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Abstract

During conversation energy by electric machines, some
energy will inevitably be wasted in the form of losses.
The machine losses will be converted into heat and will
increase the temperature of the machine components.
Due to the dependence of electrical and mechanical
properties of materials on temperature, investigating the
heat transfer process in electric machines is imperative.
This paper performs thermal analysis of a 2.3 kW, totally
enclosed, rotor-excited axial flux switching permanent
magnet (RE-AFSPM) machine for electric vehicle
application by computational fluid dynamics method.
Electromagnetic analysis based on the three-dimensional
finite element method has been conducted to calculate
losses accurately. Steady-state components temperature
has been evaluated under nominal operating conditions,
various rotational speeds, and different external
convection coefficients. In addition, inserting blades for
cooling performance of the RE-AFSPM are developed.
Besides, temperature control along with the effect of the
housing material on the component's temperature has
been investigated. Results indicate utilizing aluminum
housing, the RE-AFSPM have better thermal performance
rather than cast iron.

Keywords:  thermal  analysis, cooling  system,
computational fluid dynamics, axial flux permanent
magnet machine, electric vehicle.

Introduction

In recent years, axial flux permanent magnet (AFPM)
machines have been widely used due to significant
advantages such as high torque density, simple structure,
high efficiency, high reliability, and easy integration with
other mechanical components [1]. As a result, AFPM
machines are used in various applications, such as electric
vehicles [2, 3], electric aircraft [4], wind turbines [5], and
electric ship propulsion [6].

As the temperature increases, the coil resistance and
the copper losses rise which reduces the efficiency and
weakens the windings insulation. Also, remanent flux
density and corrective force of a permanent magnet (PM)
decrease as temperatures increases. Thus, PM strength
degrades and the torque density of PM machines will
reduce [7]. Extensive research has been focused on the
thermal analysis of radial flux electric machines. In
contrast, less attention has been paid to the thermal
analysis of AFPMs [8]. Because the internal heat flow of
AFPMs is completely different from radial flux machines,
thermal analysis of AFPMs is of particular importance
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[9]. In a thermal analysis of electric machines, the
analytical method of lumped parameter thermal network
(LPTN) and numerical approaches such as finite element
method (FEM) and computational fluid dynamics (CFD)
are widely used. FEM is highly accurate in modeling
conduction heat transfer [10]. However, with CFD, more
realistic modeling of airflow in the machine can be
performed, leading to advanced heat transfer investigation
by convection from machine components to the cooling.
CFD is widely used to calculate convection coefficients
[11], air ventilation modeling, and cooling systems
analysis [12, 13]. In [13], through CFD-based simulation,
it was proved that by inserting copper bars as additional
heat transfer paths between the stator teeth and the liquid
cooling chamber in the end shield, the temperature could
be reduced by up to 15%. The behavior of the internal
fluid depends on the machine's structure. So, the results of
the thermal analysis of a machine cannot be generalized
to another machine with a different topology. Therefore,
in this paper, the steady-state thermal analysis has been
performed by the CFD method for a 2.3 kW rotor-excited
axial flux switching permanent magnet (RE-AFSPM)
machine. Against other type of AFPMS where PMs are
located on the rotor disk surface [14-16], in RE-AFSPM
the rotor is segmented and PMs are sandwiched between
the rotor segments. To accurately calculate the losses, the
three-dimensional (3-D) FEM has been used. The RE-
AFSPM is housed in a totally enclosed chamber with
blades for better heat transfer. Thermal analysis for the
chamber is evaluated with two materials of aluminum and
cast iron. Also, the thermal performance of these materials
is studied. The effect of the convection heat transfer
coefficient on the temperature difference of the machines'
components has been investigated. Finally, the influence
of rotational speed and the current density on temperature
distribution is examined.

Topology, Electromagnetic, and Thermal Analysis of
the RE-AFSPM Machine

In this section, the studied AFPM motor is introduced,
then the electromagnetic analysis will be performed to
calculate the losses and a thermal study will be defined.

Machine Topology

The 3-D geometry of the RE-AFSPM machine, first
developed in [2], is shown in Fig. 1. The structure consists
of two separate segmented rotors, a double-sided stator,
concentrated windings, housing, and PMs. The housing is
equipped with blades for better cooling.



housing

stator

Fig. 1. Exploded 3-D view of the RE-AFSPM machine

As depicted in Fig. 2, a hole is created between the 8
poles of the rotor where the PMs are placed in the space
between the rotor segments. The rotor segments and PMs
are situated firmly in the rotor frame.

