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ABSTRACT

In this study, 250 kW, 9 phase, outer rotor types of Permanent Magnet Synchronous
Motor (PMSM) are taken into consideration. To optimize the cooling efficiency of the
motor, firstly, the motor geometry is obtained, and the e-magnetic model of the
geometry is validated with the manufacturer s data. Secondly, by using the validated
e-magnetic model, the cooling system of the motor was analyzed by using the
thermal model of the Motor-CAD. The thermal model is also validated with the real-
time experiments which are held on an electric bus at constant speed
experimentally. For finding the best cooling strategy for the motor, after validation,
the effect of the mass flow rate, the type of the cooling refrigerant, the cooling pipe
diameter size, and the change of torque are analyzed on the validated model. The
results showed us that mass flow rate and torque have a significant effect on
winding temperature, and the Taguchi method showed that [mass flow rate (A)=50
I/min, pipe diameter (B) = 17.7 mm, number of turns (C)=20, type of fluid (D)=
EGW50/50, torque (E)=2000 Nm] is the best cooling design parameters for the
cooling strategy of the considered PMSM.
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1. Introduction

Transportation is one of the most elementary needs of the population. Efforts to respond to this fundamental
need are growing with the development of technology. Due to the growing interest in electric vehicles over the
past few years, automotive technology is concentrating on this area. Although electric vehicles have been on the
agenda for several years, the earliest examples date back to the 1800s. However, in those years, reasons such as
inadequate battery technology have diminished interest in electric vehicles.

Today, electric vehicles have reappeared for reasons such as the reduction in demand for oil, and thus,
environmental pollution and the millage problems which have been overcome by increasing electric vehicle usage.
Transportation in the world is one of the main reasons for CO, emissions, which pushes manufacturers to come
up with a new technology to replace the traditional internal combustion engine with an electric one. According to
a European Union report, the transportation sector is responsible for almost 28 % of total carbon dioxide (CO,)
emissions, while road transport is accountable for over 70 % of the transport sector emissions [1].

The Permanent Magnet Synchronous Motor (PMSM) attracted the attention of the electric automotive industry
because of its high power, high efficiency, torque density, and reliability [2]. Due to high internal heat generation in
PMSM, the power density, longevity, and reliability are reduced [3].

Therefore, advanced heat management becomes a necessary condition for the improvement of power capacity
and torque density. Thermal analysis of electrical machines has not been sufficiently studied. The importance of
this problem increases significantly due to cost-saving and an increase in energy-efficiency requirements. The
need for high-thermal-performance motors is important due to the increase in electric vehicle applications [4].
Regarding cooling methods, various systems have been developed related to the operating fluid, cooling strategy,
and thus motor performance [5]. Many techniques are used such as air-cooling [6], oil-cooling [7], liquid cooling
[8], and hydro-cooling systems [9] for the improvement of motor performance. A liquid-cooling system such as an
air-cooling system works on taking away the generated heat from the winding of the motor, but in this method, it
uses the circulating flow of the coolant over it. The liquid-cooling system meets the cooling and heating conditions
requirements of the motor more easily than the air system does, and this is due to specific heat capacity. In
addition to the type of cooling system, other parameters, such as the flow rate of the fluid, its inlet temperature,
and the choice of the appropriate coolant for each case must be important for the overall thermal performance of
the cooling system and the thermal behavior of the motor.

