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Abstract: The thermal management of a driving motor is related to the performance and economy
of the vehicle. The lumped-parameter thermal network (LPTN) method can provide a model basis
for motor temperature-rise control and effectively shorten the development cycle of motor thermal
performance design. In this study, an 80 kw water-cooled permanent magnet synchronous motor
was used and the accurate thermal model of a motor was built using the LPTN. On the basis of
the accurate thermal model, the simplified thermal model of a motor was obtained by reducing the
complexity of the model. The temperature-rise test of the end winding and magnetic steel of the
motor was carried out under some working conditions. The test conditions were selected according
to continuous external characteristics and operating characteristics of the motor. Compared with
the experimental results, the temperature-rise error of the two thermal models was less than 5%.
The temperature-rise error of the simplified thermal model was less than 3% compared with the
accurate thermal model. Therefore, the simplified thermal model can be used to quickly predict the
temperature rise of the motor.

Keywords: permanent magnet synchronous motor; lumped parameter thermal network; temperature-
rise characteristics; motor thermal management

1. Introduction

The permanent magnet synchronous motor (PMSM) has attracted widespread at-
tention due to its advantages of low vibration noise, good torque stability, high control
accuracy, and high torque density [1,2]. The permanent magnet is easily affected by temper-
ature. In order to ensure the stability and service life of the permanent magnet synchronous
motor, it is necessary to cool the motor efficiently. The cooling methods of the motor mainly
include air cooling, water cooling, and oil cooling, among which water cooling is widely
used [3]. It is necessary to study the thermal characteristics of water-cooled permanent
magnet synchronous motors.

The main calculation methods of motor temperature-rise characteristics include finite
element analysis (FEA) [4-8], computational fluid dynamics (CFDs) [9-11], and the lumped-
parameter thermal network (LPTN) [12-14]. The FEA mainly solves the motor model
through the heat transfer equation to accurately simulate the thermal distribution of each
part of the motor [15]. Compared with the LPTN, the FEA has the advantage of being
able to handle more complex geometries [16,17]. Its disadvantages are that the processing
time is too long, the thermal model needs to be simplified for easier use [18], and the
temperature result of the FEA solution is highly dependent on the quality of meshing.
The CFDs method uses the heat transfer equation and the fluid dynamics equation. The
application object is broadened to dynamic fluid, and the convective heat transfer between
the end winding and the air and the convective heat transfer between the shell and the
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air can be analyzed [19,20]. The accuracy of the CFDs method is quite high [21], and
the cooling method can be optimized by simulating the temperature distribution of the
fluid [22]. The disadvantages of the CFDs method are that the simulation requires a longer
processing time and requires higher meshing quality, which poses challenges for a user’s
hardware level and modeling experience.

The LPTN method performs a fast thermal parametric analysis of the study object
by dividing it into a number of basic thermal elements. These basic thermal elements are
usually represented by thermal nodes and thermal resistances. The LPTN method can be
used to quickly predict the effect of different factors on the temperature rise of the motor
and to analyze the electrical characteristics of the motor for different motor temperature
rises [23-25]. But the LPTN relies on empirical formulas for high-precision modeling, and
the heat conduction between solid components is simulated well. The disadvantage is that
the convective heat transfer coefficient cannot be solved. In early research, researchers
considered both the radial and axial heat transfer paths of the motor and the obtained
model was more complicated [26,27]. In order to solve the problem that the axial thermal
network model of the motor was too complex, Boglietti A et al. [28] ignored the axial heat
conduction of the motor and only considered the radial heat conduction of the motor. In the
research process, a simplified thermal network model of the motor was established, most
of the thermal resistance calculation formulas were given, and the final error was less than
2.5%. Mellor et al. [26] divided the induction motor into 10 key nodes, and the obtained
model can be used to estimate the temperature online. Amitav Tikadar et al. considered
the temperature distribution of the air gap between the stator and the rotor when modeling
but neglected to accommodate for the fact that the air-gap thickness would change at high
temperatures [14]. Based on the research of Boglietti A, many researchers have carried out
formula derivation and experimental verification on key thermal resistance and difficult-to-
calculate thermal resistance [29,30]. Volkswagen AG comprehensively summarizes the heat
transfer mechanism of motors with different cooling methods and builds LPTN models
according to different cooling methods. The simulation results verify the wide applicability
of the lumped-parameter method [31].

The LPTN represents the components of the motor with lumped parameters such as
interconnected thermal resistance and thermal capacitance [32], which make the model
simpler and faster. The disadvantage is that the temperature distribution of any point of
the motor cannot be obtained. Some studies have simplified the LPTN model, highlighting
the simple and fast advantages of the LPTN model, but the verification conditions used
are relatively simple and different from the actual conditions [33,34]. With its fast and
reliable characteristics, the LPTN model can also be coupled with electromagnetic field
simulation to improve the simulation accuracy of the temperature field and electromagnetic
field [35,36].

