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ABSTRACT Semiconductor switches in high-power density inverters face significant challenges related
to temperature rise in their junctions, which can lead to operational failures. The design and analysis of
liquid-cooled heat sinks for these inverters are complex due to their multiphysics nature, particularly under
dynamic loads typical of power electronics applications. This paper presents a comprehensive methodology
for the design, analysis, and evaluation of liquid-cooled heat sinks in high-power density inverters,
integrating computational fluid dynamics (CFD), lumped parameter modeling, and experimental validation.
The CFD method is used to determine lumped parameters, which are then incorporated into a PLECs model
to simulate the thermal dynamics of semiconductor devices. Power losses calculated in PLECs are used as
a reference for experimental validation, where an electronic load emulates the heat dissipation of a 30 kW
traction inverter with 99% efficiency. Two liquid-cooled heat sink geometries—machined channels and a
U-shaped serpentine design—are analyzed under various operational scenarios, including normal operation
and failure modes in the cooling system. The results illustrate the efficacy of the proposed methodology
in evaluating thermal exchange and the impact of cooling system failures on power traction inverters. This
work provides a streamlined approach for designing and testing liquid-cooled heat sinks, offering valuable
insights for improving thermal management in high-power density inverters.

KEYWORDS Semiconductor technologies, High-power inverters, Liquid cooled heat sink, Computational
Fluid Dynamics, Lumped parameter modeling.

I. INTRODUCTION
Concerns with global warming have led government,
academia, and industries to seek the development of sus-
tainable technologies to reduce the emission of polluting
gases such as CO, CO2, NOx and SOx [1], [2]. The pursuit
of reducing the emission of polluting gases has altered the
structure of the industrial production chain and the dynamics
of urban mobility, particularly with the emergence of Electric
Vehicles (EVs) [3]–[5]. According to [6], the transportation
sector was responsible for 16% of global polluting gas
emissions in 2022. In this way, the European Union (EU)
and the United States of America (USA) approved legislative
measures to encourage EVs. The EU has adopted changes
relating to cars and vans that are in line with the targets of
the Fit for 55 package, while the USA the incentive of the
Reduction of Inflation Act (IRA) and Advanced Clean Cars
II foresees as indicators the participation of EVs in 50% by
2030 [7].

The increase in investments in the electric vehicle (EV)
sector necessitates advancements in electric traction inverter
technologies, resulting in an enhancement of power density
from 2.89 kW/L to 30.2 kW/L, as demonstrated by [8], [9].
In this context, several challenges must be addressed to im-

prove EVs, including the development of high-performance
semiconductors, batteries, power electronics technologies,
and advanced thermal management system control methods
for both batteries and electric traction inverters [9]. Specifi-
cally, semiconductor devices are crucial for electric traction
inverters [10], as they handle the high power levels inherent
in electric vehicles [11]. Furthermore, exposing semiconduc-
tor devices to high-temperature, dusty, and humid environ-
ments limits the energy processing capabilities and lifetime
of electric traction inverters [12]. Considering this, thermal
management systems have mitigated the effects caused by
over-temperature on power devices, reducing thermal stress
and increasing the energy processing capability in the power
system [13].

Improving thermal management technology for power
converters is crucial to ensure that the electric drive oper-
ates within safe limits [14]–[16]. Thus, with this growing
concern, thermal management systems using liquid-cooled
heat sinks have been widely used to reduce thermal stress on
electric traction inverters and can be accomplished through
direct and double cooling techniques [17]. The growing
use of these technologies in both academic and industry
applications is notable. This method was applied in [18],
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where the authors observed that applying the technique,
compared to the single-faced model, resulted in a 30-48%
decrease in system thermal resistance compared with the
single-sided cooling system.

Additionally, it achieved a maximum efficiency of 98.85%
for a 3.3 kW buck converter [19]. The authors of [20] com-
pared different heat sink topologies, involving four models
of liquid cooling heat sinks with a Serpentine Mini-Channel
Heat Sink (SMCHS) type topology. The proposed evaluation
consists of four heat sink configurations: Configuration A
has one inlet and one outlet for the fluid; Configuration
B has two serpentine channels with two inlets and two
outlets in parallel longitudinally arranged; Configuration C
has serpentine channels with two U-type inlets and outlets;
and Configuration D has two inlets and outlets in a diagonal
direction. In this study, Configuration B showed the highest
heat transfer capacity among the other heat sinks, with a
thermal resistance of approximately 0.16 K/W.