For a high-power density in an electrical motor, air cooling becomes insufficient, and liquid cooling starts to be
used for high-capacity motors [10]. Rehman et al. [11] numerically studied the thermal performance of a water-
cooled induction motor at a constant thermal load. In this study, the optimum number of coolant flow passes is
also specified. Cavazzuti et al. [12] studied the conduction resistance between stator teeth and water jackets by
developing the Lumped Parameter Thermal Network (LPTN) model for water-cooled PMSM. The winding, stator,
rotor, and magnet properties are temperature-dependent, and due to that; the electromagnetic losses of the
motor are coupled with the thermal characteristics. Zhan et al. [13] predicted the electromagnetic losses and
temperature distribution accurately by developing a 3D electromagnetic and thermal model. In this study, the
numerical and the experimental measurements are compared, and a new ventilation design is suggested to have
good temperature distribution. Lundmark et al. [14] studied the electromagnetic and thermal performance of an
internal water jacket-cooled permanent magnet motor by using ANSYS. The results showed that the interior
permanent magnet transverse flux motor cooling is very efficient due to the lack of end winding. Aziz and
Atkinson [15] studied two types of thermal modeling methods to predict the temperature of a PMSM. The
predicted temperature from the lumped parameter model and finite element analysis are compared, and the
results were validated by experiment setup. Results showed that both thermal analysis methods give the same
results and show the rise of temperature on each part of the machine. The study which was conducted by
Demetriades, et al. [16] presents a real-time thermal model with calculated parameters based on the geometry of
the different components of a permanent-magnet synchronous motor. Simulation results were compared with
experimental results to study the performance and the feasibility of the concept. Ponomarev et al. [17] built three
models, the lumped parameters (LPTN), the thermostatic FEM model, and the Computational fluid dynamic (CFD)
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model. This paper studies the potential and effectiveness of direct oil cooling of a PMSM. the CFD model allows
precise determination of the cooling prospects, which gives the required information to choose the optimal
volumetric coolant flow. Johnston et al. [18] studied numerically the overall effectiveness of four different cooling
technologies, the results showed that the direct winding heat exchanger technology has better electrothermal
performance compared to the other technologies. Fan et al. [19] analyzed the thermal behavior of the driving
motor by applying the lumped thermal parameter method, and the temperature distribution in the drive motor
was estimated under the actual driving duty cycle. A test bench is built to measure the temperature distribution,
and the results of these calculations are compared and discussed with the experimental results. Fang et al. [20]
study the cooling strategy of PMSM. Two thermal management with different heat-pipe layouts are created. The
effect of the ambient temperature and various operating conditions for two different models are analyzed. The
results of the experimental and simulation studies show that the use of SEME promotes higher heat dissipation
ability than RM. Sun et al. [21] studied the permanent magnet manufactured by encapsulating potting silicone
gelatin (P-M) between the end windings and the motor casing to a liquid cooling PMSM(O-M). The three-
dimensional model of PMSM was created, and the temperature rise performances under different operating
conditions were compared with the O-M to measure the heat dissipation enhancement. The temperatures of the
cooling fluid are compared when the motor works under different velocity and torque values.

As summarized in Fig. (1), most of the studies taken into account in the literature on the synchronous motor
are performed for low power scales [4, 11, 12, 15-47]. After a detailed literature survey, limited studies are found
for high motor powers such as above 200 kW. Due to limited studies on high-power motors, this paper is focused
on a 250 kW power PMSM which is one of the most important differences between the studies found in the
literature.
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Figure 1: Air and water cooling studied article numbers.

Limited studies are focusing on the cooling pipe system, as mentioned above literature. Thus, this study is
focused on a novel designed permanent magnet synchronous motor which is 250 kW and 9 phases. This motor is
taken into account due to its high capacity and its unique cooling pipe location which is inside the motor. The
main originality of the work is that the chosen motor has a cooling pipe on the stator side and thus this design
causes us to make limited changes in cooling design. All of them deal with the cooling pipe system which is
located on the jacket of the synchronous motor. The motor, which is cooled by the refrigerant fluid over the
parallel fixed channels on the fixed stator, has a single-phase flow in cooling pipes. In this study, the data of the
motor is provided from the motor company manual and taken as a reference. The motor geometry is generated,
and both the e-magnetic and thermal models of the motor are validated with the manufacturer's manual data.
After validation of this paper, the authors focused on the cooling systems of the motor, the mass flow rate of the
refrigerant, the type of the cooling refrigerant, and the cooling pipe diameter size are analyzed. The critical
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parameters that affect the temperature profile are identified in this study. Understanding the effect of the
parameters on the temperature distribution helps us to develop the best cooling design which achieves the best
efficiency and performance.

