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Abstract:

This study presents the cooling efficiency after installing a water-cooling jacket
for a 3-kW synchronous reluctance motor of an electric motorcycle and the
factors influencing its thermal behavior by experimental and simulation
approaches. The testing process was conducted as a method to collect input
parameters and validate the results of the computing simulation. The simulation
procedure used the step running technique to evaluate two different water-path
models. The findings indicated that the maximum temperature of the stator
winding and jacket cover decreased by 19.12 °C and 16.07 °C, respectively,
following the installation of the water jacket and operation at a low flow rate
with a current supply of 200 A. Furthermore, increasing the water flow rate leads
to a substantial decrease in maximum temperature before a certain flow rate; 2
liters per minute (LPM) was chosen as the optimal rate. Temperature fluctuations
exhibit an upward trend up to 1.85 °C with the higher supplied currents but drop
with a higher flow rate. In addition, the motor maximum temperature in the long
water-path jacket (LWJ) model was lower than in the short water-path jacket
(SWJ) model due to the higher heat transfer coefficient (HTC).

Keywords: Synchronous reluctance motor, Electric motorcycle, Water-Cooling
jacket, Time-Dependent temperature

1. Introduction

Facing the depletion risk of fossil fuel resources, the world's attitude towards the internal combustion engine has
changed. Given this situation, electric vehicle (EVs) was being considered as a potential replacement for vehicles
powered by ICE [1]. The current state of EVs still offers opportunities for improvement, with vehicle performance
being a central focus of research and development efforts [2-4]. According to Wang et al. [5], high power density in
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motor design leads to an increase in loss density, making thermal management more challenging and becoming a
significant obstacle to efficiency. Managing the temperature parameters of EV motors was an unavoidable challenge
that must be addressed to achieve widespread adoption of EVs in the future.

There are various methods for controlling the motor temperature of electric vehicles, but the three most commonly
used methods are air cooling, oil cooling, and water cooling. Air cooling has long been recognized as a simple and
fundamental method for various electric machines utilizing thermal sinks. Because the efficiency of the air-cooling
approach using thermal sinks under harsh working conditions was low, this method has undergone several
improvements. Specifically, the technique of directing air into air gaps along the rotor shaft and motor housing was
researched by Kim et al. [6]. However, this cooling technique necessitates significant alterations to the original motor
structure. Another air-cooling study was conducted by Prieto et al. [7], which did not require motor modification, but
airflow was controlled forcibly by a fan; subsequently, hot air was cooled by a water jacket. On the other hand, oil
cooling, a popular option, was studied by Marcolini et al. [8], who conducted a comparative and evaluative study
between direct oil cooling of end-windings and a water jacket. The experimental results demonstrated direct oil-
cooled coils could extract up to 2.87 times the amount of heat compared to indirect water cooling. In addition,
Gundabattini et al. [9], in their study, also concluded that the highest cooling performance was achieved by direct oil
cooling, followed by water cooling, and finally, air cooling. The study also indicated that the air-cooling and the
water-cooling exhibit cooling uniformity, while the oil cooling does not. The above air-cooling and oil-cooling
processes require modifications to the original motor structure, which affects stress, strain, and deformation during
operation by manufacturers. Therefore, the study of a water-cooling jacket (WJ) was preferred due to its uniform
cooling, average cooling performance, and the ability to be installed as an extra component without affecting the
motor's structure [10-13]. Moreover, the study by Nategh et al. [14] emphasized the dominance of utilizing the water-
cooling system in synchronous reluctance machines, particularly in minimizing the temperature difference between
the shaft and the inner part of the stator teeth due to the effective heat transfer process. In another study, Herrera et
al. [15] employed a liquid cooling system for synchronous reluctance motor design based on an EVs powertrain.

In this study, the water-cooling jacket serves not only as a cooling function but also as a method to determine the heat
generation of the motor. Additionally, the research assesses the impact of cooling process factors such as water flow
rate, water jacket path, and supply current on maximum temperature, temperature fluctuation, and temperature
distribution.

