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Abstract: Electrical losses are converted into thermal energy in motors, which heats each component.
It is a significant factor in decreasing motor mechanical performance. In this paper, the motor cooling
characteristics were analyzed according to the design factors of the water jacket to investigate the
cooling performance of a permanent magnet synchronous motor (PMSM). First, the electrical losses
generated in PMSM were calculated using electromagnetic finite element (FE) analysis. Secondly, a
3D electromagnetic—thermal fluid coupled FE analysis was performed to analyze the temperature
distribution inside the motor by applying electrical loss as the heat source. Finally, the motor cooling
performance according to the design factors of the water jacket was statistically analyzed using the
design of experiment (DOE) method. It was found that the mass flow rate of 0.02547 kg /s and six
passes of the water jacket with one inlet and two outlets could be considered the optimum conditions
in terms of the maximum motor temperature.

Keywords: Permanent Magnet Synchronous Motor (PMSM); cooling; electrical losses; water jacket;
electromagnetic—thermal fluid coupled analysis; Design Of Experiment (DOE); design factor analysis

1. Introduction

Recently, fuel efficiency regulations for internal combustion engine vehicles have
been strengthened, and the number of electric vehicles has proliferated. Accordingly,
the motor, which serves as the propulsion source for electric vehicles, needs to have
significant power. To increase the power of the motor, a substantial current is required in
the motor windings. As the current increases, the electrical loss increases, and the electrical
loss becomes a heat source for the motor [1]. When the temperature of the insulation part
exceeds the allowable temperature due to the heat generated inside the motor, the insulation
performance decreases, which may cause a motor burnout problem. In addition, when the
temperature of the permanent magnet exceeds the limiting temperature for irreversible
demagnetization, its performance and motor power may decrease [2,3]. Therefore, studies
have been actively conducted to analyze motors’ internal temperature [4-6].

Jiang et al. [4] proposed a method to predict a motor’s internal temperature and
electromagnetic performance according to temperature through electromagnetic-thermal
coupled analysis. Boglietti et al. [5] proposed a method to calculate the equivalent thermal
conductivity of a winding insulation system, which is one of the main issues in the thermal
modeling of electric motors. Li et al. [6] analyzed the effect of the thermal conductivity of
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motor alloys on motor temperature distribution using electromagnetic-thermal coupled
analysis.

Mi et al. [7] evaluated the temperature of a permanent magnet synchronous motor
due to iron loss using the finite element method. Inamura et al. [8] analyzed the increase in
the switched reluctance motor’s temperature due to copper and core loss. Although these
studies effectively analyze the internal temperature distribution of the motor, it is difficult
to apply them to lower the motor’s internal temperature directly. Therefore, studies to
lower the internal temperature of motors have been actively conducted [9-11].

Chen et al. [9] optimized the stator shaft diameter and the position of the rotor axial
vent holes to lower the motor’s internal temperature. Cavazzut et al. [10] analyzed the
main parameters affecting the motor winding temperature and optimized the stator ge-
ometries. Lim et al. [11] optimized the rotor shape to improve the torque performance of
interior permanent magnet motors by considering the thermal properties of permanent
magnets. However, assuming the shape of the stator and the rotor changes, the motor’s
internal resistance will change, and thus the electromagnetic characteristics of the motor
will change [12]. In contrast, motor housing addresses this problem and has sufficient
space to construct a water jacket. Therefore, studies have been conducted to analyze the
characteristics of the motor housing water jacket and lower the internal temperature of the
motor [13-16].

Zhang et al. [13] analyzed the motor cooling performance by considering the number
of water jacket passes, width, and height as design variables. Ye et al. [14] analyzed the
cooling characteristics of the motor according to the type of water jacket. Lee et al. [15]
analyzed the maximum motor temperature using the water jacket path. Liang et al. [16]
analyzed the maximum motor temperature according to the water jacket’s width, length,
and thermal conductivity. When the distribution of the flow rate inside the cooling water
channel is uniform, the location and number of inlets/outlets of the cooling water channel
can be considered as parameters that affect the cooling performance, such as the maximum
temperature and pressure drop of the motor. Therefore, in order to improve the cooling
performance, it is necessary to analyze the effect of the location and number of inlets and
outlets of cooling water on the cooling performance. Previous studies have focused on the
effect of cooling characteristics of the motor according to the mass flow rate, the number of
water jacket passes, and thermal conductivity. There are few studies on the analysis of the
cooling performance of the motor considering the location as well as the number of inlets
and outlets of the water jacket.