At present, most of the motor thermal circuit analyses analyze the main parts of the
motor and rarely analyze all the parts. The thermal circuit analysis rarely considers the
circumferential temperature transfer path of the components and lacks the prediction of the
temperature rise of the important components of the motor when it is running under typical
operating conditions. This paper studies a water-cooled automotive permanent magnet
synchronous motor with a rated power of 80 kW, and based on the literature [26,27,30,37-45],
the accurate thermal network and simplified thermal network models are constructed by
considering the circumferential temperature transfer effects of the casing, the rotor, the
stator core, and the permanent-magnet components. Under the typical test conditions
of the whole vehicle, the accuracy of the constructed one-dimensional thermal network
model in predicting the temperature rise of important parts of the motor is validated.
Firstly, a one-dimensional accurate thermal model of the motor is established by the LPTN.
Considering the circumferential conduction thermal resistance, the heat exchange model at
the air gap and the equivalent thermal resistance calculation of the winding in the slot are
optimized. The rotor structure is divided in detail and finally, a simplified motor thermal
model is obtained.
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2. Motor

A water-cooled flat wire interior permanent magnet synchronous motor (modified
and manufactured by Jilin University) is taken as the research object. The water channel
structure is a spiral water channel with a rectangular section, and the winding is a flat
copper wire wrapped with an insulating layer. The convective heat transfer coefficients
brought about by the flow of cooling water in the internal runners of the motor casing are
solved by fluid simulation calculations using STAR CCM+ 17.04. Table 1 shows the motor
parameters.

Table 1. Motor parameters.

Parameters Value Unit
Rated Torque 150 Nm
Rated Speed 5000 RPM
Rated Power 80 kW
Max Speed 15,000 RPM
Number of Poles 8 -
Number of Stator Slots 48 -
Air-Gap Thickness 0.7 mm
Shell Cushion Diameter 220 mm
Outer Diameter 260 mm
Shaft Diameter 42 mm

Each pole of the motor rotor (each pole accounts for a 45° central angle) is installed
inside the rotor by two pairs of magnetic strips, and there is a weight-reducing hole on
each pole rotor. Figure 1 shows the radial and axial structure of the motor.
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Figure 1. Structure of interior permanent magnet synchronous motor. (a) Radial structure of motor;
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(b) axial structure of motor.

3. Establishment of Accurate Thermal Model

The simulation runs on a PC with an i7-10700 CPU @ 2.90 GHz core and 16 GB of
RAM. AMESim (2020.1). The simulation running parameters are shown in Table 2.

Table 2. Simulation running parameters.

Parameters Value/Description Units

Print interval 1 s
Sampling frequency 1 Hz

Simulation type Single run -
Integrator type Standard integrator -
Tolerance 1x 1077 -
Simulation mode Dynamic -
Solver type Regular -

Error type Mixed -
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The thermal network model constructed by the thermal circuit analysis method needs
to divide the motor into several units, and each unit consists of one or more nodes. In order
to successfully apply the LPTN to build a thermal model, the following assumptions need
to be made for the motor:

(1) The heat source of the motor is continuously and evenly distributed.
(2) Mechanical loss is ignored in the thermal model.

(3) The motor is a barrel motor.

(4) The heat transfer time constant does not change with time.

(5) The thermal conductivity and heat capacity are fixed values.

In the operation of the motor, convection heat transfer in contact with the fluid, the
conduction cooling of the parts themselves, and the contact heat conduction and heat
dissipation of the parts are mainly generated. Therefore, the main thermal resistance
includes convective thermal resistance, conductive thermal resistance, and contact thermal
resistance. The key to building a thermal model by thermal circuit analysis is to solve the
thermal resistance of each component. Table 3 shows the calculation method for the main
motor components. Abbreviations of the variables are shown in Nomenclature.

Table 3. Thermal resistance calculation formula of motor parts [26,30,37-44].