Paper [21] performed a comparative study between single
and double cooling methods using Computational Fluid
Dynamics (CFD) and analytical methods. The authors con-
ducted the thermal modeling of a liquid cooling heat sink
through CFD, where the thermal load originates from a
1.5 kW DC/DC converter with the presence of electrical
losses. Navier-Stokes equations were used to represent the
flow regime and quantify the CFD solution. Similarly, [22]
evaluated a cooling system with forced ventilation whose
power ranges from 50 to 100 W per module using ANSYS
Fluent software. Paper [23], on the other hand, designed a
heat sink applied to a three-phase inverter using ANSYS
software, using 30 and 100 W of the power dissipated
per switch and the impact of thermal conductance of the
materials present and the relationship between the emergence
of hot spots.

Additionally, to the previous work, the authors of [17]
conducted a study on the thermal impact of driving an
electric machine, considering the results obtained from CFD
and PLECs software. The practical validation of thermal
exchange systems presents challenges related to the instru-
mentation of temperature sensors, types of cooling liquids,
system flow rate and data acquisition. Furthermore, the
control and manipulation of the power dissipated on the
thermal exchange system present inaccuracies and opera-
tional limitations. In [20], a thermal validation of heat sinks
is performed through a hot plate that operates with 220 V
AC with 500 W which supplies heat to the heat sink. In
the paper, the load power control is carried out by adjusting
a continuous variable transformer. However, this approach
presents challenges in managing power losses within the
system due inaccuracies in controlling the heat flow across
the surface of the heat sinks. In this regard, precise processes
to control the amount of heat supplied to the thermal system
and high-reliability data detection systems are required.

Thus, the challenges presented in the literature are lim-
ited to the accuracy and reliability of the multiplatform

integration between computational simulations and practical
tests, aiming at the evaluation of the heat exchange capacity
under nominal conditions or in the presence of failures.
This paper includes the definition of a design methodology,
which covers everything from the conception of the geometry
of liquid cooling systems to the obtaining of concentrated
parameters, computational simulations, control of dissipated
power levels and adequate instrumentation. As a result, the
present paper proposes an analysis and evaluation of a liquid-
cooled heat sink. This evaluation is carried out through three
main steps: first, a lumped parameter modeling approach
is employed using computational fluid dynamics (CFD);
second, the Power Loss Estimation Calculation (PLECs)
method is implemented to obtain power losses; and finally,
experimental analysis is conducted using two different heat
sink geometries. The lumped parameters are obtained using
CFD simulations for two heat sink geometries. The first
geometry consists of channel machined fins, with a cover
to enclose the heat sink structure and a single input and
output. The second geometry features a U-shaped serpentine
design with internal channels and also employs a single
input and output. Subsequently, the reference power losses
are calculated using a Silicon Carbide (SiC) semiconductor,
considering the lumped parameters obtained from the CFD
simulations. These power losses obtained from PLECs serve
as a reference for the experimental analysis. An electronic
load is used to dissipate heat flux on the heat sink surfaces,
emulating the power losses from a 30 kW inverter with 99%
efficiency. The study then investigates junction, case, and
heat sink temperatures, and operational considerations are
made based on these findings. This experimental approach
analyzes three different operational scenarios: the traction
inverter operating without failures, operating with failures in
forced ventilation of the thermal system, and the last case,
operation with failure in forced ventilation and the pump
electric of the thermal system. The contributions of this paper
are:

• A comprehensive methodology for the experimental
evaluation of heat exchange systems, encompassing the
design process, computational simulations, and experi-
mental validation, with simplified test routines tailored
for rapid execution across various power inverter levels
and diverse heat sink geometries;

• An evaluation of the impact of failures on thermal sys-
tems and a validation approach through simple routine
tests.

