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Abstract: This paper presents the establishment of an accurate loss model for high-power-density IGBT modules
used in electric vehicles, leveraging the thermal simulation capabilities of the power electronics simulation
software PLECS. The study aims to address the significant influence of IGBT losses on the energy efficiency and
reliability of electric vehicles. A simulation model was built using the SVPWM modulation strategy to drive a
three-phase inverter, and the average loss method was employed to determine both conduction and switching
losses. The simulation results were compared with calculations based on the datasheet, showing a deviation of
less than 4%, which confirms that the proposed model accurately predicts losses under specified conditions.
Compared with traditional methods, the model presented in this paper offers higher precision and improved
simulation speed, thus proving effective for accurate loss analysis of IGBT modules and supporting further

energy efficiency improvement and system optimization in electric vehicles.
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1. Introduction

Compared to traditional fuel vehicles, new energy vehicles produce significantly lower carbon
emissions, which plays a critical role in reducing air pollution and addressing climate change. As
China has already surpassed the United States to become the largest emitter of carbon dioxide,
transitioning to electric vehicles is one of the key measures to achieve carbon peaking and carbon
neutrality goals. The Insulated Gate Bipolar Transistor (IGBT) plays an indispensable role in today’s
new energy vehicle technology. As a core component of the electronic power system in electric
vehicles, IGBTs are responsible for efficiently converting and controlling electric energy. Most of the
energy losses in inverters are caused by IGBT devices, and these losses directly impact the energy
efficiency of electric vehicles while significantly affecting their driving range and reliability [1].
Excessive losses not only reduce the efficiency of the inverter but also increase the junction
temperature of the IGBT module, thereby shortening its lifespan. Moreover, IGBTs are the most
failure-prone components within inverters, and the reliability of their operation is closely linked to
the overall reliability of the inverter system.

Since the electrical and thermal characteristics of IGBTs are strongly coupled, their simulation
studies must comprehensively account for these coupling effects to reliably simulate the real-world
operating conditions of IGBT modules and accurately calculate their power losses. Literature [2] used
electro-thermal coupled simulation to incorporate the dynamic relationship between electrical
parameters such as current and voltage and temperature variations during switching transients into
the IGBT switching model. Meanwhile, literature [3] analyzed the impact of IGBT device parameters
on power losses during their switching operation.

Loss calculation methods can be broadly classified into two categories: physical structure-based
methods and mathematical model-based methods. Physical structure-based methods calculate losses

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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by deeply analyzing the internal components of the IGBT, such as resistors, capacitors, and inductors,
which provide high accuracy but require significant expertise. In contrast, mathematical model-based
methods estimate losses using parameters provided in datasheets, relying on mathematical
computations. These methods are more straightforward and user-friendly but may not achieve the
same level of precision as the physical structure-based approaches [4-6].

This paper leverages the unique loss analysis functionality of the PLECS simulation software to
analyze the losses of IGBT modules. By comparing the errors between simulation experiments and
theoretical calculations, this study aims to provide a deeper understanding and effective solutions
for improving the energy efficiency and optimizing the systems of electric vehicles.

2. Thermal Simulation of IGBT

The thermal simulation of IGBT modules aims to accurately estimate their power losses and
thermal behavior under various operating conditions, thereby optimizing the thermal management
design of the modules. Typically, the thermal simulation process for IGBT modules relies on output
characteristics, transfer characteristics, and other data provided in the datasheets from the
manufacturers. These datasheets are used to establish thermal description files for IGBTs and anti-
parallel diodes within the PLECS simulation software. These files include loss curves for IGBTs and
diodes under different temperatures, voltages, and operating currents. In more advanced versions of
PLECS, users can directly extract curve data from switch characteristics graphs in datasheets, making
it more convenient and efficient to create thermal description files[7].

‘ Data Acquisition H Datasheet ‘

Extraction

Create thermal
description file

<—{ Temperature/current/voltage ‘

PLECS-based
simulation modeling

Simulation results
acquisition and analysis

Figure 1. Thermal Simulation Flowchart.