2. Numerical Methodology

2.1 Experimental Setup and Simulation Validation

Water Temperature  \olume flow
controller rate meter

Testing Motor

Inlet temperature sensor

Outlet temperature sensor /

4x winding temperature sensors
4x jacket temperature sensors

Motor insulation

Processor - Arduino Master

Fig. 1. Experimental validation setup.
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Two models of cooling jackets were predicted and analyzed based on FEM. In order to evaluate the accuracy of the
simulation results, an experimental setup for validation was built, as depicted in Fig. 1. The experimental setup
consists of a motor characteristic testbed (mcTEST) [16], synchronous reluctance motor (SynRM) with a water-
cooling jacket and a water temperature controller. The mcTEST was a statistical testing method used to determine
the torque of a motor based on the supplied current. This testing process generates heat corresponding to different
motor torques. Consequently, the cooling process was applied for experiment and evaluation.

In addition to validation, this process was used for collecting data to be utilized as input parameters for the simulation
process, such as heat generation, volume flow rate, and inlet temperature, as described in Eq. (1) [17].

Q=FXpX Cp X (Toutlet - inlet) (1)

The short water-path jacket has been built to verify the effective cooling capacity of the cooling jacket. Temperature
measurements were collected from four different positions inserted in the stator winding and the WJ, labelled as Ty,
Ta, Ts, Taand Ts, Te, Ty, Tg respectively, as shown in Fig. 2 and Fig. 3. These positions were strategically located
along the water channel's circulation path of SWJ. The temperature distribution was expected to increase gradually
from Ty to T4 and from Tsto Tg. The Arduino master processor was used for collecting, processing temperature sensor
signals, and transmitting them to the LabVIEW platform via the serial port for display and data export. The outer part
of the jacket was covered with three layers of insulation, as shown in Fig. 4. This cover aims to ensure that the heat
generated by the motor was only removed by the WJ, without the influence of the ambient temperature. Moreover,
the heat transfer coefficient (HTC) of the WJ can be determined with greater ease and accuracy under these conditions.

HTC=— 1 )

Tinside outside

Q
== 3)
1=
; Jacket sensor T8 = Macketsensor 17 i
Inlettemp sensor W
Winding sensor T3 Wi
Winding sensor T3 JF8 Winding sen
Fig. 2. Locations of winding temperature sensors. Fig. 3. Locations of water jacket temperature sensor.

Fig. 4. Installation of thermal insulation layer.
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2.2 Mesh Specification

Mesh quality was a crucial parameter that impacts the accuracy of FEM results [18]. To ensure the reliability of the
simulation, the grid independence should be verified to eliminate influence of the grid on the computing accuracy
[19]. The SWJ model was selected as the benchmark for assessing mesh quality. It utilized input parameters and
boundary conditions illustrated in Fig. 5, which included the maximum motor heat generation of 119.63 W, the flow
rate of 2.25 LPM, and the maximum inlet temperature of 24.45 °C. The effect of mesh on the maximum temperature
of WJ depicted in Fig. 6, was divided into three different element numbers to facilitate comparative simulations. The
maximum jacket temperatures of 28486 elements, 48936 elements, and 95244 elements were 25.7 °C, 25.53 °C, and
25.54 °C, respectively. The temperature difference between the last two element numbers was relatively minor, just
0.01 °C. Consequently, it can be observed that the simulation results were independent of the element number when
there were more than 48936 elements. Therefore, the model with a mesh quality of 95244 elements was selected to
conduct further calculations.

Inlet
~ 2574 + Maximum motor heat generation: 119.63 W
Outlet © Current supply: 200 A
Motor domain g Flow rate: 2.25 LPM
5 25.68 -
IS
<t
i £ 25.62 +
A v ! ('ﬂﬂ"r';y';"‘,‘e o —
i LIRS 7
.v;.,%,!?:yg#@%% v _:“'é 25.56 -
S
2 2550
Ambient: 20°C %
= 2544 ; . . .
Water domain Heat generation data 20000 40000 60000 80000 100000
from experiment Elements
Fig. 5. Meshes of WJ concept. Fig. 6. Effect of mesh on the maximum

temperature of WJ.

2.3 Step Simulation Running Technique

In this study, the water properties were maintained as constant values. So, the simulation process was conducted using
a step running approach as described in Fig. 7. After inserting input parameters and meshing the WJ model, the step-
running approach was employed to reduce computational load and minimize simulation time instead of running all
components simultaneously. The computed results of the laminar flow component served as the initial condition,
guiding the computation of the heat transfer component.

