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Abstract—Silicon carbide (SiC) power modules are a favorable
option for renewable energy and electric vehicles, thanks to the
superior performance of SiC bare dies. However, thermal manage-
ment issues, such as high heat flux and poor thermal uniformity,
have been identified as major constraints on the performance
improvement of SiC power modules in practical applications. To
address these challenges, this article proposes an automated opti-
mization methodology based on the nondominated sorting genetic
algorithm with an elite strategy and finite-element analysis for
the manifold microchannel (MMC) heat sink. The optimized MMC
heat sink is fabricated on a three-phase SiC power module for
a thermal performance evaluation through a dedicated thermal
test platform. Experimental results show that the optimized MMC
heat sink improves the thermal uniformity by 55.6%, reduces the
maximum junction-to-fluid thermal resistance of the SiC power
module by 9.2% in comparison to the traditional pin-fin heat sink,
and simultaneously decreases the total weight of the SiC power
module with a cold plate by 8.7%.

Index Terms—Manifold microchannel (MMC), nondominated
sorting genetic algorithm with an elite strategy (NSGA-Ⅱ), silicon
carbide (SiC) power modules, thermal management, thermal
resistance, thermal uniformity.

I. INTRODUCTION

A S energy and environmental issues take center stage, the
development of renewable energy and the widespread

adoption of electric vehicles have become crucial focal points
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Fig. 1. (a) Power semiconductor failures factors. (b) Weight distribution of
major components in the electric drive inverter.

for many countries. Power electronic converters, as a vital
component of electric vehicle power transmission, are garnering
increased importance. Ensuring the reliability of these con-
verters is essential for the safety of electrified transportation
vehicles. Moreover, due to space and payload limitations, power
electronic converters in electrified vehicles are moving toward
miniaturization, lightweight design, and high power density
[1], [2].

In recent years, silicon carbide (SiC) devices have been
demonstrated to be more suitable than silicon (Si) power devices
for high-power-density power electronic converters due to their
superior electrical and thermal performance [3]. However, as
the dimensions of SiC devices diminish, there is a substantial
increase in heat flux, reaching levels of a few kW/cm2 in some
SiC power modules [4]. Such high heat flux can severely impact
the reliability and longevity of SiC power modules [5]. As shown
in Fig. 1(a), statistics indicate that failures induced by temper-
ature factors account for up to 55% of power semiconductor
failures. Moreover, within the normal operating temperature
range, for every 10 °C increase in junction temperature, the
failure rate approximately doubles (known as the 10 °C rule) [6].
Fig. 1(b) shows the weight distribution of major components in
the electric drive inverter of the Nissan LEAF, where the thermal
management system accounts for the largest share (37%), fol-
lowed by the power module (23%) [7]. Therefore, developing an
efficient and lightweight thermal management system for power
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Fig. 2. Physical structure of the MMC.

modules is essential to enhance the overall application of power
electronic converters in electric vehicles.

Several cooling methods have been proposed for managing
the heat generated by power modules. These methods fall into
three main categories: air cooling, liquid cooling, and phase-
change cooling [8], [9]. Traditional air cooling is not sufficient
for high heat flux, leading to the development of new liquid
cooling solutions, such as microchannels [10], jet impingement
[11], phase-change cooling [12], and immersion cooling [13].

However, microchannels and jet impingement can result in
a significant drop in coolant inlet pressure and require higher
pumping power. In addition, phase-change cooling and immer-
sion cooling have complex structures, making it challenging to
achieve a compact system, and their reliability is also a concern.

Numerous studies have also been conducted on optimizing
heat sink designs. For instance, topology optimization has been
applied to the direct water-cooled microelectronic heat sink,
achieving a balance between thermal resistance and pressure
drop [14]. In addition, parametric scans and comparative anal-
yses have been employed to optimize the liquid-cooled heat
sink for electric vehicle inverter modules, resulting in a novel
configuration that achieved a high power density of 9.677 kW/kg
[15]. Furthermore, genetic algorithms have been used to au-
tonomously optimize an air-cooled inverter, achieving a power
density of 75 W/in3 with a junction temperature of 103 °C [16].
These methods represent common approaches in the field of
thermal management research.

