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ABSTRACT

Interior permanent magnet (IPM) motors have been receiving
much attention as special drive applications for industrial robots,
servomechanisms, and electric vehicles because of their low cost
and high efficiency. In general, magnets in IPM motors show the
highest temperatures, particularly under high speed operating
conditions, causing durability problems in motor performance.
The purpose of this study was twofold. One goal is to propose
effective thermal network modeling of circular electric motors
by using a lumped-parameter network method, which is based
on an axisymmetric motor structure. For this purpose, a pseudo-
three dimensional thermal network model (TNM) is developed
to reflect periodical repetitions of coil and yoke in the angular
direction. The other is to conduct effective thermal analysis by
manipulating key design and operating variables. As a validation
process of the TNM model, temperatures at representative motor

components were compared under the same operating conditions.

Both theoretical and numerical results by the TNM and three
dimensional computation results show minor temperature
differences less than 5% in all parts of the motor. In subsequent
applications, the TNM was utilized to predict maximum coil and
magnet temperatures, derive heat transfer paths, and estimate
heat losses through various directions of the motor. The TNM
enables us to predict the heat distribution in various types of
motors and derive optimized geometrical parameters in a
convenient way.

INTRODUCTION

The interior permanent magnet (IPM) motor has been widely
used in various applications such as industrial robots, electric
vehicles and servomechanisms due to its high efficiency, high
power density and compact size [1]. However, in high speed
operating condition, the energy losses at coil and core may result
high temperature. In general, high temperature cause the
component durability problems in motors. Therefore, it is
important to predict exact thermal distribution use thermal
analysis in electric motors under various driving [2].

Numerous researches have focused on thermal analysis of
electrical motors. For thermal analysis of electrical motors
computational fluid dynamics (CFD) and lumped-parameter
network methods are widely utilized [3]. The CFD are generally
used to model and analyse the heat transfer within complex
structures of electric motors. Maynes and Aldo compared

numerical models with experiment results by CFD, and Chang et
al. applied various cooling method to analysis the thermal
characteristics of motor [4]. Huang et al. conducted similar
studies to acquire a reliable time-dependent heat flux by using
CFD. It had a better correct analysis but requires more difficult
modeling process and longer calculation time.

The lumped-parameter network models are consisted of
thermal resistances, capacitances, and power losses analysis. The
lumped-parameter network models are suitable for the thermal
model of electric motor and has apparent advantages on
simplicity and timesaving. Yaman and Daniel presented lumped-
parameter thermal model that made by thermal resistance and
introduced thermal network modeling method. Ilhan et al.
created a thermal equivalent circuit (TEC) model to analysis for
the steady-state and transient thermal performance of the flux
switching permanent magnet (FSPM) motor [5]-[6]. Bellettre et
al. applied, among the listed method, the nodal method, because
it is suitable for transient and proposed model.

The objective of this study is to predict thermal path using
the thermal network model (TNM) using lumped-parameter
network method. However, it is difficult to predict and analyse
the temperature of motors in various operating condition,
particularly of rotating speed and geometric variable. The
Nusselt number and Taylor number is applied in this study for
advanced thermal model. In addition, the thermal network is
based on geometric variable for thermal resistances and an easy
control.

Figure 1 The major component of IPM motor
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Table 1 Operating conditions of a reference model

Quantity Value
Motor type IPM Motor

Output power 1.3 kw
Rated speed 1,500 rpm
Total losses 170.45 W
Cooling type Air-cooling
Convection 15 W/m?K

THEORETICAL MODELING

In this study, the IPM motor with a driving speed of 1,500
rpm was defined as a reference model. More detailed operating
condition of the reference model are show in Table 1. Total
losses from electric motors are separated into three groups as
copper loss, core loss and mechanical loss. In general,
mechanical losses are considered negligible because it occur less
than 3% of the total loss. This study is assumed that the core
losses only appear in stator and magnet.

Thermal Resistances

A reference model is axisymmetric organization shown in
Figure 1. Conduction through cylindrical structure can be
determined from the radius. The relationship of resistances
between two components is shown in Figure 2 [7]-[8]. The
thermal resistance for heat transfer is defined as follows:
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~ 27kL
R, - In(r, /r.) )
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where k is the thermal conductivity of the material, r is radius of
the components and L is height of the surface area. Tm,, represent
the temperature of a node in components. Total thermal
resistances in a node is the sum of that resistances each direction.

Row =R+ R, +R;+R, 4

The thermal paths and distribution can be calculated using
thermal resistances. The thermal model is composed thermal
network using thermal resistances.
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Figure 2 Thermal resistances of axisymmetric components
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Thermal Network

TNM in this study is a pseudo-3D theoretical network model.
This network structure is based on axisymmetric models and
simple composition of thermal resistance. Due to the
complication of the IPM motor, the thermal network required a
simple composition of thermal resistance. Although TNM is
composed pseudo-3D, the stator parts was applied 3D direction
using arithmetic mean. The stator parts are divided into three
categories: stator coil, stator core, air gap. Here the air gap is not
space that between rotor and stator. They have different volume
rates that stator coils are 51%, stator cores are 44% and air gaps
are 5%. The heat easily passes through components with higher
thermal conductivity. Therefore, stator parts are assumed as a
single part using the arithmetic mean. Then the effective thermal
conductivity of stator parts can be calculated using the
formulation:

_ka+k,b
ktotal - (a+b)

@

= fk, + .k,

where Kiotal represent the total thermal conductivity of a single
part. k; and kz are the thermal conductivities of the volumes a
and b. f is the volume fraction. The overall thermal network is
formed resistances of nodes shown in Figure 4.
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Figure 3 Volume rate and thermal network in stator parts
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Figure 4 The Pseudo-3D thermal network of motor
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Modeling of Air gap Region