Experiment database

Input parameter
of fluid

Input parameter
of solid

Initial condition
of step 2

Step 1: Laminar flow Stationary study Step 2: Heat transfer ~ Time dependent

Results
component component study

Fig. 7. Step running of simulation process.
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3. Model Formulation
3.1 SynRM parameters

The SynRM of an electric motorcycle was utilized for researching the cooling system. The parameters of the motor
were presented in Table 1. This motor type includes non-permanent magnetic poles on the ferromagnetic rotor, and
the winding was not installed on the rotor. This implies that its torque was solely generated by magnetic reluctance.
The mcTEST was suitable for cooling research and determining heat power losses since 97% of motor power losses
originate directly from the winding and stator [13]. The installation process of the cooling jacket does not impact the
original motor design; it was merely an additional component.

Table 1: Synchronous reluctance motor parameters.

Parameters Value

Motor rated power 3 kW

Motor maximum power 5 kW

DC supply voltage 72 VDC

Motor nominal torque 5.7 Nm

Motor maximum torque 9.5Nm

Max. efficiency 90 %

Max. stator current density 15 A/mm?
Motor cooling type Totally enclosed
Max. Motor operating temperature 130 °C

3.2 Comparison of Three Cooling Models

The WJ was designed with two components: a topology of water jacket and a jacket cover. As aforementioned, this
type of cooling system was installed externally without altering the structure of the motor, as depicted in Fig. 8.

Jacket cover
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Fig. 8. Exploded view of motor-water jacket installation.
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Fig. 9. Configurations of water jacket topology.
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Apart from the laminar flow rate, the topology of the water jacket significantly impacts thermal behaviours during
the cooling process. Fig. 9 showed two distinct topology characteristics of cooling jackets, namely the short water-
path jacket and the long water-path jacket. In the SWJ configuration, five water channels were presented, with the
water path following a circular route and the inlet and outlet channels positioned at the corners of the two main water
channels. In the LWJ configuration, one primary water channel exists alongside two secondary water channels that
alternate in combining and separating the flow, contributing to a more uniform water temperature distribution.
Furthermore, the water path of the LWJ model alternates between circular and longitudinal routes, contributing to a
more uniform cooling in every area. The inlet and outlet channels situated in the middle positions of the main water
channel enable the flow to disperse to both sides, ensuring a consistent flow rate throughout the topology of the water
jacket.

4. Results and Analysis
4.1 Simulation Validation via Experiment

Fig. 10 shows the time-dependent temperature graph of the SWJ between the experiment and simulation. Due to the
substantial temperature fluctuations in the experimental results, the collected data underwent a filtering process to
achieve a smoother representation. In the results, the temperature curve can be divided into two phases: an unstable
phase and a stable phase.

Fig. 10 was explained by the law of conservation of energy. This graph is divided into Zone 1, Zone 2, and Zone 3,
represented by the colors blue, green, and orange, respectively. During the initial phase, the chart was divided into
Zone 1 and Zone 2. Zone 1 represents the heat absorption by the jacket material, aluminum. This heat absorption
gradually decreases over time until it reaches a saturation state. Consequently, the heat absorption taken by the water
in Zone 2 increases to offset the diminishing impact of the aluminum. This means that during the unstable phase of
Fig. 10, the heat generation of the motor was absorbed simultaneously by the aluminum material and the flowing
water inside. As the aluminum reaches its heat saturation state, the chart transitions into the stable phase. At this
moment, the heat generation of the motor was solely removed by the water. This implies that the heat absorbed by
the water corresponds to the heat generation of the motor, as demonstrated in Zone 3. According to the results, it can
be observed that the temperature behavior of the simulation and experimental filter tends to be similar to each other
in both stable and unstable phase.