In recent years, a promising structure known as manifold
microchannels (MMCs) has been extensively investigated for
high-heat-flux applications in power electronics [17]. Compared
to the aforementioned cooling techniques, the MMC can obtain
better heat dissipation performance within a compact volume
while maintaining a low pressure drop at the inlet [18]. Some
experiments have demonstrated the feasibility of its excellent
thermal performance in practical applications [19], [20]. Fig. 2
shows the typical physical structure and water flow direction of
the MMC. Although the MMC has many advantages, it also has
the following limitations.

1) Compared to the conventional heat sink, the MMC features
a more complex structure that requires the integration of
specialized manifolds.

2) The small size of the fins necessitates high-precision man-
ufacturing, which increases costs. Moreover, the narrow
channels demand high coolant purity to avoid clogging.

3) Like the traditional heat sink, the MMC can exhibit tem-
perature gradients when applied to power module cooling,
resulting in thermal nonuniformity issues.

MMCs have been extensively studied, including numerical
thermal simulations [21], structural optimization [22], [23],
and uniform flow distribution [24]. These studies focused on
enhancing the overall cooling capacity to achieve uniform heat
flux removal across the entire substrate.

However, similar to traditional cooling methods, the MMC
heat sink can also induce a temperature gradient along the
flow direction of the coolant, leading to thermal nonuniformity
across the power module [25], [26]. Therefore, corresponding
thermal management strategies should be developed based on
the thermal nonuniformity of the power modules to improve
their thermal uniformity metrics of the power modules.

This article improves the thermal nonuniformity and thermal
resistance of the SiC power modules by designing a new MMC
heat sink using the nondominated sorting genetic algorithm
with an elite strategy (NSGA-II) [27] and finite-element anal-
ysis (FEA). The rest of this article is organized as follows. In
Section II, we analyze the causes of thermal uniformity issues
in commercial SiC power modules and propose an automated
optimized methodology for the heat sink optimization of power
modules using the NSGA-II and FEA. In Section III, the pro-
posed methodology is implemented for a custom-designed SiC
power module, leading to the development of a new MMC heat
sink. And its thermal efficacy is validated through simulation.
Experimental evaluation has been conducted in Section IV.
Finally, Section V concludes this article.

II. PROPOSED DESIGN METHODOLOGY

A. Thermal Uniformity Issue of the Commercial Power
Module

To investigate the thermal management issues encountered in
the practical application of SiC power modules. This section
presents a case study focusing on the Onsemi 900-V/620-A
single-sided direct liquid-cooled SiC power module. Its struc-
ture is shown in Fig. 3. Thermal simulation analysis is carried
out using the FEA simulation software COMSOL. The power
module’s phase leg is constructed with a parallel design that
incorporates eight SiC MOSFET dies. The baseplate is directly
integrated with a traditional pin-fin heat sink structure, which
has a height of 5.8 mm. Table I presents an exhaustive inventory
of the thermal parameters pertaining to the diverse packaging
materials and cooling fluids employed in the simulation. The
pin-fin structure is composed of copper, while the cold plate
is made of an aluminum alloy. The chosen cooling fluid is a
solution containing 50% volume fraction of ethylene glycol with
a dynamic viscosity of 0.406 mPa·s.

In the FEA simulation, several assumptions are made to
alleviate the computational burden of the model.

1) The dissipated heat flow is considered to be evenly dis-
tributed within the dies, and the solder layer is assumed to
be free from defects.

2) Due to the encapsulant surrounding the top of the dies,
which has low thermal conductivity, it is generally



MAN et al.: NSGA-II OPTIMIZED MMC HEAT SINK WITH BETTER HEAT DISSIPATION AND SUPERIOR THERMAL UNIFORMITY 9213

Fig. 3. Onsemi 900-V/620-A power module mechanical structure.