2. The Geometry of the Motor

The PMSM which is taken into account is 250 kW and has an outer rotor topology [48]. The rotor structure
includes the cooling pipe system which is fixed on the stator. The generated heat from the motor is removed by
circulating the coolant in a pipe that has a diameter of 1-inch diameter. The cooling pipe is located on the winding
area of the stator where most of the heat is generated. The total length of the cooling-fluid pipe is 4540 mm and
has 12 passes on the stator. Table 1 shows the geometrical parameters, and the material details of the PMSM,
respectively. Fig. (2) shows the three-dimensional geometry of the considered PMSM and presents the view of the
cooling pipes on the stator. The cooling jacket is placed on a stator that is close to the winding. The 60/40 EWG
(Water/Ethylene Glycol) water flows inside the pipes for cooling the motor. The thermophysical properties of the
materials that are used to construct the considered motor are given in Table 2 (from the library of MotorCAD).

Figure 2: Motor cooling pipe on stator volume.

Table 1: Main parameters of motor.

Parameters Value
Slot/Pole Number 16
Slot Number 144
Axle Dia [mm] 340
Motor Lenght [mm] 511
Stator Lam Lenght [mm] 188

Table 2: The thermophysical parameters of the material.

Part of the Motor Material Thermal Conductivity (W/mK)
Rotor Aluminum alloy 168
Stator Steel 30
Insulation Epoxy 0.22
Winding Copper 401
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3. Governing Equations

To study the thermal behavior of the motor, three elements are required to be studied: heat transfer, heat
storage, and heat generation of the motor. The heat storage and heat transfer are modeled by the thermal
resistance and thermal capacitance method, and the heat generation is obtained by studying the generated losses.
The heat conduction equation for the motor can be written as [49]:

oT
pes = = p +div(AV(T)) (1)

Thermal resistance and thermal capacitance can be written as [49]:

l
Reona = % (2)

C=C,pV 3)

Also, the losses of the motor (copper and iron losses) are the most important parameters that affect the
thermal distribution of the motor. The losses can be classified into three categories such as copper losses, iron
losses in the teeth, and iron losses in the stator yoke. These losses can be defined as follows [49]:

Copper losses:

i
Pj = 3Rpnlesr2 = 3Ry (%) (4)

R,y is the phase resistance and can be given by the following expression [50]:

Nspthp

Rph = Rey(Tew) S
c

(5)

Iron losses in the teeth and the stator yoke can be written as [50]:

1.5

Pra =4 (Sf—o) [MgsB4?] (6)
Prc=4q (%)1'5 [M;B2] %)

4. Validation of the Developed Model
4.1. E-Magnetic Model

A magnetic model must be created before the thermal model. The magnetic model provides the power, torque,
and velocity values. All results from the magnetic model directly or indirectly affect the losses because the
geometrical parameters create the losses. Because of that, the design parameters are the biggest variables that
affect the losses. Especially the winding around is the region where the losses are most densely. The slot type and
the slot area define the motor power and its efficiency, while the winding type and the winding dimensions affect
the power and the efficiency.

According to the literature, the air convection velocity over the motor, the ambient temperature, the coolant
velocity, the gap of the casing, the thickness of the stator core, and the thickness of the slot insulation are the
factors that affect the temperature rise of the motor. Thus, the design of the motor itself is the main consideration
for the temperature rise. To analyze the thermal performance of the motor, the thermal model is simulated by
Motor-CAD, and the results are studied in this study.
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The torque and speed values obtained from the e-magnetic Motor-Cad model of the 250 kW PMSM are
compared with the technical data which is given by the manufacturer of this motor, and the comparison for 750
Vdc and 600Vdc values is illustrated in Fig. (3). As seen, the e-magnetic model which is developed in this study has
the best fit with the technical specs of the manufacturers.

2,500 r
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£ 1,500
w
)
< 1,000
@]
'_
500
0 | | | | |
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000
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—750 Vdc Continuous - 750Vdc Current Model
600Vdc Continuous 600 Vdc Current model

Figure 3: The validation results of the e-magnetic model.