In this paper, the cooling characteristics of the PMSM were statistically analyzed using
the design of experiment (DOE) method with different numbers of water jacket passes,
mass flow rates, and locations, as well as different numbers of inlets and outlets. The
electromagnetic FE analysis was used to calculate the copper loss of the windings, the
hysteresis loss of the stator, and the eddy-current loss of the permanent magnet at the
maximum current and rated rotation speed of the motor. The electromagnetic—thermal
fluid coupled analysis was performed using each component’s calculated electrical loss as
the heat source. The thermal fluid FE model consisted of a full 3D model, including the end
winding. The cooling characteristics according to the design parameters were analyzed by
considering the motor’s maximum temperature and pressure drop using DOE.

2. Electrical Loss Calculations with Electromagnetic Finite Element Analysis

A 2D electromagnetic analysis was performed for a four-pole 24-slot PMSM, as shown
in Figure 1. The FE model for electromagnetic analysis consists of a stator core, rotor
core, permanent magnet, winding, air gap, and shaft, which is shown in Figure 2. The
specifications of the motor and the material properties of each component are listed in
Tables 1 and 2, respectively. Thermal conductivity values are commonly considered con-
stant, and the magnetic permeability that changes according to the magnetization force is
applied to silicon, which is the material of the stator and rotor, and the B-H curve of silicon
is shown in Figure 3. Electromagnetic analysis was solved using Altair flux [17].
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(a)

Figure 1. Permanent magnet synchronous motor (PMSM): (a) motor configuration; (b) cross-section.

Figure 2. Finite element model of PMSM.

Table 1. PMSM specifications.

Coil
Stator

Magnet

Specification Quantity
Type of permanent magnet Surface mount
Stator outer diameter 120 mm
Number of poles 4
Number of slots 24
Max. current 41 A
Rated voltage 48V
Rated speed 2000 rpm
Rated power 1500 W
Table 2. Material properties.
. - Thermal
Part (Material) Flu)?]gf:;:;f T Permeability Re(sgl)s,tlil‘;lty Conductivity
(W/m-K)
Winding 1 171078 372.1
(copper)

Magnet (N35SH) 1.2 1.05 149 x 1078 8.9
Shaft (steel) 30 6.25 x 10~7 72.1
Rotor core B_H curve
Stator core . 1.0 x 1012 83.7

(Figure 3)

(silicon)
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Figure 3. B-H curve of silicon.

The typical electrical losses that generate heat inside the PMSM are the copper loss of
the winding, the iron loss of the stator, and the eddy-current loss of the permanent magnet.
The copper loss occurs when electrical energy is converted into thermal energy due to the
resistance of the winding, and it is calculated according to Equation (1) [8].

Pcopper = ]2'Pcu i /mﬂ (1)

where Peopper is the copper loss density, | is the current density, and p., is the specific
resistance of the winding. Meanwhile, the iron loss is caused by a change in the magnetic
flux of a magnetic body. It is generally classified into hysteresis and eddy-current loss. The
hysteresis loss occurs when the magnetic flux linking to the iron core alternately changes to
the N and S poles and is calculated according to Equation (2).

Py = Ky fB"  [W /mﬂ ?)
where Py, is the hysteresis loss density, Kj, is the hysteresis constant, f is the power supply
frequency, By is the maximum magnetic flux density, and 7 is an experimental constant
depending on the material, generally having a value of 1.5-2.5. Finally, the eddy-current

loss refers to the loss due to the current in an eddy form caused by electromagnetic induction
when the magnetic flux penetrates the iron core. It is calculated according to Equation (3).

Pe = K(tfB )" [W /| 3)

where P, is the eddy-current loss density, k is the conductivity, and ¢ is the thickness of
the conductor passing through. The iron loss is expressed as the sum of hysteresis and
eddy-current losses, which can be expressed as Equation (4) [7].
Piron = Py + Pe :thB?nax—i_k(thmax)z 4)
The motor loss calculated through 2D electromagnetic analysis was used as the motor’s
heat source. A three-phase current of up to 41 A was applied at a rotational speed of
2000 rpm, and copper loss, iron loss, and eddy-current loss occurred in the winding, stator,
and permanent magnet of the PMSM, respectively. The calculated losses are shown in
Table 3. Copper and hysteresis losses were dominant as they accounted for 99.3% of the
electrical losses of the PMSM. The eddy-current loss was negligibly small. Therefore, only
copper and hysteresis losses were considered, and the eddy-current loss was not considered
a heat source for the electromagnetic—thermal fluid coupled analysis.
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Table 3. Electric losses of the PMSM with FEM.