TABLE I
MATERIAL PROPERTIES IN THE ONSEMI 900-V/620-A SIC POWER MODULE

assumed that the dissipated heat flows unidirectionally
from top to bottom. Thus, the upper surface of the module
is considered as an adiabatic boundary, and radiative heat
transfer from the dies is neglected.

3) The aluminum bonding wire within the module is rela-
tively small and is considered to have a negligible impact
on heat conduction from the dies.

4) The liquid cooling medium is regarded as an incompress-
ible viscous fluid, with no regard given to the influence
of temperature on the thermal properties of the packaging
materials.

Fig. 4 shows the structural model and boundary condition
settings for the single-sided direct liquid-cooled SiC power
module. The cooling fluid’s inlet temperature is set at 65 °C,
with a flow rate of 10 L/min, and the SiC MOSFET dies’ total
power loss is specified as 2000 W.

Several parameters have been defined to facilitate the assess-
ment of power module thermal performance metrics, including
discretized thermal resistanceZthij , maximum junction-to-fluid
thermal resistance Rthjf , thermal uniformity index Ψ, and
pumping power P.

Fig. 4. Power module’s simplified model and boundary condition setting.

Thermal resistance can be interpreted as the ratio of the
temperature difference across a material to the heat flow passing
through it. In power modules, discretized thermal resistance is
typically defined at material interfaces, expressed as follows:

Zthij(t) =
Ti(t)− Tj(t)

Ploss(t)
(1)

where Ti(t) andTj(t) represent the temperatures at material
interfaces i and j, respectively, and Ploss(t) refers to the total
heat loss power.

The steady-state maximum junction-to-fluid thermal resis-
tance of the power module is defined as follows:

Rthjf =
Tjmax − Tin

Ploss
(2)

where Tjmax represents the maximum junction temperature of
the dies within the module, while Tin denotes the inlet fluid tem-
perature. Junction-to-fluid thermal resistance is a critical param-
eter for evaluating the liquid cooling performance of power mod-
ules. Under identical loss conditions, a higher junction-to-fluid
thermal resistance leads to an increased junction temperature,
substantially affecting the module’s operational reliability.

The thermal uniformity index is defined as follows:

Ψ =
Tjmax − Tjmin

Tjmax − Tin
× 100% (3)

where Tjmin represents the maximum junction temperature
of the dies within the module. It can quantify the maximum
temperature difference between power dies within a module.

In addition, the fluid pressure drop serves as a critical metric
for assessing the liquid cooling performance of power modules.
When the inlet flow rate remains constant, the fluid pressure
drop significantly influences the pumping power of the liquid
cooling system

P = Q ·Δp (4)

where Q is the inlet flow rate, which is constant in this article,
set at 10 L/min. Therefore, the value of P is dependent on the
inlet pressure drop Δp.

Fig. 5 shows the simulation results. The internal temperature
distribution of the SiC power module under direct cooling with a
65 °C ethylene glycol shows that the maximum junction temper-
ature of the SiC dies is 120.2 °C, accompanied by a maximum
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Fig. 5. Simulation results of the Onsemi 900-V/620-A SiC power module.

Fig. 6. Thermal resistance distribution in the SiC power module.

temperature difference of 6.3 °C, resulting in a thermal unifor-
mity index as high as 12%. The uneven temperature distribution
is mainly due to the use of a series water-cooling layout in
the module. During fluid flow, the disturbance created by the
pin-fin structure reduces fluid velocity, impacting heat transfer
efficiency. This leads to an accumulation of dissipated heat
and a gradual increase in fluid temperature, creating a natural
temperature gradient. As a result, the junction temperatures of
the SiC die near the cooling plate inlet are generally lower than
those at the outlet. This uneven temperature distribution may
have a negative impact on the long-term reliability of the SiC
power module.