Motor Parts Thermal Resistance Computing Formula
Convective heat transfer coefficient j — NuA
with cooling water = Dy
Shell
Radial thermal resistance R, — -1 ] Dy, /2
sh 27 )\shl ﬂ —Th
2 sh
The contact thermal resistance with Thio air
the shell Rho_air = X 4,
Radial conduction thermal resistance L Do
R = n =
of yoke 10_SY = 27A,, il Doy — Thzs}/
Stator Axial conduction thermal resistance R _ L
of yoke ax_sy — n)\ﬂx[Do?if(DosifThs,)z}
Radial conduction thermal resistance 1 Diy,
of tooth Rra_st = Tta_ca 2T A ra_silsi l”( Diy )
Axial conduction thermal resistance R _ I
Of tOOth ax_st = )\ax_sx‘HstSlNSs
. Thermal resistance between windin: o
Winding . & Ry st = +—LEimair
and stator iron core - Aim_air Afstot Nstots
. . . _ 1
Air gap Equivalent thermal resistance Rair = 71—

Internal air

Convective heat transfer coefficient

J— C('l[Y
between fluid and solid interface hf as = Ceur1 (1 + Ceurpvel - )

Based on reference [40], this paper considers the circumferential thermal resistance
of the rotor and provides an equivalent division of the rotor section with two magnetic
stripes per pole. The equivalent thermal resistance of the rotor part needs to be divided into
several different approximate hollow cylinders, and then the equivalent thermal resistance
is used to solve the problem. Figure 2 shows the approximate structure of each stage rotor
before and after equivalence.
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Figure 2. Approximate structure of each stage rotor before and after equivalence. (a) Actual approxi-
mate structure; (b) approximate structure after equivalent division.

The equivalent thermal resistance is calculated according to the hollow cylinder:

In(
R= 247: 27(er)

(1)

where r; and 7, are, respectively, the inner and outer diameters of the hollow cylinder; / is
the length of the hollow cylinder; ¢ is the angle of the center of the component; and A is the
thermal conductivity of the material.

4. Establishment of Simplified Thermal Model

After the construction of the accurate thermal model of the motor, the number of
nodes exceeds 150. The temperature-rise characteristics of the motor can be predicted by
using the accurate thermal model, but the model is more complicated. Compared with the
accurate thermal model, the simplified thermal model reduces the number of nodes for
calculating the axial temperature transfer of the motor and mainly considers the radial and
circumferential temperature transfer of the motor. The simplified thermal model considers
the circumferential equivalent thermal resistance of the stator yoke and the rotor and
further divides the two parts on the basis of the accurate thermal model. The simplified
thermal model also calculates the equivalent thermal resistance between the winding in
the slot and the stator teeth by a new method and considers the influence of rotor thermal
expansion and contraction on the air-gap thickness and influence of temperature on the
thermal physical parameters of the air-gap.

4.1. Simplified Stator Yoke Part

The stator yoke is regarded as a hollow cylinder. Considering that the temperature
change near the stator tooth and slot of the stator yoke will inevitably cause the circum-
ferential temperature to change in the stator yoke, the circumferential thermal resistance
is calculated. For a hollow cylinder or a hollow cylindrical section, the heat flow path is
defined as a line along the average radius, and its integral basis can be written as an  angle
and swept along the full ¢ angle of the cylindrical section. For constant cross-sectional
area A(0) = (r, — r;), the calculation formula of circumferential thermal resistance of hollow
cylinder is as follows:

dero—i-ri _ P ot

(A
CAA Jo A(ry — 1)l 2 2Mr—r1;

()

The integral and associated variables are shown in Figure 3.
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Figure 3. Hollow cylindrical segment circumferential variable.

The division of the stator yoke is shown in Figure 4 [45].

Figure 4. Stator yoke division.

4.2. Simplified Winding Part

The equivalent thermal resistance of the winding is calculated according to the method
introduced in the literature [27]. The stator slot is equivalent to a rectangular slot, and the
insulation material outside the copper wire and the air is divided into two layers, which are
evenly distributed on the outer side of the winding. The thicknesses of the two sides are d;
and d,, respectively. The sum of the two is expressed in d, & is the height of the rectangular
slot, and b is the width of the rectangular slot.

The total thermal resistance between the groove and the surrounding nodes is as

follows: p p p p

i a i a
=ty 7 p T 3
Ric = 10, Ty B = ox: T o, )

b h
Ro=+—— Rjpo=—— 4
*0 h)\smix ¥ b)\smix ( )
R R
Ry =05 (Rix n 6"°> R, =05 (Riy + g’o> )
RyRy RxoRyo

s = 1- (6)

Q! (Rx + Ry) 720RxRy,

Qs is the specific volume power in the rectangular slot. The total thermal resistance
of the connection between the node and the groove can be calculated by the following
formula: o

Rs-node = Rs Tl 7)

s-node
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In the formula, ®,7; is the total circumference of the slot and &g ;o4 is the length of
the connection surface between the slot and the stator teeth and the stator yoke.

4.3. Rotor and Air Gap Part

The rotor part is further divided and the circumferential conduction thermal resistance
is considered. The structure of each rotor is divided as shown in Figure 5. Considering the
real situation, the influence of the thermal expansion and contraction of the rotor on the
air-gap thickness is increased. The air-gap thickness has the following relationship with
temperature:

6= 50 — kpei’mAT (8)

In the formula, 8 is the initial thickness of the air gap and kr, is the thermal expansion
coefficient of iron, which is 10.4 x 107°.

