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Abstract: The objective of this study was to numerically investigate the heat transfer characteristics of
a 36V electronic control unit (ECU) system of an electric bicycle and to validate the experimental data.
The temperatures of the ECU heatsink, seven metal-oxide-silicon field effect transistors (MOSFETs) and
two capacitors of the 36V ECU system were numerically derived under variable operating conditions
including power dissipation, thermal grease, ambient temperature and heatsink material, to analyze
the heat transfer characteristics. When the thermal conductivity of the thermal grease increased from
0.01 W/m °C to 3.0 W/m° C, the temperatures of the seven MOSFETs and the two capacitors decreased
by 51.245% and 3.58%, respectively. When the total power dissipation increased from 2.57 MW /m? to
426 MW/m?, the temperatures of the ECU heatsink, seven MOSFETs and the two capacitors increased
by 20.95%, 30.31% and 21.54%, respectively. Furthermore, increasing the ambient temperatures from
30 °C to 40 °C resulted in an increase in the temperatures of the ECU heatsink, MOSFET and capacitor
by 24.75%, 9.93% and 22.04% respectively.. These numerically derived temperatures for the MOSFET
and the ECU heatsink were validated with the experimental results within a range of 7.2% and 1.7%,
respectively. This confirmed that the applied numerical model was valid.

Keywords: ambient temperature; electric bicycle; electronic control unit (ECU); heatsink; heat transfer;
heatsink material; MOSFET; thermal grease

1. Introduction

The transportation industry is in search of eco-friendly, green and renewable energy sources,
and sustainable urban mobility due to increasing concerns over environmental protection, traffic
and regulations on fossil fuel energy usage [1]. The concept of personal electric mobility such as
scooters, bicycles and 3-wheeler neighborhood electric vehicles (NEVs) for small and medium range
distances addresses the abovementioned key issues [2]. In comparison to larger vehicles, electric
scooters and bicycles have a smaller volume, lighter weight, require less battery charging time and less
parking spaces, which are promising features for short distance travel in areas with high traffic [3].
Thus, the market space for an electric bicycle is increasing rapidly. Particularly in 2011, 20% of
total bicycle sales in The Netherlands were electric bicycles [4]. According to the records in 2011,
nearly 310,000 electric bicycles were sold in Germany [5]. Researchers and engineers have recently
studied the commercialization and performance characteristics of electric scooters and bicycles [6].
Weinert et al. analyzed the future of electric two-wheelers, electric bicycles and electric vehicles in
China. They concluded that improvements in electric two-wheelers and battery technology, strong
local regulatory support in the form of bans on gasoline-powered motorcycles and loose enforcement
of the electric two-wheeler standards are the key factors that drive the market growth rate of these
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vehicles. In addition, they concluded that the strong demand for gasoline-powered motorcycles and
bans on electric two-wheelers due to safety concerns in urban areas are the largest resisting forces that
limit the market growth of electric two-wheelers [7]. Jones et al. analyzed the motivation, perceptions
and experience of electric bicycle owners in Europe. They concluded that electric bicycles motivate
people to cycle who would not ride a conventional bicycle and that they would change the traveling
behaviors of the cycling public [8].

Many electric bicycles are hybrids and use human power as well as electrical power. An electrical
powertrain consists of the battery charger, battery pack, electronic control unit (ECU), including
the motor controller and the driving motor. Due to the rapid development of lithium-ion (Li-ion)
battery technology, most electric bicycles are equipped with these batteries with a high-power density.
Moreover, these batteries are sensitive to the environmental temperature and to the input/output
current [9,10]. The ECU with the driving control motor unit is another important part of electric
bicycles and is located between the battery and the motor (Figure 1). The ECU controls the motor
speed, charging performances and several other functions, which controls the overall efficiency of the
bicycle [11]. The capacitors in the ECU assist in maintaining the supply of a steady consistent current,
resulting in a smooth and improved lifetime of the driving motor. This unit also supplies power to
other electronic accessories such as the lights, horn and speed indicators. Thus, the performance of the
ECU is crucial in determining the overall performance of the electric bicycle [12]. Jie Cing discussed
the software and the hardware design of the electric bicycle ECU. He demonstrated how the ECU
played an integral role in controlling the driving motor speed and its role in protecting the driving
motor from over- and under-current from the battery [13].