Furthermore, the thermal resistance distribution is shown in
Fig. 6 by applying (1) to calculate the steady-state thermal
resistance of different material layers within the module. It can
be observed that the thermal resistance from the top surface
of the baseplate to the cooling fluid accounts for as much
as 70%, indicating that this pathway is the primary obstacle
to efficient heat transfer and emphasizing its significance in
thermal optimization design. One effective method for reducing
the maximum junction-to-fluid thermal resistance of the direct
liquid-cooled SiC power module is to utilize baseplate mate-
rials with higher thermal conductivity. This helps to enhance
heat transfer efficiency and minimize heat accumulation in the
baseplate. Another approach is to design a more efficient liquid
cooling structure to increase heat transfer efficiency, which can

Fig. 7. Heat sink parameterization and subregional coding.

further reduce the convective thermal resistance of the baseplate.
This study primarily focuses on designing a more efficient liquid
cooling structure for SiC power modules.

B. Design Methodology

In [28] and [29], genetic algorithms have been applied to
optimize the cooling structures of Si and SiC power mod-
ules, enhancing their thermal performance. In these studies,
researchers often partition the heat sink into different regions
and suggest multiple structures. The encoding of chromosomes
regulates the implementation of diverse structures in different
areas, ultimately enhancing the thermal efficiency of the power
modules. Although this approach results in heat sinks capable of
reducing the maximum thermal resistance, the overall structure
still heavily relies on the initially proposed designs, leading to
significant human intervention. Furthermore, these studies have
not considered optimizing thermal uniformity within the power
modules.

Based on the aforementioned analysis, we propose the fol-
lowing optimization method.

1) The heat sink of the power module is divided into three
sections, with each half-bridge serving as a unit. This
design allows for independent adjustment of the heat sink
structures beneath each half-bridge, facilitating different
junction-to-fluid thermal resistances for each half-bridge
and improving temperature uniformity.
Before beginning the optimization process, key structural
parameters of the heat sink are identified, such as the
pillar radius and the spacing between the pillars in both
horizontal and vertical directions, as illustrated in Fig. 7.
For example, the pillar radius ranges from 1 to 2.5 mm with
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a step size of 0.1 mm, resulting in 16 possible pillar radii.
To represent these 16 options using binary numbers, a 4-bit
binary code is required, where (0, 0, 0, 0) corresponds to
a pillar radius of 1 mm and (1, 1, 1, 1) corresponds to
2.5 mm.
This encoding method can also be applied to other struc-
tural parameters of the heat sink. As a result, we can use a
genetic algorithm for multiobjective optimization to find
the optimal set of heat sink parameters that strike a balance
between thermal resistance, pressure drop, and thermal
uniformity.

2) The NSGA-II is used to encode the critical parameters of
the cooling structure for each half-bridge unit in a chro-
mosome, focusing on optimizing the maximum thermal
resistance, thermal uniformity, and pressure drop of the
power module as multiobjective optimization objectives.
To improve the efficiency and performance of the genetic
algorithm, the NSGA-II has undergone the following en-
hancements.
a) Fast nondominated sorting: The integration of fast

nondominated sorting has significantly decreased com-
putational complexity, enabling the efficient identifica-
tion of Pareto-optimal solutions, even within extensive
search spaces.

b) Crowding distance concept: Incorporating the crowd-
ing distance concept significantly enhances the genetic
algorithm’s global search capability.
By assessing the distribution of individuals in the ob-
jective space, priority is given to individuals situated
in crowded regions, thereby upholding the diversity of
solutions.

c) Elitism strategy: This strategy helps retain the high-
quality individuals from parent population by combin-
ing the parent population with its offspring for com-
petitive selection. It ensures that optimal solutions are
carried forward into subsequent iterations, improving
overall optimization outcomes.

Through these enhancements, the NSGA-II is capable of more
effectively exploring the design space of cooling structures and
identifying superior cooling solutions. Consequently, this leads
to an improvement in the thermal management performance of
power modules.

