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This study examines the thermal behavior and junction temperature of MOSFET modules under varying oper-
ating conditions using ANSYS/Fluent software, with simulations managed through Python/Jupyter Notebook.
Two different approaches are evaluated: the Temperature-Responsive Power Loss Calculation (TRPLC) and the

(TRPLC) . . Temperature-Agnostic Power Loss Calculation (TAPLC). In the TRPLC approach, power loss is calculated as a
Temperature-agnostic power loss calculation . . . L. . .
(TAPLC) func- tion of the junction temperature, which is updated at each time step. In contrast, the TAPLC approach relies

on four predefined power loss curves derived from the MOSFET datasheet, with each curve simulated separately.
Unlike TRPLC, this method does not account for the relationship between junction temperature and power loss,
resulting in significantly high junction temperature values at higher power loss levels. By dynamically recalculat-
ing power loss at every step, the TRPLC approach provides more realistic results compared to TAPLC. These
findings underscore the importance of incorporating temperature-dependent calculations to enhance the accu-
racy of thermal performance predictions under practical operational scenarios.

Neutral Point Clamped Converter (NPC)

1. Introduction

Semiconductor devices are foundational elements in modern energy
sys- tems, playing critical roles in the integration of renewable energy
sources, battery storage, and electric vehicle technologies [1,2]. Looking
ahead, the integration of semiconductor devices into smart grid tech-
nologies and electric vehicles will continue to drive innovation in energy
systems. Likewise, the increasing integration of renewable energy
sources, such as solar and wind power, demands advanced power elec-
tronics systems for efficient energy con- version and management.

The reliable operation of semiconductor devices is essential for the
sta- bility of the electrical grid and the efficiency of energy conversion
processes. Power electronics systems long-term performance and
dependability depend heavily on effective thermal management [3].
Semiconductor devices with ad- vanced control algorithms, real-time
monitoring, and predictive maintenance contribute significantly to
enhancing system performance and ensuring con- sistent operation [4].
Moreover, the development of advanced cooling strate- gies and
enhanced thermal management systems will be critical in meeting the
increasing demands of future energy systems [4]. Given its importance,
thermal management is also essential for addressing thermal stress,
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which occurs when temperature changes affect the performance of
power electronic components, particularly power semiconductors.
Managing thermal stress on critical components remains a significant
challenge in power electronics, highlighting the necessity for robust and
efficient cooling solutions [5]. Var- ious techniques, including passive
and active cooling methods, have been developed to address the chal-
lenge of managing the thermal stress [6]. Pas- sive cooling methods,
such as heat sinks and thermal interface materials, rely on natural
convection to dissipate heat [7]. Active cooling methods [8], such as
fans and liquid cooling systems [7-9] provide more efficient heat
dissipation but require additional components and energy consumption
[10]. To manage thermal stress and develop effective thermal man-
agement al- gorithms, understanding the thermal behavior of semi-
conductor and power electronic systems is essential. MOSFET chips are
the components that heat up the most compared to other components in
the power electronic system because they allow a high amount of energy
to be transferred through the material. Although it is not easy to measure
or estimate the temperature from these devices, it is possible with the
experimental and numerical methods developed [11]. Experimental
methods offer high reliability but are often challenging to implement
and expensive. On the other hand, numerical ap- proaches, such as finite
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element analysis (FEA), are widely used to predict temperature using
computer-aided software [12,13]. Although numerical methods offer
many advantages, they require careful preparation and implementation.
FEA, in particular, provides accurate results by integrating experimental
data into energy equations.

Progress in computational fluid dynamics (CFD) software, enhanced
com- puting power, and co-simulation-based software integration has
driven the creation of advanced thermal models. Additionally, with the
development of real-time simulators, data obtained from experimental
systems can also be incorporated into simulations. This study focuses on
improving junction temperature prediction by analyzing one leg of a
three-phase power converter using two different softwares.

1.1. Contribution of the paper

This study clarifies the development of approaches in CFD analysis
methods used for junction temperature estimation. It introduces new
methods to improve the accuracy of junction temperature predictions.
The key contri- butions of this paper include:

e Introduction of the Temperature-Responsive Power Loss Calculation:
The paper presents a novel approach where power loss is recalcu-
lated at each time step based on the junction temperature, rather
than rely- ing on fixed power losses. This method accounts for dy-
namic changes in temperature and provides a more accurate esti-
mation of junction temperatures.

