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Abstract

Monitoring the peak junction hotspot temperature in IGBT modules is critical for ensuring
the reliability of high-power industrial multilevel inverters, particularly when operating
under extreme thermal conditions, such as in traction applications. This study presents
a comprehensive chip-level analytical loss and thermal model for estimation of the peak
junction hotspot temperature in a three-level T-type neutral-point-clamped (TNPC) IGBT
module. The developed model includes a detailed analytical assessment of conduction
and switching losses, along with transient thermal network modeling, based on the actual
electrical and thermal characteristics of the IGBT module. Additionally, a hybrid thermal-
electrical stress experimental setup, designed to replicate real operating conditions, was
implemented for a balanced three-phase inverter circuit utilizing a Semikron three-level
IGBT module, with testing currents reaching 100 A and a critical case temperature of 125 °C.
The analytically estimated module losses and peak junction hotspot temperatures were
validated through direct experimental measurements. Furthermore, thermal simulations
were conducted with Semikron’s SemiSel benchmark tool to cross-validate the accuracy of
the thermo-electrical model. The outcomes show a relative estimation error of less than 1%
when compared to experimental data and approximately 1.15% for the analytical model.
These findings confirm the model’s accuracy and enhance the reliability evaluation of
TNPC-IGBT modules in extreme thermal environments.

Keywords: three-level inverters; IGBT modules; chip-level loss modeling; Foster thermal
network; critical case temperature; peak junction hotspot temperature; hybrid stress testing;
thermal simulation

1. Introduction

Insulated Gate Bipolar Transistors (IGBTs) are essential components in power elec-
tronic systems, providing a balance of efficiency and switching performance that renders
them suitable for multilevel inverters utilized in traction systems and renewable energy
applications. Multilevel inverter topologies, such as the three-level TNPC inverter, enhance
power quality and reduce voltage stress on switching devices [1,2]. However, during
high-current operations, IGBT switches in these inverters generate substantial heat due
to power losses, leading to an increase in junction temperature, which directly impacts
their reliability and lifespan. Accurately estimating the peak value of the junction tem-
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perature is crucial for ensuring device reliability, particularly under critical case thermal
conditions [3-5].

The critical case temperature (Tcmax) of an IGBT module represents the highest per-
missible temperature of the module’s case, as specified by the manufacturer, and serves
as a key parameter for preventing the internal junction temperature (Tj) from surpassing
its critical limit [6]. Under normal operation conditions, the case temperature is lower
than the junction temperature because of the thermal resistance between them, as heat
transfers from the junction to the case, affecting the overall thermal performance [7,8]. In
multilevel inverters, excessive power losses without adequate heat dissipation can elevate
case temperatures, directly impacting the internal operation of semiconductor devices. This
leads to increased switching and conduction losses; accelerates thermal fatigue in critical
materials such as solder joints, bond wires, and die-attach layers; and ultimately degrades
the reliability of IGBT modules [9]. Therefore, accurately estimating power losses is essen-
tial for evaluating the peak junction hotspot temperature and ensuring effective thermal
management in these inverters. This guarantees the safe operation of IGBT modules under
extreme thermal conditions [10,11].

In a TNPC-IGBT inverter module, multiple IGBT switches contribute to overall power
losses. Each IGBT switch comprises a transistor chip (T) and a diode chip (D), both of
which generate power losses during switching operations. These losses are classified into
two main types: conduction losses, which occur due to the voltage drop across the IGBT
and freewheeling diode during on-state operation, and switching losses, which result
from energy dissipation during the turn-on and turn-off transitions of the IGBT [12-14]. A
precise evaluation of these power losses is crucial for accurately monitoring and estimating
the module’s junction temperature, ensuring reliable operation under varying thermal
conditions [15,16].

Precisely estimating the T of an IGBT module involves various difficulties, mainly
due to the intricate thermal and electrical interrelations within the component. Creating
accurate thermal and electrical models requires considering changes in Tj across various
load situations, incorporating dynamic shifts in power dissipation and heat transfer pro-
cesses. Moreover, sophisticated measurement systems are crucial for capturing high-speed
switching behavior and minor losses in experimental configurations, as traditional thermal
sensors often lack the necessary temporal resolution and precision [17,18]. Furthermore,
thermal modeling should accurately represent actual operating conditions, considering
factors such as variations in thermal resistance, aging effects, and the impacts of combined
thermal and electrical stress conditions. Ensuring accurate Tj assessment in critical case
temperature scenarios is essential for preventing thermal runaway, enhancing inverter
efficiency, and prolonging the lifespan of power modules [19,20]. Consequently, integrating
high-fidelity modeling methods with real-time monitoring strategies is vital for improving
the precision of junction temperature forecasts and ensuring the long-term reliability of
TNPC-IGBT inverters in high-power applications [21,22].