~Re

. 2
RS— | Re—IRI—

Figure 5. Approximate structure after equivalent division of rotor.

4.4. Simplified Thermal Model

The permanent magnet synchronous motor mainly consists of a case, cooling-water
jacket, stator core, windings, air gap, rotor core, magnets, shaft, internal air, and front and
rear end caps. The simplified thermal network model in the establishment process, the rotor,
stator, windings, and air gap are divided in detail before the thermal circuit equivalent.
The nodes of the heat path after the equivalence represent the average temperature of the
components. The heat path model usually consists of heat capacity and thermal resistance,
and losses are added for heat-generating components. Then, according to the direction
of heat flow in the motor, the thermal circuit model of each component is connected to
form the overall thermal circuit model of the motor. The model can be defined in terms
of parameters by using global variables, formulas, or expressions. The simplified thermal
network model has no more than 20 nodes, which is greatly reduced compared with the
accurate thermal model. Figure 6 shows the simplified thermal model built in AMESim
and Table 4 shows the number of model nodes before and after simplification.

Table 4. Number of motor model nodes.

Motor Parts Accurate Thermal Model Simplified Thermal Model
Shell 20 2
Stator 48 6
Winding 32 4
Rotor 32 7
Internal air 2 -
Revolution axis 20 -

Grand total 154 19
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Figure 6. Simplified thermal network model of motor.

5. Experimental and Simulation Results
5.1. Test Conditions and Setup

Figure 7 displays the diagram of the motor test bench. During the test, the dynamome-
ter was maintained at a constant speed mode according to test conditions, the dynamometer
was powered by the frequency converter cabinet, the motor was powered by the battery
simulator, and the motor-cooling water was provided by the cooling-water circulators.
The data-acquisition box collected parameters such as motor torque, speed, thermocouple
sensor temperature, bus voltage, inverter cabinet voltage, battery simulator power, voltage
and current, dynamometer speed and torque, and power. And there were 11 thermocouples
arranged to measure the temperature of the motor end windings and magnets.
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Figure 7. Diagram of motor test bench.

The test conditions were selected according to the continuous external characteristics
of the motor. Figure 8 shows the distribution of the test conditions of the motor. For the
stator, in-slot windings, and end windings, the highest temperatures generally occurred
at the end windings due to the heat dissipation path. In addition, when the motor was
running at low speed and high torque, the winding current was higher and the loss was
higher. When the motor was running at a high speed in the constant power region, the
core losses were higher. Therefore, when selecting the test conditions for the end winding,
according to the maximum external characteristic curve of the motor, take the rated speed
as the reference, select two low-speed and high-torque working conditions on its left side,
and select two constant power and high-speed working conditions on its right side. The
experiment was completed by using a type K thermocouple to measure the temperature
of the end winding, and the measured temperature results were collected and analyzed
by a data-acquisition system. The accuracy of temperature measurement is 4-(0.05% rdg.
+0.5 °C), and the digital display resolution of the temperature measuring instruments is
0.01 °C. During the test measurement, two temperature sensors were firstly arranged at
the two neutral points of the end winding, and then five temperature sensors were evenly
arranged on the surface of the end winding to measure the temperature. The test points of
the end winding are shown in Table 5.

160 . ; ; . ; . .
140F =TT TR R -
P . B e ]
£ 120 NN
Z 400 -------Meemmm et et
ALY
8 8O- T
o T
12 60T Continuous external characteristics| R
404 End winding | C S~ d
* Magnet steel

2000 4000 6000 8000 10,000 12,000 14,000 16,000
Speed (RPM)

Figure 8. Distribution of experimental conditions points of motor.
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Table 5. Transient condition points of motor end winding.

Test Points Speed (RPM) Torque (N m) Time (s)
1 2967 104 1800
2 4775 125 3600
3 6679 80 1800
4 9000 80 3600

The temperature of the magnet steel is generally slightly lower than the rotor tempera-
ture near the air gap. In this paper, the temperature of the thermal model rotor is verified
by the temperature of the magnet steel. Two low-speed and high-torque conditions points
were selected on the left side of the rated speed, and a constant power and high-speed
conditions point was selected on the right side of the rated speed. During the rotor magnet
temperature measurement test, the temperature sensor arrangement was as shown in
Figure 9. Temperature sensors were arranged in the third and fourth layers of the magnet
to measure the temperature of the magnet at three operating points. The thermocouple
wires were introduced through wire holes drilled in the rotor laminations, to the motor
rotor shaft, glued to the walls of the rotor shaft cavity, through the hollow rotor shaft of the
motor, and finally connected to the temperature data acquisition card. The thermocouple
sampling frequency was one temperature value per second. The experimental conditions
of magnet steel are shown in Table 6.

