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ABSTRACT Modern Electric Vehicles (EVs) require high power and high efficient powertrains to extend
their power range. A key element of the electric powertrain is its drive with an electric motor controlled by
a traction inverter. A cooling system dissipates heat generated due to the losses in this inverter and keeps
its temperature within limits, i.e. below the operational maximum value. Indirect cooling systems are often
the preferred solution due to their easy implementation and robust separation of the electric/electronic parts
and the coolant circuit. Indirect cooling comes with additional surface interfaces, hence thermal barriers
and increased thermal resistance for the losses’ heat flow path. One way to increase the system’s heat
transfer coefficient is by implementing power electronics with dual-sided cooling (DSC) solutions and by
enhancing surface structures for the cold plates. Manufacturing complex cold plate solutions with internal
surface-enhancing structures by way of classical techniques (e.g. aluminum extrusion with CNCmachining)
can be difficult, costly, or even not possible. Sealed one-piece solutions are preferred, without the need to
weld parts or to use screws, glue, gaskets, etc. 3Dmetal printing allows tomanufacture of a one-unit compact,
light, and reliable cold plate. This study shows the advantages and limitations of a 3D metal-printed inverter
cold plate by presenting the microchannel design, numerical thermal simulations, and experimental results
for the liquid cooled DSC SiC and Si inverters. This work explores the compatible use of 3D metal printing
solutions, which will aid the development of modern high-power density EVs.

INDEX TERMS 3D printing, additive manufacturing, dual-side cooled (DSC) module, liquid cooling,
microchannels, cold plate, SiC semiconductors, automotive inverter, electric vehicles.

I. INTRODUCTION
Nowadays, the automotive industry has seen a shifting
trend from Internal Combustion Engine Vehicles (ICEVs)
to Electric Vehicles (EVs) to meet the environmental and
energy challenges [1], [2], [3]. According to the IEA Global
EV Outlook, electric vehicle stock in 2023 is more than
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5 times compared to 2018 and it is over 26 million, where
only 3.3 million cars are in stock in the European zone
(includes EU27, Norway, Iceland, Switzerland and United
Kingdom) [4]. EVs are constantly improving to higher
powers, efficiency, and autonomous driving distance; as well
as to lower energy consumption, weight and cost as can
be seen from the Electrical and Electronics Technical Team
Roadmap by the United States Department of Energy [5] and
European Roadmap Electrification of Road Transport Status
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FIGURE 1. Electric vehicle propulsion diagram.

by European Road Transport Research Advisory Council [6].
Power range, efficiency, energy consumption of EVs are
determined by the components of the powertrain, which
includes an electric motor, a high voltage battery along with
a power electronics interface: an onboard charger, a DC/DC
converter and an inverter as depicted in Figure 1 [7]. The
power electronics components are responsible for controlling
the electrical power flow in an EV, directing it in both
directions (motor mode or generation mode) between the
battery and the electric motor, which serves as the propulsion
system for the vehicle. All power electronics interface devices
are aimed to be highly efficient, compact and reliable to
improve overall efficiency and range of the EV [8], [9].

The inverter provides an energy path from DC battery side
to ACmotor side to control an electric motor. Themost essen-
tial parts of the inverter are the active power modules, as they
regulate the power flow inside power electronics devices.
A power module comprises semiconductor switches, which
can open and close depending on the voltage level at the
gate terminal. In addition, power modules consist of not only
semiconductor materials, but also electrical interconnections,
a protective case, ceramic substrates, encapsulation material,
etc. combined by power module packaging. All module
packaging layers and their materials change power module
properties, in particular, thermal resistance between the chip
(more specifically its junction) and case. Modern trends
in power modules manufacturing are aimed at improving
module thermal performance, while lowering the module
volume and weight, because of increasing demand for a
high-power density device [10].
To meet the growing demand in power level and power

density in power modules new advanced Wide Band Gap
(WBG)-based semiconductor power electronics should be
used. TheWBG switches, Silicon Carbide (SiC) and Gallium
Nitride (GaN), have many advantages compared to well
established Silicon (Si) semiconductors: higher frequency
and higher temperature operation, lower size, lower losses,
because of its material properties as shown in Figure 2 [11],

FIGURE 2. Physical properties of Si, SiC and GaN semiconductor
materials.

[12]. GaN semiconductor switches are more suitable for
high frequency applications because of their fast switching
properties [13], [14], whereas SiC ones could be used
for high-power applications such as automotive inverters,
because of higher rated currents and voltages [15], [16],
[17], [18], [19]. WBG converters are widely used in the EV
industry according to recent studies [20], [21], [22].

To improve electrical and thermal properties for the power
module, the module packaging should be optimized. The
conventional power modules have electrical connections
at the top and direct bonded copper (DBC) substrate for
cooling at the bottom as shown in Figure 3a. Recently,
a power module dual-sided packaging, which is schemati-
cally depicted in Figure 3b, has become more popular for
EV applications because of lower thermal resistance and
stray inductance [23], [24], [25], [26]. The DSC module
has two DBC substrates (on top and bottom sides), that
double the cooling surface. With increased cooling surface,
thermal performance is improved, resulting in almost 40%
junction temperature reduction compared to conventional
power module structure [27]. Due to the improved thermal
performance, the dual-side technology also provides reduced
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FIGURE 3. Power module structure: (a) single-sided, (b) planar
dual-sided.

temperature swings and less thermal stress on the power
module, which can improve the overall reliability of the
considered power module. Another advantage is the absence
of wire bonded interconnections as they are causing large
parasitic electric parameters. In DSC modules, the wire
interconnections are replaced with planar technology and
connected directly to copper increasing module lifetime and
improving electrical performance [28], [29].