4.2. Thermal Model

After validation of the e-magnetic model of PMSM, the thermal model of the PMSM is taken into account. The
parameters that are used to validate the thermal model of the motor are summarized in Table 2. By using the
parameters given in Table 2, the thermal model is validated with an experimental result. The experiment is
performed on a real 8.5 m length electric bus at a constant shaft speed which is 900 rpm. The inlet and outlet
temperatures of the coolant of the motor are measured experimentally. These experiments were performed on a
real 8.5 m long electric bus. These values are shared with the authors of this paper by one of the bus
manufacturers in Turkey which is using the considered synchronous motor on their busses. The inlet temperature
of the motor coolant is measured at 49 °C during the experiment at constant shaft speed and the outlet
temperature is measured at 55.9 °C. Table 3 shows the comparison of both the experimental and our model of the
outlet temperature of the coolant when its inlet temperature is 49 °C. As can be seen, with the developed model
only a 4 % error is achieved with the experiment.

Table 3: The coolant outlet temperature comparison between the experiment and the developed model.

Experimental Developed Model Error
Coolant Inlet Temperature [°C] 49 49
4.03
Coolant Outlet Temperature [°C] 55.9 53.65

5. Taguchi Method for Present Problem

For the optimization of the cooling system of the PMSM, the Taguchi method is applied. The orthogonal arrays
and signal-to-noise ratio (S/N) are the mathematical tools that are used in this method. To perform the Taguchi
method, the aim of the study and the target of the problem should be specified, the parameters should be
determined, and the orthogonal array should be selected which is L16 in our case due to the 5 parameters with 4
different values, and finally, the noise signal analyze should be performed. The S/N ratio can be divided into three
categories [51]:
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Smaller is better: % = —log i(ZyZ) (8)

Nominal is better: %z —log %(E%) 9)
. . s 1/1

Larger is better: <= —log ;(yz) (10)

There are four main geometrical parameters to develop a cooling jacket such as; Mass flow rate of the coolant
(A), Pipe diameter (B), Number of pipe turns (C), Type of coolant fluid (D), and Torque (E). The changes in the values
for all factors are tabulated and given in Table 4.

Table 4: Taguchi method taken parameters and values.

Parameters Value
Mass flow rate of the coolant (A) (I/min) 20-30-40-50
Pipe diameter (B) (mm) 17.7-19.0-25.4-31.7
Number of pipe turns (C) 12-16-20-24
Type of coolant fluid (D) EGW60/40-PGW60/40-EGW50/50-THER
Torque (E) (Nm) 500 - 1000 - 1500 - 2000

6. Results and Discussion

As mentioned, due to the limited studies that are focusing on the cooling strategy of the motor, this study is
focused on the cooling system of the considered PMSM. Thus, the results of the optimization of the cooling
system of the 250 kW PMSM are found and necessary discussions are performed based on the analysis. As
illustrated in Table 4, five main parameters with four different values are taken into account for the optimization
system of the motor. As can be seen, 4 of these parameters except torque are the main parameters that should
be taken into account as an optimization parameter. The torque parameter is added as one of another
parameters even though it is known that it will change along the driving cycle. But the bus manufacturers need
this value due to the regulations that should mention the torque values for the driving cycles such as European
driving cycle, American driving cycle, etc. Thus, torque is added as another parameter to the study.

Due to 5 parameters with 4 different values, L16 Taguchi orthogonal array is implemented (L16 (4/5); Factors: 5,
Runs:16) for the Taguchi analysis. The experimental plan is used by considering Table 5. As seen in Table 5, the
cooling water outlet temperature and the winding temperature for each run are found by using Minitab software.
Based on these results, optimization is performed for the best cooling strategy for the motor. The effect of these
parameters on the temperature is studied in this section and plotted in Fig. (4).

The runs of L16 array results are given in Fig. (4). The first curve on the left side of the figure shows that due to
the increase in the mass flow rate of the refrigerant, the winding temperature decreases to reach the optimum
value when the mass flow rate (A) is 50 I/min. The second parameter is the pipe diameter; the best diameter is the
lowest one which is 17.7 mm. The third curve is related to the parameter (C) which is the number of pipe turns.
The results showed that 20 turns are expected to be the best value. The fourth curve refers to the coolant type,
EGW 50/50 is the best coolant type. The last curve in Fig. (4) shows the effect of the torque, this curve illustrates
that 2000 Nm is the best optimum value at which the motor achieves the best efficiency.
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Table 5: The plan of L16 orthogonal array and cooling water / winding temperatures.

