magnet material. When
the motors in this paper are divided into two pieces, the loss
has a clear tendency to decrease. *e distribution and size
of the eddy current loss under different divide methods are
shown in Figures 12 and 13. *e radial blocking has a
significant effect on reducing loss, so as to reduce the
temperature rise of the permanent magnet. Because the
AFPMM magnetic field is distributed in the three-di-
mensional space, there is an axial eddy current loss
component, but the content is small, so the effect of spliting
block loss in the axial direction is not obvious. Steady-state
temperature rise of permanent magnets and windings with
different block methods is shown in Figure 14. Dividing the
permanent magnet into four pieces can reduce the tem-
perature rise by 23% compared with the permanent magnet
not divided, and dividing the permanent magnet has little
effect on the winding temperature.

3.4. -e Influence of Cooling Water Speed on the Temper-
ature Rise of theMotor. Under steady-state conditions, the
temperature rise curves of permanent magnets and
winding with the change of cooling water flow rate are
shown in Figure 15(a), the change curve of cooling co-
efficient in waterway is shown in Figure 15(b). With the
flow rate increase of the cooling water, during the period of
0–1.5m/s, the cooling coefficient of the waterway in-
creases, and the temperature rise of windings and per-
manent magnets decreases. After 1.5m/s, the cooling
water enters the turbulent flow stage, the more flow rate
increases, the more slowly speed decreases. the saturated
water speed will eventually be reached, and then increasing
the water speed has little effect on heat dissipation.
*erefore, choosing a reasonable cooling water speed can
not only ensure the safe operation of the motor, but also
reduce the power of the water pump.

Under transient conditions, the temperature of the
permanent magnet and winding changes with the cooling
water flow rate when the motor runs for 180 s at 56 kW and
3000 rpm. As shown in Figure 16, the temperature of the
winding and permanent magnet basically does not change,
and the temperature of the permanent magnet does not
change, it is about 77°C, and the winding is about 183°C.
From the principle of the transient thermal network
equation in section III(B) of this paper, it can be seen that the
transient temperature rise speed is mainly affected by the
heat of the input node and the heat capacity of the node
itself. It is easy to know that in this working state, the short-
term heating power of the winding is large, and the thermal
resistance of the heat dissipation circuit is large, and the
balance of the cooling power cannot be achieved before a
large temperature difference occurs, and the heat capacity of
the winding and insulating paint is limited, resulting in the
winding temperature rise rapidly.

3.5. -e Influence of Loss Distribution on Motor Temperature
Rise. Assuming that the sum of copper loss and iron loss of
the motor is constant, the ratio of copper loss to iron loss is
changed, and the change curve of the steady temperature rise
of permanent magnets and windings with the ratio is shown
in Figure 17. Under steady-state conditions, when the ratio
of copper loss to iron loss increases, the copper loss in-
creases, the temperature of winding rise rapidly, and the
temperature rise of the permanent magnet slowly increases.
When the sum of copper consumption and iron con-
sumption of the motor is constant, other factors are ignored.
Reducing the proportion of the copper consumption of the
motor is beneficial to reduce the temperature rise of the
motor, but a lower proportion of the copper consumption
requires a larger amount of copper and a larger slot area, so
that the material utilization rate and power density are
reduced. Under transient conditions, the temperature rise
speed of the permanent magnet is basically not affected by
the change in the ratio of copper loss to iron loss, while the
winding temperature rise speed decreases as the ratio of
copper loss to iron loss decreases, reducing the copper loss of
the motor. *e proportion is conducive to reducing the
temperature rise rate of the motor.

4. Magneto-Thermal Coupling Analysis Model

*e change of temperature in motor affect the characteristics
of windings and permanent magnets, changes of resistance
and magnetic field strength affect the loss of motor, and the
changes in loss will be fed back to the temperature field
calculation. *erefore, the two-way magneto-thermal cou-
pling calculation of the motor can effectively improve the
accuracy of the calculation.