II. NUMERICAL CHARACTERIZATION OF THE SYSTEM
The numerical modeling employed in this study represents
the heat sink and its association with fluid dynamics in
liquid-cooled heat sinks. The heat exchanges analyzed in
this work are cooled by liquids flowing through internal
channels, featuring a U-shaped serpentine structure and
designed machined channels present in Figure 1, following
the representation of the CFD approach.
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A. Simulation method
The CFD simulation is developed to evaluate the thermal
exchange capacity of two liquid-cooled heat sink geometries.
In this approach, IGBT devices are used to generate the
heat flux on the surface of the aluminum cold plate for
dissipation using a liquid that flows internally. The thermal
model is simulated in the ANSYS fluent package, dedicated
to CFD simulations, using the Finite Volume Method [24],
[25]. This tool was used due to the faithful characterization
of the dynamics of thermal systems in fluids and solids, as
it takes into account the physical and chemical properties of
the materials [26]. Table 1 presents the physics parameters
for the heat sink models.

TABLE 1. Design parameters of the two geometries.

Parameter U-Serpentine Machined channels
Area (mm2) 30, 000 30, 000

Volume (L) 0.90 1.20

Perimeter (mm) 30 x 120 x 250 40 x 120 x 250

Diameter (mm) 19.05 19.05

Thickness (mm) 30.00 40.00

Material Aluminium Aluminium

B. System equation
Heat exchange systems are differentiated by their thermal
exchange capacity, which comes from the internal geometry
of the heat sink. This internal structure allows the fluid to
transport heat away from the material, and the shape of its
geometry is related to the flow regime. The flow type can be
obtained through the Reynolds number, defined by equation
(1),

Re =
ρ · V ·Dh

µ
, (1)

where ρ represents the fluid density, V the flow velocity, Dh

the diameter, and µ the dynamic viscosity of the fluid. The
flow regime can be laminar or turbulent. Reynolds numbers
above 2400 characterize turbulent flow, while values below
2400 represent laminar flow [27], [28]. The model that
describes the continuity equation is given by the differential
equation (2),

∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0, (2)

where x, y, z are the direction vectors, and u, v, w represent
the fluid velocity vectors. The energy equation for solids is
given by equation (3),

kf

(
∂2T

∂x2
+

∂2T

∂y2
+

∂2T

∂z2

)
= 0, (3)

where kf represents the thermal conductivity of the fluid and
T is the temperature.

C. Boundary conditions
The heat flow from power devices is considered unidirec-
tional and constant, as the heat is dissipated entirely over the
surface of the heat sink. Furthermore, the effect of thermal
coupling is not considered in the model. The heat transfer
over the heat sink is defined by:

−ks
∂T

∂y
= q

∂T

∂x
=

∂T

∂z
= 0, (4)

where ks is the thermal conductivity of the solid which is
equivalent to 2.68 g/cm3 and q is the amount of heat. The
amount of heat transferred by conduction and by convection
is given, respectively, by equation (5):

Qconv = havAs(Tbase − Tavf ), (5)

where Qconv is the amount of heat by convection, d is the
thickness of the material, hav is the heat transfer coefficient,
As is the surface area of the heat sink, Tbase is the base
temperature of the heat sink and Tavf is the average fluid
temperature. The heat transfer between the heat sink and
the external environment occurs primarily through the liq-
uid cooling mechanism, although the ambient temperature
significantly influences the process due to the heat removal
from the heat sink to the coolant fluid. This process enables
the determination of the average heat transfer rate, as de-
scribed by Equation (6), which accounts for the system’s
thermophysical properties, the established thermal gradient,
and the convective conditions at the solid-liquid interface.
Consequently, the thermal efficiency of the assembly can be
analytically determined based on predefined operational and
environmental parameters,

hav =
ṁCp(Tout − Tin)

As(Tbase − Tavf )
, (6)

where Cp is the specific heat of the material, Tout is the
outlet temperature, ṁ is the mass flow of the fluid and Tin

is the inlet temperature. Thus, the mass flow rate can be
obtained by isolating it in the previous expression, resulting
in

ṁ =
Qconv

Cp(Tbase − Tavf ).
(7)

The mass flow rate represents the amount of fluid mass that
passes through a given area.