RUNS Mass Flow Rate of the | Pipe Diameter Number of Type of Coolant Torque Cooling Water Winding
Coolant (A) (I/min) (B) (mm) Pipe Turns (C) Fluid (D) (E) Outlet Temp (°C) Temp (°C)
1. 20 17.7 12 EGW60/40 500 57.89 122.71
2. 20 19 16 PGW60/40 1000 57.31 104.1
3. 20 254 20 EGWS50/50 1500 55.64 88.12
4. 20 31.7 24 THER 2000 50.4 97.85
5. 30 17.7 16 EGWS50/50 2000 57.45 80.79
6. 30 19 12 THER 1500 56.75 104.42
7. 30 254 24 EGW60/40 1000 54.55 96.28
8. 30 31.7 20 PGW60/40 500 54.07 120.51
9. 40 17.7 20 THER 1000 57.75 103.74
10. 40 19 24 EGW50/50 500 54.31 114.01
11. 40 25.4 12 PGW60/40 2000 53.24 91.07
12. 40 31.7 16 EGW60/40 1500 53.84 86.14
13. 50 17.7 24 PGW60/40 1500 54.01 82.36
14. 50 19 20 EGW60/40 2000 54.86 77.22
15. 50 25.4 16 THER 500 55.39 122.61
16. 50 31.7 12 EGW50/50 1000 53.01 96.89

Main Effects Plot for Means
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Figure 4: The plot of the main effect per level for means.

The response table for the S/N ratio is given in Table 6. The maximum and minimum S/N ratios for all
parameters are used to obtain the delta values. As seen from this table, parameter 5 (torque) is the most effective
parameter for the performance of the motor. For the other 4 parameters, which can be changed in the design of
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the motor, the type of the coolant fluid and the mass flow rate of the coolant have a significant effect on the
cooling strategy of the motor. On the other hand, parameter 2, which is the pipe diameter has the lowest effective
parameter.

Table 6: Results of the means.

Level Mass Flow Rate (A) Pipe Diameter (B) Number of Turns (C) Type of Fluid (D) Torque (E)
1. 103.9 97.4 103.78 95.59 119.96
2. 100.5 99.94 98.41 99.51 100.25
3. 98.74 99.52 97.40 94.95 90.26
4. 94.77 100.35 97,62 107.16 86.73

Delta 8.42 2.94 6.38 12.20 33.23

Rank 3 5 4 2 1

As seen in Table 7, the A4B1C3D3E4 (mass flow rate of coolant = 50 I/min, pipe dimeter=17.7 mm, 20 pipe turn,
EGW50/50, and 2000 Nm torque) gives the best cooling strategy for reducing the winding temperature. Thus, the
best design for the cooling of the motor is the A4B1C3D3E4 combination. The worst cooling design for the
performed motor is A1B4C1D4E1. Based on these results, for the best design case, the coolant outlet temperature
and the winding temperature are found as around 55 °C and 76.6 °C when the inlet coolant temperature is 49 °C,
respectively. For the worst design case, the coolant outlet temperature and the winding temperatures are around
54.6 °C and 151 °C when the inlet coolant temperature is 49 °C, respectively. As can be seen clearly, there is a huge
winding temperature difference between the best and the worst case.

Table 7: Coolant outlet and winding temperature of the best and worst case.