Various studies have introduced numerous techniques for estimating and predicting
the junction temperature (Tj) of different IGBT module topologies, which can be classified
as analytical, simulation-based, and experimental methods. Table 1 provides a compre-
hensive review of these estimation techniques, summarizing the tested module topologies,
applications, key findings, and associated limitations.

Analytical approaches [5,23,24] estimate power losses using mathematical equations
based on key device parameters, including on-state voltage drop, switching time, switching
energy, and parasitic components. By incorporating these equations into the module’s
thermal model, the junction temperature can be accurately predicted by accounting for
the thermal resistance between the junction, case, and heatsink. In contrast, thermal
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simulation-based methods [25-27], including SPICE models, finite element analysis (FEA),
and many other simulation tools provided by IGBT module manufacturers, offer detailed
predictions and rapid runs for electrical and thermal behavior under varying operating
conditions. By integrating both electrical and thermal characteristics, these techniques
provide high accuracy in estimating power losses and predicting junction temperature
(Tj). Experimental techniques [28-30] employ both direct and indirect measurement meth-
ods for junction temperature estimation. Direct measurement methods involve real-time
thermal distribution monitoring using infrared (IR) cameras and fiber-optic temperature
sensors [31-33]. Indirect methods utilize advanced voltage, current, and power analyzers
that assess temperature-sensitive electrical parameters (TSEPs), such as on-state voltage
drops, changes in thermal resistance, and variations in collector current, to estimate junc-
tion temperature [34,35]. Recent advances in electrothermal modeling have improved
real-time temperature tracking and safety solutions for IGBT modules. An adaptive heat
propagation path model has been developed for six-pack IGBT modules to monitor junction
temperature variations effectively [36]. Enhanced models for three-level NPC converters
with half-bridge IGBT modules provide better temperature monitoring and protection [37].
Simplified averaged models facilitate rapid thermal analysis of diode-IGBT switches in
DC-DC converters, although they may compromise accuracy and fail to address complex
thermal coupling and transient interactions [38,39].

As a conclusion, previous research regarding T; monitoring has mainly focused on
monitoring Tj in discrete, dual-switch, or standard IGBT modules, addressing electrical and
thermal stress in less complex module configurations. However, these approaches may have
limited accuracy when applied to advanced IGBT modules used in multilayer inverters
like three-level TNPC inverters under real operating conditions. Therefore, temperature
estimation and stress analysis for three-level TNPC inverters remain underexplored. To
address this gap, this study presents an experimental setup and a detailed chip-level
analytical model for assessing peak junction hotspot temperature in three-level TNPC
IGBT modules. It evaluates conduction and switching losses and their distribution across
semiconductor chips, using transient thermal network modeling. Validation is achieved
through a hybrid thermal-electrical stress testing system, measuring total power loss and
temperature, with results cross-validated by Semikron’s SemiSel simulation tool. This
method enhances the reliability evaluation of multilevel inverters by accurately comparing
estimation techniques.

The main objective of this study was to develop and validate a chip-level electro-
thermal modeling framework for a three-level TNPC-inverter, resolving individual IGBT
and diode chips rather than using conventional lumped models. A dedicated hybrid
stress test setup was employed to verify the model in realistic scenarios, featuring direct
assessment of chip-level losses and junction temperatures. To predict local thermal hotspots
and stress distribution, the method integrates real switching gate signals, switching energy
information from specific devices, and a dynamic RC Foster thermal network. Evaluating
the model’s accuracy against the SemiSel tool confirmed its accuracy, and its overall design
enables its application to other IGBT modules that do not have specific simulation tools.
This leads to improved design accuracy, thermal control, and lifespan forecasting for
high-performance inverter systems.

The remainder of this paper is organized into several sections as follows: Section 2
details the design specifications and proposed control of the three-level TNPC-IGBT inverter
under test. Section 3 develops the module’s electrothermal models for power loss estimation
and junction temperature calculation, utilizing the module’s actual parameters. Section 4
presents the MATLAB (R2022a version) simulation and results. Section 5 discusses model
validation through experimental and thermal simulation techniques. Section 6 provides
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comparative evaluations of the results from different approaches, while Section 7 offers

the conclusion.

Table 1. Literature review of IGBT junction temperature modeling and estimation methods.