Copper 850 W
Hysteresis 51.5W
Eddy current 6.26 W

3. Electromagnetic-Thermal Fluid Coupled FE Model of PMSM

Referring to the PMSM experiment presented in Figure 4, electromagnetic—thermal
fluid coupled analysis was performed. Figure 5 shows the geometry of the motor and the
shape of the water jacket inserted inside the housing, which was implemented to maintain
the constant shapes of the stator and rotor. A water jacket in which the inlet and outlet exist
one at each end was selected as the fundamental model.

(o) (d)

Figure 5. A 3D geometrical model of the PMSM: (a) geometry of PMSM,; (b) geometry of water jacket;
(c) Y-Z plane cross-section of PMSM; (d) X-Y plane cross-section of PMSM.
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The hysteresis loss, copper loss, and eddy-current loss calculated using the 2D electro-
magnetic FE analysis were divided by the stator, winding, and magnet volumes, respec-
tively, to calculate the heat dissipation per unit volume. The electromagnetic—-thermal fluid
coupled analysis was performed using Acusolve. The inlet temperature of the cooling water
was 303 K, and the outlet pressure was 0 Pa. A natural convection boundary condition,
with a convection coefficient of 5 W/m? K and an ambient temperature of 298 K, was
considered in the outer surface of the motor. In the air gap between the stator and the rotor,
only conduction was considered.

The effect of the number of water jacket passes was analyzed using the electromagnetic—
thermal fluid coupled analysis. In addition, the effects of design factors, such as the mass
flow rate and location, as well as the number of inlets/outlets, on the cooling performance
were analyzed. The mass flow rates of 0.00283-0.09339 kg /s were divided into five cases
and applied to the inlet of the water jacket. Five representative cases of the water jacket
were selected and analyzed, which are shown in Figure 6.

A | N | @ | @ ((«

)) ),/ ) \! ,f,"/'}‘//‘;’) ) ) /b/,»‘»" ) )/‘»‘ ) )} ) \ , )

Model A Model B Model C Model D Model E

Figure 6. The geometry of the water jacket with different locations as well as numbers of in-
lets/outlets.

4. Analysis of Cooling Performance of Water Jacket with Design of Experiment (DOE)

To analyze the cooling performance according to the various design parameters,
25 cases of electromagnetic—thermal fluid coupled analysis were performed, as summarized
in Table 4. The number of passes in the water jacket was determined to be six by analyzing
the maximum motor temperature and pressure drop. The full factorial design method was
used to investigate the effect of the mass flow rate and location, as well as the number of
inlets/outlets, on the cooling characteristics of the housing water jacket. Considering that
all factors consisted of five levels, 25 analyses were performed. The effect of each factor
was analyzed through single-factor analysis, and for this, the maximum temperature and
pressure drop inside the PMSM were analyzed as dependent variables.

4.1. Effect of the Number of Water Jacket Passes

In order to determine the number of water jacket passes, the change in the maximum
temperature of the motor and pressure drop were analyzed according to the number of
water jacket passes. The investigated number of water jacket passes included 4, 6, 8, and 10,
as illustrated in Figure 7. Figure 8a shows that the maximum motor temperature decreases
when the number of passes increases. As the number of passes increases, the heat exchange
area increases, so the maximum temperature inside the motor decreases. However, as the
surface area of the water jacket increases, the frictional area also increases, and the flow
velocity decreases. Therefore, the cooling performance does not increase beyond a specified
number of passes. At a mass flow rate of 0.0283 kg/s, the maximum motor temperature
decreases by 2.8 K when the number of passes increases from four to six. When it increases
from 6 to 8 passes and from 8 to 10 passes, the maximum temperature decreases are 0.7 K
and 0.3 K, respectively. The analytical results show no significant change in the cooling
performance after six passes. The same trend is observed for all cases of mass flow rates.
Figure 8b shows the change in pressure drop according to the number of water jacket
passes. As the number of passes increases, the water jacket area increases, leading to more
significant frictional losses.
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Table 4. Electromagnetic—thermal fluid coupled analysis cases using DOE.
Case Number of Passes Inlet/Outlet Design Mass Flow (kg/s)
1 0.00283
2 0.02547
3 Model A 0.04811
4 0.07075
5 0.09339
6 0.00283
7 0.02547
8 Model B 0.04811
9 0.07075
10 0.09339
11 0.00283
12 0.02547
13 6 Model C 0.04811
14 0.07075
15 0.09339
16 0.00283
17 0.02547
18 Model D 0.04811
19 0.07075
20 0.09339
21 0.00283
22 0.02547
23 Model E 0.04811
24 0.07075
25 0.09339

