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Abstract

Nowadays, Permanent Magnet Synchronous Motors (PMSM) are researched for
the development of electric motors to work more efficiently with electric
vehicles. PMSMs can be classified according to their mechanical and electrical
topologies. PMSM can be shown as the most efficient motor among all motor
types, with their unique structures to provide high torque values at high rpm
values. It has higher efficiency values by showing higher performance at lower
motor volumes compared to motor types with the same power.

The biggest problem of electric motors is the serious decrease in efficiency out
of the ideal operating temperature. In response to variable ambient
temperature or sudden torque and power demands, a sudden temperature
increase occurs. In this study, a nine-phase, 250 kW PMSM was considered, and
both the magnetic and thermal models of this motor with heat losses are
studied. It is aimed to improve the motor efficiency, which is cooled with
refrigerant through the fixed parallel channels on the stator, by changing the
critical variables determined on the cooling jacket.

As a result of this study, the life span of the mechanical parts that make up the
motor and the efficiency of the motor will increase when the motor works at the
ideal operating temperature.

Key words

PMSM, Thermal Model, Magnetic Model, Efficiency, 3D Parametric Design, Cooling
Methodology

1. INTRODUCTION

Nowadays, Permanent Magnet Synchronous Motors (PMSM) are researched for the development of electric
motors to work more efficiently with electric vehicles. PMSMs can be classified according to their mechanical
and electrical topologies. PMSM can be shown as the most efficient motor among all motor types, with their
unique structures to provide high torque values at high rpm values. It has higher efficiency values by showing
higher performance at lower motor volumes compared to motor types with the same power.

The biggest problem of electric motors is the serious decrease in efficiency out of the ideal operating
temperature. In response to variable ambient temperature or sudden torque and power demands, a sudden
temperature increase occurs. In this study, a nine-phase, 250 kW PMSM was considered, and both the magnetic
and thermal models of this motor with heat losses are studied. It is aimed to improve the motor efficiency, which
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is cooled with refrigerant through the fixed parallel channels on the stator, by changing the critical variables
determined on the cooling jacket.

As a result of this study, the life span of the mechanical parts that make up the motor and the efficiency of the
motor will increase when the motor works at the ideal operating temperature.

2. LITERATURE REVIEW

Literature reviews showed that cooling systems are depending on the motor's power as summarized in Figure 1.
Air is generally used for cooling under 40kW power, on the other hand, water-cooled systems are frequently
used for motors over 40kW power range. In this study, the unique features that distinguish these works are the 9-
phases, outer rotor topology, and 250kW maximum power.

There are many studies can be found from the literature survey which is focusing on the cooling strategy of the
motors not only limited with air or water coolant but also related with the system design and the thermal system
improvement of the vehicles. In the study of Sun et al. [18], concluded that the design considerably reduces the
cost of the coolant structure when the temperature performance of the motor increases in the tested and simulated
model the motor tested to obtain outlet temperature with different flow ratios at 5000 rpm, 101 Nm, and water
temperature 55°C. And then the better combinations were obtained when the constant was changed. The thermal
model in the study of Satristegui et al. [21] was used in to obtain variables for the main parameters that define
the water jacket and the shaft. Firstly, the topology of the water jacket was analyzed to create a thermal model,
and it was compared that the other topologies are spiral, U-shaped (single channel), U-shaped (bifurcated), and
axial. As a result, the study importantly reduced the temperatures of some motor parts. In the study of Putra and
Ariantara [2], the heat pipes are L-shaped and placed on the surface of the motor housing. In this way,
installation and maintenance are effortlessly obtained by the new topology. The focus of this study is to provide
better performance of the electric motor thermal management system by heat pipes. In the paper of Staton et al.
[3], the effect of different cooling arrangements was studied in order to find out the impact of the frame openings
and the rotor end-ring wafters on the end-winding cooling.  The measured temperature increase is used to
estimate the heat transfer between end-windings and external frame, by the help of the considered cooling
arrangements. Results of these prototypes are compared with calculated results via thermal networks.
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Figure 1. Motors Power rating according to refrigerant types in Literature review [1-35].