Capacitors and metal-oxide-silicon field effect transistors (MOSFETs) are the main elements in
the ECU, which generate heat during operation, due to the Joule effect. In addition, capacitors and
MOSFETs also generate heat due to electrochemical reactions, dielectric losses and entropy changes [14].
This generation of self-heat and the ambient heat can affect the electrical and chemical properties of
the capacitors [15]. Therefore, thermal management of the ECU is essential for the performance of the
electric bicycle. However, only a limited number of studies have been conducted on the heat transfer
characteristics of the ECU in an electric bicycle. One such study was based on the thermal performance
of the battery with the application of a cell array guide for a 72V NEV [16]. Thus, the objective of
this study is to numerically investigate the heat transfer characteristics of the 36V ECU system for an
electric bicycle. The heat transfer characteristics were investigated under various operating conditions,
including power dissipation, thermal grease, ambient temperatures and heatsink material. In addition,
the temperatures of the same 36V ECU system were experimentally investigated and validated with
the numerical data.

Human power Pedals Gears

Battery Motor
charger control/ ECU

Figure 1. Power train of electrical bicycle.

2. Numerical Method

2.1. Numerical Model

Figure 2 shows the computer-aided design (CAD) 36V ECU system which is 65.7 mm in width,
33 mm in height and 98.5 mm in length. As shown in Figure 2a, the 36V ECU outer case was originally
designed with fins, and functions as the heatsink. Figure 2b shows a cross-section of the 36V ECU
heatsink which has a maximum thickness of 4.5 mm and a minimum thickness of 2 mm. As shown
in Figure 2c, the 36V ECU system is closed at either side with aluminum plates to protect the inner
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electronic elements from detrimental environmental conditions. Moreover, the 36V ECU system is
placed in a closed steel chamber below the battery pack of the electric bicycle. Therefore, while riding
the bicycle, airflow will occur from the front and gravitational forces will act in a direction vertical to
the ECU. The 36V ECU system tested was also designed with two main components; an aluminum
outer case which works as a heatsink, a printed circuit board with two CD288H capacitors and seven
MOSFETs. Table 1 shows the designed 36V ECU heatsink specifications with dimensions.

MOSFET

\

Capacitor

/

(a) (b)
—— Air Domain
v
Gravitational Fluid density=1.177 kg/m3
force Dynamic fluid viscosity =0.00001846 kg/ms | Steel case
Outside air =
\\
. . v Heatsink (ECU
Inside air
case)
Outer air
MOSFET
Airflow in Airflow out
-------------- > B e

(c)

Figure 2. Numerical model of the 36V electronic control unit (ECU) system. (a) 3D design of the
ECU outer case which works as the heatsink: (b) Locations of the major components’ inside the ECU;
(c) Location of ECU inside the steel chamber of the bicycle and the boundary conditions.

Table 1. Heatsink specifications.

Item Specifications
Overall size (W X 1 X h, mm3) 65.7 x 98.6 x 32.9

Maximum thickness (mm) 45
Minimum thickness (mm) 2

Maximum fin length (mm) 98.6
Maximum fin height (mm) 2.7
Maximum fin pitch (mm) 39

Total surface area (mm?) 65,171

2.2. Governing Equations

All the governing equations that were used in this study are listed as Equations (1)—(8).
Equation (1) represents the flow continuity equation, where U is the vector of fluid velocity and
p is fluid density. In this study, the fluid density is assumed as a constant throughout the domain.
Therefore, the term of % could be neglected and the Equation (2) can be derived [17].
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The momentum equation is shown in Equation (3) where Sy is the momentum source, T is the
molecular stress tensor, which is related to the strain rate and p is the static pressure. The terms V.
T and Sy could be neglected in Equation (3) due to the constant material properties and the fact that
no forces act on the fluids inside the chamber, and Equation (4) can be derived [18].