Module Estimation . 1. e e .
Ref. Topology Approach Key Findings Limitations
Analytical loss + FEM thermal Estimated power losses, created a Requires accurate identification
[5]  Six-Pack IGBT yHeal joss - thermal model in ANSYS 2022R1 d .
simulation . . . of module materials
version for Tj estimation
. . . Developed the PSCAD model . . .
. Electrical transient modeling + . ' . ’ High model complexity with
[23] Discrete IGBT double pulse testing validated T]. values with large systems
experiments
. Improved Cuckoo ML High prediction accuracy Depends on power cycling tests
[24] Discrete IGBT algorithm (R? = 0.9975) and single pulse tests
Dual-switch Power losses, Fourier-based T; Mefisures I.GBT module power Accuracy sensitive to Fourier
[26] . ) loss, integrating thermal model for .
IGBT modeling . transform assumptions
T dynamics
Dual-switch Measuring the TSEP + BP . quel monitored T Accuracy depends on the quality
[26] non-invasively; BP neural network . .
IGBT neural network and quantity of the training data
excelled.
Three-level Simulation + thermal T; predicted in low-voltage Analysis relies on simulations
[27] iP g y
NPC IGBT modeling ride-through scenarios only
. . . Demonstrated that maximum Requires high-bandwidth
[28] Discrete IGBT dic/dt dl;zltr;ri;?s;l{)ff as T dic/dt during IGBT turn-off sensors and increased
reveals sensitivity to Tj complexity
Dual-switch Used Veon for Tj estimation Tj estimation accuracy relies on
[29] IGBT Veeon voltage as TSEP without extra hardware Vceon calibration and load
[30] Three-level FCS-MPC method with Thermal stress control for a]é)cef:;r;d.s}in ﬁieoﬁsslemxﬁdiln
: NPC IGBT thermal balancing enhancing reliability Y g peaty
real-time implementation
.o . .. .. Thermal model accuracy
[31] Multi-chip 2D FEM thermal modeling Precise T predictions and ?fﬁaent depends on assumptions and
IGBT cycle-by-cycle calculations o
extreme conditions
[32] Discrote IGBT Peak gate current (Igpeak) as IR camera validated for T; Accuracy is affected by gate pad
TSEP and an infrared camera measurements using Igpeax layout and chip heat condition
[33] Dual-switch Online regression techniques Realjhme predlctlor.l of.Tj with Requires model .tunmg for each
IGBT improved monitoring design
Non-invasive calibration method Calibration depends on TSEP
[34]  Four-pack IGBT Uses Zth and Ve as TSEPs heatsink temperature, TSEPs precision and state identification
accuracy
Chips’ thermal coupling chips
Real-time electrothermal . are not considered, model
. . . An accurate and adaptive model e .
[36] Six-Pack IGBT modeling (heat propagation e . complexity limits real-time
tracks Tj variations in real time .
path) application for advanced
modules
Three-level . . o Focuses on over-temperature
. Electrothermal modeling for T; Enhanced real-time monitoring . .
NPC with .. J .. protection, lacks detailed
[37] . monitoring and and fault protection in NPC .
half-bridge rtemperature protection inverter transient electrothermal
IGBT modules overtempe ¢ protectio verters modeling
The model is simplified for faster
. Developed an electrothermal .
Diode-IGBT Electrothermal averaged . calculations and may be less
[38] . - averaged model enabling fast .
switch modeling accurate with complex

analysis in DC-DC converters

topologies
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2. Three-Level Inverter with TNPC-IGBT Module
2.1. Design Specifications

Three-level TNPC inverters using IGBT modules are extensively used in medium-
voltage and high-power applications due to their high efficiency and lower switching
losses. In contrast to traditional two-level inverters, the TNPC topology offers three
different voltage levels (0, V4./2, and —V4./2) while operating, as shown in Figure 1. This
reduction in voltage stress on the IGBTs diminishes harmonic distortion and enhances
power quality [40,41]. Consequently, TNPC inverters are ideal for renewable energy
systems, electric vehicle applications, and industrial motor drives.

Legl Leg2 Leg3

SW1

e T

L m SW3  Sw2 Ia
Vde= P ¢
L NG Ib
GRD ==C2 _l _] KE“ Ic
Vdc/2 —=

SW4

Figure 1. Schematic circuit of the three-level TNPC IGBT inverter.