The cooling system of power electronics devices dissipates
heat from power electronics modules to provide operation
below critical temperature with reduced thermal losses. All
cooling systems are classified into two categories: air and
liquid cooling. However, there are many approaches inside
or in between these two, for example, heat pipe cooling,
direct and indirect liquid cooling, natural or forced air
cooling, immersion cooling, phase-change cooling etc. [30],
[31], [32], [33]. Modern high-power automotive electronics
mostly use liquid cooling approach because of higher heat
dissipation capability [34], [35]. In direct liquid cooling
approach, in principle, the thermal resistance is lower;
however, implementation is complicated as extra liquid
insulation is necessary. Whereas in the case of indirect liquid
cooling a cold plate is placed in contact with a power module
cooling surface with a thermal interface material (TIM)
between them. Such a cooling approach is widely used in
compact, high-power inverters as an optimized solution for
EV applications [36], [37], [38], [39], [40], [41].

The manufacturing approach affects thermal and mechan-
ical properties of the cold plate and thus, a cooling system.
The cold plate internal structure defines coolant flow
inside the plate as well as inner heat dissipating surface.

However, the optimal internal structure could gradually
improve cold plate thermal properties, the final inner design
is a compromise between an optimal thermal design and
manufacturing possibilities. Manufacture limitations could
also lead to necessity of splitting of the design in several
parts to create required inner structure, which could require
the additional welding manufacturing stages. Otherwise, the
leakage possibility becomes high alongwith increasedweight
and volume of cold plate as additional fixing spots required
to bring parts together. Most of the commercial cooling
plates are manufactured by using CNC processes in diverse
ways [42]. For example, exposed tube cold plate [43], [44]
has low cost and suitable for mass production, but the cold
plate could not be optimized in a wide range because of
tube bending radius limitations. Another approach is an
aluminum extrusion [45]. In this way the cold plate is
produced in separate parts, which requires a rubber gasket
or additional welding to prevent leakages. Whereas a 3D
printing (so-called an additive manufacturing) becomes an
emerging technology for automotive cold plates or heat
sinks manufacturing [46], [47]; as additive technologies
allow production of an efficient and compact cold plate
with fully freedom in internal structure design [48], [49],
[50], [51], [52], [53]. This research focuses on overcoming
manufacturing limitations of 3Dmetal printing to produce the
cold plate in one unit. In such cold plates, lack of gaskets or
welded parts improves cold plate’s mechanical properties and
excludes leakage possibility.

The research presents a 3D printed microchannel cooling
plate design and Computational Fluid Dynamics (CFD)
simulations. Experimental results are shown for the DSC
liquid cooled SiC and Si inverters. The paper is divided
into seven sections. Section 2 describes limitations for 3D
metal printing, 3D printing manufacture considerations and
the cooling plate design. Section 3 includes CFD simulations.
Section 4 presents thermal performance results, a thermal
model validation for SiC inverter and thermal performance
comparison of SiC and Si inverters. Section 5 focuses on the
main conclusions.

II. INVERTER COOLING PLATE DESIGN FOR 3D METAL
PRINTING
A. INITIAL COLD PLATE DESIGN
A cold plate, in the context of traction inverters, plays
a critical role for thermal management in the electric
and hybrid vehicles. As the traction inverter operates,
it generates heat due to the power losses as a result of
power electronics switching processes. This heat needs to
be dissipated efficiently to maintain the inverter’s optimal
operating temperature and prevent overheating. The cold
plate should be made of high conductivity material, usually
metal, to ensure low thermal resistance between power
module and cooling liquid. The cooper cold plate will
have the lower thermal resistance, however, considering
high pricing, the aluminum cold plate is the optimal
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choice. An aluminum cold plate is an effective solution
for cooling the power electronics in the inverter module
because of its superior thermal conductivity and lightweight
properties.

The design and implementation of the cold plate can
vary depending on different engineering considerations, for
example, specific requirements for the traction inverter or
the vehicle’s thermal management strategy. The objectives
of the cold plate design in this study is to optimize heat
dissipation on the DSC power module of the traction inverter,
minimize the pressure drop of a coolant inside the cold
plate, decrease the overall thermal resistance of the system,
perform uniform temperatures on the cases of the power
modules, and ensure reliability under high power operation.
The design process of the cold plate has involved careful
consideration of thermal requirements, mechanical con-
straints, and the usage of innovative technologies such as 3D
printing.

The designed cold plate has microchannels as an inner
structure as microchannels enhance heat transfer efficiency,
enabling rapid dissipation of high heat fluxes produced by
power electronics [54], [55]. The increased surface area-
to-volume ratio within microchannels reduces the thermal
resistance, maintaining optimal operating temperatures and
mitigating the risk of overheating-induced failures [56].
Additionally, the compact design of microchannel-based cold
plates saves valuable space and weight, making them par-
ticularly well-suited for applications with limited installation
space, such as electric vehicles.