Figure 9. Arrangement of temperature sensors on rotor magnets.

Table 6. Transient conditions points of motor magnet.

Test Points Speed (RPM) Torque (N m) Time (s)
5 2000 135 2964
6 4000 140 3255
7 12,000 50 2459

5.2. Results Comparison

The three-dimensional electromagnetic field loss analysis is carried out through the
three-dimensional electromagnetic field simulation software JMAG 21.0, which fully con-
siders the influence of magnet segmentation and skin effect on the loss solution, thus
improving the accuracy of the copper consumption, iron consumption, and magnet eddy
current loss solution, providing accurate heat source input for the motor thermal network
model. The electric power and winding losses at the input of the motor are derived directly
and indirectly through tests, respectively, and the friction losses of the motor are derived
through empirical formulas, thus indirectly deriving the iron losses of the motor. The
experimental motor iron losses are compared with the iron losses obtained through the
JMAG simulation, the simulated iron losses are corrected, and finally, the loss of each
part of the motor is obtained. Figure 10 shows the accurate thermal model and simplified
thermal model temperature rise diagram of the end winding.
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Figure 10. End winding temperature-rise verification and error curve. (a) 2967RPM_104N m_1800s;
(b) 4775RPM_125N m_3600s; (c) 6679RPM_80N m_1800s; (d) 9000RPM_80N m_3600s.

It can be seen from Figure 10 that for the test point 1 of the end winding, the simulated
temperature-rise curve and the experimental curve of the two thermal models have good
following performance when the break point is ignored, and the errors of the two models
are very close. For test point 2, the error of the accurate thermal model is smaller in the
temperature-rise stage, and the accuracy of the simplified thermal model is higher in the
motor-cooling process. At test point 3, the simulation accuracy of the accurate thermal
model is higher, but the error of the simplified thermal model is still less than 5%. Under
the condition of test point 4, the temperature-rise curve error of the simplified thermal

model is larger, and the error is basically about 2%, which is 50% higher than the maximum
absolute error of the accurate thermal model.
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Figure 11 is the temperature-rise diagram of the accurate thermal model and the
simplified thermal model of the magnet steel. It can be seen in Figure 11 that the absolute
error of the accurate thermal model is maintained at about 4% at test point 5 and the
absolute error of the simplified thermal model is slightly higher at about 5%. Under the
second test conditions, the error of the accurate thermal model is kept within 5% and the
error of the simplified thermal model is about 6%. The absolute error of the simplified
thermal model is about 2% and the simulation error of the accurate thermal model is
about 3%. At test points 6 and 7, the reason for the higher accuracy of the simplified
thermal model is that the simplified thermal model only reflects the average temperature
of the key components of the motor, while the accurate thermal model has more hot nodes

and predicts a wider range of temperature points, so the error may be slightly larger
after averaging.
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Figure 11. Temperature-rise verification and error curve of magnet steel. (a) 2000RPM_135N m_2964s;
(b) 4000RPM_140N m_3255s; (c) 12000RPM_50N m_2459s.

6. Conclusions

In this paper, an 80 kw water-cooled permanent magnet synchronous motor was
used to build a model of the motor by the LPTN method to study the temperature-rise
characteristics. Based on the accurate thermal model, the simplified thermal model was
optimized. The two models were verified by the end winding of the motor and the
conditions experiment of the magnet steel. The conclusions are as follows:
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The simulation results of the two models for the end winding and the magnet are
basically consistent with the experiment results. The simplified thermal model is
obtained on the basis of the accurate thermal model. The number of thermal network
nodes is greatly reduced, but the error of the temperature-rise curve is not much
different. It is proved that the simplified thermal model is not only simple but can
also predict the temperature rise of the motor well.

In the end winding experiment and simulation, the temperature difference of the two
thermal models basically increased with the running time. The temperature difference
error of the two thermal models was large only at the speed of 4775 r/min and the
torque of 125 Nm, and at the speed of 6679 r/min and the torque of 80 Nm. In general,
the accurate thermal model has slightly less error in the temperature simulation results
for the end winding compared to the simplified thermal model.

In the experiment and simulation of magnet steel, the simulation error of the accurate
thermal model for low speed and high torque is smaller, and the simulation results of
the simplified thermal model for high speed and low torque are more consistent with
the experimental data. In general, the simulation error of the two models for magnet
steel is not much different.
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Nomenclature

A area (m?)

Ai internal surface area (m?)
C coefficient

D diameter (m)

Di inside diameter (m)

Do outside diameter (m)

h heat transfer coefficient (W/m?/K)
H height (m?)