The geometry of the heat sink and the physical dimensions
are responsible for the magnitude of the thermal resistance.
The total thermal resistance of the liquid-cooled heat sink is
given by

Rtotal =
TDmax − TFmin

Qconv
, (8)

where, Rtotal is the total thermal resistance of the system,
TDmax is the peak temperature of the heat sink surface, and
TFmin is the minimum temperature due to the boundary
layer of the fluid.

The implementation of the system has the following con-
siderations: laminar flow; the gravitational force is ignored;
the temperature of all parts of the system is measured on the
surface; and the cooling fluid is considered incompressible.
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(a) (b) (c) (d)
FIGURE 1. Framework of the design of the heat sink geometries: (a) Design of channel machined geometry. (b) Representation of the channel machined
for CFD simulations. (c) Design of U-serpentine geometry. (d) Representation of U-serpentine for CFD simulations.

III. THERMAL MODEL OF THE INVERTERS
The energy processing and thermal management of electric
traction inverters are challenging for models with high power
density. As a result, the quantification of the power dissipated
by the semiconductor switches of the inverters is necessary in
the design of thermal exchange systems for inverter operation
within the operating limits.

A. Power losses
The power device losses during operation consist of conduc-
tion and switching losses. Conduction losses are determined
by (9):

Pcon IGBT =
1

T

T∫
0

VCE(t)Ic(t) dt

Psw IGBT =
1

T

Tlow∑
i=1

[Eon(ti) + Eoff(ti)]

(9)

where Pcon IGBT is the conduction loss in watts, VCE(t) is
the collector-emitter voltage, Ic(t) is the colletor current of
the IGBT. where Psw IGBT is the switching loss in watts, Eon
is the energy dissipated during the turn-on transition, and
Eoff is the energy dissipated during the turn-off transition..

B. Thermal network
The inverter thermal model represents the thermal influ-
ence of power devices, thermal interfaces and heat sinks.
The thermal equivalent circuit is represented by an RC
circuit, composed of resistances and capacitances that can
be modeled by the Cauer and Foster thermal networks. The
Cauer thermal network is represented by a second-order
filter with greater precision at specific thermal frequencies
in which the network parameters are thermal resistances and
capacitances, while the Foster thermal network is simpler,
has less precision and the network parameters are resistance
and thermal constant [29]. The thermal network structure
used is shown in Figure B. Where Rjcn is the thermal
resistance. Cjcn3, Cjcn1,Cjcn2 and Cjcn3 is the thermal
capacitance of thermal junction. The Pout is the effective

FIGURE 2. The thermal network structure of the inverter.

power transfer for dissipation. The Rhs and Chs are the
heat sink thermal resistance and capacitance. The Tref is the
ambient temperature. The thermal resistance of the system
can be simplified using the equation (10):

Rjc =
(Tjc − Tcase)

Ploss
. (10)

where Rjc is the total thermal resistance and Ploss is
the total losses of the system, given by the sum of the
equations (9). Although Rjc is commonly applied under
steady-state conditions, it was used here to estimate the
junction temperature. The junction temperature, using the
total losses and case temperature, is obtained and difined.

Tjc(t) = Rjc(t)Ploss(t) + Tcase(t). (11)

The heat flux generated by the module is determined in
relation to the amount of heat transferred, taking into account
the temperature variation of the surface of the heat sink,
cooling liquid and the amount of heat is given by the ratio
of power dissipated per area, as shown in the equation (12):

hf =
q

∆T
,

q =
Q̇

dA
.

(12)

Where, the heat flux is represented by hf and the heat
transfer is given by Q̇.