I(pU)
ot

+V-(pU@U)=-Vp+V-T+Sy 3)

%il)_kv.(pll@ll):—vp 4)

Equation (5) shows the 3D thermal energy equation, where U is the vector of the fluid velocity,
kr is the thermal conductivity of the material (fluid), H is the specific static enthalpy, Te is the fluid
temperature and Sg, is the energy source. The term 7: VU is known as the viscous dissipation value
and this term depends on the viscosity and the velocity of the fluid. Viscous dissipation could be
neglected for a low viscous fluid such as air. Therefore, by neglecting the 7: VU term in Equation (5),
Equation (6) can be derived [18].

a(gf) +V - (pUH) = V- (kpVTe) + 7: VU + Sp )
a(gf) =V (kpVTs) + Sk ®)

Equation (7) shows the conjugate heat transfer equation, which is used to calculate the solid
domain heat transfer. In Equation (7), Us is the velocity of the solid domain and kg is the thermal
conductivity of the solid domain. In the present study, the solid domain velocity is equal to zero.
Therefore, by neglecting the term of V - (pUsH) in Equations (7) and (8) can be derived [17].

d(pH)
ot

+ V- (pUsH) = V- (ksVTw) + Sk @)

d(pH)
ot

=V. (k5VToo) + Sg (8)

2.3. Data Reduction

The Reynolds number can be calculated using Equation (9), where Re is the Reynolds number, o
is the fluid density, y is the dynamic fluid viscosity, u is the airflow velocity and L is the characteristic
length [18].

_ pul
H

The heat generation or power dissipation (PD) of the MOSFETs can be calculated using Equations
(10)-(12), where PDRgsisTivE is the power dissipation by resistive loss, PDgy is the power dissipation
by switching loss, I is the current, Rpgon)) is the static drain-source on-resistance, Vi is the input
voltage of the MOSFET, Vour is the output voltage of the MOSFET, Cgss is the small-signal reverse
transfer capacitance, fgyy is the switching frequency and Igarg is the MOSFET gate current.

Re )

PDwmosreT = PDREsisTive X PDswy (10)

Vour
11
Vi (11)

2
PDRresisTive = ILoap” X Rps (on) X
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Vin? X f I
PDay — (Crss x VIN® X fsw x IroaD) (12)
IGaTE

The power dissipation of the capacitors can be calculated using Equations (13) and (14), where §
is the dissipation factor, f is the frequency and c is the capacitance of a capacitor [19].

tan ¢
2mfc

The equivalent series resistance (ESR) = (13)

Power dissipation = > x ESR (14)

When thermal energy (Q) is applied to a substance, the temperature of the substance will change
by a specific amount. As mentioned in Equation (15), the connection between the thermal energy and
the temperature change (AT) depends on the material of the substance of mass (m) and the specific heat
capacity (cp). Furthermore, heat flux (4°) is the amount of thermal energy emitted by a unit area [20].
As shown in Figure 3, the thermal resistance model was developed based on the geometrical locations
of the ECU components to calculate the total thermal resistance of the system [21] and the thermal
resistances of each component were calculated using Equation (17).

Thermal energy (Q) =m x ¢, x AT (15)
Heat flux (7)) = Q/A (16)
. AT
Thermal resistance (Rry) = — 17)
q
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Figure 3. Thermal resistance model of the 36V ECU system.

2.4. Numerical Method

ANSYS CFX 17.0 commercial software was used to conduct the numerical simulation in this
study. The fluid density and the dynamic fluid viscosity were assumed to be 1.177 kg/m3 and
0.00001846 kg/ms, respectively. The distance a fluid particle travels in the boundary layer can be
considered as the characteristic length [22]. The air velocity was assumed to be 0.01 m/s based on the
location of the 36V ECU and the speed of the bicycle [23]. The Reynold number was calculated as 32.33
(<2300) and the air flow was assumed to be laminar flow. Moreover, the thermal conductivity and
specific heat of the fluid and the solid domains were assumed to be independent of the temperature
and the non-slip boundary condition for the fluid was applied at the fluid-solid interface [24].