Consequently, the analysis reveals a trade-off between the maximum motor tempera-
ture and the pressure drop within the water jacket, depending on the number of passes.
However, for more than six passes, the maximum temperature changes negligibly com-
pared with the continuous increase in the pressure drop. Thus, the number of passes can
be selected.

4 passes 6 passes 8 passes 10 passes

A

Figure 7. Water jacket geometries with different numbers of passes.
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Figure 8. Maximum temperature and pressure drop with different number of passes and mass flow
rates: (a) maximum temperature and (b) pressure drop.

4.2. Effect of Mass Flow Rate on Cooling Performance

In a water jacket with a uniform cross-sectional area, the convective heat transfer
coefficient tends to increase as the mass flow rate of the coolant increases, resulting in a
decrease in motor temperature and heat flux. Figures 9-11 show the distribution of motor
temperature, pressure drop, and heat flux according to the mass flow rate when six passes
of the water jacket are used. The motor’s maximum temperature and heat flux decrease as
the mass flow rate increases. Figure 12a shows the maximum temperature of the motor
as the mass flow rate increases from 0.00258 to 0.09339 kg/s. While the mass flow rate
increases, the maximum temperature of the motor decreases sequentially by about 13%,
0.8%, 0.3%, and 0.2% at each interval. When the mass flow rate is higher than 0.02547 kg/s,
it can be confirmed that the increase in mass flow rate has little effect on the decrease in
the maximum temperature of the motor. Figure 12b shows the pressure drop of the water
jacket according to the mass flow rate. As the mass flow rate increases, the pressure drop
increases. This indicates a trade-off relationship with maximum temperature. However,
when the mass flow rate exceeds 0.02547 kg/s, there is no significant difference in the
maximum temperature of the motor compared with the exponential increase in pressure
drop. Thus, an appropriate mass flow rate can be selected through this analysis.

)
Temperature [K]
3.256 x 102

[ 3.231 x 10? Cr (J
3.206 x 10?

— 3.181 x 10?2
3.156 x 10?
3.131 x 10?

outlet
Inlet

Max temperature : 325.5 K  Max temperature : 322.8 K

(b) (©)
3.105 x 102
3.080 x 10?
3.055 x 102 i i & @
3.030 x 10? ¢
w LY [ L

Max temperature : 375.6 K Max temperature : 321.6 K Max temperature : 321.0 K

(a) (d) (e)

Figure 9. Temperature distribution of PMSM with water jacket of 6 passes with different mass flow
rates: (a) 0.00283 kg/s; (b) 0.02547 kg/s; (c) 0.04811 kg/s; (d) 0.07075 kg/s; (e) 0.09339 kg/s.
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7.924 x 10° 1.163 x 10*
-1235 x 10* - 2412 x 10*
Figure 10. Pressure drop distribution of PMSM with water jacket of 6 passes with different mass flow
rates: (a) 0.00283 kg/s; (b) 0.02547 kg/s; (c) 0.04811 kg/s; (d) 0.07075 kg/s; (e) 0.09339 kg/s.
Inlet ous_!et
4
Heat flux [W /m?]
1.155 x 10?
[ 9.415 x 10%
2
| W @ ®)
3.018 x 10%
8.859 x 10%
—1.246 x 10*
~3379 x 10?
-5511 x 10*
— 7.644 x 10*
() (d) (e)
Figure 11. Heat flux distribution of PMSM with water jacket of 6 passes with different mass flow
rates: (a) 0.00283 kg/s; (b) 0.02547 kg/s; (c) 0.04811 kg/s; (d) 0.07075 kg /s; (e) 0.09339 kg/s.
440 5 .
% =-@-=Model A ==@= Model A
205 —4—Model B | —— Model B -
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Figure 12. Maximum temperature and pressure drop with different locations and numbers of
inlets/outlets and mass flow rates: (a) maximum temperature and (b) pressure drop.