As given in above, the studies in the literature is limited which are focusing on the cooling design of the motor.
In this study, in order to improve the performance of the cooling structure of the PMSM, the heat transfer of the
Cooling Jacket (CJ) is analyzed with many variables such as the mass flow rate of the coolant, the pipe diameter
of the coolant pipe, the number of turns of this pipe, the type of the refrigerant, and the change of the torque. The
optimization of these variables are performed and the average winding temperature is analyzed in this study. By
optimization of the mass flow rate of the coolant, the pipe diameter of the coolant pipe, the number of turns of
this pipe, the type of the refrigerant, and the change of the torque, the best cooling design is obtained.
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3. THE COOLING JACKET DESIGN

Fig. 2 presents the view of the cooling jacket with the single flow pipeline. The cooling jacket is placed stator
inner surface which is close to the winding. The refrigerant fluid which is at 45 °C (for cooling) is flowing inside
of the single flow pipe for cooling. The cooling jacket exchanger is cooled via a single pipe. During the cooling
process, the refrigerant fluid starts to flow from the cooling jacket pipes.

Figure 2. Motor Cooling Jacket Cross Section and the One Single Pipe Line.

As illustrated in Figure 3, the motor cross-section is shown where the shaft temperature is constant. The green-
colored side is the cooling jacket, the hottest spot seen is the winding parts colored in red which is the hottest
region. The light blue represents the rotor temperature, and the dark blue color shows the motor casing
temperature which is located outer side of the motor. The maximum and the minimum temperatures for the
current design of the motor are found 98 and 75 °C, respectively. In this analysis, the outlet temperature of the
refrigerant fluid of the motor at constant 900 rpm is plotted and shown in Figure 4. The outlet temperature of the
refrigerant, which the inlet temperature is assumed to be constant at 45 °C, was measured as 54.9°C at 900 secs
later at constant 900 rpm motor speed. The result which is found by numerical modelling has been validated by
the experimental data with a %4 margin of error.

Figure 3. Thermal distribution of the Motor for the first time.
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Figure 4. The Temperature of the Outlet Refrigerant Fluid at between 0 sec to 900 sec.

The current motor has cooling jacket coolant with a mass flow rate of 20 L/min, the pipe diameters of the coolant
pipe of 25.4 mm with 12 number of turns in the stator region. The type of the refrigerant of this coolant is EGW
60/40. There are four main geometrical parameters are taken into account to develop the cooling jacket design
such as; Mass flow rate (A), Pipe diameter (B), Number of turns (C), Type of the coolant fluid (D), and the
Motor torque (E).

The parameters and the change of their values are summarized in Table 1. Mass flow rate (A), Pipe diameter (B)
and the Number of turn of the cooling pipe (C), the Motor torque (E) parameters are changed in values. On the
other hand, for the parameter which refers the Types of coolant fluid (D) are taken as; EGW60/40, PGW60/40,
EGW50/50, and Therm. The specified diameter sizes are referenced from the commonly used brass pipes.
Referenced dimensions have corresponded from inch to mm. The parameters are chosen for developing the
cooling strategy of the motor by only changing the design parameters of the cooling pipe of the PMSM.

To optimize the cooling strategy for best cooling design, the Taguchi Methodology is performed in this study.
Taguchi L16 orthogonal array is implemented L16 (45) for different 5 factors (A-E) each has 4 different values
(levels). 45 runs should be performed to analyze the results. Thanks to Taguchi method the number of runs
reduces to 16 to optimize the cooling strategy of the motor. Factors determined as stated above variables are
analyzed by using the Taguchi Method as shown in Table 1. As illustrated in Table 2, Taguchi created 16 runs
with these levels and factors. After that, these 16 runs were analyzed by using Motor CAD. As a result of these
runs, the CJ outlet and average winding temperatures were calculated and the results are given in Table 2.

Table 1. Factors &Levels in Taguchi Method.