Figure 4 shows the meshing details for the tested 36V ECU system. In a numerical simulation,
the grid independency was examined because meshing is an important factor that can affect the
results. As shown in Figure 4a, the maximum temperatures of the tested ECU case, the MOSFETs
and the capacitors did not vary more than 0.05 °C when the number of grids was increased, after
reaching the grid number 3.1 x 10°. Hence, it was assumed that the grid number 3.1 x 10° is suitable
for conducting all numerical simulations. Figure 4b shows the meshing details for the tested 36V
ECU system. The mesh consisted of 7,252,948 tetrahedrals, 2,367,783 wedges, 36,373 pyramids and
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81,327 hexahedral elements. As shown in Figure 3¢, the proximity and the curvature sizing functions
were used to create fine mesh near the edges and the curves.
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—
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=
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Figure 4. Meshing details of the 36V ECU: (a) Variation of the maximum temperature of the capacitor,
metal-oxide-silicon field effect transistor (MOSFET) and the ECU case with the number of grids;
(b) Meshing details for the ECU outer case; (c) Meshing details for the ECU major components
including printed circuit board (PCB), capacitors and MOSFETs.

Table 2 shows the main components in the 36V ECU tested and the materials used in these
components. Various ECU case materials were considered in an attempt to analyze the effect of the
constituent materials. Based on the year-round temperature variation in South Korea, the ambient
temperatures of the numerical simulations were varied as —20 °C, —10 °C, 0 °C, 20 °C, 25 °C, 30 °C
and 40 °C to analyze the ambient temperature effect on the 36V ECU system [25]. Figure 5 shows
the simplified electric circuit diagram of the 36V ECU system for an electric bicycle with reference
to the original ECU electric circuit. The 36V ECU system controls three phase (U,V,W) brushless
motor with a power output of 250 W. As shown in Figure 5, the main heat generating sources of the
system considered are the MOSFETs and the capacitors. The theoretical power dissipation of two
heat sources could be calculated by Equations (10)-(14) and the manufacturer’s datasheets for the
SiHFZ34 MOSFET and the CD288H capacitor [26,27].
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Figure 5. The electric circuit diagram of the 36V electronic control unit (ECU) system.
Table 2. Specifications of the electronic control unit (ECU)
. Thermal Conductivity . 3 Specific Heat
Component Material (W/m °C) Density (kg/m?) Capacity (J/kg °C)
Heatsink Aluminum 237 2702 930
Capacitor Aluminum oxide 30 3890 880
MOSFET Silicon 150 2390 7120
Thermal grease Silicon carbide 0.42 2500 750
PCB Copper and Plastic 0.4 855 2300

The power dissipation of the MOSFETs and the capacitors may change with the operating
conditions. Therefore, the numerical simulations were repeated with a total ECU power dissipation
values from 2.57 MW /m? to 4.26 MW /m3 to analyze the thermal performances of the unit, capacitors
and the MOSFETs. The gap between the MOSFET and the heatsink could increase the thermal
resistance between these two parts of the 36V ECU system. Therefore, various thermal greases such as
thermal pads, thermal gel and thermal filling were analyzed to decrease the thermal resistance between
these two components and to analyze the effect of thermal grease on thermal performances of the 36V
ECU system. The numerical simulations were conducted with different thermal conductivity values of
thermal grease which are in the range of the actual thermal conductivity values of the thermal grease
used in ECU systems [28]. All the applied conditions for these numerical simulations are indicated in
Table 3.

Table 3. Applied conditions for the numerical simulation of the 36V electric bicycle ECU.

Variables Specifications
Capacitor and MOSFET total power dissipation (MW/m3) 2.57,2.63,3.20, 3.60, 3.93, 4.26
Thermal conductivity of thermal grease material (W/m °C) 0.01,0.2,0.4,0.6,0.8,1.5,2.4,5
Ambient temperatures (°C) —20, —10, 0, +10, +20, +30, +40
Heatsink manufacturing material Aluminum, Iron, Steel, aluminum alloy, Copper