For this study, we selected the SGM820PBSB3TFM IGBT module (820A/750V) from Silan
Microelectronics, which is developed using a proprietary high-density trench process, to investigate
the loss characteristics of high-power IGBT modules used in electric vehicles. Based on the inverter
environment, an open-loop control system simulation model was developed in PLECS, as shown in
Figure 2(a). To study the temperature rise of the Heat Sink module caused by power losses, the heat
dissipation module was modeled as a thermal chain composed of thermal resistance and thermal
capacitance, connected to an external constant-temperature source. Initially, the temperature of the
heat sink, environment, and thermal components was set to 25°C. The number of layers in the thermal
chain, ranging from the IGBT chip to the environment, determines the thermal resistance and
capacitance of each layer, with values derived from the datasheet. When thermal equilibrium is
reached, the heat sink temperature stabilizes. Given that the duty cycle of the control signal varies
between 0 and 1, calculating the conduction losses during post-processing can be cumbersome.
Therefore, the average losses were calculated using a periodic averaging module and a pulse
averaging module, both configured with switching frequency parameters.

Using Space Vector Pulse Width Modulation (SVPWM), this modulation strategy can control the
turn-on and turn-off states of the IGBTs in a three-phase bridge arm, converting DC power into AC
power for three-phase resistive-inductive loads. The module generates a reference voltage vector at
the AC terminals of the three-phase voltage source inverter, which is defined in the coordinate system
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as a reference voltage. This reference voltage is defined in the coordinate system as: The output,
marked as "sw," consists of three switching control signals [Sa, Sb, Sc], which control the upper and
lower switches of the inverter branches A, B, and C, respectively. Each switching signal controls the
upper and lower switches in its corresponding branch. Unlike calculating the conduction times of
switch vectors and zero vectors, this module uses an equivalent index-based modulation method to
manipulate the three-phase sinusoidal modulation indices through various zero-sequence injection
patterns, thereby achieving different SVPWM modulation strategies.

The module is implemented as a series connection of a modulation module based on three-phase
indices and a symmetric PWM module. The symmetric PWM module is configured to use a
conventional sampling scheme (minimum single update), where the incoming modulation indices
are sampled only at the minimum points of the symmetric triangular carrier waveform. The module
allows setting different modulation strategies, including Symmetrical, DPWMO0, DPWM1, DPWM2,
DPWM3, DPWMMIN, and DPWMMAX. The symmetrical strategy always uses two zero vectors (V0
and V7), placing one in the center of the period and evenly spacing the other at the start and end of
the period. DPWM1, DPWM2, and DPWMMAX produce identical switching patterns within 30-
degree intervals, using only one zero vector (V7) in this interval, evenly distributed at the start and
end of the period. DPWMO0, DPWM3, and DPWMMIN also generate identical switching patterns
within the 30-degree intervals, using a single zero vector (V0), which is placed at the center of the
period. All these strategies adhere to the same space vector modulation theory, with the primary
differences lying in how the two available zero vectors (VO and V7) are distributed within each
switching cycle across different sector intervals.

The output switching values alternate between high and low states. The selection of these values
should match the gate control logic of the inverter, where a high value turns on the upper switch in
the bridge arm, and a low value turns on the lower switch. The default values are [-1, 1]. Calculations
show that the amplitudes of the four sinusoidal waveforms input to the SVPWM module are: Im*R
« 24 Im*Lf*pis 2*fg*Im*Lf*pi. Im*R; all frequencies are fg, and the phases are 90°, 0°, 90°, and
90°, respectively.

As shown in Figure 2(b), the internal structure of the three-phase bridge arm module
incorporates six IGBTs with anti-parallel diodes. The parameters can be set according to the transfer
characteristic curves, output characteristic curves, and other data provided in the datasheets of the
IGBT modules. Through simulation, the conduction losses and switching losses of the IGBT module
can be obtained.
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Figure 2. Inverter PLECS simulation model (a) Inverter open-loop control system (b) Internal structure of three-

phase bridge arm module.

3. Results

When building a simulation model in PLECS based on the manufacturer-provided datasheet,
the typical characteristic curves of the IGBT module can be used to construct a loss model.

The simulation parameters are set as follows: switching frequency of 10 kHz, DC voltage of 500
V, AC current amplitude of 30 A, load inductance of 1 mH, and load resistance of 1 Q.

For device losses, the specific loss values can then be obtained by consulting the three-
dimensional loss table built into the software based on these operating condition data.