Integration of 3D Thermal Analysis: The study integrates 3D thermal
analysis into the CFD models, considering real-world parameters
such as cold plate design, coolant flow rate, coolant temperature, and
ambi- ent conditions. This allows for a more realistic simulation
environment, closely mirroring actual operating conditions.
Evaluation of Traditional vs. Modern Approaches: The research pro-
vides a comparative analysis between traditional fixed-temperature
power loss calculations and the proposed temperature-responsive
approach. This comparison highlights the limitations of existing
methods and un- derscores the benefits of adopting time-sensitive
calculations.

Recommendations for Future Simulations: The paper offers practical
recommendations for researchers and engineers to implement tran-
sient thermal simulations in their designs, emphasizing the impor-
tance of accounting for transient thermal behaviors in power
electronic devices.

The paper is structured as follows. Section 2 discusses the method-
ology and modeling of the proposed framework. Section 3 presents
validation of the CFD model and Co-simulation results. Section 4 con-
cludes the paper.

2. Methodology and modeling
2.1. Working process of SIC MOSFET devices in a three-level NPC model

Voltage-source multilevel converters are widely utilized in modern
power electronics and are categorized based on their circuit configura-
tions and the method of generating output voltage levels. This classifi-
cation is determined by the structural arrangement of components, such
as capacitors, clamping diodes, and H-bridge modules, which directly
influence the operational char- acteristics and application range of the
converters [11]. Based on these topo- logical distinctions, voltage-source
multilevel converters are generally divided into three main categories:
flying capacitor (FLC), neutral point clamped (NPC), and cascade
H-bridge [14].

Among these, the Neutral-Point-Clamped (NPC) converter stands out
for its extensive use in medium and high-voltage applications, where its
three- level topology provides significant advantages over traditional
two-level de- signs [15]. By splitting the total voltage across multiple
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devices, NPC converters reduce the voltage stress on individual semi-
conductors, enhancing their reliability and lifespan. Compared to
two-level converters, where the entire DC bus voltage is switched across
the power devices, the NPC con- verter’s three-level design allows for
smaller voltage steps, resulting in more efficient operation. Additionally,
the increased number of voltage vectors in NPC converters enables finer
control of the output waveform, reducing harmonic distortion and
mitigating stress on motor windings in motor drive applications [16].

To control the fundamental voltage functions of a three-level NPC
con- verter, three primary techniques have been developed: carrier-
based PWM, space vector modulation (SVM), and selective harmonic
elimination (SHE). Each method offers unique benefits in balancing
performance and harmonic mitigation, making NPC converters a
preferred choice for advanced indus- trial and renewable energy sys-
tems. These advantages underscore the role of NPC converters as a
cornerstone of modern power electronics, combining efficiency, reli-
ability, and precise control to meet the demands of complex
applications.

Despite the numerous advantages of Neutral-Point-Clamped (NPC)
con- verters, such as efficient control mechanisms and reduced power
losses, they are not exempt from the common challenge faced by all
electronic systems: heat generation. Proper thermal management is
essential to ensure the re- liability and performance of these systems.
While various cooling solutions are available, this study employs a
liquid-based cooling system to address the thermal challenges.

The primary components of the liquid cooling system, namely the
chiller and the cold plate, are illustrated in Fig. 1. Additionally, the NPC
con- verter design is depicted in the same figure, highlighting the
arrangement of key components. Each leg of the converter contains two
MOSFET modules and one diode module, all of which are clearly indi-
cated. This integration of cooling components and converter design
ensures effective heat dissipation, thereby enhancing the overall oper-
ational stability of the system.

The SiC 3 Level NPC converter can operate at a higher switching fre-
quency thanks to the SiC MOSFET’s reduction of switching energies.
Hence, the SiC 3 Level NPC converter’s AC output filter size is decreased.
To pro- vide a clearer explanation of the switch states (1,0,—1),the
possible positions on the two H-bridge MOSFET modules in the design
are illustrated in Fig. 2.