The process delineated in Fig. 8 includes using COMSOL
to parameterize the cooling structure and execute multiphysics
simulations. Concurrently, the NSGA-II is implemented in
MATLAB. These two platforms interface through COMSOL
Multiphysics with MATLAB, facilitating the comprehensive
realization of the optimization process.

III. OPTIMIZATION OF THE MMC HEAT SINK

A. Design of the SiC Power Module With the MMC Heat Sink

In order to optimize the thermal performance of the MMC
direct liquid cooling heat sink, this section designs a direct
liquid-cooled SiC three-phase half-bridge power module with
an MMC heat sink based on the size of Onsemi commercial SiC
power modules. Its mechanical structure is shown in Fig. 9. This

Fig. 8. Heat sink optimization method based on the NSGA-II and FEA.

Fig. 9. Configuration of the power module integrated with the MMC heat sink.

TABLE II
MATERIAL PROPERTIES IN THE SIC POWER MODULE

power module consists of three half-bridge direct bonded copper
(DBC) substrates fixed to a copper baseplate integrated with an
MMC heat sink using welding. Each phase leg uses four 1.2-kV
SiC MOSFET dies (Rohm S4108) in a parallel configuration,
with a rated current of 124 A and no reverse parallel schottky
barrier diode (SBD) dies. The SiC three-phase half-bridge power
module is bolted to an aluminum alloy cold plate using a sealing
gasket and connected to an external circulating liquid cooling
system. Table II provides detailed material parameters for the
power module, cold plate, and cooling fluid.

Fig. 10 shows the cooling fluid flow path within the MMC
liquid cooling structure. The cold plate is equipped with a
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Fig. 10. Coolant flow path in the MMC.

series flow channel arrangement to ensure a sufficient amount
of cooling medium flows beneath the heat source to minimize
the thermal resistance between the SiC power module and the
cooling fluid. After entering the cold plate, the cooling fluid
first passes through a conical buffering layer at the inlet, which
promotes a more uniform flow distribution and reduces local
overheating caused by uneven flow distribution. Subsequently,
the fluid sequentially flows through the diverging manifold
directly below the three half-bridge DBC substrates, exchanging
heat with the corresponding microchannel baseplate, and finally
converges at the outlet’s conical buffering layer before exiting
the cold plate. This series flow design further enhances the dis-
turbance of the fluid, helping to disrupt the stable development of
the thermal boundary layer, thereby reducing the accumulation
effect of dissipated heat in any single region of the flow channel
and maximizing the liquid cooling heat transfer efficiency.

B. Parametric Modeling of the MMC Heat Sink

The critical parameters of the MMC liquid cooling structure
mainly include the inlet channel widthWin, outlet channel width
Wout, channel heightHm, channel wall thicknessWw, number of
channels N, as well as the fin thickness wf , flow channel width
wc, and flow channel depth hc in the microchannel structure,
as shown in Fig. 11. Studies have shown that the effects of
these structural parameters on overall thermal resistance, fluid
pressure drop, and temperature distribution uniformity are not
monotonically increasing or decreasing. In order to attain the
optimal parameter combination, it is essential to strike a balance
between high heat transfer efficiency and low fluid pressure drop
while mitigating temperature distribution nonuniformity.

The core objective of optimizing the MMC heat sink is to
optimize thermal performance within the constraints of a speci-
fied volume or weight limit. Therefore, during the optimization
process, the total height of the MMC liquid cooling structure
must remain constant, meaning that the sum of channel height
Hm and flow channel depth hc is unchanged. Furthermore, in
order to maximize the benefits of microchannel liquid cooling

Fig. 11. Parametric modeling of the MMC heat sink.

technology and address constraints related to minimum process-
ing dimensions and potential flow channel blockage risks, this
study restricts the values of fin thickness wf and flow channel
widthwc to be between 0.2 and 0.6 mm and specifies that the fin
thickness equals the flow channel width to reduce the number of
optimization decision variables. Each structural parameter of the
bifurcated manifold is designed separately, where the bifurcated
manifold adopts a conical structure with a width ratio of 2 at
the inlet and the outlet. By optimizing the number of parallel
channels in the manifold region, we can indirectly adjust the
flow path of the cooling fluid and the impact of the jet on the
structure. This helps to reduce the nonuniform distribution of
temperature among the three half-bridge DBC substrates of the
SiC power module.