*e temperature change of the conductor causes the
change of resistance value, and the copper loss of the stator
also changes:

RT � R0 1 + αTT( , (25)

where αT is the temperature coefficient of the copper wire, R0
is the resistance at the initial temperature, and T is the
operating temperature. In addition, the remanence of per-
manent magnets decreases as the temperature of the motor
rises:

BrT � Br20 1 + αBr(T − 20) , (26)

where BrT and Br20 are the residual magnetism at temper-
ature T and 20°C, respectively, and αBr is the reversible
temperature coefficient of the permanent magnet.

Considering the mutual influence between the electro-
magnetism and temperature rise of the motor, a magnetic-
thermal coupling calculation model is established to itera-
tively correct the input temperature.*e calculation process is
shown in Figure 18. In the figure, m% is the allowable error
between the calculated temperature and the input tempera-
ture rise. When the input starting temperature of the per-
manent magnet and the winding is 95°C and 115°C, and the
allowable error is 5% and 1%, the number of iterations are 4
and 7 respectively, and the allowable error is 1% in this paper.
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Among them, the permanent magnet temperature rise
TP is taken as the average temperature rise of each node:

TP � T15
V15

VPM
+ T16

V16

VPM
+ T17

V17

VPM
. (27)

*e temperature rise of the stator winding TW is taken as
the average temperature rise of each node:

TW � T6 + T10 + T36 + T37( kend + T7 + T8 + T9 + T33 + T34(  1 − kend( . (28)

(a) (b) (c) (d)

Figure 12: Eddy current distribution when permanent magnet is divided into pieces. (a) Undivided. (b) Divided into two pieces in the
circumferential direction. (c) Divided into two pieces in the radial direction. (d) Divided into four pieces.
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Figure 11: *e relationship between the eddy current loss and the pieces of permanent magnets.
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In the formula, VPM is the volume of the permanent
magnet, and kend is the ratio of the volume of the winding
end to the total volume of the winding.

5. Experimental Test

In order to verify the calculation accuracy of the thermal
network method, the temperature rise test was conducted on
the prototype. *e prototype and experimental platform are
shown as Figure 19. *e motor windings were embedded
with thermal resistance, the bearing caps, shafts and other
structural parts were measured with infrared thermometer,
and the highest temperature of rotor was measured with

temperature stickers. *e rated conditions of the experi-
mental test are: stator current is 75A, rotor speed is 5600 r/
min, and cooling water flow rate is 2m/s. According to the
characteristic that the no-load back electric potential of the
motor is inversely proportional to the permanent magnet
temperature, in the prototype experiment, the no-load back
electric potential measured when the motor just runs at
5600 rpm at 20°C is 368V. After the motor runs for a period
of time, the temperature reaches stable. At this time, the hot
no-load back electric potential is 335V, and the temperature
rise of the permanent magnet is 84.4°C calculated according
to formulas (29)–(31). When the ambient temperature is
30°C, the temperature rise of the winding is 53°C by
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Figure 14: Steady-state temperature rise of permanent magnets and windings with different block methods.
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Figure 15: *e influence of the cooling water flow rate at the rated power of the motor on the temperature rise of the permanent magnets
and windings and the heat dissipation coefficient of the waterway. (a) Temperature rise of winding and permanent magnet. (b) Waterway
heat dissipation coefficient.
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measuring the thermocouple. Tables 4 and 5 show the
comparison of the temperature distribution of each com-
ponent of motor. *e maximum error appears on the
winding, but the error is small, all within a reasonable range,
which proves the accuracy of the calculation results in the
article. Figure 20 shows the efficiency map obtained by
experimental testing and calculation, the accuracy of effi-
ciency calculation is verified.