As the research focuses on enabling the opportunities of
the 3D metal printing, the internal design demonstrates the
possibility of considered manufacturing technology, rather
than on thermal optimizations. However, before the cold plate
is manufactured, it is tested with a virtual setup to prove that
the heat dissipation capability of the cold plate is enough for
the considered power converter. The microchannels width is
chosen close to the 3D printing limitations – 0.5 mm with
a 0.25 mm wall between the channels. Normally, the 3D
metal printing allows a minimal outer wall thickness of 1 mm
and a minimum inside structure object size of 0.5 mm with
tolerance within 0.2 mm. As the cold plate is designed to
be built in the existing power converter the cold plate size
is defined by the available space and it is 350 × 50x5 mm
as can be seen from Figure 4. The cold plate’s 50 mm width
result in 51 channels of a 0.5mm.After finalization of the first
design idea, it is necessary to learn all of the manufacturing
limitations for the chosen manufacturing method. The design
should be adapted so it can be produced. These adaptations
could involve major changes in the design, e.g., splitting the
designed object into a few separate parts or changing the
inside structure. To explain necessary changes in the design
toward a manufacturable version, Subsection 2.B reviews
the 3D metal printing limitations in general. Manufacturing
considerations, which were done in the proposed design
are described in Subsection 2.C, based on Subsection 2.B
findings.

FIGURE 4. The designed 51 microchannels 350 × 50x5mm cold plate for
the DSC modules cooling system: isometric and front view.

B. 3D PRINTING TECHNOLOGY OVERVIEW AND ITS
LIMITATIONS
The 3D printing offers advances in prototyping speed,
manufacturing complex designs, part consolidation, small
batch manufacturing, and environmental benefits [57], [58],
[59], [60]. In the 3D metal printing, the pre-alloyed metal
powder is selectively sintered/melted using a laser following
a specific pattern layer by layer. By assembling materials
in such a way, intricate geometric shapes and complex
material compositions can be created. In the automotive
sector, the 3D printing is widely applied to prototyping,
tooling, motorsports and one-offs, however, remains limited
in direct digital mass production [61], [62]. Direct Metal
Laser Sintering (DMLS) or Binder Jetting technologies are
two main directions of the 3D metal printing [63]. However,
the limitations and manufacturing processes of the 3D
printing are similar for any of the 3D printing approaches; this
research is focused on DMLS. This method shows material
isotropic mechanical properties comparable to wrought metal
material strength.

The limitations of the DMLS 3D printing technology could
be categorized into overhangs and bridging. The overhangs
are areas of the part that lacks a direct support from one side
(Figure 5a). The maximum length of the overhang is limited
to 0.5-1 mm to prevent drooping, curling or collapsing.
Another limitation of the 3D printing is a bridge – a horizontal
overhanging surface supported on both ends (Figure 5b).
Due to the support on both ends, the bridges could have a
maximum length of up to 2 mm. Considering manufacturing
of hollow components those lengths are little. There are
two main approaches to extend the length: adding support
structures or changing the printing angle.

The support structures (Figure 5c) could not only increase
the allowed length of overhangs and bridges, but also stabilize
the part on the platform, dissipate excess heat, and prevent
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FIGURE 5. 3D printing objectives: (a) overhang, (b) bridge, (c) support,
(d) printing angle.

warping. Besides, the support could serve as an anchor on
the build plate, preventing upward curling of a material
caused by thermal stress. The support could be temporary and
permanent (as a part of the design). All temporal supports are
supposed to be removed at post-processing stage by grinding
or sandblasting. Another way to increase the overhang or
bridge length is to adjust a printing angle. For example,
in Figure 5d the horizontal overhang can be printed without
any support underneath it, as the whole part has an angle of
45◦ to the baseplate. In this case, overhangs or bridges inside
the part could be printed, despite it being impossible to place
a temporary support.

The 3D printing could potentially enhance the cooling
systems for EV components according to recent studies.
For example, researchers have designed 3D printed heatsink
structures with optimized geometries, offering superior heat
dissipation capabilities for battery packs and power electron-
ics [64], [65]. The cold plates for indirect liquid cooling
have internally a hollow structure, which in case of the 3D
metal printing, is limited to the 1-2 mm width channels.
In recent studies, this limitation is avoided by slitting the
design in two or more parts [66]. However, in this case the
manufacturing can be done with, for example, an aluminum
extrusion, and makes the 3D printing an unjustified choice.
On the other side, open structures such as heat sinks could be
easily 3D metal printed because there are no internal bridges
and overhangs [67], [68]. Another way to avoid mentioned
limitations is to use a 3D polymer printing where possible,
as the 3D polymer printing limitations are different due to
lower material weight compared to metal. In the case of
a direct liquid cooling, as the power modules are in direct
contact with the coolant, it is possible to print a polymer

heat sink and limit heat dissipation by contact area of the
heated surface with the liquid coolant [69]. For the indirect
liquid cooling a polymer cold plate or heat sink are not
compatible solutions as the heat dissipation occurs through
the cold plate wall. The cooling plate, which is printed in a
few units, requires additional parts welding manufacturing
stage or additional mechanical connections (e.g. a rubber
gasket and screws), adding weight and volume and lowering
reliability as each joint could cause a leakage. To fully use the
advantage of 3D printing, the metal cold plate design should
be improved to allow printing the cold plate in one unit.