Machines 2023, 11, 903

10 of 15

Temperature [K]
3.287 x 102
3.258 x 102

— 3.230 x 102
— 3.201 x 102
— 3.173 x 10?
«L 3.144 x 102
— 3.116 x 10?
3.087 x 10?
3.059 x 10?
3.030 x 10?

4.3. Effect of the Location and Number of Inlets/Outlets on Cooling Performance

Considering the shape of the water jacket, five models with different locations and
numbers of inlet/outlet were selected, as shown in Figure 6. In the case of Models C,
D, and E, which had two inlets, the mass flow rate was equally distributed to each inlet.
Figures 13-15 show the motor temperature, pressure drop, and heat flux distribution of the
motor when the mass flow rate is 0.04811 kg/s. Maximum temperature and maximum
heat flux occur in the end windings of the motor. Figure 12 shows the results of the
electromagnetic-thermal fluid coupled analysis according to the location and number of
inlets/outlets of the water jacket. Figure 12a shows the maximum temperature of the
motor with the mass flow rate for each model according to the location and number of
inlets/outlets. In the case of Model E, the mass flow through the path between the two
inlets is small, so the motor temperature is the highest. Figure 16 shows the distribution of
heat transfer coefficients on the surface of the water jacket. Model E has the lowest mean
heat transfer coefficient. Thus, a small flow can be confirmed between the two inlets. In
the case of Model C, by applying half the mass flow rate to the two inlets, the flow rate is
reduced, the heat transfer performance deteriorates, and the maximum temperature inside
the motor becomes the second highest. This is also confirmed considering the average
value of the surface heat transfer coefficient of the water jacket in Figure 10. In the case of
Model D, half the flow rate was applied to the two inlets, but after the middle of the water
jacket, the two flow rates were combined. The heat transfer performance was relatively
high. Model A shows the highest cooling performance for all other mass flow rate cases.
However, the maximum temperature difference between Models A, B, and D is only 0.8%,
which suggests the same cooling performance. Figure 12b shows the pressure drop in the
water jacket with the mass flow rate for each model according to the location and number
of inlets /outlets. In Model D, while the coolant flows, it merges with the coolant coming
from another inlet, and the pressure rises. Therefore, a significant pressure drop occurs
compared with the pressure drop observed in other models. Model A has one inlet and one
outlet, and it has the longest path of water jacket compared with other models. Thus, more
frictional losses occur, resulting in the second-largest pressure drop. Considering Figure 12
in the current motor, it is confirmed the pressure drop is small, and the maximum motor
temperature is lowest in the case of Model B.

outlet
Inlet ~

Max temperature : 321.8 K Max temperature : 321.9 K
(a) Model A (b) Model B

16
Max temperature : 325.9 K Max temperature : 322.0 K Max temperature : 328.7 K

(¢) Model C (d) Model D (e) Model E

Figure 13. Temperature distribution of PMSM with different locations and numbers of inlets/outlets
at the mass flow rate of 0.04811 kg/s.
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(d) Model D (e) Model E
Figure 14. Pressure drop distribution of PMSM with different locations and numbers of inlets/outlets
at the mass flow rate of 0.04811 kg/s.
outlet
Inlet
!
Heat flux [W /m?]
1.155 x 10?
[ 9.415 x 10?
7.283 x 10?
— 5.151 x 10? (a) Model A (b) Model B
3.018 x 10?
8.859 x 10°
—1.246 x 10?
—3.379 x 10%
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—7.644 x 10%

(c) Model C (d) Model D (e) Model E

Figure 15. Heat flux distribution of PMSM with different locations and numbers of inlets/outlets at
the mass flow rate of 0.04811 kg/s.