Br � 1 +(T − 20)
αBr

100
  1 −

IL

100
 Br20, (29)

Φ0 �
bm0BrAm

σ0
, (30)

E0 � 4.44fNKdqKΦΦ0. (31)

In the formula, Br20 is the residual magnetism of the
permanent magnet at 20°C; α is the reversible temperature
coefficient of the permanent magnet; IL is the irreversible
loss rate of Br; T is the operating temperature; bm0 is the
operating point of the permanent magnet; Am is the cross-
sectional area of pole of magnetism flux which is provided by
permanent magnet; σ0 is the magnetic leakage coefficient; f is
the operating frequency; N is the number of series turns of
each phase winding; Kdp is the winding factor; KΦ is the air
gap flux waveform coefficient; Φ0 is the no-load main
magnetic flux; E0 is the no-load back electromotive force.
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Figure 16: Changes of temperature of permanent magnet and winding with cooling water flow rate when the motor is running for 180 s at
peak power.
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Figure 17: *e temperature rise of permanent magnets and windings varies with the ratio of copper loss to iron loss. (a) Steady-state
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Iterative calculation of motor performance
based on magnetic circuit method, such

as loss, power and efficiency.

Calculation of TP1, TW1 based on thermal
network method under corresponding loss.
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resistance and residual

magnetism of permanent
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temperature.

Setting of temperature TP, TW and
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Figure 18: Flow chart of magnetic-thermal coupling calculation of motor characteristics.

(a) (b) (c)

Figure 19: *e prototype and experimental platform. (a) *e stator. (b) *e rotor. (c) Experimental platform.

Table 4: Comparison of steady-state temperature rise of various structural components.

Location
Stator

Permanent magnets Shaft Rotor core
Yoke Teeth Winding

*ermal network method (K) 12.8 31.3 56.1 84.4 48.6 59.4
Measurements (K) 12.5 30.3 53 81.3 47.9 56.7
Error rate 2.4% 3.3% 5.85% 3.81% 1.46% 4.76%

Table 5: Comparison of transient temperature rise of winding and permanent magnet.

Time (s)
Stator winding Permanent magnets

*ermal network method Measurements Error rate (%) *ermal network method Measurements Error rate (%)
280 27.2 26.1 4.21 35.3 34.6 2.02
338 58.6 56.7 3.35 36.4 35.3 3.12
458 118.3 114.3 3.50 39.3 38.1 3.15
467 140.7 135.2 4.07 40.9 39.4 3.81
1500 56.0 53.0 5.66 80.9 78.5 3.06

Mathematical Problems in Engineering 13



6. Conclusion

In this paper, the split-loop method is proposed to analyse
the loss considering the influence of the harmonics under
PWM power. *e thermal network method is embodied
and applied to the steady-state and transient temperature
rise of the AFPMM calculate. Get the following
conclusions:

(1) By establishing a mathematical model of magneto-
thermal coupling, a fast iterative temperature rise
calculation method for AFPMM is proposed, and the
influence of PWM power supply on loss and tem-
perature rise is analyzed. *e calculation results are
more accurate and can provide guidance on the
design and calculation of similar motors.

(2) *e effects of dividing PM into pieces, cooling water
flow rate, and loss distribution on the steady-state
and transient temperature rise of the motor are
analyzed. *e results showed that within a certain
range, the selection of different parameters will have
a great impact on motor efficiency and temperature
rise, which can provide a reference for the selection
of motor parameters.

(3) *e loss and temperature rise models of the
AFPMM are simplified by the split-loop method
and the thermal network method, which can fully
ensure the calculation accuracy and avoid heavy
dependence on computer software and hardware
And a serious waste of time by the finite element
method.

*e calculation results are verified by prototype test,
and the results show that the calculation method used in
this paper has high calculation accuracy. Based on the idea
of two-way coupling, the interaction relations and influ-
encing factors among electric, magnetic, fluid and thermal
fields are fully considered in this paper, the rapid analysis of
temperature rise is realized, and consumes less time, oc-
cupies little computer resources by the method proposed, it
has extremely high application prospects for motor design
and optimization.
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