C. CONSIDERATIONS FOR A COLD PLATE DESIGN
FOCUSED ON 3D METAL PRINTING
The 3D printing has the limitations obliging to compromise
between a thermal optimized design and a design which is
manufacturable. The main findings in improving the cold
plate design towards a 3D printing manufacturable design
are discussed from different points of view. For example,
for the 3D metal printing, the metal has powder initial state,
which provides the specific material structure and affects
mechanical properties of the final part. As the metal powder
particles are sintered together at high temperature, metal parts
could melt unequally, different defects could emerge inside
the metal structure. One of the important defects is a hole
through the cold plate wall. Based on practical experience
with previous prototypes, it was decided to keep cooling plate
walls thickness 2 mm or slightly more, to ensure continuous
surface of the cold plate outer wall. Another consequence
coming from the powder origins of printing material is that
the surface texture is grained. For the indirect cold plates, the
contact surface should be flat to ensure close contact between
the cold plate and the powermodule (heat source). This defect
could be eliminated at the post-processing stage by polishing
the contact surface. However, in that case the initial wall
thickness should be increased to compensate polishing.

The layer-by-layer production process requires a support
to layer metal powder. This makes the cold plate nostril
design one of the challenging steps in the cold plate
design as the hollow nostril creates a non-supported and
impossible to print ‘‘bridge’’. For the developed design, this
limitation is resolved by printing a cold plate vertically to
minimize ‘‘bridging’’; and by adding permanent support to
the design for each liquid channel as presented in Figure 6
to avoid little ‘‘bridges’’ created by cooling channels walls.
This modification in the design would not affect thermal
performance but allow to print the cooling plate in one unit,
including a nostril.

In addition, another challenge related to overall design is
that the microchannels cold plate design implies long and
narrow channels as part of the inside structure. For the 3D
metal printing, the narrower and the longer the microchannels
are, the higher the possibility of channels’ internal collapsing.
At the same time, apart from the possibility of internal
collapsing, long and narrow liquid channels increase inner
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pressure drop regardless of the manufacturing approach.
Based on that, to avoid collapsed channels and high inner
pressure, the cold plate length should be as short as possible.
Besides, the long and thin plate could be easily bent requiring
additional assembly holes (and screws) placed along the
length to ensure close contact between the cooling plate and
the power module.

III. VIRTUAL SETUP THERMAL PERFORMANCE
ASSESSMENT OF DUAL SIDE COOLED SIC TRACTION
INVERTER
A. VIRTUAL SETUP DESCRIPTION
Thermal performance of the designed cold plate is investi-
gated by carrying out a series of the CFD simulations using
ANSYS® Fluent. These simulations are aimed at evaluation
of cooling effectiveness through a forced liquid cooling
method. The coolant (water or water/glycol) flows through
the microchannels of the aluminum cold plate to efficiently
dissipate heat generated by the DSC module. To ensure
efficient analysis, the initial step involved simplifying the
cold plate geometry in Ansys Design Modeler, and removing
unnecessary components (e.g., screws) from the simulation
setup. The refined simulation model allows one to focus on
key aspects and critical features that influence the cooling
performance whereas minimizing computational overhead.
As can be seen from Figure 7, the model consists of a cold
plate, a coolant and the DSC modules.

The following simulation stage is a meshing process,
which discretizes the physical model into multiple parts and
facilitating the application of the mathematical model in
ANSYS® Fluent. The meshing subdivides the complex
geometry of the cold plate into a structured network of
elements and nodes, enabling precise numerical simulations
for fluid flow and heat transfer analysis. The final mesh
configuration consisted of approximately 16million elements
and 5.3 million nodes, ensuring a highly refined representa-
tion of the cold plate’s intricate features and increasing the
accuracy of the CFD simulations.

The next step following the meshing initiates simulations
in ANSYS® Fluent. To enable accurate and realistic
analyses, specific material properties shown in Table 1, have
been assigned to the various layers of the DSC module.
In Figure 8, each layer represents a distinct component of
the DSC module, such as TIMs, spacers, Silicon Carbide
(SiC) chips, solders, and substrate layers (copper and
ceramic) [70]. By assigning appropriate material properties
to these individual layers, their thermal behavior during the
simulation process has been accurately modelled.

The CFD simulations have been performed to analyze
the fluid flow and heat transfer characteristics within the
microchannels of the cold plate. By considering various
operating conditions such as the coolant temperature and
coolant flow rates, valuable insights into the heat dissipation
capabilities and thermal uniformity of the cold plate design
have been aimed to gain. The cooling system for electric

TABLE 1. Thermal properties of the layers of the model.

vehicle powertrain generally has coolant temperature of
65 ◦C and coolant flow rate 12 liter per minutes (l/min) in
the cooling loop [24]. Because of the lab availability, the
cold plate could be tested at coolant temperature equal to
ambient temperature, which is around 25 ◦C inlet and at a
flow rate 2 l/m. To analyze the trend in junction temperatures
depending on inlet temperatures and inlet flow rate, the
simulations are made for 25 ◦C and 65 ◦C coolant inlet
temperatures and for the range from 2 to 12 l/m coolant flow
rate. In this case, the simulation model could be validated at
2 l/m and 25 ◦C inlet flow; and after that could be evaluated
at worst case scenario, i.e. 12 l/m and 65 ◦C inlet flow. As a
part of the boundary condition, different heat losses levels
are simulated including maximum heat loss per chip, which
has been calculated by considering maximum total amount of
losses per module mentioned in a datasheet.