750 V 900 rpm

Coolant Inlet Temp (°C)

Coolant Outlet Temp (°C)

Winding Temp (°C)

Current design

A4B1C3D3E4 (best case)

A1B4C1D4E1 (worst case)

49

53.65 96.60
55.09 76.64
54.62 151.05

Fig. (5) shows the thermal distribution of these three models: current (A1B3C1D1E4), worst (A1B4C1D4E1), and
best (AAB1C3D3E4) models. As can be seen, to analyze the difference between current, worst, and best models,
the legend of the temperature distribution is fixed for all cases from 50 °C to 180 °C. As seen in Fig. (5a), which
illustrates the current design temperature distribution, the average temperature of the whole motor is around
80 °C while the winding temperature is at 96.6 °C as given in Table 7. On the other hand, the average temperature
of the motor for the worst (Fig. 5b) and the best (Fig. 5¢) cases is around 140 °C and 75 °C, while the winding
temperature is at 151.0 °C and 76.64 °C, respectively. The results showed us that, the increase in winding
temperature directly affects the total average temperature of the motor.

Fig. (5) and Fig. (6) illustrate the change of the temperature of the cooling outlet water and winding average
temperature according to time, at three different models, (best, current, and worst case).

Fig. (6) shows the winding temperature increase by time in three different models (current, optimum, and
worst model) the best model winding temperature reaches 76.6 °C as the maximum temperature, while in the
current model, the temperature increases to 96.6 °C, and as can be seen from the graph at worst parameters the
temperature can reach to 151 °C. The worst case reaches 100 °C suddenly, around 100 sec later. There is no doubt
that this design will necessarily negatively affect the aging and efficient operation of the engine.
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Figure 5: Thermal distribution comparison of the a) Current, b) Worst c) Best design.
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Figure 6: Comparison between current, worst, and optimum model temperatures of winding (avg).

The cooling jacket temperatures (Fig. 7) 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.
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This indicates that it absorbs heat faster. The best model reaches 55 °C rapidly and 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 138 sec while the current model and worst model temperatures are respectively 50.94 °C and 82.86 °C. The
optimum performance increases by 7.97 % compared to housing jacket outlet temperature at 138 sec. The
optimum performance increases by 19.39 % compared to the winding temperature for the cooling jacket. This
improvement results can be seen easily as shown in Fig. (5) and Fig. (6).

56
55 F
_.54
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E 53
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® 52
]
g51
(]
T 50 |
49
48 .
0 100 200 300 400 500 600
Time [sec]
—Current Model CJ Outlet Best Model CJ Outlet —Worst Model CJ Qutlet

Figure 7: Comparison between current, worst, and optimum model temperatures of the ¢j outlet.

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 and 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 138 sec while the current model and worst model temperatures are respectively 50.94 °C and 82.86 °C. The
optimum performance increases by 7.97 % compared to housing jacket outlet temperature at 138 sec. The
optimum performance increases by 19.39 % compared to the winding temperature for the cooling jacket. This
improvement results can be seen easily as shown in Fig. (6) and Fig. (7).

7. Conclusions

In this study, thermal analysis of a 250 kW permanent magnet synchronous motor was taken into account.
Firstly, the e-magnetic model of the motor is studied. Secondly, the thermal analysis is performed. To increase the
efficiency of the motor, the cooling parameters of the motor are optimized. After the validation of the e-magnetic
model and thermal model, design changes have been made to the coolant jacket to improve the cooling
performance of the motor obtained in the analysis environment by applying the Taguchi method. The parameters
such as mass flow rate: 50 I/min, pipe diameter: 17.7 mm, number of turns: 20, type of fluid: EGW 50/50, torque:
2000 Nm for the motor are found the best parameters for cooling the motor. By this method, the winding
temperature of the PMSM decreased to 79°C from 98°C. The results showed that thermal efficiency can be
increased by using the best design parameters 19.39 % compared with the current design with the changes in the
cooling jacket design parameters.
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Nomenclature
By Peak flux density value in the teeth
C Thermal capacitance (unit: J/K)
Cp Calorific capacity (unit: J/kg)
Cs Is the specific heat (unit: J/kg K)
f Supply frequency of the motor
/ Thickness of the layer (unit: m)
L, Spire average length (unit: m)
M Teeth mass
S Area of the layer (unit: m?)
T The temperature unit: (K)
Tew Copper temperature (unit: K)
4 Material volume (unit: m3)
Ra Material volume (unit: m?3)
q Quality coefficient of meta sheets
The density (unit: kg/m3)
Thermal conductivity (unit: Wm -TK ")
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