1 length (m?)

N number

Nu  Nusselt number

R resistance

r ratio

Th thickness (m)

ThE equivalent thickness (m)
vel  reference velocity (m/s)
w width (m)
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Subscripts:

ho casing and stator yoke
air air

ax axial

ca concentric ring area
cur curve fitting

fas fluid and solid

hy hydraulic

im insulating material

ra radial

sh shell

si stator iron core

slot slot

Ss stator slot

st stator tooth

sy stator yoke

ta stator iron core tooth area

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Zhang, Q.; Tan, L.Y.; Xu, G.H. Evaluating transient performance of servo mechanisms by analysing stator current of PMSM. Mech.
Syst. Signal Process. 2018, 101, 535-548. [CrossRef]

Thakar, D.U.; Patel, R.A. Comparison of Advance and Conventional Motors for Electric Vehicle Application. In Proceedings of
the 2019 3rd International Conference on Recent Developments in Control, Automation & Power Engineering (RDCAPE), Noida,
India, 10-11 October 2019.

Wang, W.; Yang, F; Lun, S.X. The Cooling System Design and Performance Analysis of the Disc Type Permanent Magnet
Synchronous Motor. In Proceedings of the 2013 IEEE International Conference on Vehicular Electronics and Safety, Dongguan,
China, 28-30 July 2013; pp. 202-205.

Liu, HJ.; Zhou, YM.; Yi, Y.; Song, T.F. Influence of Topological Structure of Permanent Magnet Synchronous Motor on Heat
Dissipation Performance. Small Spec. Electr. Mach. 2023, 51, 13-19+25.

Tsunata, R.; Takemoto, M.; Imai, J.; Saito, T.; Ueno, T. Comparison of Thermal Characteristics in Various Aspect Ratios for
Radjial-Flux and Axial-Flux Permanent Magnet Machines. IEEE Trans. Ind. Appl. 2023, 59, 3353-3367. [CrossRef]

Xie, B.C.; Zhang, Y.; Wang, ].Q.; Liang, B.X.; Zhang, F.G. An efficient multidisciplinary design research for the integrated low speed
permanent magnet motor system based on analytical and numerical hybrid analysis. Energy Rep. 2022, 8, 199-208. [CrossRef]
Bolvashenkov, I.; Kammermann, J.; Udovichenko, K.; Tippe, L.; Herzog, H.G. Calculation of Thermal Transient Behavior of
a 9-Phase Permanent Magnet Synchronous Motor for Flight Traction Applications. In Proceedings of the 2019 Fourteenth
International Conference on Ecological Vehicles and Renewable Energies (EVER), Monte-Carlo, Monaco, 8-10 May 2019; pp. 1-7.
Oswald, A.; Herzog, H.G. Investigation of the usability of 2D- and 3D-FEM for a hybrid stepper motor. In Proceedings of the
2009 IEEE International Electric Machines and Drives Conference, Miami, FL, USA, 3-6 May 2009; pp. 535-542.

Li, X,; Zhu, L.; Liu, X,; Xiong, F.; Shang, ].; Yang, B. Thermal Modeling and Sensitivity Analysis of a Traction Motor in a Production EV;
SAE Technical Paper 2019-01-0901; SAE: Warrendale, PA, USA, 2019.

Lindh, P; Tiainen, J.; Gronman, A.; Turunen-Saaresti, T.; Di, C.; Laurila, L.; Pyrhonen, J. Two Cooling Approaches of an
Electrohydraulic Energy Converter For Non-Road Mobile Machinery. IEEE Trans. Ind. Appl. 2023, 59, 736-744. [CrossRef]

Yang, C.; Cai, W,; Xie, Y.; Tang, Y. Study on the Fluid Field of Oil-Cooling PMSM Considering Oil Enters the Air Gap. IEEE Trans.
Appl. Supercond. 2024, 34, 7800206. [CrossRef]

Agrawal, B.; Shoemaker, J.; HK, S.; Kulkarni, P. Electric Machine Thermal Simulation Using 1D Network; SAE Technical Paper
2013-01-2829; SAE: Warrendale, PA, USA, 2013.

Urbieta, ].G.; Garcia, I; Diaz, P; Armentia, S.; Rodriguez, A.].; Gonzalez, F. Efficient Calibration of LPTN Models for Digital Twins
of ePowertrain Motors. In Proceedings of the 2023 13th International Electric Drives Production Conference (EDPC), Regensburg,
Germany, 29-30 November 2023.