IV. METHODOLOGY FOR ANALYSIS AND EVALUATION
OF THE THERMAL SYSTEM
The evaluation of the thermal exchange capacity of heat
sinks is conducted through the integration of CFD, PLECs
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simulation, and an electronic load representing the traction
inverter operation. Figure 3 presents the structure of the
simulation and experimental methodology. The project and
design are carried out using CFD analysis, simulations of the
thermal model in PLECs software, and experimental results
obtained through electronic load. The steps for developing
the present work are divided as follows:

Step 1 - Numerical approach: Thermal parameters are
obtained through the representation of a liquid-cooled heat
sink using CFD simulations with ANSYS Fluent software.
A heat flux is applied to the surface of the heat sink,
and the RC behavior determines the thermal constant or
thermal capacity. This step involves selecting the heat sink
geometry and generating the mesh, which discretizes the
system into several parts for individual calculation, with
final results aggregated. The solution involves executing
numerical methods to obtain the heat sink parameters. The
algorithm utilizes CFD, problem discretization via the Fi-
nite Volume Method (FVM), and the convergence method
through the system’s energy balance. Step 2 - Thermal
modeling: The losses of the electric traction inverter are
calculated in the PLECs software based on the parameters
obtained in CFD simulation. The losses obtained serve as a
reference for losses, which will be utilized for the electronic
load. The inverter initially operates at 50% of the energy
processing capacity and at another moment at 100% load.
Step 3 - Experimental tests: The experimental phase entails
applying heat flux to the surfaces of the heat sinks through
an electronic load, representing the power losses of the
traction inverter. As depicted in Figure 3, the thermal system
comprises a heat sink, electric pump, radiator, and heat flux
generated by power IGBTs.

The first and second steps are the interchange of thermal
parameters for simulating and modeling of the system, which
can reduce the time needed to analyze and evaluate the
thermal exchange of the liquid-cooled heat sinks. In this
Figure, the first step presents the process of design through
ANSYS of the cooled liquid heat sink, mesh, solution, and
obtaining of thermal parameters for each geometry. For
the next step, the thermal parameters are loaded in PLECs
simulation to obtain the simulation results. In the last step the
thermal exchange is evaluated by using the load electronic
and compared with simulation results. These results can be
compared and validated through the junction, case and heat
sink temperature. The experimental results are necessary to
validate the thermal model simulation, making it possible to
reduce time analysis through tests in PLECs software.

A. Lumped parameters via CFD
Thermal networks represent a thermal exchange system
incorporating thermal resistance and capacitance, enabling
the determination of system temperatures. This process is
streamlined using CFD, which simulates heat exchange
between the heat source and the cooling fluid. The pro-
cess of heating the surface of the heat sink allows for

the acquisition of temperature curves for each part of the
system. This procedure involves applying heat to a heat
sink, where the heat originates from electrical losses due to
power switching, enabling the determination of the thermal
time constant of the heat sink. The thermal parameters are
obtained due to the thermal behavior being analogous to a
first-order resistive-capacitive (RC) electrical circuit, where
the resistance represents the dissipation capacity and the
thermal capacitance represents the energy storage capacity.
By utilizing the relationship between temperature and the
amount of energy dissipated over the heat sink, the thermal
parameters are obtained, as described in [20].

The thermal exchange system employs liquid cooling with
an aluminum cold plate featuring internal fluid channels.
Heat flux on the heat sink surface is generated by FGH60N60
IGBTs dissipating a constant amount of heat. The simulation
models losses equivalent to a 30 kW inverter with 99%
efficiency, operating at 50% and 100% of rated load. These
losses are applied in ANSYS Fluent as heat flux ranging
from 105,000 to 210,000 W/m2, with an instant application
at 1200 seconds and a total simulation time of 3000 seconds.

From the temperatures obtained in the CFD simulation, the
thermal parameters of each heat sink are obtained using (8)
and switch lumped parameters informed by the manufactures
are presented in Table 2:

TABLE 2. Thermal heat sink and switch parameters.

Thermal Foster Parameters Machined channel U-Serpentine
constant (τ) 9.5 13

resistance rth−hs (◦C/W ) 0.0185 0.0397

Thermal Cauer Parameters CAB400M12XM3
resistance rtj−c(

◦C/W ) [0.05881,0.03978,0.05241]

capacitance ctj−c (J/W ) [0.1526, 0.3364, 2.443]

B. Model validation in a PLECs environment
The analysis of two heat sink geometries is developed under
the presence of heat flux on their surface to verify the cooling
at the heat exchange level for different applied thermal
loads. In this regard, the thermal parameters used consist
of resistance and thermal capacitance values obtained in the
CFD approach are used in this stage. The approach to the
heat sink geometries involves connecting a traction inverter
to an RL load with a nominal power of 30 kW. Power losses
from power devices are monitored to apply thermal networks
and determine system temperatures.