Unstable phase Stable phase
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—Experiment Filter
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Time (s)

0 200

Fig. 10. Jacket temperature comparison between simulation and experiment.
4.2 The Effectiveness of Water-Cooling Jacket
In Fig. 11 and 12, the experimental results have demonstrated the effective thermal behaviour of the motor after
combining with the WJ. With a supplied current of 200 A, as the flow rate increased from 0 LPM to 2.25 LPM and

then to 3.2 LPM, the stator winding temperature and jacket cover temperature significantly dropped from 70 °C to
55 °C and further to 53 °C, and from 40 °C to 26 °C and then to 25 °C, respectively.
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Temperatures at position Ts, Tg, T7, and Tg were 24.91 °C, 25.78 °C, 26 °C, and 26.03 °C, respectively. It was
observed that the temperature gradually increases from the inlet to the outlet due to the circular topology of the SWJ.
Despite conducting experiments at three different volume flow rates, the heat generation of the motor, calculated as
in Eq. (1), remains approximately consistent at 100 A, 150 A, and 200 A, calculating 30 W, 65 W, and 110 W,
respectively. The heat transfer coefficient, as determined by Eq. (2), was approximately 75 W/m?-K. Therefore, the
computed experimental results can be confidently employed as input parameters for the simulation process.

T T T T T T T 45 T T T T T T T
5 70l — Without flow rate: 0 LPM | 5 Supplied current: 200A  ——Without flow rate: 0 LPM
® S 40F -
S 60 1 =
g —— Low flow rate: 2.25 LPM g
=2 3 S 35 .
g SO 1 8
£ —— High flow rate: 3.2 LPM g
S a0} ? SEEMp g 80 ]
'S o —Low flow rate: 2.25 LPM
® g
g 30l | g 25} W .
3: Supplied current: 200A < High flow rate: 3.2 LPM

20 1 1 1 1 1 L 20 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)

Fig. 11. Average winding time-dependent temperature. ~ Fig. 12. Average jacket time-dependent temperature.

4.3 Temperature Fluctuation of the Motor

Fig. 11 and Fig. 12 reveal fluctuations in both the stator winding and jacket temperatures. Yang et al. [13] study
similarly appeared this phenomenon and explained with thermocouple implementations. However, Fig. 13
demonstrated that temperature fluctuations were impacted by the supplied current and flow rate.
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Fig. 13. The stator winding temperature oscillation. Fig. 14. Three-phase electrical supply with a peak

current of 200 A.

Remarkably, the lowest temperature fluctuations consistently occur when there was no flow rate. As the supplied
current increases, the temperature oscillations also rise. Specifically, the supplied currents of 100 A, 150 A, and 200
A, the temperature fluctuations without flow rate were approximately 0.57 °C, 0.65 °C, and 1.08 °C, respectively.
This can be explained by the increasing current oscillation of the three-phase current. In particular, for a peak current
of 200 A, the three-phase alternating current oscillates with a magnitude of 100 A, as shown in Fig. 14.
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Conversely, when the flow rate increases, the temperature oscillations diminish. When a current level was 200 A and
the flow rate was increases from 2.25 LPM to 5.32 LPM, the temperature fluctuation decreases from 1.86 °C to 1.67
°C. This result exhibits similarity to findings in the study conducted by Hirasawa et al. [20], where it was explained
due to the increase in the flow volume of water.

Braslavsky et al. [21] research concluded that temperature oscillations accelerate the aging process of the stator
winding insulation. This poses a subsequent challenge when attempting to enhance the motor torque after reducing
its maximum temperature.

4.4 Effect of Flow Rate on the Cooling Jacket Model

From Fig. 11 and Fig. 12, it can be observed that as the flow rate increases from 0 LPM to 2.25 LPM, the winding
and jacket temperature significantly decrease. However, as the flow rate was raised from 2.25 LPM to 3.2 LPM, the
temperature reduction was slight. In order to clarify the temperature field variation with the flow rate, simulations
were carried out using a smaller flow rate step, at a supplied current of 200 A. From Fig. 15, it can be observed that
the maximum jacket temperature decreases as the flow rate increases within the range of 1-5 LPM, flow rate step of
1LPM.

At a flow rate of 1 LPM, the SWJ temperature was 26.96 °C, and the LWJ temperature was 26.18 °C. As the flow
rate grew to 5 LPM, the SWJ temperature dropped to 25 °C, and the LWJ temperature declined to 24.79 °C. With
each step of flow rate increment, the SWJ and LWJ temperatures went down by 1.29 °C, 0.38 °C, 0.19 °C, and 0.1
°C, and by 0.88 °C, 0.29 °C, 0.14 °C, and 0.08 °C, respectively.

At 2 LPM, the SWJ and LWJ temperatures plummeted compared to 1 LPM which were slightly higher than the
temperatures at further flow rates. In order to reduce power consumption, 2 LPM was chosen as the optimal rate.