Tikadar, A.; Kim, J.W.; Joshi, Y.; Kumar, S. Flow-Assisted Evaporative Cooling for Electric Motor. IEEE Trans. Transp. Electrif. 2022,
8, 1128-1143. [CrossRef]

Park, J.-B.; Moosavi, M.; Toliyat, H.A. Electromagnetic-thermal coupled analysis method for interior PMSM. In Proceedings
of the 2015 IEEE International Electric Machines & Drives Conference (IEMDC), Coeur d‘Alene, ID, USA, 11-13 May 2015; pp.
1209-1214.

Boglietti, A.; Cavagnino, A.; Staton, D.; Shanel, M.; Mueller, M.; Mejuto, C. Evolution and Modern Approaches for Thermal
Analysis of Electrical Machines. IEEE Trans. Transp. Electrif. 2009, 56, 871-882. [CrossRef]

Xie, Y.; Hu, S.M.; Chen, P,; Ma, Z.X. Permanent magnet synchronous motor; inter-turn short circuit fault; thermal field; the finite
element method. Trans. China Electrotech. Soc. 2022, 37, 322-331.


https://doi.org/10.1016/j.ymssp.2017.09.011
https://doi.org/10.1109/TIA.2023.3255845
https://doi.org/10.1016/j.egyr.2022.02.165
https://doi.org/10.1109/TIA.2022.3207983
https://doi.org/10.1109/TASC.2024.3425349
https://doi.org/10.1109/TTE.2021.3107505
https://doi.org/10.1109/TIE.2008.2011622

Energies 2024, 17, 4717 15 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.
43.

44.

45.

Wang, R.-J.; Heyns, G.C. Thermal Analysis of a Water-Cooled Interior Permanent Magnet Traction Machine. In Proceedings of the
2013 IEEE International Conference on Industrial Technology (ICIT), Cape Town, South Africa, 25-28 February 2013; pp. 416-421.
Zhao, W.X,; Chen, L.Y;; Liu, G.H.; Ji, ] H. Computational Fluid Dynamics Thermal Prediction of Fault-Tolerant Permanent-Magnet
Motor Using a Simplified Equivalent Model. Prog. Electromagn. Res. M 2015, 42, 199-209. [CrossRef]

Hong, T.; Rakotovao, M.; Henner, M.; Moreau, S.; Savage, ]. Thermal Analysis of Electric Motors in Engine Cooling Fan Systems; SAE
Technical Paper 2001-01-1017; SAE: Warrendale, PA, USA, 2001.

Habibinia, D.; Rostami, N.; Feyzi, M.R.; Soltanipour, H.; Pyrhonen, J. New finite element based method for thermal analysis of
axial flux interior rotor permanent magnet synchronous machine. IET Electr. Power Appl. 2019, 14, 464—470. [CrossRef]

Srinivas, K.N.; Arumugam, R. Analysis and characterization of switched reluctance motors: Part II. Flow, thermal, and vibration
analyses. IEEE Trans. Magn. 2005, 41, 1321-1332. [CrossRef]

Kim, D.-J.; Jung, ].-W.; Kwon, S.-O.; Hong, J.-P. Thermal analysis using equivalent thermal network in IPMSM. In Proceedings of
the 2008 International Conference on Electrical Machines and Systems, Wuhan, China, 17-20 October 2008; pp. 3162-3165.
Bolvashenkov, I.; Herzog, H.-G.; Ismagilov, F.; Vavilov, V.; Khvatskin, L.; Frenkel, I; Lisnianski, A. Fault Tolerant Multi-phase
Permanent Magnet Synchronous Motor for the More Electric Aircraft. Fault-Toler. Tract. Electr. Drives 2019, 73-92. [CrossRef]
Steckel, R.; Kremser, A.; Herzog, H.-G. Analysis of Dual Three-Phase Induction Machines under Post-Fault Operating Conditions.
In Proceedings of the 2020 Fifteenth International Conference on Ecological Vehicles and Renewable Energies (EVER), Monte-
Carlo, Monaco, 10-12 September 2020; pp. 1-7.

Mellor, PH.; Roberts, D.; Turner, D.R. Lumped parameter thermal model for electrical machines of TEFC design. In IEE Proceedings
B (Electric Power Applications); IET Digital Library: Stevenage, UK, 1991; Volume 138, pp. 205-218.

Kylander, G. Thermal Modelling of Small Cage Induction Motors: Technical Report No. 265; Chalmers University of Technology:
Goteborg, Sweden, 1995; p. 27753486.