Fig. 2 illustrates the top view of a single leg of the Neutral-Point-
Clamped (NPC) converter, showcasing the structural arrangement and
oper- ational states of its components. The leg comprises two MOSFET
modules and one diode module. Each MOSFET module functions as an
H-bridge, incorporating two MOSFETs designated as the "upper switch”
(top MOSFET) and the "lower switch” (bottom MOSFET). The figure also
demon- strates three distinct switching states of the NPC converter leg,
which are integral to the Space Vector Modulation (SVM) technique.

o State 0 (O): In this state, the lower switch of the first MOSFET module
and the upper switch of the second MOSFET module are active. This
configuration results in a neutral output voltage, ensuring balanced
operation and minimal power flow.

State +1 (P): Here, both the upper and lower switches of the first
MOSFET module are engaged. This state corresponds to a positive
output voltage vector and directs current flow to achieve specific
voltage waveforms required for load control.

State —1 (N): In the final state, the upper and lower switches of the
second MOSFET module are activated. This state generates a nega-
tive output voltage vector, completing the three primary switching
positions for the converter leg.

These three states labeled as +1 (P), 0 (O), and —1 (N)—are part of
the fundamental switching combinations used in Space Vector Modu-
lation (SVM). By systematically transitioning between these states, SVM
achieves precise control over the converter’s output waveform,
improving harmonic performance and minimizing losses.
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Fig. 2. Top view of the case and the possible switch states.

Fig. 2 also shows the locations of the cold plate inlet and outlet
surfaces. The MOSFET closer to the inlet can be cooled more than the
others, which is an expected result.

2.2. Semiconductor device power loss calculation

Power losses in power electronic switching devices can generally be
cate- gorized into two types: dynamic loss and static loss. Dynamic losses
include turn-on and turn-off losses, while static losses comprise con-
duction loss (on- state power loss) and cut-off loss. MOSFET manufac-
turers typically provide power loss graphs in their datasheets, which
illustrate the relationship be- tween power loss, drain-source current,
and junction temperature [17]. While these graphs are useful for un-
derstanding the thermal and electrical behavior of a single MOSFET
module, they do not provide sufficient information for predicting the
performance of multiple MOSFET modules operating together in com-
plex systems.

To address this limitation and adapt the available data for CFD mod-
els, the power loss components conduction loss, turn-on loss, and turn-
off loss were combined into a single power loss value. Using the data
provided in the datasheets, power loss curves were generated as func-
tions of junc- tion temperature and drain-source current. Four specific
curves, named P25, P100, P125, and P150, corresponding to different
junction temperature values, were created. Intermediate power loss
values were calculated through interpolation techniques using the
equations derived from these curves (Fig. 3).
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Fig. 3. Power loss characteristic with drain-source current.

This approach ensures that the power loss behavior of MOSFET
modules is accurately represented in the CFD model, capturing the de-
pendencies on both junction temperature and drain-source current.
These interpolated power loss curves provide a comprehensive basis for
analyzing and optimizing the thermal and electrical performance of
multiple MOSFET modules in power electronic systems.

2.3. CFD modeling and thermal characteristic

Establishing an accurate thermal model is critical to the electro-
thermal design of power electronic devices. This study presents a
computational fluid dynamics (CFD) model designed to determine the
junction temperature of MOSFETSs. CFD analysis is a numerical simula-
tion method that employs fundamental equations of fluid dynamics and
heat transfer, along with ma- terial properties, to calculate various
physical phenomena, including heat dissipation. The junction temper-
ature depends not only on power dissipa- tion but also on external fac-
tors such as variations in coolant flow rate or ambient temperature
fluctuations caused by other devices in the same cooling system.

The system components were discussed in the previous section of the
paper. In this section, the design and analysis methods used in the CFD
model will be elaborated. CFD software recommends refining and
making assumptions about geometric details to facilitate the creation of
network structures and reduce analysis time. During geometry forma-
tion, it was considered that two different fluids were present: the cooling
fluid (water) circulating in the cold plate and the air in the environment.
Meshing is another crucial aspect of simulation and should be
approached with care. In the mesh structure created with the ANSYS
Mechanical module, a dense mesh is applied to small geometries such as
SiC chips, while a coarser mesh is used in the flow region compared to
the mesh on the SiC chip.