In conclusion, the optimization decision variables for the
SiC power module MMC heat sink have been refined to five.
The multiobjective optimization problem can be expressed as
follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Min : Rthjf ,Δp, ψ

s.t. 0.2mm ≤ wf = wc ≤ 0.6 mm

0.5mm ≤ hc ≤ 2.5 mm

Hm + hc= 8mm

Win =W out

Ww = 1.6mm

2 ≤ Ni ≤ 6, i = 1, 2, 3.

(5)

C. Optimal Solution Set and Simulation Validation for the
MMC Heat Sink

Following the optimization process outlined in Section II, we
conducted an optimization of the self-designed power module.
Given that the thermal–hydraulic collaborative multiobjective
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Fig. 12. Pareto-optimal front of Rthjf , Ψ, and Δp.

TABLE III
PARAMETERS OF THE OPTIMAL MMC HEAT SINK

TABLE IV
PARAMETERS OF THE TRADITIONAL PIN-FIN HEAT SINK

optimization involves the integration of multiple software sim-
ulations and that each evaluation necessitates solving complex
turbulent heat transfer equations, the computational load during
the optimization process is substantial. Therefore, we set the
population size of the NSGA-II optimization algorithm to 30,
with a maximum iteration limit of 20, and specified crossover
and mutation probabilities of 0.8 and 0.1, respectively. Upon
running the simulation optimization program, we obtained the
Pareto-optimal solution set, as illustrated in Fig. 12. The blue
points on the Pareto front represent the parameters of the MMC
liquid cooling structure that dominate in terms of thermal–
hydraulic resistance, fluid pressure drop, and thermal uniformity.
The blue pentagram indicates the optimal MMC liquid cooling
structure with superior performance across all metrics, while
the orange points correspond to the parameters of the traditional
pin-fin liquid cooling structure, which underperforms relative
to the Pareto-optimal solutions of the MMC liquid cooling
structure.

The structural parameters for the optimal MMC liquid cooling
structure and the traditional pin-fin liquid cooling structure are
listed in the accompanying Tables III and IV, where Dh is the
longitudinal spacing of the pins, Dv is the vertical spacing of
the pins, and R is the radius of the pins.

We conduct thermal–hydraulic simulations under identical
boundary conditions for SiC power modules integrating both the
optimized MMC heat sink and the traditional pin-fin heat sink.
The simulation results are shown in Fig. 13. Under power loss of

Fig. 13. Simulation results of the power module with the optimized MMC
heat sink (up) and the traditional pin-fin heat sink (bottom).

1500 W, the former exhibits a maximum junction temperature
of 97.8 °C with a maximum temperature difference of 2.0 °C
between the half-bridges, and the latter exhibits a maximum
junction temperature of 106.1 °C, with a maximum temperature
difference of 6.6 °C between the half-bridges.

The former exhibits a 10.4% reduction in junction-to-fluid
thermal resistance compared to the latter. In addition, the thermal
nonuniformity decreased by 66.2% compared to the power mod-
ule with a traditional pin-fin heat sink, indicating a significant
improvement in thermal performance. It is important to note that
the pressure drop in the optimized MMC heat sink increased by
1.2 kPa compared to the traditional pin-fin heat sink. However,
this slight increase does not have a significant impact on the
overall liquid cooling system performance.

