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Abstract:

This work covers the analysis and simulation of the cooling of an on-board charging module used in
electric vehicles. Advances in charging modules for electric vehicles have significantly reduced battery
charging times. Due to their compact size and high-power density, effective heat dissipation is essential
to maintain a suitable operating temperature. This article proposes a hybrid cooling system for a 20-kW
integrated charging module. The proposed system uses water as a cooling fluid and considers
operational reliability criteria. The flow rate, pressure drop, and coolant temperature profiles were
obtained through numerical simulation. The results show that the proposed cooling system can keep
the module’s critical components below the operating temperature limit, achieving adequate and
uniform cooling of the entire assembly of elements. Thus, the proposed cooling system is a viable
alternative for high-power applications in compact charging modules and paves the way for modules
with greater power capacity.

Keywords: Cold plate; Hybrid Cooling System; Heat Dissipation; Onboard Charger (OBC); Thermal
Management.

1. Introduction

The global increase in the number of vehicles significantly impacts greenhouse gas emissions, since
most vehicles rely on fossil fuels [1]. This renders them unsuitable as a long-term solution, driving the
search for less harmful alternatives [2]. Electric vehicles (EVs) have the potential to significantly reduce
these emissions. However, the transition to electric transportation requires reliable energy storage and
supply, with fast charging and slow discharging. Although lithium-ion battery technology has advanced
considerably, using various thermal management strategies to extend battery service life [3], the focus
is currently on charging modules, as they supply power to Li-ion batteries. Since charging times are
fairly long under optimal conditions [4], efforts are being made to reduce this time without causing
overheating in the charging module components.

Advances in charging module technology for electric vehicles are limited by battery charging speed.
This causes the components to reach high temperatures, resulting in severe damage to the charging
modules, especially the metal-oxide-semiconductor field-effect transistors (MOSFETs). MOSFETSs are
semiconductor devices that switch or amplify signals in electronic circuits. MOSFETs operate using a
small voltage at their gate terminal to create an electric field that controls the flow of a much larger
current between the source and drain terminals. Emerging ultra-fast charging technology (XFC) [5] has
the potential to provide an experience similar to that of gasoline-powered vehicles. While vital for
efficient power management and high-speed switching, MOSFETs often exceed their operating
temperature.

Maintaining the components at an optimal operating temperature requires more than one cooling
method. Otherwise, their service life is reduced by more than half. Effective thermal management is



essential to ensure the reliable operation of charging modules and enable higher charging speeds and
power densities. Thermal dissipation techniques implemented thus far include immersing magnetic
components in epoxy resin, using forced convection systems with fans [6], heat pipes (HP), and other
techniques described in [6]. Although HP [7-8] are an excellent option for thermal management [9],
even when the designs are very thin, research [10] into the effect of the ratio of liquid-to-vapor flow
cross-sectional areas on heat dissipation performance has shown that these designs are limited [11],
as they only focus on a small number of components. Another method [12] of heat dissipation in
confined spaces, where electronic components are located within load modules, is indirect air cooling
using forced convection systems [13]. Research has also been conducted on the interaction between
cooling architecture and PCB design [4]. Alternative methods, such as liquid cooling, are also employed
to cool charging modules. Liquid cooling is a method [14] that has been used in power electronics in
conjunction with co-design and co-simulation. This same method [15] has also been used for fast-
charging systems.

Another approach to controlling component temperature is to improve the module’s efficiency.
Developments are not limited to thermal management but also involve hardware development [16].
Similarly, studies have been conducted on power flow, short-circuit protection, and hardware protection
[17]. Charging module efficiency is an area that is constantly being evaluated [18], and Rafi and Bauman
are among the researchers working to reduce parasitic losses. They are also using WBG
semiconductors to create a CLLC resonant converter [19] and optimizing magnetic component design
[20] to reduce parasitic capacitance and increase charging module efficiency. There have been
advances in energy transfer development with the implementation of DC chargers, which reduce energy
losses and transistor temperature. Despite these advances, challenges remain [21], such as concerns
regarding battery life and the relatively low energy density of 200—300 Wh/kg in lithium-ion batteries
(compared with 13,000 Wh/kg for gasoline) and the lack of public charging infrastructure. These issues
remain significant barriers to the widespread adoption of EVs.