27.5

[ —=— SWJ 1
270 } ——LWJ 4

26.5 | -
26.0 | .
255 .

250 F .

Maximum jacket temperature (°C)

245 .
L Supplied current: 200A

24.0 1 " 1 " 1 1 " 1
1 2 3 4

Floe rate (LPM)

[8)]

Fig. 15. Relationship between temperature and flow rate.
4.5 Effect Water Path on Temperature Distribution

The temperature distribution of the SWJ and LWJ was shown in Fig. 16 and Fig. 17, respectively. In general, both
models display a progressively increasing temperature from the inlet to the outlet. However, in the SWJ model, the
temperature distribution along the vertical axis of the motor differs between positions with water channels and those
without. In contrast, the temperature distribution in the LWJ model was more uniform. This can be explained due to
the water path of the LWJ model combining both circular and longitudinal routes. Additionally, this LWJ topology,
combined and separated water channel structure, promotes a consistent water velocity within the channels.
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The SWJ exhibits a larger temperature difference between the solid domain and the water domain compared to the
LWJ. Therefore, according to Eq. (2), HTC of the SWJ was lower than that of the LWJ. This explained why the
maximum temperature of the SWJ was higher than that of the LWJ. This assertion was supported by Silwal et al. [22]
research.

Water domain

Solid

Time=1200  Surface: Temperature (degC) Time=1200  Surface: Temperature (degC)

Inlet degC Outlet degC
A 2556

Water domain

y ¥ 25.40
25.8 \
25.6 o 25.20
25.4 - &
\ 25.00
25.2
25 24.80
24.8
24.60
24.6
- 24.4 Solid domain 24.40
domain v 243 V244
Fig. 16. Temperature distribution of SWJ. Fig. 17. Temperature distribution of LWJ.

5. Conclusions

Evaluating the impact of factors on the cooling process of the WJ for the SynRM has been investigated. Based on the
results of experiments and simulations, the main conclusion can be summarized as follows:

@

)

@)

(4)

The water-cooling jacket proved highly effective in significantly reducing the temperature of both the
SynRM stator winding and the jacket. Moreover, the experimental process utilized to gather data for the
input parameters of the simulation was conducted reliably.

Temperature fluctuation increased as the supplied current went from 100 A to 200 A. In contrast, it decreased
as the flow rate rose from 2.25 LPM to 5.32 LPM. Furthermore, these temperature fluctuations reduce the
insulation lifespan of the stator winding, which presents an additional challenge in enhancing motor torque
after decreasing the maximum temperature.

Raising the flow rate of the water within the WJ assists in reducing the maximum temperature of the motor
and jacket. When the flow rate was relatively low, raising it led to a significant reduction in the maximum
temperatures for both SWJ and LWJ. However, when the flow rate climbed beyond a certain value, further
increments did not significantly fall the maximum motor temperature. In order to balance cooling capacity
and power consumption, the flow rate was considered and chosen.

The water path that combined both circular and longitudinal routes helped to achieve a more uniform
temperature distribution in the longitudinal direction. However, in the circumferential direction, both models
showed an increasing temperature from the inlet to the outlet. Nevertheless, the research methodology in
this paper could serve as a foundation for more specialized designs. Furthermore, a longer water path
enhanced the HTC of the water-cooling jacket, thereby reducing the maximum temperature.

Nomenclature

Q

Tinlet

Toutlet
F,

1%

Cp

q
Tinside
Toutside

A

Heat generation of motor, W

Inlet temperature, °C

Outlet temperature, °C

Volume flow rate, m%/s

Density of water, kg/m?

Specific heat capacity of water, J/kg-K

Heat flux, W/m?

Average temperature of T1, T2, T3, and T4, °C
Average temperature of T5, T6, T7, and T8, °C
Surface area of the inner jacket
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Subscripts

ICE Internal combustion engine

EV Electric vehicle

mcTEST Maximum torque per ampere

WA Water-cooling jacket

HTC Heat transfer coefficient

SynRM Synchronous reluctance motor
SWJ Short water-path jacket

LwWJ Long water-path jacket

FEM Finite element method

T1, T2, T3, and T4 Winding temperature sensor positions
Ts, Te, T7,and Ts Jacket temperature sensor positions
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