IV. EXPERIMENTAL VERIFICATION

A. Fabrication of the Power Module

Based on the direct liquid cooling SiC three-phase half-bridge
power module mentioned in Section III, the entire die soldering
and module assembly process is completed in the laboratory, as
shown in Fig. 14. Prior to commencement, the SiC MOSFET dies
are extracted from the wafer, and the DBC substrate with etched
circuit patterns, along with graphite fixtures for position stabi-
lization, is prepared. The individual half-bridge DBC substrate
is then placed in the graphite fixture, and precut solder pads are
added, along with the SiC MOSFET dies and power terminals, to
undergo the first reflow soldering process. Subsequently, wire
bonding technology is utilized to establish connections between
the SiC MOSFET dies and the upper layer copper of the DBC
substrate, ensuring a complete circuit connection. Finally, the
graphite fixture is used to secure the position again, and a sec-
ondary reflow soldering process is carried out to attach the three
half-bridge DBC substrates to the corresponding heat sink base,
while the housing is secured to the heat sink with bolts and metal
adhesive. The entire processing flow of the SiC power module
aligns closely with conventional module packaging techniques,
and the optimized MMC heat sink does not incur additional
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Fig. 14. Fabrication of the power module.

TABLE V
ESSENTIAL COMPONENTS AND MATERIAL PROPERTIES OF THIS POWER

MODULE

Fig. 15. Power module with different heat sink. (a) SiC power module.
(b) Optimized MMC heat sink. (c) Traditional pin-fin heat sink. (d) Cold plate
for the MMC heat sink. (e) Cold plate for the traditional pin-fin heat sink.

equipment or process expenses. The essential components and
material properties of this power module are summarized in
Table V.

Fig. 15 shows power modules integrated with the traditional
pin-fin heat sink and the optimized MMC heat sink, along with
their cold plates.

Fig. 16. Schematic of the thermal testing platform.

Fig. 17. Experimental setup for the SiC power module thermal test.

B. Experimental Setup

To ensure the accuracy and fairness of the test results, avoid
influences from external factors, such as heat source distribution,
thermal radiation, power loss, and measurement systems. A ded-
icated testing platform for the direct liquid cooling performance
of the SiC power module is established. Its schematic is shown
in Fig. 16.

The specific experimental setup for testing the liquid cooling
performance is shown in Fig. 17. Deionized water is used as
the coolant, and the entire liquid cooling system is powered
by an external recirculating water cooler, which maintained the
coolant temperature at the inlet of the SiC power module’s cold
plate at a constant 25 °C. The flow rate is precisely adjusted using
control valves. Flow and temperature sensors (with an accuracy
of 0.2%) are positioned at the outlet of the recirculating water
cooler to monitor the actual flow rate and temperature of the
inlet fluid. In addition, precision pressure sensors (range 600
kPa and accuracy 0.2%) are installed near both the inlet and
outlet sides of the SiC power module cold plate to measure the
actual pressure at these points.

A constant current power supply (0–30 V and 0–100 A) is
utilized to power the three-phase half-bridge SiC power module.
To simplify the experiment, the three half-bridge DBC substrates
are connected in series to ensure consistent current flow, and the
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Fig. 18. Temperature distribution of the power module with the traditional
pin-fin heat sink (left) and the optimized MMC heat sink (right) in the infrared
thermal imaging camera under (a) power loss of 1200 W, (b) power loss of 1500
W, and (c) power loss of 1800 W.

gate and source terminals of the SiC MOSFET dies are shorted,
allowing for reverse current flow through the body diodes,
utilizing body diode loss to act as a heat source.

To facilitate precise temperature measurement of the SiC
power module, a uniform coating of black insulating paint with
an emissivity of approximately 0.96 is applied to the upper
surface of the DBC substrate. Subsequently, an infrared ther-
mal imaging camera (Guide PS610) is utilized for temperature
assessment.

During the experiment, the flow rate, temperature, and inlet
and outlet pressure signals of the liquid cooling system are
recorded using a data acquisition system (Keysight DAQ970A)
and monitored in real time with corresponding software. The
actual input voltage, current, and power loss of the SiC power
module are measured using an oscilloscope.