The energy losses Eon and Eott of IGBT during a switching process are not constant; they depend
on the collector current and the junction temperature. From the switching characteristics, it is evident
that Eon and Eott increase with higher current. When the current is constant, higher junction
temperatures also result in larger Eon and Eo, indicating a positive temperature coefficient. Therefore,
establishing an accurate switching model in PLECS is essential, as illustrated in Figures 3 and 4.
Figures 3 and 4 show the turn-on losses and turn-off losses of the IGBT module in different states
during simulation. Through these results, we can closely observe the loss behavior of the IGBT
module under specific operating conditions, particularly the impact of temperature and current
variations on switching losses.
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Figure 3. Turn-on loss of IGBT module in PLECS.

Figure 3 shows the loss curve of the IGBT module during the turn-on process. The shape of the
curve indicates that the turn-on losses increase gradually as the collector current increases. This
relationship can be explained by the positive temperature coefficient in the thermal model, where the
turn-on losses of the IGBT significantly increase under high-temperature conditions.
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Figure 4. Turn-off loss of IGBT module in PLECS.

Figure 4 illustrates the loss characteristics of the IGBT module during the turn-off process.
Similar to turn-on losses, turn-off losses also increase with rising current and temperature. These
simulation results demonstrate the significant impact of temperature and current on the switching
performance of the IGBT module, providing data support for subsequent optimization efforts.

Detailed analysis of the simulation results reveals distinct differences in the loss characteristics
of the IGBT module under different switching states. Specifically, as the temperature rises, both the
turn-on and turn-off losses of the IGBT increase, which is related to the nonlinear coupling effect
between thermal resistance and current. Moreover, the data from Figures 3 and 4 indicate that higher
junction temperatures will significantly increase power losses, posing greater challenges for thermal
management design in electric vehicle systems. Therefore, with the precise calculations of the PLECS
simulation model, we can provide effective guidance and optimization strategies for managing the
losses of IGBT modules under various operating conditions.

To gain a deeper understanding of the causes of changes in IGBT module losses, we also need
to investigate its internal electrical parameters, particularly the interaction between the collector-
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emitter voltage (Vce), temperature, current, and other conditions on the overall loss characteristics.
The collector-emitter voltage (Vce) is a key factor affecting IGBT losses, and we will further analyze
its characteristics and variation patterns below.

The collector-emitter voltage (Vce) continuously varies and is associated with its current and
junction temperature. Its output characteristic curve in the thermal loss model in PLECS is shown in
Figure 5. From its characteristics, it can be seen that when the current is higher, the junction
temperature under the same current is also higher, and the collector-emitter voltage is larger,
indicating a positive temperature coefficient. Conversely, a lower collector-emitter voltage
corresponds to a negative temperature coefficient. At a given junction temperature, the larger the
current, the greater the collector-emitter voltage, indicating a positive correlation between Vce and
current. Therefore, it is essential to establish an accurate thermal model in PLECS to calculate the
collector-emitter voltage.
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Figure 5. Conduction loss of IGBT module in PLECS.
The conduction loss of the IGBT module can be obtained using the Periodic Average module in

the PLECS library browser, while the switching loss can be calculated using the Periodic Impulse
Average module, as shown in Figure 6.
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Figure 6. Losses of IGBT and diode.

A validation analysis was conducted by comparing the theoretical results with the PLECS
simulation results.
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Based on the modulation principle of Space Vector Pulse Width Modulation (SVPWM)[8-11],
taking the upper IGBT module (T and D1) of phase a bridge arm in the inverter as an example, the
conduction time fon of this semiconductor device in one switching cycle is:

ZLon = Tv - 2tcml (1)

The conduction duty cycle D of the upper IGBT module in the phase-a bridge arm can be
calculated as:

t
D=2 2
T 2)

In the formula: T represents the switching period, t_  is the time from the peak of the
modulation wave to the edge of the switching wave. The parameter curves of the IGBT module can
be extracted from the IGBT datasheet, as shown in the figure:

The relationship curve between the conduction voltage drop Vce , the conduction current Ic,

and the junction temperature Tj is shown in Figure 7(a). The relationship between Vcg, Ic, and Tj can
be obtained through interpolation and curve fitting, expressed as:

Ve =0.921-0.00051259(T, - 25) +0.489

x10° (T, -25)(T, -150) + 101, x
3)
~0.01

150(7, - 25)(T, —150)

526.574+1.83(T, -25)+
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Figure 7. SGM820PB8B3TFM model IGBT module parameter curves: (a) IGBT output characteristic curve; (b)
IGBT switching loss and collector current curve.