This work explores a hybrid water-and-air based heat dissipation system, implementing a cooling
method similar to that of Zeng [22]. The goal is to ensure that all components within the module reach
an optimal operating temperature, even during full load charging. The analysis focuses on a 20-kW
commercial-grade DC model, which experiences losses around 5% at full load, corresponding to
approximately 1 kW of heat dissipation. This heat is primarily generated by components such as
MOSFETs and chips. Straight rectangular fins are implemented on components that generate the most
heat, and a cold plate based on a six-step model covers most of the remaining components.

2. Methodology

2.1. Geometric model

The geometric model implemented was based on a 20-kW commercial charging module (Figure 1). The
dimensions of the module are 470 mm x 206 mm x 83 mm, as shown in Figure. 1 a). The 2 mm-thick
casing is equipped with two fans that provide a total airflow of 134.292 CFM, as shown in Figure 1 b).
The maximum efficiency of 20 kW load modules typically ranges from 94% and 96%. For this specific
model, the maximum efficiency was 96% at full load. The CAD of this model is shown in Figure 2.

Figure 1. Commercial 20-kW module (images courtesy of [11]). @) module dimensions; b) main
components.
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Figure 2. CAD model of a 20-kW commercial module.
This analysis involved thermal modeling of each component of the load module under full-load

operations, i.e., at a maximum efficiency of 96%. Table 1 presents the thermal properties and heat
generation of each component, which were taken from [24].

Table 1: Properties of the charging module components.

Components Material p (kg/m?) k (W/m-K) ¢, J/kg-K) q"" (kW/m?)
Chip Silicon 2330 148 712 2380.95
Capacitors Aluminum 2719 202.4 871 318.31
(PFC)

Coils 4900 4 800 301.36
Mosfet Silicon 2329 150 700 413.22
Transformer 1250 5 1300 533.33
Fins Aluminum 2719 202.4 871

PCB FR4 1750 16.5 1000

Housing Aluminum 2719 202.4 871

Cooling fluid Air 1.176 0.0261 1.0063

Cooling fluid Water 996.5 0.6103 4181

2.2. Numerical model

A numerical analysis of the module was performed using ANSYS Workbench 2019 R3, considering the
heat generation of each component and applying standard temperature and pressure boundary
conditions. Inspired by the simplified model proposed by [11], a geometric simplification of the
commercial model was implemented without compromising the simulation results. The numerical
method involves solving the momentum, continuity, and energy equations, along with suitable boundary
conditions.



Momentum conservation equation:

Assuming steady-state, incompressible, Newtonian flow with constant properties and no body forces,
the momentum equation was simplified, resulting in the classical form of the Navier—Stokes equations:

p(V - V)V = —Vp + uv?v (D)
Energy conservation equation:

The energy equation was solved assuming steady-state conditions, constant thermophysical properties,
and neglecting viscous dissipation, resulting in a convection-diffusion formulation:

pC,(V-VT) = kV?T 2)
Continuity equation:
The continuity equation was simplified assuming steady-state, incompressible flow:

V-w=0 3)

Reynolds number:
For the Reynolds number calculations, the properties of water were taken at 300 K, resulting in a

Re value of 10,500:

VD
Re = pT )

Nusselt number:
For fully developed turbulent flow conditions and a Prandtl number of 5.83, the Dittus—Boelter
Equation was used, obtaining a Nu value of 77:

Nuy, = 0.023Re/* pro4 )

Friction factor:
For fully developed turbulent flow conditions and smooth walls, the following equation was used to
obtain the friction factor, obtaining an f value of 0.031:

f = (0.790In Re, — 1.64)~2 ©

Convection coefficient:
For a diameter of 10 mm and the thermal conductivity of water at 300 K, Equation (7) was used,
obtaining a convection coefficient value of 4,700 W / (m? K):

b = Nuk )



2.3. Cold plate selection

To ensure adequate cooling of the module's internal components, a pipe geometry was selected to
accommodate as many components as possible within the available space. Due to the limited internal
space, a model based on the commercial design of Cold Plate 416201U00000G (see Figure 3) and the
inlets and outlets of water and air within the model were identified (see Figure 4). The dimensions of
the cold plate were adapted for the load module studied in this article, with a tube diameter of 10 mm
and a total flow path length of 2750 mm.