B. SIMULATIONS RESULTS
After applying the specified boundary conditions to the
model, the simulation process was iteratively refined under
steady-state conditions. Figure 9 shows the result of the
condition that the inlet coolant temperature of 25 ◦C,
the coolant flow rate of 2 l/min and the total heat loss
of 800 W on the entire system of 3 power modules in
inverter configuration. The chosen total heat loss of 800 W
corresponds to maximum heat loss level expected later at
the experiments stage. The maximum reached junction tem-
perature is 67.8 ◦C as shown in the temperature distribution
of the entire system and modules in Figure 9. Figure 9a
shows temperature distribution of the entire system, whereas
temperature distribution for different modules are shown in
Figure 9b. This temperature profile offers valuable insights
into the thermal behavior of the components, highlighting
potential areas of concern and enabling design adjustments to
effectively manage temperature-related challenges. Figure 9d
and Figure 9c provide details regarding the fluid dynamics
within the system. In Figure 9c the red colored zone represent
the higher pressure. In this zone, the registered pressure
drop reached maximum 11.5 kPa (equivalent to 114.6 mbar),
which indicates the resistance encountered by the coolant
as it flows through the system. Furthermore, the achieved
maximum flow velocity attains 3.22 meters per second (m/s)
where the pressure drop takes its lowest values. At the inlet,
where the pressure reach maximum value, the initial inlet
flow velocity is 1.88 m/s at the flow rate of 2 l/min.

Further CFD simulations have been conducted using
ANSYS® Fluent. The objective is to investigate the impact
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FIGURE 6. Permanent support for microchannel printing.

FIGURE 7. The refined simulation model: isometric and side view.

FIGURE 8. The DSC module model: module side view and module layers.

of varying coolant flow rates on both pressure drop and
temperature performance of the cold plate. Figure 10 presents
the results for 800 W heat loss at different low rates staring
with 2 l/min. The highest chip junction temperature at various
flow rates is show in Figure 10 in a red color, where 25 ◦C
inlet coolant temperature is indicated by solid line and 65 ◦C
by a dashed one. The corresponding coolant pressure drop at
various flow rates is shown by a solid line in a blue color. The
simulation demonstrates that although augmenting the flow
rate leads to a significant increase in the pressure drop, the

temperature profile shows a certain variation (approximately
6 ◦C). This increase in pressure drop depending on flow
rate is explained by microchannels internal structure of
cold plate, as the microchannels have only 0.5 mm width.
As a result, the system behavior becomes close to jet
impingement system which can operate at flow rates around
0.5 - 2 l/m [71].

Considering these findings, additional CFD studies have
been conducted using Ansys Fluent to evaluate the perfor-
mance of the cold plate under diverse operating conditions.
These conditions have involved two coolant inlet temper-
atures, i.e. 25 ◦C and 65 ◦C, as well as two different
heat loss levels. One is another heat loss level expected
at the experimental stage to be used later for simulation
model validation. And the other is the maximum heat loss
level to evaluate power modules temperatures at worst-case
scenario. By conducting these additional simulations across
a range of conditions, a comprehensive understanding of the
thermal capabilities and limitations of the cold plate has been
achieved. The results are shown in Figure 11, where the
maximum junction temperature reached on the chip of each
module calculated at the flow rate of 2 l/min.Module A shows
the highest temperature at the 25 ◦C inlet temperature and
Module C at 65 ◦C because of module’s spatial arrangement
withing the system. When the coolant temperature is lower,
a temperature difference exists between the inlet and outlet
points, significantly impactingModule A due to its proximity
to both points. Conversely, at higher coolant temperatures
the temperature difference at the inlet/outlet points is
lower, which causes a less thermal optimal position for a
Module C – remotely from the inlet and outlet points.
The observed thermal behavior underscores the intricate
interdependence between coolant temperature, spatial posi-
tioning, and heat distribution within the system. At low heat
losses (500 W), the low variation among modules within
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FIGURE 9. CFD simulation results (a) temperature distribution of the entire system; (b) temperature distribution of the modules; (c) the flow profiles
for pressure drop and (d) the flow profiles for coolant velocity.

FIGURE 10. Maximum junction temperature and pressure drop results at
different flow rates at 800 W heat losses.

each scenario (around 1 ◦C) explained by relatively low
temperatures of power modules.

In the most challenging scenario – a flow rate of 2 l/min,
a coolant temperature of 65 ◦C, and a substantial heat loss
of 2100 W — the calculated maximum temperature on the

FIGURE 11. Maximum junction temperature at different heat losses for
the coolant temperature of 25◦C and 65◦C at the flow rate of 2 l/min.

chip is 174.42 ◦C. This value is rather close to the critical
threshold of 175 ◦C, however, as can be seen from 10, at a
higher flow rate, the maximum temperature can drop. With
the maximum flow rate 12 l/min, the temperature could be
around 5 degree lower, which represents 5 ◦C margin to the
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TABLE 2. Infineon SiC MOSFET module prototype properties.

upper operational limit for DSC modules during switching
states at maximum operating inverter power. This careful
temperature management ensures the chip’s optimal function
and sustained operation within its intended parameters. This
approach not only contributes to a resilient and enduring
system, but also guarantees the overall stability and reliability
of the setup.