3. Experimental Method

As shown in Figure 6a, the 36V ECU system was placed close to the battery pack to control the
motion of the electric bicycle. Table 4 shows the specifications of the Li-ion battery. A battery with 36V
of the nominal voltage and 10.4 Ah of nominal capacity was attached to the bicycle’s frame. Figure 6b
shows a schematic diagram of the 36V ECU system of the experimental setup with the 36V Li-ion
battery, 36V ECU, T-type thermocouples, data logger of the GRAPHTEC midi LOGGER GL820 and
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a computer for data processing. The 36V ECU system consisted of seven MOSFETs, two CD288H
capacitors, a printed circuit board (PCB) and the ECU case. The MOSFETs, the capacitors and the
PCB were located inside the case. This case, which is made of aluminum, serves as a protective case
for the internal parts, as well as a heatsink. The attached heatsink design plays an important role in
dissipating the generated heat from the MOSFETs and capacitors. The data logger, with an accuracy of
£0.1% for a reading of 0.5 °C, was used to measure and record the temperatures. A total of five T-type
thermocouples were applied to measure the temperatures of the ambient air, the MOSFET junction,
the ECU surface, inside air and the outside air of the ECU heatsink of the electric bicycle, respectively.
Table 5 shows the test driving conditions for the city-drive mode case. The experiment was conducted
with a 70 kg rider riding on a dry, concrete, and flat bicycle riding track located in Busan. The average
velocity of the electric bicycle was set at 30 km/h with an elapsed time of 1500 s, since the velocity
of the battery-powered electric bicycle is generally limited to this value for passenger safety and the
stable performance of the battery. The ambient temperature for the comparison between the numerical
result and the experimental result was fixed at 22 °C according to the average temperature of spring,
autumn and summer, except for the winter in the Republic of South Korea [25].

Data logger

Computer

(b)

Figure 6. Experiment setup of the 36V electric bicycle: (a) 36V electric bicycle with the experimental
equipment; (b) Schematic diagram of the numerical set-up of the 36V electric bicycle ECU.

Table 4. Specifications of the Li-ion battery.

Item Specification
Nominal voltage (V) 36.0
Nominal capacity (Ah) 10.4
Charging voltage (V) 42.0
Discharging current (A) 10.0

Table 5. Test conditions.

Item Specification
Velocity (km/h) 30
Ambient temperature (°C) 22
Test time (s) 1500
Average weight of the rider (kg) 70
Bicycle weight (kg) 26

4. Results and Discussion

4.1. Validation and Base Test

Figure 7 shows the experimental and numerical temperature results of the ECU heatsink
for the 36V ECU system at a speed of 30 km/h and at an ambient temperature of 22 °C.
The experimentally-obtained temperatures of the MOSFET and the ECU heatsink were 61.80 °C
and 35.0 °C, respectively. The numerically derived temperatures of the MOSFET and ECU heatsink
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were 57.33 °C and 35.59 °C, respectively. The numerically-derived temperatures for the MOSFET
and the ECU heatsink can be validated with the experimentally obtained temperatures within 7.2%
and 1.7%, respectively. This indicates that the present numerical model is valid. Figure 7 also shows
that the temperature increment trends of MOSFETS and ECU heatsink surface in experimental and
numerical results are the same.

1.Ambient temperature of 22°C 2. ECU heatsink material is aluminium

3.Total power dissipation rate 3.27 MW/m’

65
60
55 Error =7.2%
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Figure 7. Experimental and numerical results of the temperature of the ECU heatsink for the 36V ECU
system at a speed of 30 km/h and an ambient temperature of 22 °C.

The MOSEFET is attached to the ECU heatsink and microscopic imperfections on these transistors
and the ECU heatsink surface can result in air gaps between the two components. These air gaps could
lead to poor thermal conductivity, thereby reducing the heat transfer rate in the contact surface between
the MOSFET and the heatsink. Thus, thermal grease with good thermal conductivity is applied to fill
these air gaps and to increase the heat transfer rate [29]. Figure 8 shows the maximum temperatures of
the seven MOSFETs and the two capacitors of the 36V ECU system with the thermal conductivity of
the thermal grease. Thermal greases with thermal conductivities of 0.01 W/m °C and 3.0 W/m°C were
used in this study. These thermal greases are commercially available, except for the thermal-physical
properties [29]. When the conductivity of the thermal grease was 0.01 W/m °C, the temperatures of the
MOSEFET and the capacitors of the 36V ECU were 77.31 °C and 42.7 °C, respectively. Moreover, when
the conductivity of the thermal grease was 3.0 W/m °C, the temperatures of the MOSFET and the
capacitors were 37.7 °C and 41.25 °C, respectively. This indicates that an increase in the thermal
conductivity of the thermal grease from 0.01 W/m °C to 3.0 W/m °C can decrease the temperatures
of the MOSFET and capacitors by 51.24% and 3.58%, respectively. The temperature decrease of the
MOSFET was more pronounced than that of the capacitors, possibly due to the direct contact of the
MOSFET with the heatsink in the presence of thermal grease.
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1.Ambient temperature of 22°C 2, ECU heatsink material is aluminium

80 3.Total power dissipation rate of 3.27 MW/m’
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Figure 8. Variation of the temperatures of the MOSFET and the capacitor of the 36V ECU system with
the thermal conductivity of the thermal grease.