In Fig. 4, a schematic representation has been added to demonstrate
the transformation of one leg of a three-leg converter into its CAD
design. The visualization focuses on one leg of the converter, high-
lighting the placement of two MOSFET modules and their switches
within the overall con- verter.
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Fig. 4. CFD Mesh of the one-leg converter.

The definition of boundary conditions and thermal simulation pa-
rameters for the CFD model is performed in the Fluent module. The
ambient fluid is set to air at a temperature of 49 °C. The cooling fluid
circulating in the cold plate is defined as water, with a temperature and
flow rate of 49 °C and 1 LPM, respectively.

CFD’s basic concept is to divide the entire computational domain
into separate small-scale parts and calculate local solutions to the
diffusion con- vection reaction problem [18].

The behavior of fluid substances within the computational fluid
dynam- ics (CFD) model is governed by the Navier-Stokes equations,
which describe the conservation of momentum, mass, and energy. These
equations con- sist of several components, including velocity (m/s),
pressure (Pa), density (kg/ms), and viscosity (Pa - s). The general forms
of the governing equations are as follows:

Continuity Equation:
dp

e +V(pu) =0 (@)

Momentum Equation:

0
g5t P) + Y (pup) = =Vp + V (uVp) + pg + F 2

Here, p is the density of the fluid (kg/m>), u represents the velocity
vector (m/s), tis time (s), p is pressure (Pa), i is the dynamic viscosity (Pa
- 5), and F encompasses body forces, such as gravity (N/kg).

The conservation of energy is modeled using the energy equation,
which considers the transport of thermal, kinetic, and potential energy.

Energy Equation:

0

53¢ PE) +V-(UpE+p)) = V-(kVT) + @ 3
In this equation, T is the temperature (K), k is the thermal conduc-

tivity (W/mK), S represents the source term (including internal heat

generation, W/m®), and @ denotes viscous heat generation.

2.4. Python / pyfluent library

There are various methods for the automated control of ANSYS
Fluent software, such as user-defined functions (UDF), profile defini-
tions, and the MATLAB-ANSYS interface. If these methods are consid-
ered in order, using UDF to manipulate and run a simulation in Fluent
requires uploading a C file into the user-defined function section of
Fluent. It is a useful method for progressing a parameter within the
simulation in a time-dependent or iterative manner, but it is not possible
to provide feedback from simulation outputs to inputs using UDF.
Similarly, UDFs can be manipulated within MATLAB and executed with

Fluent, but the issue with this method is that every time MATLAB runs
the UDF, Fluent is restarted, which prevents continuity in the simula-
tion. The MATLAB-ANSYS interface is a set of MATLAB codes supported
by older versions. In recent versions, this interface is no longer sup-
ported. Due to the growing popularity of Python, especially in the field
of machine learning, and its ease of use, researchers developed the
PyFluent library. With PyFluent, many processes from geometry setup to
analysis and the evaluation of results can be managed efficiently. The
main contribution of PyFluent to this study is the ability to automate
Fluent simulations and dynamically evaluate results, allowing for new
parameters to be defined based on conditions.

2.5. Python and ansys fluent co-simulation framework

The growing importance of energy conservation in power electronics
has led researchers to rely on simulation software during the design
phase and optimization to minimize the impact of the switching mech-
anism and reduce implementation costs [19-21]. Numerical simulation
methods that encompass multiple physics fields are widely utilized in
the research of MOSFET module package optimization, junction tem-
perature monitoring, aging evaluation, and failure analysis [22,23].

The proposed co-simulation of Python and ANSYS/Fluent can be
divided into two parts: running Fluent software via Python/Jupyter
Notebook (JN) (TAPLC), power loss calculation depending on the
junction temperature with JN, and running the simulation (TRPLC). JN
provides power loss, switch state, and cooler flow rate to Fluent. Fluent
provides junction temperature to JN.

The customized thermal model is loaded into Fluent, which is
launched via Python/JN. Once both programs are ready for co-
simulation, JN sends the power loss, cooler velocity, cooler tempera-
ture, and switch states as inputs to Fluent. After Fluent completes the
simulation, the output parameters are read by Python, which calculates
the new power loss value. This updated value, along with the other
parameters, is sent back to Fluent as input for the next simulation step
(Fig. 5). The simulation continues in a loop until all the data in the drain-
source current profile are processed. Here is how the TRPLC operates.