The temperature for each heat sink is obtained using the
Foster network, while the junction temperature is calculated
using the thermal Cauer network, as shown in Table 2.
The simulations are conducted in two stages, considering
different heat sink models. The evaluation of heat exchange
systems consists of representing the losses of a 30 kW
three-phase inverter through the representation of the cur-
rent dynamics, applying a step from 50% to 100% of the
nominal value of the inverter power. The PLECs software
allows verification of system temperatures, such as switch
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FIGURE 3. Structure of the methodology for simulation and experimental results.

junction temperature, case, and heat sink temperature. Figure
4 presents the junction, case, and heat sink temperatures for
two geometries.

(a) (b)
FIGURE 4. (a) Channel machined. (b) U-serpentine.

As presented, the losses resulting from the simulated
inverter in the PLECs software were approximately 150 and
300 W for the operating conditions. These values were futher
used as a reference for the electronic load.

C. Evaluation of the thermal exchange system
The methodology consists of verifying the heat exchange
capacity for the heat sink geometries presented. The com-
position of the thermal exchange system is given by the
heat sink receiving heat flow from an electronic board that
dissipates power through power IGBTs. The structure of the
electronic charge is illustrated in Figure 5. The automation
of dissipated power control is managed by a control board,
which handles signal generation, detection, and data storage.
The power board is responsible for heat dissipation. The
load electronic control is executed via an STM32F103C8T6
microcontroller, which uses a dissipated power reference to
control IGBT devices. These devices generate the necessary
current signal for pulse width modulation (PWM). This
signal is isolated by optocouplers and filtered by a first-order
filter before reaching the IGBT devices.

FIGURE 5. Structure of the control and automatizing the power losses.

The power board includes three FGH60N60 IGBTs, which
are specifically chosen for their low thermal impedance
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connection between the junction and the case. This low
thermal impedance is crucial for efficient power transfer, as it
minimizes heat buildup and ensures reliable operation under
high-power conditions. The evaluation system uses three
power boards to accurately represent the power dissipation
of a three-phase inverter operating at a 140 V bus voltage.
Activation signals from the control board drive the IGBTs,
ensuring smooth operation in the linear region (without
switching). This approach eliminates switching losses and
ensures that average conduction losses are evenly distributed
across all switches. This setup provides precise control over
the dissipated power through calibrated load increments,
allowing for a systematic evaluation of the heat sinks cooling
capabilities. Real-time temperature profiles are monitored to
assess the thermal performance of the system under various
operating conditions. By leveraging this configuration, the
power electronic board establishes a dynamic framework for
systematically validating thermal performance. This frame-
work not only simplifies the application of heat to the heat
sink surface but also ensures that the power applied is
continuous and controllable, making it an ideal platform for
thermal management studies.

Figure 6 presents the structure of the thermal exchange
system developed, where the electronic load is shown, di-
vided between the control and the power part that are used
to control the amount of power dissipated by the IGBT
switches. The composition of thermal exchange system is
composed of Heat sink: Utilizes direct liquid cooling with
serpentine U-shaped internal channel and fin geometries.
Heat is exchanged by solid thermal conduction and solid-
liquid convection, in which a ratio of 50% liquid water and
50% ethylene glycol was used. Electric pump: Drains the
liquid, operating at 20 W nominal power. Heat radiator:
Cools the liquid via a 30 W electric fan, with additional
natural ventilation from EVs aiding in thermal exchange.
Liquid tank: Supplies the radiator with replacement coolant
as needed. Flow meter: Measures the velocity and area of
the cooling liquid to monitor and control the flow rate.