The literature review in Table 1 indicates that most studies focus on monitoring
thermal and electrical stress in conventional IGBT module topologies to enhance their
thermal management. However, research on advanced module topologies, such as the
TNPC-IGBT architecture, is limited. Therefore, this study introduces an analytical loss
model and experimental setup for thermal monitoring of IGBT modules in TNPC inverters,
aiming to indirectly estimate the peak junction hotspot temperature and assess affected
areas by analyzing the power loss distribution across the module’s different semiconductor
components. The online monitoring of the module’s thermal stress can help improve
thermal management through optimized cooling system design, enhance reliability, and
extend the operational lifespan of power semiconductor devices.

In this work, the IGBT module identified by the part number SEMiX405TMLI12E4B
from Semikron was utilized for the proposed analytical analysis and experimental testing
using hybrid power stress and peak junction hotspot temperature estimation. The utilized
IGBT module was the (1200 V, 400 A) TNPC-IGBT module, featuring a maximum junction
temperature of 175 °C and a critical case temperature of 125 °C [42].

Figure 2 illustrates a layout and internal circuit diagram of the SEMiX405TMLI12E4B
IGBT module, with labeling of the external terminals for DC-link and load connections,
plus an internal circuit diagram identifying the arrangement of the four IGBT switches
(T1-T4) and freewheeling diodes (D1-D4).

Additionally, Figure 3 is a simplified cross-sectional diagram of the module, which
displays the soldered base plate, bond wires, silicon and copper layers, and the built-in
negative temperature coefficient (NTC) thermistor for monitoring overall case temperature,
as well as the separate transistor and diode chips positioned on the direct-bonded copper
(DBC) substrate. The NTC thermistor does not directly assess the junction temperature of
individual chips; instead, it provides a reference for measuring the overall temperature of
the module case [43]. In real-world applications, particularly with non-uniform cooling,
heat released by one die can influence the temperatures of surrounding dies, so that it is im-
portant to note that, while the NTC thermistor only measures the general case temperature,
some mutual thermal coupling between the semiconductor dies is partially accounted for
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through the chip-level modeling, SemiSel simulation, and controlled experimental setup
with active cooling.

+Ve/2 0 —Va/2
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Figure 2. Layout and internal circuit schematic of the tested IGBT module. Load terminals (1 and 2);
DC bus terminals (3, 4 and 5); switches gate driver signals (6, 9, 14 and 16); switches terminals: SW1
(18 and 7); SW2 (10 and 8); SW3 (8 and 15); SW4 (11 and 13); NTC chip (19 and 20).

Bond wire

Silicon

wafer Diode chi;

Silicon
layer

Copper

Insulation

Copper

Solder
Layer

Base Plate

Figure 3. Cross-sectional schematic of the IGBT module.

To analyze and measure the IGBT module’s junction temperature at high current
conditions up to 100 A, a highly reactive power load (R = 8.5 m(}, L = 3 mH) with rated
values of 100 A and 200 V was employed in all analyses. The selection of the high inductive
load was due to its requirement for fewer components than more advanced loads, such as
active power electronic emulators, thereby enabling testing of the IGBT module with high
currents while lowering setup costs and complexity. The control circuit (discussed in detail
in the experimental setup section) was implemented to enhance the neutral-point balance
of the three-level TNPC inverter to produce symmetrical load currents and a uniform stress
distribution over the module’s three legs, allowing for the consideration of the single-leg
equivalent circuit in the module’s analytical and experimental analysis. Table 2 lists the
design specifications used for the three-level TNPC-IGBT inverter module tested.

Table 2. Circuit specification of the TNPC inverter under testing.

Parameter Specification
Module part number SEMiX405TMLI12E4B
Switching frequency 5kHz

Input DC voltage 450 V
Fundamental frequency 60 Hz
Rated load current 100 A
Rated load voltage 200V
Critical case temperature 125 °C
Ambient temperature 25°C

Input capacitors C1 =C2=5000 uF
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2.2. Inverter Control Circuit Design for Balanced Operation

In the three-level inverter under test, the control circuit-based SVPWM strategy
27 switching state with a 5 kHz switching frequency was designed and simulated in
a MATLAB simulation with input-output design specifications to enhance the balance of
the inverter’s neutral point, guaranteeing equal load currents and a uniform electrical and
thermal stress distribution across the module’s three legs.

For multilevel TNPC inverters, the typical permissible DC-link voltage imbalance
is generally maintained below £5% of the nominal DC-link voltage to guarantee stable
operation and reduce stress on power components. A disparity greater than 5% can
lead to uneven voltage stress on switches, increased harmonic distortion, and reduced
efficiency. When the voltage difference exceeds 10%, this may result in excessive voltage
on an individual capacitor, heightened switching losses, and potential failure risks [44,45].
Therefore, in this study, the control circuit was designed to keep the DC-link voltage
imbalance within £3% of the standard DC-link voltage for each capacitor (in the range of
218.25t0 231.25 V).