In TRPLC, all equations related to the curves shown in Fig. 3 are used
within the simulation. However, in TAPLC, since the junction temper-
ature is not read at each step, a separate simulation is conducted for each
equation.

3. Simulation results

In this section, the results obtained from CFD model and co-
simulation are examined. First, the thermal conductivity of the DBC
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Fig. 5. Flow chart of the electro-thermal co-simulation (TRPLC).

layer in the MOSFET module, which initially had unknown thermal
properties, was deter- mined, and model validation was performed.
Following the validation study, co-simulation results for various sce-
narios were analyzed and discussed in detail.

3.1. Model validation with case temperature

MOSFET modules (CAS120M12BM2) are highly specialized struc-
tures with an architecture comprising complex layered designs and
small compo- nents. Manufacturers provide case temperatures in rela-
tion to power dissi- pation in their data sheets. If the case temperature is
known, the junction temperature can be estimated to determine whether
it remains within the device’s safe operating limits. Using case tem-
perature and power dissipation information, it is possible to infer the
thermal conductivities of materials in the layers of the 3D geometries
created for analysis. The thermal properties of the SiC and copper layers
were taken from the studies of Shuai et al. [11], while the thermal
properties of the DBC layer were analyzed independently [24]. In this
study, the bottom surface of the MOSFET module, named the baseplate,
was fixed at the case temperatures shown in Fig. 6. Power losses were
then defined separately according to the values presented in the visual.
The thermal conductivity of the DBC layer was adjusted to ensure that
the junction temperature remained below 150 °C. The thermal

160
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Fig. 6. Junction temperature depending on case temperature.
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conductivities for the SiC, DBC, and copper layers were determined to be
240 W/mK, 260 W/mK, and 387.6 W/mK, respectively.

3.2. Co-Simulation results

The results of the co-simulation analysis, conducted by integrating
Jupyter Notebook with Fluent software through Python scripting, are
presented in this section. The co-simulation allowed for a detailed ex-
amination of the thermal behavior of the MOSFET module.

The differences in junction temperature resulting from the variations
in approach between the Temperature-Responsive Power Loss Calcula-
tion (TRPLC) and the Temperature-Agnostic Power Loss Calculation
(TAPLC) methods, as detailed in Section 2, are illustrated in Fig. 7. The
two MOSFET switches within each of the two MOSFET modules used in
the system are evaluated separately, with their positions depicted in
Fig. 2 in Section 2. As MOSFET structures are designed in a half-bridge
configuration, each module includes two MOSFET switches. Figs. 7(a)
and 7 (b) present the results for the upper and lower switches of the first
MOSFET module, respectively. Similarly, Figs. 7(c) and 7 (d) display the
results for the upper and lower switches of the second MOSFET module.

In Figs. 7(a) and 7 (b), the maximum junction temperatures pre-
dicted by TRPLC are 95.1 °C and 96.4 °C for the upper and lower
switches of the first MOSFET module, respectively. The closest results to
these tempera- tures are provided by the P100, with values of 97.2 °C
and 98.5 °C, respectively. Similar to the first MOSFET module, the
second MOSFET module results are 113.2 °C (Fig.7(c)) and 114.8 °C
(Fig. 7(d). Likewise, the closest comparison is observed in the P100
solution, with values of 110.5 °C and 112.3 °C, respectively. While the
results of TRPLC and P100 are fairly similar, significant differences are
observed when compared to the results of P125, P150, and P25.

As shown in Fig. 7, the junction temperatures observed in solutions
em- ploying P150 and P125 are significantly higher compared to other
equations and TRPLC. Conversely, the results for P25 demonstrate much
lower temperatures relative to the others. The results obtained from
solutions using P100 are generally close to those of TRPLC. In Fig. 7, the
maximum junc- tion temperatures are illustrated in detail views. Upon
detailed examination of these views, it is observed that the results from
P100 exhibit lower tem- peratures than TRPLC on both switches of the
first MOSFET module. On the other hand, the junction temperatures
obtained on the switches of the second MOSFET module show that
TRPLC results are higher than those of P100.