4.2. Temperature Characteristics

The ECU heatsink of the 36V ECU system is made of aluminum. Various materials with higher
thermal conductivity and lower heat capacity were considered to enhance the heat transfer rate of
the ECU heatsink [30]. Figure 9 shows the temperatures, thermal resistance and heat flux of the 36V
heatsink ECU system with different ECU heatsink materials. In this study, copper, steel, aluminum
alloy and aluminum were considered as the case materials for the ECU heatsink. Aluminum is
widely used in heatsinks since it has a higher thermal conductivity and is lighter in weight than
most metals. Steel and iron are heavier and less reliable than aluminum and are less preferred for
use in heatsinks [31]. Aluminum alloy is made of 85% aluminum and 15% of copper manganese,
silicon, tin and zinc [32]. The temperatures of the ECU heatsink, the MOSFET and the capacitor of the
were 35.59 °C, 57.33 °C and 41.92 °C, respectively for aluminum and 33.16 °C, 54.27 °C and 41.78 °C,
respectively for copper. These values show that the temperatures of the ECU heatsink, MOSFETs and
the capacitors with a copper heatsink were lower by 6.82%, 5.33%, 0.33% in comparison to that with
aluminum. In comparison to aluminum, cases with iron resulted in an increase in the temperatures of
the ECU heatsink, MOSFET and the capacitor by 11.60%, 5.02% and 8.25%, respectively. This could
be due to the lower thermal conductivity and higher thermal resistance of iron in comparison to
aluminum [33]. The temperatures of the ECU heatsink, MOSFET and capacitor with aluminum alloy
were 35.49 °C, 56.39 °C and 41.15 °C, respectively, which are lower by 0.28%, 1.64%, and 1.84%,
respectively than that of with aluminum. However, aluminum alloy is not a common material that is
used for ECU heatsinks for electric bicycles [34]. In general, the temperatures of the ECU heatsink,
MOSEFET and the capacitors were the lowest when copper was used. This could possibly be due to the
low thermal resistance and low specific heat of copper [35]. The heat flux indicates that the heat flow
intensity or heat flow density per unit area per unit time [36]. Figure 9b shows the variations of total
thermal resistance and heat flux of the 36V ECU system with different 36V ECU heatsink materials.
The heatsink with copper showed the lowest heat flux for the heatsink, capacitor and MOSFET,
because copper has the lowest temperature difference with compared to the existing aluminum
heatsink. The existing aluminum heatsink exhibited 8090.66 W/m? heat flux for the MOSFET and
355.56 W /m? for the capacitor. In comparison to the existing aluminum heatsink, the copper heatsink
showed 0.081%, and 0.74% lower heat flux for the MOSFET and capacitor, respectively. Steel is
composed of iron and carbon. Therefore, steel has an increased heat capacity and a lower density
than iron [37]. In comparison to the existing heatsink, the heat flux of the MOSFET and the capacitor
for the 36V ECU system was increased by 0.26% and 0.05%, respectively with an iron heatsink and
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by 0.18% and 0.02%, respectively with a steel heatsink. This is because the thermal conductivities of
iron and steel are lower than that of aluminum [38]. Low purity in the aluminum alloy results from
the manufacturing process which causes the poor thermal conductivity and increases the thermal
resistance. Thus, the 36V ECU system with the aluminum alloy heatsink showed 0.16% and 0.01%
higher heat flux for the MOSFET and the capacitor, respectively [39]. Comparison of all the materials
used in this study revealed that copper has the lowest thermal conductivity. Therefore, it showed
the lowest total thermal resistance. The total thermal resistances of the 36V ECU system with the
copper heatsink and the existing aluminum heatsink were compared. The copper heatsink of the
36V ECU system showed a decrease in the thermal resistance by 8.26% in comparison to the existing
aluminum heatsink. The total thermal resistances of the 36V ECU systems with a steel heatsink,
an aluminum alloy heatsink, and an iron heatsink were compared with the existing 36V ECU system
with an aluminum heatsink. The total thermal resistances of these heatsinks were increased by 9.2%,
9.0%, and 10.16%, respectively, compared to those of the 36V ECU system with the existing aluminum
heatsink of 8.676 °C/W. This increase in the thermal resistance is a result of the decreased thermal
conductivities in MOSFETS and capacitors in steel, aluminum alloy, and iron heatsinks.