For a better conception, the stator core is pictured in
Fig. 3. The stator consists of 6 main poles and 6 auxiliary
poles with concentrated coils wrapped around the main
poles. Also, support is utilized to maintain the stator in
place.

rotor frame

Fig. 2. Structure of rotating components of the RE-AFSPM

support

coil

Stator core

Fig. 3. Stator and winding arrangement of the RE-AFSPM
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Electromagnetic Analysis

Since the losses calculation with mathematical
correlations through the analytical method requires the
consideration of many assumptions and its accuracy is
low, the FEM is used to accurately and automatically
derive electromagnetic losses [17]. As the flux path in the
RE-AFSPM is in axial, radial, and circumferential
directions, a 3-D model has been accomplished to
increase the analysis accuracy. The machine nominal
specifications are listed in Table 1.

To create a thermal analysis, it is necessary to
determine the material's properties including density,
specific heat capacity, and thermal conductivity. The
thermal characteristics of the materials used in the RE-
AFSPM are given in Table 2.

Losses produce heat and cause rising the components
temperature. Thus, to perform thermal analysis, firstly it
is necessary to calculate the power losses. In general,
losses occur in the rotor core, stator core, PMs and
winding. Because the RE-AFSPM operates in low-speeds,
mechanical losses can be ignored. Power losses in
machine components at speeds of 500 rpm to 1000 rpm
are illustrated in Fig. 4. It is observed that the
electromagnetic losses of the stator core, rotor core, rotor
frame and PM increase in proportion to the speed, but
copper losses are constant. For example, by increasing the
machine speed from 500 rpm to 1000 rpm, the stator core
losses have raised by 2.1, the rotor core losses by 2.35 and
the rotor frame losses by 1.9 times.

Table 1. RE-AFSPM machine nominal specifications

Parameter Value Unit
Rated Power 2.3 kw
Rated speed 500 rpm
Rated current 7 A

Phase number 3 -
Air-gap length 0.5 mm
PM width 5 mm
Total axial length 103 mm
Table 2. Thermal properties of the RE-AFSPM components
Thermal Specific .
Component conductivity heat Dzr;]sny
(material) w J ==
- C 3
(m. °C) (kg )| m
Winding (copper) 386 380 8954
Support& Rotor 237 903 | 2700
frame (aluminum)

Fluid (air) 0.024 1006 1.225

Frame (cast iron) 55 456 7920
PM (Nd-Fe-B) 8.95 501.6 7500
Stator& Rotor
core (50JN400) 30 450 7650

Shaft (545C) 49.8 486 7850
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Fig. 4. Power losses of components versus the speed

Thermal Analysis

In this sub-section, Ansys Fluent software, one of the
most powerful CFD software, has been used to perform
thermal analysis of the RE-AFSPM with a high accuracy.
Because the losses cause heat, the nominal losses
calculated in the previous section are injected into the
steady-state thermal analysis. The ambient temperature is
set at 50 °C to create the most difficult operating
conditions. The steady-state analysis compares the
temperature distribution for the two types of housing
made of aluminum and cast iron. Thermal analysis has
also been performed for speeds from 500 rpm to 1000
rpm. The assumptions made for the air-fluid are as
follows:

Newtonian fluid.

Compressible fluid.

Non-slip conditions.

Fixed properties.

Equations (1) to (5) express the equations of
conservation, continuity, momentum and energy in a
fluid, respectively:
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where P is the pressure, py is the fluid density, u, is the
fluid absolute viscosity, C,, is the fluid specific heat
capacity, and kg is the thermal conductivity of the fluid.
The energy equation for a solid body is as follows:
2 2 2 .
aTs 0Tg 07Tg 0Tg

'Dscps?_ks(axz4'(%,24'622)+q ©)
where p is the solid density, C, is the solid specific heat,
k is the solid thermal conductivity, and ¢ is the rate of
solid heat production. The convection heat transfer
relationship to calculate the amount of heat flux from the
machine surface to the outside environment is as follows:

oT

-k g = hout (TS _Tf ) (7

out out

where Ts,,c IS the outer surface temperature of the
machine, Tr,,; Iis temperature of the ambient, and h,; is
the convection heat transfer coefficient. In this research,
simulations have been performed for h,,,; values equal to
10, 20, 40 and 80 m‘;’k. The convergence requirement for
the energy equation and the coherence for the iterations to
reach the remainder are 1076 and 1073, respectively.

Simulation Results

Considering  hyy = 10 w/(m?k) and ambient
temperature of 50 °C, the temperature distribution of the
RE-AFSPM at 500 rpm with aluminum housing and a cast
iron housing is shown in Fig. 5. In the case of an
aluminum housing, the temperature range of machine
parts is 136 °C to 187 °C. For cast iron housing with
similar conditions, the temperature range is 137 °C to 191
°C. As a comparison, using an aluminum housing, the
temperature of the internal fluid in the vicinity of the
housing and the rotating components temperature have
also been reduced to 6%. Therefore, it can be concluded
that the heat transfer of aluminum housing is better than
cast iron, and more heat dissipation is achieved by an
aluminum housing. According to the temperature
distribution along with the plane Y =0 and Z = 0, Fig. 5
manifests that the coils are the hottest part of the machine
and the rotor segments temperature is lower than the stator
core and coil. Because the rotor losses is less than the
stator and copper loss, the low rotor temperature was
expected.