To summarize, the presented sequence of CFD simulations
is aimed at evaluating the thermal performance of the
cold plate. The design exhibits enhanced heat dissipation
capabilities, compact advantages, and cooling uniformity.
All the advantages significantly contribute to extending the
lifespan and increasing the reliability of cooled objects,
i.e., power electronics components. The simulations result
demonstrate that the cold plate is ready for laboratory-based
validation under real operational conditions. This transition
from simulations to practical testing is a necessary step
towards confirming the cold plate’s thermal performance and
its applicability in real-world scenarios.

IV. EXPERIMENTAL THERMAL VALIDATION FOR DUAL
SIDE COOLED SIC AND SI TRACTION INVERTERS
A. TEST SETUP FOR DUAL SIDE COOLED SIC TRACTION
INVERTER
The cooling system is tested with a power electronics
converter with an inverter topology. The schematic diagram
of the test setup is shown Figure 12. The designed cooling
plates dissipate heat from the exclusive DSC half-bridge
MOSFET SiC module prototypes, which are provided by
Infineon for testing [72]. The power module image could be
found in Figure 12 and module properties are in Table 2.
A test setup is shown in Figure 13a [73]. The test setup

is established by connecting a high-voltage battery emulator
to the input of an inverter and a three-phase RL load to
the output. The DC link includes 10 film capacitors of
85 µF connected on the DC side of the converter, as shown
in Figure 13b. Two snubber capacitors of 220 µF were
connected at the drain source of each half-bridge module.

Analog voltage transducers (DVC 1000-P) and current
transducers (LEM LF 305-S) were used to measure currents
and voltages on both the DC and AC sides of the inverter.
A control technique of a three-phase inverter is implemented
by employing a sinusoidal modulation index. To generate
Pulse Width Modulation (PWM) signals, a real-time con-
troller is implemented into the dSpace MicroLabBox®. The
dSpace Graphical User Interface (GUI) was designed in the
Controldesk software to provide reference commands, signal

TABLE 3. Infineon SiC MOSFET module prototype properties.

visualizing and measurement. All experimental data was
logged in to the computer database.

The cooling system parameters, including a Thermal
InterfaceMaterial (TIM)material, flow rate etc. are presented
in Table 3. The TIM was used on both sides of each module
(top and bottom) between the module and the cooling plate.
The cooling water has series flow, meaning flowing from the
first module (counting from the inlet) to the second and the
third, then the flow returns in a backward order (3-2-1).
The water loop is provided by a lab-made chiller with a built-
in radiator, a water tank and a pump.

To measure the case temperature, the K type thermocou-
ples were placed between the module case surface and the
TIM layer on the top side of each module. All temperatures
were recorded using the Labfacility L200 temperature logger.
The Labfacility L200 can provide 8-channel temperature
measurement, scanning and logging of measured values.
It can also be used as a stand-alone indicator and incorporates
a digital display of measured temperature. Apart from
thermocouples, to detect thermal performance a thermal
infrared camera was installed to film the inverter from the
top side.

B. EXPERIMENTAL RESULTS AND VALIDATION FOR DUAL
SIDE SIC TRACTION INVERTER
The converter was tested in inverter mode with open-loop
Space Vector PWM control at 10 kHz switching frequency.
At a 400 V DC-link voltage, maximum testing power
reached 41 kW level due to lab equipment availability.
To evaluate thermal performance, case temperature and
efficiency measurements, together with thermal camera
images were recorded. Case temperature depending on input
power are shown in Figure 14a and thermal camera image at
maximum testing power 41 kW in Figure 14b.
The key point of evaluating power electronics converter

cooling system is to conclude whether it keeps the temper-
atures of power electronics devices under maximum working
temperature. To fully answer this question, the cooling system
should be tested at worse case conditions, for example
maximumworking power, higher temperature of inlet coolant
liquid etc. However, it is also possible to use experimental
data for validation of a virtual prototype. Because of the lab
limitations the converter was tested only at 41 kW power
level, which is around 30% of maximum power. As can be
seen from Figure 14, the maximum case temperature raised
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FIGURE 12. Dual-side cooled three-leg traction inverter experimental setup diagram.

FIGURE 13. 150 kW SiC traction dual side cooled inverter test setup:
(a) setup overview (b) inverter and cold plates.

up to 62.3 ◦C at maximum testing power (41 kW). It is 35%
of the maximum working temperature range of the modules,
which matches the testing power level. Tested inverter power
levels considered a low power region, where the efficiency of
the inverter is increasing as can be seen from efficiency map
depicted in Figure 15. The efficiency will rise and stabilize,
when the power level is at least 50% of maximum inverter
power.