1.Total power dissipation rate 3.27 MW/m’ 2.Ambient temperature of 22°C
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Figure 9. Temperature, total thermal resistance and heat flux of the 36V heatsink ECU system with
different ECU heatsinks: (a) Maximum temperature variations; (b) Total thermal resistance and heat
flux variations with the heatsink material.

Figure 10 shows the temperature, total thermal resistance and heat flux variation of the seven
MOSFETs and the two capacitors of the 36V ECU system with the total power dissipation rate from
the MOSFETs and the capacitors. In order to reflect the various operating conditions of the 36V ECU
system, the total power dissipation was varied within 2.57 MW /m3 and 4.26 MW /m?. Based on
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the manufacturer’s datasheet and Equations (10)—(14), the power dissipation was 0.77 MW/ m?3 for
the CD228H capacitor at a rated voltage of 63 V, capacitance of 0.22 mF, dissipation factor of 0.09,
ripple current of 660 mA rms, height of 20 mm and diameter of 12.5 mm. The power dissipation was
3.2 MW /m3 for the SITHFZ34 MOSFET with a length of 10 mm, thickness of 3 mm, width of 10 mm,
drain voltage of 60 V, gate voltage of 20 V, drain current of 30 A, reverse transfer capacitance of 100 pF
and drain-source on-state resistance of 0.050 Q) [25,26].

1.Ambient temperature of 22°C  2.Heatsink material is aluminium
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Figure 10. Temperature, total thermal resistance and heat flux of the 36V ECU heatsink with the total
power dissipation rate: (a) Maximum temperature variation with the total power dissipation; (b) Total
thermal resistance and heat flux variation with the total power dissipation.

As shown in Figure 10a, the temperatures of the ECU heatsink, the MOSFETs and the capacitors
of the 36V ECU system at a total power dissipation of 4.26 MW /m? were higher by 20.95%, 30.31%
and 21.54% °C than those at the total power dissipation of 2.57 MW /m3. This could be due to
an increased generation of heat with the increased flow of input current to the capacitors and the
MOSEFETs. This results in an increased generation of heat by the Joule effect [40]. The heat generation
of the semiconductors depends on the input power. The existing model had a total power dissipation
rate of 3.2 MW /m? and it showed 110,094.85 W/m?, 80,051.32 W/m? and 14,687.81 W/m? heat flux
for the MOSFETs, the capacitors and the heatsink respectively.
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In comparison to the power dissipation rate of the existing model, as shown in Figure 10b, the heat
flux of MOSFETs and the capacitors decreased by 19.75% and 19.92% respectively when the total power
dissipation rate was decreased by 20%. The heat generation in the MOSFET and the capacitors increased
when the power dissipation rate was increased by 30% in comparison to the existing model. According to
Equation (14), this results in an increase in the thermal energy of all other elements. Thus, the heat
flux values for the MOSFETSs, capacitors and the heatsink increased by 30.10% and 31.68%, respectively,
compared to the existing model. The total thermal resistance of the existing aluminum heatsink ECU
system was 8.67 °C/W. When the total power dissipation rate of the existing system was decreased by
20%, the thermal resistance of the system decreased by 6.63%. When the total power of the ECU system
was increased by 30%, the total thermal resistance increased by 11.18%. This is due to increased generation
of heat corresponding to increased temperature of the ECU system [41].