In addition, the temperature distribution for aluminum
housing case at ambient temperature of 300 K and
rotational speed of 500 rpm where h,,; = 10 w/(m?k)
is studied. Fig. 6 exhibits the temperature distribution for
this scenario. Comparing Fig. 5 and Fig. 6 shows that with
a decrease in the ambient temperature by 46%, the
machine maximum temperature decreases approximately
14%.
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Fig. 5. Temperature distribution at 500 rpm with ambient
temperature 50 °C for aluminum housing in (a) plane Y=0, (b)
plane Z=0; For cast iron housing in (c) plane Y=0 and (d) plane
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Fig. 6. Temperature distribution per velocity 500 rpm and
houe = 10— Wlth an ambient temperature of 300 K in (a)
plane Y=0 and (b) plane Z=0

To investigate the effect of outer convection
coefficient on the temperature of machine components,
simulation is conducted for various values of outer

convection coefficients such as h,,; = 20 %
40——, and h
m4k
at the ambient temperature of 300 K. The results of the
temperature distribution on the planes Y=0 and Z=0 are
depicted in Fig. 7. Comparing the results, it can be
observed with increasing the value of hg,, the
temperature of the machine components also decreased
due to the greater effect of the fluid on the heat

dissipation. For example, for hg,, = — the
temperature range is 66 °C to 116 °C. However in the
case of h,y, = as shown in Fig. 6, the

temperature range was 119 °Cto 164 °C. Therefore, it can
be concluded that by doubling h,,; the maximum
temperature of the machine has decreased by 29%. Also

in hoye = 40— scenario, the temperature range is 44 °C
to 92 °C and for hout = 80— the temperature range is
33 °C to 80 °C. Therefore, in the case of h,y,, = 20 —— mZk

hout = 40—, and hgy, = 80—, the temperature
decreased by 29%, 43 9% and 51%, respectively,
compared to h,,; = 10 —— —

howe =

k'
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In the next scenario, simulations are performed for the

speeds from 500 rpm to 1000 rpm. In this case, the
ambient temperature is set to 300 K, h,,, = 10% and

the machine is equipped with aluminum housing. The
temperature distribution is displayed in Fig. 8. Due to the
dependence of losses on the machine rotational speed, the
losses increase with increasing speed in different parts.
Therefore, more heat is generated in different parts, which
causes the temperature of the machine components to
increase. As the machine speed increased from 500 rpm
to 1000 rpm, the component temperatures increased by
60%.
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Fig. 8. Temperature distribution at ambient temperature of 300
Kand hyye = 10 L on plane Y=0 for (a) 500 rpm, (b) 600
rpm, (c) 700 rpm, (d) 800 rpm, (e) 900 rpm, and (f) 1000 rpm



Finally, because the torque density varies with current
density, it is necessary to perform a thermal analysis. As
the current density increases, the copper losses increase
dramatically. Convection coefficients are independent
from current density. Therefore, as the current density
increases, the losses increase, and more heat is generated
in the machine, increasing the temperature in all machine
components, especially the windings. Although the
average torque increases by 45% as the current density
rises from 3.6 A/mm? to 6.3 A/mm?, the PM temperature
increases by 84% and the winding temperature by 98%.
Comparing the average temperature of machine
components in Fig. 9 shows that the temperature of
machine components increases with increasing current
density. Also, results prove that the utilization of
aluminum housing leads to a lower temperature in
machine components than cast-iron housing.

300 Aluminum housing

=== Cast iron housing

= ¢ =Rotor with aluminum housing
—+—Rotor with cast iron housing
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Temperature (°C)
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Fig. 9. Comparison of average rotor and housing temperature
for the housing made of aluminum and cast iron

Conclusion

This paper performed the thermal analysis of a RE-
AFSPM machine using the CFD method for the first time.
In order to improve heat transfer, blades were used on the
machine housing to increase the level of contact with the
ambient and reduce the machine components temperature.
In the case of aluminum housing compared to cast-iron
housing, the rotor temperature reduced as 6%. Therefore,
the heat transfer of aluminum housing is better than the
cast iron. Comparing the results of varying ambient
temperature, it was concluded that with 46% reduction of
the ambient temperature, the maximum temperature is
reduced by 14%. Also, the effect of the outside convection
coefficient variation on the components temperature was
investigated. It was obtained that for maximum

convection coefficients equal to 20——, 40——, and
w . ) m4k m4k
80 — the maximum machine temperature decreased by

29%, 43.9% and 51%, respectively, compared to 10 mvzvk.
As the machine speed increased, the temperature of the
various parts raised considerably due to the increase in
power losses. As the machine speed doubled, the
components temperature increased by up to 60%. Finally,
by varying current density, it proved that utilizing
aluminum housing instead of cast iron, lower temperature
of components can be achieved.
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