C. Experimental Results

The coolant flow rate is maintained at 10 L/min, and the
steady-state temperature distribution of the SiC power module
under different power loss conditions is shown in Fig. 18. As
the power loss of the module increases, the maximum junction

Fig. 19. Comparison of (a) Rthjf and (b) Ψ under different power loss.

temperature of the SiC die rises correspondingly, and temper-
ature difference between the three half-bridge DBC substrates
also increases.

Compared with the traditional pin-fin heat sink, the optimized
MMC heat sink demonstrated a notable reduction in both the
maximum junction temperature of the dies and the temperature
difference between the half-bridge substrates.

Fig. 19 presents Rthjf and Ψ of the power module using the
traditional pin-fin heat sink and the optimized MMC heat sink
under different power loss. It can be observed that Rthjf and
Ψ of the power module integrated with the optimized MMC
heat sink are lower than the power module integrated with the
traditional pin-fin heat sink.

Under the power loss of 1500 W, the maximum junction
temperature of the power module integrating traditional pin-
fin heat sink reached 106.5 °C. The maximum temperature
difference is 6.6 °C, resulting in a maximum junction-to-fluid
thermal resistance of 54.3 K/kW and a thermal nonuniformity of
8.1%. In contrast, the power module integrating the optimized
MMC heat sink exhibited a maximum junction temperature of
98.9 °C and a maximum temperature difference of 2.4 °C, with
a maximum junction-to-fluid thermal resistance of 49.3 K/W
and a thermal nonuniformity of only 3.6%. This indicates that
the optimized MMC heat sink achieved a reduction of 9.2%
in maximum junction-to-fluid thermal resistance and a 55.6%
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Fig. 20. Comparison of CSPI of the SiC power module integrating the tradi-
tional pin-fin heat sink and the optimized MMC heat sink.

decrease in thermal nonuniformity, which is conducive to the
long-term reliability of the SiC power modules.

However, it is worth noting that the optimized MMC heat sink
exhibited an increase in fluid pressure drop across the cold plate,
rising by 1.4 kPa compared with the traditional pin-fin heat sink.
This increase can be attributed to two main factors.

1) The flow mode design introduced jet impact effects, in-
creasing fluid disturbance.

2) To reduce overall weight, the cold plate is designed with a
more compact structure, decreasing its height from 18 to
10 mm. This modification has led to an increase in pressure
drop due to the narrower flow channels.

Nonetheless, this pressure drop increase is unlikely to affect
conventional liquid cooling systems significantly.

Overall, excluding the dies’ differences, processing and as-
sembly errors, and measurement errors, the experiment and
simulation are basically consistent with each other.

In addition, to quantify the power density metrics of the power
module, the heat dissipation performance indicator related to
weight, known as cooling system performance index (CSPI)
[30], can be utilized. The specific definition is as follows:

CSPI =
1

Rthjf ×WHS
(6)

where WHS is the weight of power module with the cold plate.
Fig. 20 shows WHS and CSPI metrics of two different direct

liquid-cooled SiC power module structures under power loss
of 1500 W. Compared to the power module integrating the
traditional pin-fin heat sink, the power module integrating the
MMC heat sink exhibited a total weight reduction of 8.7%,
while the CSPI improved by 20.7%. This demonstrates that
the optimized MMC heat sink significantly enhances the power
density of the SiC power module, making it highly suitable for
lightweight and high-heat-flux applications.

V. CONCLUSION

In this article, a new MMC heat sink is proposed as a po-
tential solution to the thermal management challenges linked to

high-heat-flux density and poor thermal uniformity in SiC power
modules. An automated multiobjective optimization method
based on the NSGA-II and FEA is proposed to optimize the
MMC heat sink. Experimental results verify that the power
module integrating the new MMC heat sink can achieve a 9.2%
reduction in maximum junction-to-coolant thermal resistance, a
55.6% enhancement in thermal uniformity, and an 8.7% decrease
in total weight when subjected to a power loss of 1500 W,
compared to the power module integrating the traditional pin-fin
heat sink.
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