The virtual prototype validation includes recreation of
test conditions in simulation environment and comparing
simulation results with experimental data. As can be seen
from Figure 16, simulation temperatures are close to

FIGURE 14. SiC inverter thermal experimental results: (a) DSC module
heatsink temperatures. (b) Experimental infrared thermal camera image
of the inverter at 41 kW.

simulated values. The temperatures in the experiment are
lower because of a liquid coolant chiller in the cooling
loop. The chiller introduces additional pressure drop in the
system, which wasn’t considered at the simulations stage.
This additional pressure drop is causing lower temperatures
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FIGURE 15. Experimental three-phase SiC DSC inverter efficiency map
and load currents and voltage at 17 kW.

FIGURE 16. Experimental thermal validation results.

compared to simulations as well as uneven temperatures
between power modules. Nevertheless, the simulation model
shows high convergence with experimental results. After
validation of the simulation model, normally, the worst-case
scenario is simulated to evaluate whether the designed cool-
ing plate could be used in a wide power range. The worst-case
simulations are shown in Section 3 in Figure 11, where
maximum junction temperature of the power electronics
devices stays under themaximumworking temperature value.
Thus, at higher power level the cooling system will dissipate
enough heat and the power module temperatures will stay
under maximum working temperature, which is 175 ◦C for
considered module; and the designed dual-sided cooling
plate is capable ensure working conditions for considered
converter.

C. THERMAL PERFORMANCE COMPARISON BETWEEN
SIC AND SI TRACTION INVERTERS
Recently introduced to the market WBG semiconductors
undoubtedly have advanced physical properties promis-
ing better thermal and electrical performance of WBG

FIGURE 17. Si dual-sided module: 3D model and inverter topology.

TABLE 4. Infineon FF400R07A01E3_S6 Si Power Module Properties.

semiconductor devices. At this moment many research
and companies are trying to draw a bigger picture of
WBG’s promising properties and show the real experimental
results showing operation performance of WBGs [15], [16].
To contribute to this part of power electronics research the
designed cooling plates were tested with Si IGBT (Insulated
Gate Bipolar Transistor) dual-sided modules as well. The
performed experiment tests SiC MOSFET module and Si
IGBT module under the same conditions to compare thermal
performance.

For this test, the same 3-phase voltage source inverter
topology was used. The topology and a picture of the module
are depicted in Figure 17. The dual-sided Si IGBT half-bridge
module properties are presented in Table 4.

The Si IGBT and SiCMOSFET converters are tested at the
same power levels with the same load. All of themeasurement
and data acquisition devices are the same as can be seen
in Figure 18a. The Si IGBT setup is specially designed for
this thermal performance comparison test. Because of using
a bent DC-link busbar, the DC-link capacitors are placed
under inverter switches and surrounding switches cooling
plates, making the prototype a compact device as shown
in Figure 18b. The inverter size is 240 × 320 × 160 mm.
Considering the maximum operating power of 120 kW the
power density is 9.7 kW/L. The DC link includes 2 film
capacitors of 4700 µF. For each inverter, a snubber capacitor
1500 µF is used. To send PWM signal standard gate drivers
were used, but it is also possible to use a commercial gate
driver for this module.

A thermal performance comparison is done based on two
objectives: measured case temperatures of Module A and
efficiency. Both converters are tested at four different power
levels: 4, 8, 12 and 16 kW. As shown in Figure 19a case
temperatures of Si IGBT module are rising about 1.5 times
faster than it is for SiC MOSFET module, and the efficiency
of SiC is higher than for Si IGBT at considered power levels.
This difference is explained by physical properties of SiC
semiconductors presented in Figure 2. For example, SiC
semiconductors have higher band gap energy, i.e. wider band
gap. A wide band gap requires electron to have more energy
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FIGURE 18. 120 kW Si traction dual side cooled inverter test setup:
(a) setup overview (b) inverter and cold plates.

to come from valence band to conduction band. Thus, when
the band gap is shrinking under high temperature or high
voltage conditions, theWBG semiconductors it is less critical
than for Si resulting higher efficiency of SiC semiconductors.
In addition, the thermal conductivity of SiC semiconductors
is around 3.4 times higher than for Si. That means, SiC
module will have lower thermal resistance and, consequently,
lower temperature than Si, whereas the module packaging
and cooling system is the similar. The presented results
show advanced thermal and electrical performance of SiC
power module compared to Si. However, the results should
be interpreted with caution due to Si IGBT module is rated
for almost halved DC voltage. It is possible that for modules
rated at the same voltage and current level the difference
could be smaller. Nevertheless, as both switches are tested at
low power levels compared to their maximum allowed power,
the difference in rated voltages should make less impact. The
efficiency comparison depicted in Figure 19b as can be seen,
at the same power level Si power module has more losses than
the SiC with the same cooling conditions.

V. DESIGN CONSIDERATIONS AND BENEFITS FOR 3D
METAL PRINTED COLD PLATES FOR POWER INVERTER
This study investigates benefits and limitations of the 3D
printing manufacturing approach for the power converter
cold plates. The 3D printing allows to create a cold plate

FIGURE 19. Thermal comparison results: (a) temperature comparison for
Module A (b) efficiency map.

design matching with the heat generator size and custom
arrangements of cooling channels, including microchannels
or channels generated by AI (Artificial Intelligence). That
opens a wide range of possibilities to create compact devices,
which could be built in any system whereas taking minimum
space. With rising demand for highly effective cooling
systems for the automotive power electronics, the 3D metal
printing technology suggests design opportunities. However,
includes its own limitations, which are crucial for the internal
structure of the indirect liquid cooling. For example, the inner
hollow structures of 3D metal printed parts are currently
limited to maximum 2 mm length. This limitation creates an
additional challenge in indirect cold plates design because of
cooling channels form the hollow structure inside the plate.