V. RESULTS AND DISCUSSION
The experimental results are based on the use of an elec-
tronic load to validate the thermal exchange capacity of
different models of liquid cooled heat sinks considering
different operating regimes, with the representation of the
operating system in different scenarios. The experimental
results are based on a load step transition from 150 W to
300 W, evaluated under three distinct operating scenarios
for each heat sink model. The initial conditions for carrying
out the experimental tests are presented in the following
Table 3, where (AT) is the ambient temperature, (FT) fluid
temperature and (HsT) is the heat sink temperature and
the, C represents the Channel machined and U-serpentine
geomentry. The test scenarios are defined as follows:

• Case 1: The heat exchange system is evaluated under
normal operating conditions, with all components func-

FIGURE 6. Experimental system of the evaluation from thermal exchange
systems.

tioning properly. This includes the fluid flow system and
the radiator’s electric fan operating without any failures.

• Case 2: The system is tested with a simulated failure
in the radiator’s electric fan while the pressure pump
continues to operate. In this scenario, the liquid flows
through the heat radiator, but without the presence of
forced ventilation.

• Case 3: The test involves evaluating the thermal perfor-
mance under a dual-failure condition, where both the
radiator’s forced ventilation system and the pressure
pump are non-operational. This scenario assesses the
system’s behavior in the absence of both forced airflow
and liquid circulation.

TABLE 3. Initial temperature values for experimental evaluation.

Initial
conditions

(◦C) Case 1 Case 2 Case 3
C U C U C U

(AT) 27.20 26.70 26.20 24.80 25.40 25.40
(LT) 20.83 22.39 22.76 17.97 - -

(HsT) 24.01 26.21 25.07 21.79 24.00 24.43

The fluid temperature is not presented for case 3 due
to the failure of the electric pump, which results in the
absence of fluid flow. Consequently, thermal exchange is
not effective in this situation, and the temperature profile
is not presented. Thus, the results are divided between each
heat sink geometry for the different operating cases. Figure
7 presents the results obtained for junction temperature, case
temperature, and heat sink temperature for the channel ma-
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chined geometry and U-serpentine geometry. For each result
figure, the respective case is provided, with the junction,
case, and heat sink temperatures presented sequentially.

(a)

(b)
FIGURE 7. Experimental results for different operations cases. (a)
Channel machined geometry. (b) U-serpentine geometry.

The system showed a progressive increase in temperature
for the applied power. For Case 1, the results demonstrated
the thermal exchange capacity of the machined channel and
U-serpentine geometries in dissipating the power loss levels
applied to the electronic load. The machined channel exhib-
ited less temperature variation compared to the U-serpentine
geometry. However, both geometries achieved a steady-state
behavior. In Case 2, the absence of forced ventilation resulted
in slow heat exchange between the cooling fluid and the envi-
ronment, reducing the electronic system’s ability to operate
at high power levels for extended periods. The results for

Case 2 indicated a significant temperature increase for both
geometries, demonstrating that failure in forced ventilation
leads to high junction temperatures in the semiconductor. For
Case 3, the experiment, which considered failures in both
components of the system, was terminated by the electronic
load power PCB protection system due to the junction
temperature exceeding the 80◦C limit. Consequently, the
power step was not applied in this case. Complete failure in
thermal management resulted in high junction temperatures
for both geometries, with temperatures continuing to rise,
potentially causing damage to the semiconductor.

The cooling system used in the heat sinks proved ef-
ficient only in the first case, where both an electric fan
and an electric pump were operational without any failures.
The absence of components in the heat exchanger system
increases the thermal resistance, leading to a rise in the
system’s temperature. Therefore, the second and third cases
are impractical due to the progressive temperature increase
in all parts of the system.

VI. CONCLUSION
This work analyzed and evaluated the thermal capacity
of liquid-cooled heat sinks applied in inverters, through
the interaction between CFD, PLECs and experimental
approaches. The analysis and evaluation were conducted
through a thermal model, where the thermal parameters
were obtained from CFD simulations of the two heat sink
models, and the power losses for the electronic load were
calculated using PLECs. Furthermore, experimental tests
were conducted to evaluate the operating temperature of
the thermal system under different operational conditions.
The sequence of tests and steps performed is crucial for
the validation of the heat sinks. These test sequences are
important for determining the operational capacity in the
event of failures in the thermal system in traction inverters.
Additionally, it is possible to conduct thermal management
tests without exposing the traction inverter intended for use
in the final application.
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