Figure 3. Commercial cold plate.

Air-Outlet

Air-Inlet

"~ Water-Outlet

Water-Inlet

Figure 4. Cold plate implemented in the CAD model.
2.4. Choosing the fins

The cooling system fins are straight and rectangular because this geometry provides the most effective
heat dissipation among the configurations analyzed. The fins are 2 mm long, 140 mm wide, and 10 mm
high. Due to weight constraints and the high heat generation of the chips, aluminum was applied only
to these components, enabling more effective use of the module's air intake.

2.5. Boundary conditions

For the simulation, a constant water inlet velocity of 0.9 was imposed, resulting in a Reynolds number
of 10,500, with the outlet set to atmospheric pressure. Air was assumed to be at 27 °C, with an inlet
velocity of 3 m/s, corresponding to a Reynolds number of 22,328, and an outlet at atmospheric pressure.
The thermophysical properties of both fluids were evaluated at 27 °C. The thermophysical properties
and volumetric heat generation of the components are listed in Table 1 under full-load conditions. Both
water and air were considered incompressible fluids (as the Mach number for air is 0.0086 < 0.3,
indicating negligible compressibility effects and minimal density variation). Based on these conditions,
the SST k-omega turbulence model was selected because it effectively captures turbulent behavior and
accurately resolves velocity gradients.



2.6. Validation

Three simulation cases are presented to validate the properties of the electrical components and the
physical conditions to which the charging modules are subjected. Each case corresponds to a different
study, and the corresponding source is referenced in each subsection.

Case |

To ensure that the simulation accurately represents real operating conditions, commercial data on the
electronic components comprising the fast-charging module were used. Silicon carbide MOSFETs are
of particular importance due to the significant thermal loads they impose on the PCB. These devices
are widely used for high-voltage operation in compact systems and to enhance switching frequency;
however, these operating conditions lead to increased temperatures in the electronic components.

In this context, 16 Wolfspeed C3M0065090J MOSFETSs, each dissipating 5W, were simulated, with a
spacing of 30 mm between them (Figure. 5). The devices were arranged on the same cold plate
geometry used as a reference for the main charging module.
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Figure 5. Temperature of the MOSFETs operating at 5W.

Casel ll

Table 2 presents the experimental and numerical results reported by [11], along with the corresponding
deviation values. Figure 6 shows the numerical simulation results obtained in this study, with an error
of less than 5%. These results indicate a temperature difference of approximately 2 °C compared to the
experimental data in Table 2, thereby validating the model’s ability to reproduce the behavior of the
physical system.

Table 2: Experimental temperature report shown in [3].

Number of Experiment Simulation result (°C)

measuring point (°C) Steady Max Min

PFC 116 49.7 45.97 45.35 8.771%
Capacitor 46.17 45.42
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Temperature
[322.6
322.2
- 321.8
r321.4 — = ] = ] = ] =] =
r321.0

- 320.6
- 320.2

- 319.8 === = =
319.4
I 319.0 ' '

-318.6
[K]

Figure 6. Capacitor temperature. ~—I



Case lll

A numerical simulation was carried out for Case lll, as reported by [6]. This simulation represents the
thermal performance of the cooling system with a cold plate applied to the MOSFETSs.

The results showed a margin of error of 2% compared to the reference data. This corresponds to an
approximate temperature difference of 8 °C in the pipe mounting region, while the temperature variation
across the MOSFETSs remains close to 1 °C. However, an exception was identified in the upper left

corner of the domain, where the thermal variation reaches approximately 8 °C, as illustrated in Figure
7.

These results support the validity of the methodology employed, particularly in the characterization of
the physical properties used to simulate the cooling process of both the MOSFETSs and the cold plate.
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Figure. 7 Temperature of the geometry replicated in [3].