The two-step approach is developed to overcome the 3D
printing limitations. The first step is to optimize the printing
angle to create minimum unsupported surface placed at
angles less than 45o with the printed surface. At first, three
placements were considered for the designed cold plate,
as shown in Figure 20a. The placement number III was
chosen for the design as in this case only the beginnings of
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TABLE 5. The comparison of cooling plates designed and produced in diverse ways.

the cooling channels separation walls are unsupported and
parallel to the printing surface (marked orange in Figure 20a).
The second step in the developed approach is to create the
permanent supports inside the plate in such a way that all
surfaces will compose angles equal or greater than 45o with
the printing surface. The designed permanent supports are
placed as shown in Figure 20b to create 45o with the printing
surface.

As a result of applying the suggested method, the designed
cold plate could be printed as one unit including the main
body with inlet and outlet nostrils. To be 3D printed, the
designed cold plate has permanent internal structures as a
part of the internal structure, which do not affect thermal
performance of the plate. The proposed design has numerous
advantages compared to cold plates manufactured with
traditional approaches. The 3D metal printing technology

allows rapid prototyping whereas mechanical properties of
the 3D printed metals are comparable with the original
metals. The production process includes only 3D printing and
post-machining polishing stages. Regarding the cold plate,
polishing is necessary for surfaces which are in direct contact
with heat sources to ensure close contact and lower thermal
resistance.

The traditional manufacturing approaches are machining
of an aluminum block and an exposed tube. Regarding
the machining of an aluminum block approach, the main
disadvantage is implying at least two-unit cold plates with
the necessity of joining two parts together by welding
or by additional assembly, e.g. resin gasket and screws.
However, such an approach allows to optimize the internal
structure of the cold plate. As for the exposed copper tube
cold plate; although, the thermal resistance such a plate
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FIGURE 20. Suggested approach to overcoming 3D printing limitations
approach: (a) printing angle optimization (b) Adding permanent support
structures.

is low because of copper’ high thermal conductivity; the
final cold plate shape is limited to rectangular, and the
internal structure is constrained by possibilities of copper
tube bending. Compared to the traditional manufacturing
methods, the 3D printing allows a cold plate optimization to
minimize the volume and weight, and to integrate the device
into the system; as well as to optimize the inner structure and
create custom liquid channels, pin-fins etc. The unit package
of the cold plate eliminates the need for a resin gasket for
the water insulation and gasket assembling screws. The lack
of resin gaskets eliminates the possibility of leakages and
makes design less complicated, lightweight and compact.
A detailed comparison of manufacturing method for cold
plates is presented in Table 5.

VI. CONCLUSION
The study shows a 3D printed cooling plate design for the
indirect liquid cooling systems for an automotive inverter,

including the 3D metal printing limitations overview and
the development of virtual prototype experimental validation.
The inverter dual-side cooling system consists of two
identical cooling plates: for heat dissipation from top and
bottom sides of the dedicated dual-sided power modules.
Experimental results and validation are presented with a
new WBG SiC MOSFET power module. Dual-sided contact
packaging increases cooling surface of the module and
reduces overall module thermal resistance. To evaluate
thermal performance of SiC compared to well established
Si semiconductor material, the thermal test of the cooling
plates is also performed for Si IGBT switch type of dual-sided
cooled power electronics modules. SiC semiconductor power
modules showed improved thermal performance as was
suggested from physical properties of WBG semiconductors.

The research develops an approach to adapt the cold plate
design to avoid the 3D printing limitations. The two-step
approach includes printing angle optimization followed by
integrating internal permanent supports in the design. These
integrated supports become part of the internal structure
and have no effect on thermal performance. Because of the
applied changes to the design, the cooling plate is printed in
one unit, and the design does not require additional welding
or assembly with resin gaskets and screws. The one-unit plate
has increased mechanical strength and reliability as leakage
possibilities are decreased. Moreover, absence of additional
assembly holes with screws is lowering system weight and
volume. Besides, the 3D printed cold plate could have inner
structure or outer wall of down to (sub) millimeter widths,
which is another factor in reducing overall weight of the
device is the capability with 3D printing. The 3D metal
printing opens new opportunities for a cold plates production,
such as a rapid prototyping cycle; reduced device/system
volume and weight; and the possibility of custom cold plate
internal structure design with fine cold plate structures.

This work focuses on the limitations and benefits of the 3D
metal printing. The future work is planned in two directions.
The first direction is to develop the proposed approach
and design fully thermal-optimized 3D printed cold plate
reaching better compromise between thermal behavior and
manufacturability of the cold plate. The thermal optimization
includes cold plate geometry modifications, e.g. an optimal
channel width and length, an optimal cold plate length, the
inlet/outlet nostrils diameters etc. Another direction is related
to the applying the developed approach to the design of a
direct liquid cold plate. From the 3D manufacturable design
point of view, the direct cold plate has the same problem with
printing hollow structures close to inlet/outlet nostrils. The
difference will be in missing outer wall at the side on power
module, which should have direct contact with liquid coolant.
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