The differences in temperatures predicted by TRPLC compared to
those obtained from P100 on the switches of the first MOSFET module
are at- tributed to the dynamic calculation strategy employed by TRPLC.
Similarly, higher junction temperature values in the second MOSFET
module for TR- PLC results further demonstrate its ability to adapt to
real-time thermal behavior.

The results underscore the critical importance of selecting the correct
equation based on junction temperature. In the upper switch of the first
MOSFET module, the maximum temperature difference between P150
and P25 is 29.1 °C, while in the lower switch, the difference is 29.8 °C. In
the upper switch of the second MOSFET module, a maximum tempera-
ture difference of 37.1 °C is observed, while the lower switch shows a
difference of 38.3 °C. These temperature differences highlight the ne-
cessity of using TRPLC approaches in thermal simulations for MOSFET
modules.

Heat maps and contour visuals are highly effective tools for
observing and understanding temperature variations [25]. Figs. 8(a) and
8 (b) show the TRPLC and TAPLC P150 results for t = 4.31 s and 4.43 s,
respectively. To facilitate comparison, the same legend has been used.
These visuals not only demonstrate how the temperature is distributed
from the chips across the entire system but also show the continuity of
the heat effect that was generated in the previous position after the
switch state change.

In Fig. 8, at t = 4.31 s, both switches of the second MOSFET mod-ule
are high, leading to higher temperature compared to the first MOSFET
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t=4.31 Sec

t=4.43 Sec

(a) TRPLC

module. By t = 4.43 s, the first MOSFET module becomes high while the
second MOSFET module is low. As observed in the visuals, at t = 4.43 s,
the second MOSFET module exhibits a slight decrease in temperature
due to its low; however, it retains residual heat from the previous time
step. If the second MOSFET module becomes high again in the subse-
quent time step, the power loss calculation will differ from the initial (¢
= 0 s) condition due to the retained temperature. As highlighted in this
study, power loss is temperature-dependent, and the TRPLC approach
captures this behav- ior accurately. When the TAPLC method is
employed, assuming a high- temperature condition (P150) results in
excessively elevated temperature, as seen in the visuals. Conversely,
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Fig. 8. Thermal mapping of converter’s one leg.

assuming a low-temperature condition (P25) yields unrealistically low
temperatures. The results clearly demon- strate the significance of the
TRPLC method, which dynamically considers the instantaneous tem-
perature of the MOSFET to calculate power loss. This ensures that the
outcomes closely resemble real-case scenarios, enhancing the accuracy
and reliability of thermal simulations. By incorporating TRPLC, thermal
management studies can achieve greater efficiency, minimizing unnec-
essary energy consumption for cooling. Additionally, optimized control
algorithms based on accurate thermal data can improve system safety
and extend the operational lifespan of MOSFET modules.
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4. Conclusion

It is evident that Temperature-Agnostic Power Loss Calculation
(TAPLC) methods used in the thermal simulations of power electronic
com- ponents are insufficient for accurately estimating temperature
distribution. This is primarily because the switching operations by
semiconductor mate- rials enable the rapid passage and interruption of
high amounts of energy in a very short time. This rapid energy transfer
in semiconductor materi- als results in significant losses and heat gen-
eration, which directly affect the thermal properties of the material.
Even though MOSFET manufacturers provide some information, the
heat transfer characteristics within the MOSFET are influenced by
numerous factors, including design, environment, cold plate, heat sink,
and cooling fluid. Therefore, the information provided by MOSFET
manufacturers alone is inadequate for a comprehensive analysis.

In this study, power loss graphs for the MOSFET module were plotted
separately for junction temperatures of 25 °C, 100 °C, 125 °C, and 150
°C, and these graphs were converted into equations using the curve
fitting method. The equations provide specific power loss data for each
junction temperature as a function of the drain-source current. The key
aspect of this study is that the power loss was recalculated at each time
step based on the junction temperature, allowing the temperature pro-
file, which changes over time, to directly impact the power losses.
Furthermore, the design was analyzed in 3D, considering parameters
such as cold plate, coolant velocity, coolant temperature, and ambient
temperature. The results demonstrate that the junction temperatures
obtained from TRPLC differ significantly from those calculated with a
TAPLC assumption. This approach creates a study that closely resembles
real experimental conditions, as opposed to the unidirec- tional heat
transfer calculations typically used in conventional methods.
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