2.7. Mesh independence

The following results present the findings of the mesh analysis. The temperature at various points along
capacitors, using meshes with significantly different numbers of elements, was taken as a reference,
as shown in Figure 8. To ensure mesh independence, element sizes of 2.5 mm, 2 mm, and 1.5 mm
were considered. The 2.5 mm mesh, consisting of 3,418,620 elements, was selected, because it
provides an appropriate balance between accuracy and computational cost, with temperature
differences below 4% among the tested meshes.
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Figure 8. Mesh Independence.



3. Results and discussion
3.1. Cold plate

Different configurations and fluid inlet velocities were evaluated for the implemented Cold Plate Model
to determine the most effective arrangement for heat dissipation from the electronic components.
Certain combinations of diameter and inlet velocity were found to significantly improve thermal
performance without causing excessive pressure drop. Commercial Cold Plate models typically use
pipe diameters ranging from 9 to 10 mm. Unlike these, the simulation model presented in this study
considers a wider range of diameters (6-14 mm) and inlet velocities (0.5-1.3 m/s) to analyze their effect
on thermal performance. Within this range, a diameter of 10 mm combined with an inlet velocity of 0.9
m/s yielded one of the best results, achieving 626 W of heat dissipation with a pressure drop of 5,220
Pa. Under these conditions, most components operated within an acceptable temperature range.

The subfigures in Figure 9 show a top-down view of the temperature profiles of the components when
using the cold plate. Figure 9 presents temperature profiles at different module heights to illustrate the
influence of the cold plate on the electronic components.

At the PCB level (Figure 9 a), the influence of the cold plate on both the component bases and the PCB
is evident, maintaining most components within a suitable temperature range, with localized exceptions
where its effect is limited. At a height of 5 mm (Figure 9b)), a similar thermal behavior is observed,
indicating efficient heat dissipation in this region. At 10 mm (Figure 9c)), an increase in temperature
appears in the transistors, with differences of approximately 6 °C compared to other zones. At greater
heights (15 mm and 20 mm; Figures 9 d) and 9 e), respectively), the influence of the cold plate
decreases progressively, leading to higher temperatures in components such as transistors and coils.

Nevertheless, temperatures remain within safe operating limits. In particular, the transistors reach
approximately 100 °C at 20 mm above the PCB, which is below their estimated critical temperature of
150 °C, ensuring the operational integrity of the system.

Conclusion

This study proposes and evaluates two thermal management strategies to maintain the temperature of
electronic components within safe limits while avoiding the incorporation of additional elements that
could compromise overall system performance. Numerical models were developed to accurately
reproduce the physical behavior of charging modules, thereby enabling validation of the proposed
solutions, with deviation below 5% when compared to experimental and literature data, confirming the
reliability of the simulation approach.

The first strategy involved implementing 2-mme-thick, straight rectangular fins on one side of each chip.
This configuration reduced the temperature by 3 to 4 °C. However, increasing the fin thickness resulted
in only marginal thermal improvements (1-2 °C), indicating that a thickness of 2 mm provides an
effective thermal solution, while also highlighting the importance of geometric optimization under space
and weight constrains in compact power electronic systems.

The second strategy relied on the use of a cold plate, whose performance was evaluated through
parametric simulations considering variations in pipe diameter (6—14 mm) and fluid inlet velocity (0.5—
1.2 m/s). The results showed that the combination of a 10 mm diameter and an inlet velocity of 0.9 m/s
provides an effective balance between heat dissipation and pressure drop, allowing most electronic
components to be maintained at approximately 80 °C within the regions directly influenced by the
cooling system, while achieving a heat dissipation capacity of up to 626 W and maintaining acceptable
hydraulic performance (pressure drop of 5,220 Pa).

Additionally, the study focused on ensuring efficient thermal management within the spatial constraints
of charging modules, demonstrating that the proposed hybrid cooling approach can handle thermal
loads on the order of 1 kW under full-load operating conditions without exceeding critical temperature
limits.

As a direction for future research, the implementation of a third complementary method is proposed,
such as the use of 50% water—glycol mixtures as a coolant, along with other possible modifications.
This approach aims to further enhance heat dissipation capacity and enable the development of higher
power density modules.
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