Factor Information

Factor Type Levels Values
Mass Flow Rate  Fixed 4 20; 30: 40; 50
Pipe Dia Fixed 417,7:19.0; 254; 317

Mumber of Turns Fixed 412:16: 20: 24
Type of Fluid Fixed 4 EGWB0/40; PGW6E0/40; EGW50/50; THER
Torque Fixed 4 500: 1000; 1500; 2000
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Table 2. Taguchi Iterations and Results.
Mass _ Shaft o WINDING
Iterations :I:t‘z Di:;:fm] :fu ::‘t::: Tzrueit;) ' Torque{Nm] Speed T(;EJI\IIII\:’IEEE] OUTLET (T:\IIV(I':;
[L/min] [rpm] TEMP[°C] el
1 20 17.7 12 EGW60/40 500 3422 49 57.89 122.71
2. 20 19 16 PGW60/40 1000 2359 49 57.31 104.10
3. 20 25.4 20 EGW50/50 1500 1554 49 55.64 88.12
4. 20 31.7 24 THER 2000 1106 49 50.40 97.85
5. 30 17.7 16 EGW50/50 2000 1106 49 57.45 80.79
6. 30 19 12 THER 1500 1554 49 56.75 104.42
7. 30 25.4 24 EGW60/40 1000 2359 49 54.55 96.28
8. 30 31.7 20 PGW60/40 500 3422 49 54.07 120.51
S. 40 17.7 20 THER 1000 2359 49 57.75 103.74
10. 40 19 24 EGW50/50 500 3422 49 54.31 114.01
11. 40 25.4 12 PGW60/40 2000 1106 49 53.24 91.07
12. 40 31.7 16 EGW60/40 1500 1554 49 53.84 86.14
13. 50 17.7 24 PGW60/40 1500 1554 49 54.01 82.36
14. 50 19 20 EGW60/40 2000 1106 49 54.86 77.22
15. 50 25.4 16 THER 500 3422 49 55.39 122.61
16. 50 31.7 12 EGW50/50 1000 2359 49 53.01 96.89

In order to obtain the best results, the lowest winding temperature is required for the cooling jacket. Therefore,
the smaller the better method in Taguchi method is used for the Average Winding Temperature. The Taguchi
analysis created the plot in Figure 5. The effects of five design parameters on the cooling jacket are plotted in
Figure 5. As seen for this figure, the smallest values of each factors should be taken for the lowest average
winding temperature. And also, these points corresponding values are shown in Table 3. As seen these values on
the chart to obtain the best thermal design for Cooling Jacket as mass flow rate (A); 50 I/min, the pipe diameter
(B); 17.7mm, the number of turns (C); 20, the type of fluid (D); EGW 50/50, and the torque (E); 2000 Nm give
the lowest winding temperature. Thus, A4B1C3D3E4 can be defined as the best cooling design for a cooling

jacket.
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Figure 5. The Plot of the Main Effect per Levels for Means.
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Table 3. Results of the Means.

Response Table for Means

Mass Flow Number Type of
Level Rate Pipe Dia of Turns __ Fluid Torque
1 103,19 9740 10378 9559 11996
2 100,50 9904 9841 9951 10025
3 98,74 99,52 9740 9495 9026
4 9477 10035 9762 10716 8673
Delta 842 294 638 1220 3323
Rank 3 5 4 2 1

4. RESULTS AND DISCUSSION

This study aims to optimize the cooling jacket design for the best cooling performance of a PMSM. In order to
obtain the intended results, the 3D cooling jacket design is considered for this study. The L16 orthogonal array
values are calculated for predicting the best configuration. Iterations of the cooling jacket have an effect on
average winding temperature and the found results of the cooling jacket and average winding temperature
iteration results are given in Table 2. These results is used for the best design. The optimization of the best
configuration values was obtained as; Mass flow rate (A): 50 L/min, Pipe diameter (B):17.7 mm, Number of
turns (C): 20, Type of the coolant fluid (D): EGW50/50 , and the Motor torque (E): 2000 Nm which is 1106 rpm.

As mentioned above, A4B1C3D3E4 design is the best cooling design for a cooling jacket. On the other hand, the
worst case is found as ALB4C1D4E1 where the Mass flow rate (Al) is 20 I/min, the Pipe diameter is 31.7mm
(B4), the number of turns is 12 (C1), type of fluid is Therm (D4), and torque value is 500 Nm (E1).