Boglietti, A.; Cavagnino, A.; Lazzari, M.; Pastorelli, M. A simplified thermal model for variable-speed self-cooled industrial
induction motor. IEEE Ind. Appl. 2003, 39, 945-952. [CrossRef]

Boglietti, A.; Cavagnino, A.; Staton, D. Determination of Critical Parameters in Electrical Machine Thermal Models. IEEE Ind.
Appl. 2008, 44, 1150-1159. [CrossRef]

Staton, D.; Boglietti, A.; Cavagnino, A. Solving the more difficult aspects of electric motor thermal analysis in small and medium
size industrial induction motors. IEEE Trans. Energy Convers. 2005, 20, 620-628. [CrossRef]

Gronwald, P-O.; Kern, T.A. Traction Motor Cooling Systems: A Literature Review and Comparative Study. IEEE Trans. Transp.
Electrif. 2021, 7, 2892-2913. [CrossRef]

Gu, F; Yang, Y; Liu, Z.Y,; Liu, C.Z. Thermal Analysis of Switched Reluctance Motor for Hybrid Electric Vehicles. Micromotors
2022, 55, 24-31.

Jia, Z.; Xu, G.; Qian, P; Chen, Q.; Zhou, Y. A Simplified LPTN Model for a Fault-Tolerant Permanent Magnet Motor under
Inter-Turn Short-Circuit Faults. Energies 2022, 15, 8651. [CrossRef]

Guo, B.; Huang, Y.; Guo, Y.; Zhu, J. Thermal Analysis of the Conical Rotor Motor Using LPTN With Accurate Heat Transfer
Coefficients. IEEE Trans. Appl. Supercond. 2016, 26, 0611507. [CrossRef]

Wang, H.; Chen, J; Jiang, Y.; Wang, D. Coupled Electromagnetic and Thermal Analysis of Permanent Magnet Rectifier Generator
Based on LPTN. IEEE Trans. Magn. 2022, 58, 8101205. [CrossRef]

Yeo, H.-K.; Park, H.-J.; Seo, J.-M.; Jung, S.-Y.; Ro, ].-S.; Jung, H.-K. Electromagnetic and Thermal Analysis of a Surface-Mounted
Permanent-Magnet Motor with Overhang Structure. IEEE Trans. Magn. 2017, 53, 8203304. [CrossRef]

Staton, D.A.; Cavagnino, A. Convection Heat Transfer and Flow Calculations Suitable for Electric Machines Thermal Models.
IEEE Trans. Ind. Electron. 2008, 55, 3509-3516. [CrossRef]

Gieras, ].F.; Wang, C.; Lai, ].C. Noise of Polyphase Electric Motors; CRC: Boca Raton, FL, USA, 2006.

Howey, D.A,; Childs, PR.N.; Holmes, A.S. Air-Gap Convection in Rotating Electrical Machines. IEEE Trans. Ind. Electron. 2011, 59,
1367-1375. [CrossRef]

El-Refaie, A.M.; Harris, N.C.; Jahns, T.M.; Rahman, K.M. Thermal analysis of multibarrier interior PM synchronous Machine
using lumped parameter model. IEEE Trans. Energy Convers. 2004, 19, 303-309. [CrossRef]

DiGerlando, A.; Vistoili, I. Thermal Networks of Induction Motors for Steady State and Transient Operation Analysis; ICEM: Paris,
France, 1994.

Pal, S.K. Heat Transfer in Electrical Machines—A Critical Review; ERA: Valenciennes, France, 1971; pp. 71-76.

Schubert, E. Heat transfer coefficients at end winding and bearing covers of enclosed asynchronous machines. Elektrie 1968, 22,
160-162.

Stokum, G. Use of the results of the four-heat run method of induction motors for determining thermal resistance. Elektrotechnika
1969, 62, 219-232.

Anderssson, B. Lumped Parameter Thermal Modelling of Electric Machines; Chalmers University of Technology: Goteborg, Sweden,
2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2528/PIERM15050402
https://doi.org/10.1049/iet-epa.2019.0514
https://doi.org/10.1109/TMAG.2004.843349
https://doi.org/10.1007/978-981-13-9275-7_4
https://doi.org/10.1109/TIA.2003.814555
https://doi.org/10.1109/TIA.2008.926233
https://doi.org/10.1109/TEC.2005.847979
https://doi.org/10.1109/TTE.2021.3075844
https://doi.org/10.3390/en15228651
https://doi.org/10.1109/TASC.2016.2600584
https://doi.org/10.1109/TMAG.2021.3085089
https://doi.org/10.1109/TMAG.2017.2668462
https://doi.org/10.1109/TIE.2008.922604
https://doi.org/10.1109/TIE.2010.2100337
https://doi.org/10.1109/TEC.2004.827011

	Introduction 
	Motor 
	Establishment of Accurate Thermal Model 
	Establishment of Simplified Thermal Model 
	Simplified Stator Yoke Part 
	Simplified Winding Part 
	Rotor and Air Gap Part 
	Simplified Thermal Model 

	Experimental and Simulation Results 
	Test Conditions and Setup 
	Results Comparison 

	Conclusions 
	References