The heat transfer in fluid depends on characteristics of the
flow. When the fluid moves quickly, it is generally considered a
conductive material. Particularly, the nature of flow in the air gap
is determined by Taylor number and Nusselt number [9]-[10].
Because, the operating state of motor is a similar Taylor-Couette
flow. Reynold number and Taylor number can be calculated
from:

Re=d 5)
Vv
2 3

Ta— 21 (6)
V'

where Q is angular velocity, r is radius of rotor, d is length of
the air gap and v is the kinematic viscosity of the air. Nusselt
number can be expressed as follows:

Nu=2 (7)
Nu = 0.409Ta’** —137Ta ™" 8)

Nusselt number is 2 in an area smaller than 1,740. The effective
thermal conductivity can be expressed as follows:

©)

If the boundary condition due to rotation under operating

keff

airgap

= Nuxk,,

conditions is smaller than the air gap, heat transfer does not occur.

Because, the air gap is divided into an insulating region and a
boundary layer. Heat transfer can occur at boundary layer, but
the heat transfer does not occur well because the stationary
region has a low value of heat transfer coefficient. The boundary
layer can be calculated from:

491
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where § is boundary layer, | is fluid length and Re is Reynold
number.
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Figure 5 fluid flow and boundary layer in air gap
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RESULTS AND DISCUSSION

Due to identify reliability of the theoretical model, the
reference electric motor was analyzed through experiments,
CFD and theoretical analysis.

Numerical Analysis

The model assumed incompressible, negligible contact
resistance, uniform heat flux and natural convection. Generally
operations of motor is described by mass, momentum, energy
principles. In study, flow characteristic of CFD model was
analyzed using moving rotation frame (MRF) method. MRF has
various advantages that reduction of working time and suitable
for rotating model. Analysis ranges of MRF are divided fixed
region and rotating region shown Figure 6. The fixed regions in
Figure 6 can be expressed as follows:

V(@ ®u) =V 2wy (12)
P
The rotating regions can be expressed as follows:
V(U ®U)T+20x0, +oxoxt=—vorwry  (13)

P

where 7 is position vector in rotating frame, @ is angular
velocity of rotating frame, u, is relative velocity and i, is
absolute velocity.
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Figure 6 Analysis ranges of MRF method

Table 2 and Figure 7 shows thermal analysis results in the
analysis models with the same operating condition. Results show
that the reliability of TNM had high. The theoretical thermal
results have a low error of less than 1%. However, an error of
plate part have high value. The shape of plate in TNM depends
on axisymmetric, but in the experiment it is a cuboid. Besides, it
can display the thermal distribution in diagram form. We found
that the similar results in same region as shown in Figure 8.

Table 2 thermal analysis results

Experiment CFD TNM
Stator Coil 357.3K 3574 K 359.4 K
Magnet - 349.7K 3514 K
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Figure 7 The maximum temperature of components

CFD TNM

Figure 8 Thermal distribution in a reference model

Thermal Path of TNM

In this study, a value of input losses is identical to a value of
output losses. Because, the total heat losses of motors is lost to
ambient by air-cooling. The heat losses at located components
by outside are presented in Table 3. Figure 9 and Table 3 display
that the large amount of heat is lost by plate. It should be noticed
that the rate of heat losses was decided by the size of contact
surface. The heat transfer rate can be expressed as follows:

Qcond = kA% (14)

Qconv = hAAT (15)

Under the identical heat transfer coefficient, heat generates are
increased if the contact surface is increase. The plate has high
heat losses, but the shaft has low heat losses. Because, the contact
surface of the shaft is smaller than the plate.

Geometric Variable

The TNM has variable tools such as geometric value, the heat
loss, rotation speed and thermal resistance. So, the various
thermal analyses were performed using TNM. Figure 10 shows
the maximum temperature of stator coil due to plate contact
surface changes. When the contact surface is 100%, the
maximum temperature of the reference model is 359.4 K.

However, when the contact surface is half, the maximum
temperature increases from 359.4K to 366.7K in the stator coil.
Because, under the identical heat generate, the temperature
difference increases if the contact surface is reduce. Figure 11
shows the changes of temperature with frame thickness variation.
The reference thickness of frame is 0.004 m. When it is increase,
the temperature is reduce. As the thickness increases, the thermal
resistance and surface also increases. However, the thermal
resistance from frame to bracket decreases. Because, the contact
surface of bracket and frame is increase.
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Figure 9 Composition of components and thermal path

Table 3 The values of heat losses in the motor

Plate Frame Bracket Shaft Total

Loss | 10444W | 40.78W | 22.89W 2.34W | 17045W

Rate 613% | 239% | 134% 1.4% 100 %
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Figure 10 Maximum temperatures of stator coil
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Figure 11 Maximum temperature and thermal resistance

CONCLUSION

The TNM based lumped-parameter network method was
proposed to prediction the thermal path for the thermal analysis
results of this study shows good agreement with the CFD thermal
analysis results. The thermal resistance was changed for
cylindrical structure due to motors are based on axisymmetric.
The stator parts are assumed as a single part by using the
arithmetic mean of the effective conductivity. The Nusselt
number and Taylor number were applied to the air gap for
rotation effect. In this study, the thermal analysis results shows
the importance of the thermal resistances. The thermal path and
loss tend to depend on the thermal resistances. When the contact
surface and length are increase, the temperature of motors was
decrease due to the thermal resistances were increase.
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