Figure 11 shows the variation of temperatures of the heatsink, seven MOSFETs and the two
capacitors of the 36V ECU system with the ambient temperature. At an ambient temperature of
—20 °C, the temperatures of the heatsink, seven MOSFETs and the two capacitors were —9.02 °C,
13.6 °C, 0.55 °C, respectively. With the increase of the ambient temperatures from 20 °C to 30 °C,
the temperatures of the ECU heatsink, seven MOSFETs and the two capacitors increased by 32.93%,
24.86% and 25.14%, respectively. The temperatures of the ECU heatsink, seven MOSFETs and the
two capacitors increased by 24.75%, 9.93% and 22.04%, respectively, with the increase of the ambient
temperatures from 30 °C to 40 °C. The temperatures of the heatsink, seven MOSFETs and the two
capacitors were 50.81 °C, 72.75 °C, 58.81 °C, respectively when the ambient temperature was 40
°C. This increase in the temperatures of the heatsink, MOSFETs and the capacitors with increasing
ambient temperatures is a result of the decreased heat transfer rate. The decreased heat transfer rate
is due to the decrease in the temperature difference between the ECU system and the environment.
The heat generation of the capacitors did not specifically depend on the ambient temperatures because
these temperatures did not directly affect the ESR value as given by Equation (13) [42]. In this study,
the maximum temperatures of the MOSFET, capacitor and heatsink were recorded, when the ambient
temperature was 40 °C. Figure 12 shows the temperature distribution of the MOSFETs, capacitors
and heatsink when the ambient temperature is 40 °C. As shown in Figure 12a, MOSFETs that are
located near the middle of the PCB showed a higher temperature than other MOSFETs. As shown
in Figure 12b, the inner capacitor also showed a higher temperature than the outer capacitor due to
the outer MOSFETs and outer capacitor being located near the ends of the PCB. These areas of the
ECU show lower temperatures as shown in Figure 12¢c. Furthermore, the part of the heatsink near the
MOSFETs showed a higher temperature due to the temperature of the MOSFET.

1.Ambient temperature of 22°C 2.Heatsink material is aluminium
80 3.Total power dissipation rate 3.27 MW/m’

70 E

60 E

§ 50 E
)
= 40 E
g
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Figure 11. Variationof the temperatures of the ECU heatsink, MOSFET and the capacitor of the 36V
ECU system with the ambient temperature.
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Figure 12. Temperature distribution of the MOSFET, capacitor and ECU when ambient temperature is
40 °C: (a) Temperature distribution of the MOSFETs; (b) Temperature distribution of the capacitors;
(c) Temperature distribution of the heatsink (ECU case).

5. Conclusions

The objective of this study was to numerically investigate the heat transfer characteristics of the 36V
ECU system with seven MOSFETs and two capacitors, for an electric bicycle with variations of the ambient
temperature, thermal conductivity of the thermal grease, ECU heatsink material and power dissipation.
The numerical results of the temperatures of the MOSFET and the ECU heatsink of the 36V ECU heatsink
system were validated within 7.2% and 2.1%, respectively, with the experimental results. The temperatures
of the heatsink, seven MOSFETs and two capacitors increased with the increase of the ambient temperature
and with the increase of the total power dissipation. The temperatures of the heatsink, seven MOSFETs
and two capacitors can be decreased by using thermal grease with a higher thermal conductivity between
the heatsink and MOSFETSs, using copper as a manufacturing material for the ECU heatsinks.
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Nomenclature

H Dynamic fluid viscosity (Ns/m?)
o Fluid density (kg/m3)
A Surface area (m?)

p Specific heat capacity (J/kgK)
f Frequency (Hz)
GND Ground connection

h Height (m)

H Specific Static (thermodynamic) enthalpy (m?/s?)
I Current (A)

k Thermal conductivity (W/mK)
L Characteristic length (m)

1 Length (m)

m Mass of the substance (kg)

p Static pressure (Pa)

PD Power dissipation (W)

Q Thermal energy W)

q Heat transfer rate W)

q Heat flux (W/m?)
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R Resistance (9)]

Re Reynolds number

Rry Thermal resistance °C /W

rms Root mean square

SE Energy Source (W/md)

Sm Momentum source (N/m?)
Temperature (K, °C)

u Air flow velocity (m/s)

u Vector of fluid velocity (m/s)

A% Voltage V)

+VS Supply voltage (+) V)

VOUT Output voltage \%

w Width (m)

AT Temperature difference (K, °C)

T Molecular stress tensor (Pa)

\Y Gradient operator

Subscript

) Ambient

DS(ON) Static drain-source on

E Energy

F Fluid

IN Inlet

ouT Outlet

M Momentum

PCB Printed circuit board

RSS Small-signal reverse

S Solid

SW Switching

TG Thermal grease

TH Thermal
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