As illustrated in Figure 6. the thermal distributions of the motor cross-section are given for the current
(A1B3C1D1E4), worst (A1B4C1D4E1L), and best (A4B1C3D3E4) models, respectively.

The current model of the motor shown in Figure 6. has high and cold spot temperatures of 98°C and 75°C. The
best model in Figure 6. has a hot spot temperature of 79°C while the cold spot temperature is 58 °C. The worst
model of the motor has 159°C and 76°C as max and min temperatures. The cold spot temperature decreased to
54 °C from 75°C. The hot spot temperature decreased to 79 °C from 98 °C when compared to best and current
models.

c)

Figure 6. Thermal distribution of the a) Current, b) Worst and c) Best design, respectively.

The created thermal models of the motor were compared according to the temperature of the cooling jacket and
winding average temperature changes respectively shown in Figure 7 and Figure 8.
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Figure 7. Compared between Current, Best and Worst Model temperature of Winding(Avg).

The cooling jacket temperatures reached about the same degree at the end. In this case, the earlier stages are
more important because the cooling jacket temperature should be increased easily at the beginning. This
indicates that it absorbs heat faster. The best model reaches 55 °C rapidly after then the temperature curve
stabilizes at 55.9 °C. Because of that, 55 °C is chosen as the reference temperature. The best model reaches 55
°C at 138sec while the current model and worst model temperatures are respectively 50.94 °C and 82.86 °C. The
best performance increases 7.97% compared to housing jacket outlet temperature at 138 sec.

56

%3]
vl

w
b

(5]
ot

____
-
-

Temperature [°C]
w
N

w
-

-
-
-
="
. -
. -
-------
_____
-—
-
-
-
-
P
-
-

50 .--"'-:."-
Rt tas
.-;"—'
ag »*%7
48
0 100 200 300 400 500 600
Time [sec]
=== Current Model CJ Outlet Best Model CJ Outlet ~ =weeee Worst Model CJ Outlet

Figure 8. Compared between Current, Best and Worst Model temperature of CJ Outlet.

The best performance increases by 19.39% compared to the winding temperature for the cooling jacket. This
improvement results can be seen easily as shown in Figure 6 and Figure 7.
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5. CONCLUSIONS

This study aims to improve the thermal efficiency of a 250 kW permanent magnet synchronous motor over the
determined parameters. These parameters are the basic design parameters that make up the cooling jacket. The
studied parameters are mass flow rate, pipe diameter, number of turns, fluid types, and torque value. The
variables of the parameters are defined as levels, and the best thermal model will create over common usage
values.

In order to compare iterations between each other, it is necessary to form combinations of all levels and factors
in themselves. In this way, the best result can be achieved. Since there are four levels of each of the five factors,
1024 iterations must be made. The Taguchi method is an L16 orthogonal array that defines the iterations. Thus
the iteration numbers decrease to 42(16) from 45(1024) iterations.

The iterations were analyzed on Ansys and obtained the average winding and cooling jacket temperature results
written on the Taguchi analysis table. The Taguchi is based on the minimum average winding temperature in this
study. The Taguchi analysis was used as a “smaller is better method” to decrease hot spot temperature on the
motor. The hot spot points appear in the motor winding, and the temperature distribution is not equal throughout
the winding. Because of that, the data is approved on average. Thus, the best and worst model is acquired by the
Taguchi method.

The best thermal model is obtained with these parameters; mass flow rate: 50 I/min, pipe diameter: 17.7 mm,
number of turns: 20, type of fluid: EGW 50/50, torque: 2000 Nm. Analysis was performed in Ansys using the
best values obtained. As a result of this analysis, changes in the output temperature of the coolant were observed.
It reached 55 degrees in 138 seconds. For this reason, the efficiency calculation was made by evaluating the
temperature values in 138 seconds. In this stage, the refrigerant efficiency was increased by 7.97%. This way,
the PMSMs hot spot temperature decreased to 79°C from 98°C. Due to the improved model, thermal efficiency
increased 19.39% with changes only to the cooling jacket.
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