The relationship between the energy consumed during one turn-on (Eon) and turn-off (Eo) of the
IGBT module and Ic can be fitted based on Figure 7(b), expressed as:

E =AIl+ Al + A )

on

Eoﬁ' = BIIC +B, @)

The relationship between Eon, Eott, and the junction temperature Tj can be expressed as:
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Ean = Eon—125 + C(T; _125) (6)
E, =E,, ,s+D(T —125) @)

Here, Eon-125 represents the energy loss for one turn-on at 125°C, and Eofi-125 represents the energy
loss for one turn-off at 125°C. Similarly, the same principle applies to the diode, and based on this,
the loss calculation model for the IGBT module can be established.

The conduction loss of the IGBT during one turn-on and turn-off cycle can be expressed as:

. .2 .
p. Ve UeT)iO+r20]D i0)>0 o
0 i(t)<0
Here, i(t) represents the instantaneous current flowing through the IGBT.

The switching loss generated during each turn-on and turn-off of the IGBT is:

E (I..TY+E .(I.,T.)D i
o ]) off( c /) Udci(t) i) <0
P, = T U

s s N_IGBT'N —IGBT ©)

0 i(1)=0

The conduction loss of the FWD (freewheeling diode) during one turn-on and turn-off cycle is:

[V U Tk i) |D, i) <0
Py = (10)
0 i(1)=0

Here, Dd represents the conduction duty cycle of the FWD within the period.
The reverse recovery loss generated by the FWD during each turn-on and turn-off is:

Lp .r)-Zel@ )
Pe=1T, ~ Uy plyp (1)
0 i(t)=0

The simulation model results and theoretical calculation results are shown in the table below.

Table 1. Comparison of loss theoretical calculation and simulation results.

comparison term Loss/W relative error/%
Simulation calculation
IGBT Conduction Loss 7.988 8.16 2.15
IGBT Switching Loss 22.069 22.447 1.71
Diode Conduction Loss 7.971 8.159 2.36
Diode Reverse recovery loss 5.386 5.594 3.861

To verify the validity of the simulation model proposed in this paper, a comparative analysis
was conducted between the simulation results and the typical algorithm. Typical algorithms usually
rely on static parameters provided in the IGBT datasheet and calculate conduction and switching
losses using mathematical models. However, because this method fails to fully account for the
dynamic changes of IGBT devices under complex operating conditions such as temperature and
frequency, its accuracy is limited under extreme conditions like high temperature or high frequency.
In contrast, the simulation model proposed in this paper offers significant advantages, meeting more
stringent operational requirements in terms of both accuracy and applicability.
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4. Discussion

In the process of comparing the simulation results with the typical algorithm, we found that the
loss characteristics of the IGBT are influenced by multiple factors simultaneously. These key factors
include junction temperature, collector current, voltage, and switching frequency, all of which exhibit
complex coupling relationships. Specifically, an increase in junction temperature leads to higher turn-
on and turn-off losses, which is due to the decreased conductivity of semiconductor materials at
elevated temperatures. Similarly, an increase in collector current also exacerbates conduction and
switching losses because higher current demands more energy to drive the switching operation.
Furthermore, an increase in the collector-emitter voltage (Vce) directly results in greater switching
losses. These factors are often not independent but interact with and amplify each other's effects. For
example, higher switching frequency not only increases switching losses but also causes further
elevation of the junction temperature. Therefore, when optimizing the loss management of IGBT
modules, it is essential to comprehensively consider the interactions of these factors to ensure system
stability and efficiency.

5. Conclusions

For the three-phase inverter system of electric vehicles under the SVPWM modulation method,
this paper studies the IGBT module losses by using the IGBT datasheet to establish a three-
dimensional lookup table model in the PLECS software. The simulation speed has been improved,
and the accuracy of loss calculation in the estimation of IGBT module junction temperature in the
simulation model has been enhanced. The simulation results indicate that the proposed simulation
model achieves high accuracy, with a calculation error of less than 4%. Therefore, this method is
suitable for the precise calculation of losses in IGBT modules for electric vehicles.
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