4.4. ANOVA (Analysis of Variance) for Temperature Difference and Pressure Drop

The effects of mass flow rate and the water jacket’s location and number of in-
lets/outlets were analyzed using ANOVA [19,20]. Figures 17 and 18 show the effect
of the mass flow rate, the water jacket’s location, and the number of inlets/outlets on the
maximum motor temperature and pressure drop. Figure 17 shows that the mass flow rate is
the most effective design factor for the maximum motor temperature. The convective heat
transfer coefficient, calculated using mass flow, determines the maximum motor tempera-
ture. Unlike the mass flow rate, the water jacket’s location and number of inlets/outlets
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have little effect on the convective heat transfer coefficient, which determines the maximum
motor temperature. Hence, the water jacket’s location and number of inlets/outlets are
ineffective design factors for altering the maximum motor temperature. Figure 18 shows
that the mass flow rate is the most important design factor for pressure drop. This is
because the mass flow rate is directly used to calculate the pressure drop. In addition, it
can be seen that the location and number of inlets/outlets of the water jacket are effective
design factors for pressure drop. This means that the location and number of inlet/outlets
of the water jacket affect the mass flow rate.

Heat transfer coefficient

[W/m3K]
1.600 x 10*
[ 1422 x 10*
1.224 x 10*
— 1.067 x 10*
8.889 x 103
7.111 x 103
5333 x 10°
3.556 x 102 Average heat transfer Average heat transfer
LaHle & 1= coefficient: 5.73x 10° coefficient: 3.29 x 10°
0.000 x 10
(a) Model A (b) Model B
Average heat transfer Average heat transfer Average heat transfer
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Figure 16. Heat transfer coefficient distribution on the water jacket surface with different locations
and numbers of inlets/outlets at the mass flow rate of 0.02547 kg/s.
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Figure 17. The effects of mass flow change, location, and number of inlets/outlets on maximum
temperature.
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Pareto chart of standardized effect
(response is Pressure Drop [Pa])
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Figure 18. The effects of mass flow change, location, and number of inlets/outlets on pressure drop.

5. Conclusions

In this study, the effects of housing design factors on the maximum temperature of
PMSM and the pressure drop of the water jacket were statistically analyzed using the
design of experiment (DOE) method. The losses occurring in the maximum operating
state of PMSM were calculated using electromagnetic FE analysis and considered as a heat
source. The number of water jacket passes was selected by analyzing the maximum PMSM
temperature and pressure drop. Subsequently, a statistical investigation using DOE was
performed to assess the influence of the number of water jacket passes, the mass flow rate,
and the location, as well as the number of inlets/outlets of the water jacket, on the cooling
characteristics of the PMSM.

As the number of water jacket passes increased, the maximum temperature of the
PMSM decreased, and the pressure drop increased. This is because the heat exchange area
of the water jacket increased. After six passes, there was almost no change in the maximum
PMSM temperature, and the pressure drop increased exponentially. Therefore, it was found
that six passes of the water jacket led to the best cooling performance. As the mass flow rate
increased, as is the case with the number of water jacket passes, the maximum temperature
of the PMSM decreased, and the pressure drop between the inlet and outlet increased. The
maximum PMSM temperature decrease was within 0.8% above flow rates of 0.02547 kg /s,
and the pressure drop increased exponentially. Thus, the mass flow rate of 0.02547 kg /s can
be considered the optimum condition. In addition, the maximum temperature and pressure
drop in PMSM were analyzed according to the location and number of inlets/outlets of the
water jacket. As a result of this analysis, it was found that the water jacket with one inlet
and two outlets, Model B, had the best cooling performance for reducing the maximum
PMSM temperature.

The effects of each design variable on the PMSM cooling performance were investi-
gated using DOE. The results of this study reveal that the mass flow rate is the most critical
design factor influencing the PMSM cooling performance. In addition, it was found that
the mass flow rate, location, and number of inlets/outlets of the water jacket are important
design factors for pressure drop. These findings can be utilized to enhance the cooling
performance of the PMSM by incorporating them into the design of cooling devices.
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Nomenclature

Biiax Maximum magnetic flux density (T)
f Power supply frequency (Hz)

] Current density (A/m?)

k Electronic conductivity (S/m)

K, Hysteresis constant

n Experimental constant

Peopper  Copper loss density (W/ m3)

P, Eddy-current loss density (W/m?)
b, Hysteresis loss density (W/m?)
Piron Iron loss density (W /m?3)

t Thickness of the conductor (m)

Pcu Specific resistance of the winding
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