The core concept of SVPWM involves representing the three-phase voltages (Va, Vi,
and V.) as a single rotating vector, referred to as the reference vector (Vyf), in the o3
plane, also known as the Clarke transformation plane. This reference vector is generated by
using the existing discrete switching states of the inverter. The SVPWM method for TNPC
produces gate signals to approximate the reference voltage vector through combinations of
active and zero vectors. As shown in the schematic circuit of the three-level TNPC inverter
in Figure 1, the TNPC configuration offers three output voltage levels: +V4./2, 0, and
—Vg4c/2. Therefore, there exist 33 =27 switching states, featuring several layers of vectors
(outer, intermediate, and zero vectors). This allows for increased flexibility in creating the
reference vector, V¢, with diminished harmonic distortion.

Through the management of the switching state sequence, the TNPC inverter is
capable of providing smooth and accurate AC waveforms using SVPWM more effectively
than the conventional and NPC inverter topologies. The hexagonal diagram depicted in
Figure 4 demonstrates every possible voltage vector (V; to Vy7) that the TNPC inverter
is capable of producing in the a-f3 plane. In this context, +V4./2 is indicated as 1, 0 is
indicated as 0, and —V4./2 is indicated as —1.

4

Beta (B)
] Viz Sector 2

Sector 3
\%J

Vs

Switching States
State 1: [1, 1, 1]
State 2: [1, 1, 0]
State 3: [1, 1, -1]
4 State 4:[1, 0, 1]
State 5: [1, 0, 0]
4 State 6: [1, 0, —1]
State 7: [1, -1, 1]
Sector 1 State 8: [1, -1, 0]
State 9: [1, -1, -1]
A State 10: [0, 1, 1]
v/ Vl) State 11: [0, 1, 0]
State 12: [0, 1, 1]
Alpha (@) stte13:10.0,1
State 14: [0, 0, 0]
State 15: [0, 0, -1]
State 16: [0, -1, 1]
State 17: [0, 1, 0]
State 18: [0, -1, -1]
State 19: [-1, 1, 1]
State 20: [-1, 1, 0]
State 21: [-1, 1, -1]
State 22: (-1, 0, 1]
State 23: [~1, 0, 0]
Y State 24: [~1, 0, 1]
Sector 5y/,5 Yi6 V7 Sector 6 e
: State 26: [~1, -1, 0]
State 27: [-1, -1, -1]

V
Figure 4. Hexagonal voltage space vector diagram for the three-level TNPC inverter. The hexagon is

divided into six sectors (sector 1-6) indicates by the red dashed arrows; the violet arrow indicates the
reference voltage vector V ¢; V1-V27 denote the possible switching states.
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To ensure DC-link voltage stabilization and achieve nearly equal distribution of the
input DC voltages across the two capacitances, C1 and C2, which promotes three-phase
load current balancing, a PI controller was designed and integrated with the conventional
SVPWM switching algorithm to maintain the DC-link voltage imbalance within the allow-
able limits. First, the SVPWM, with the initial switching states presented in the hexagonal
diagram, is applied. The DC-link capacitor voltages (VC1 and VC2) are sensed, and the
neural point voltage deviation is calculated as follows:

e(t) = Vnp(t) = Ver(t) — Vealt) (1)

The DC-link voltage imbalance% (imb%) is calculated as follows:

o e(E) 0
imb% = /2 x 100% 2)
The PI controller’s objective is to use a control signal (1) that adjusts the usage of
redundant states (active and zero voltage vectors) in the SVPWM algorithm to balance
VC1 and VC2, reducing the voltage deviation to less than 3%. The standard PI controller
equation is expressed as follows:

t
u(t) = Ke(t) + Ki(t) [ e(tydt ©)

where Kp and K] represent the proportional and integral gains of the PI controller. Kp is
chosen to assist in making a rapid adjustment for voltage variations, whereas K; guarantees
the permanent removal of the voltage offset.

The subsequent steps integrate the PI with the standard SVPWM control algorithm.
At each control step, k, the neutral-point voltage deviation is determined as described in
(1), and the imbalance percentage is calculated as in (2). Based on this percentage, the PI
controller will be activated or bypassed. If activated, the PI controller output is computed
as outlined in (2). The resulting control signal, u(k), will be mapped to adjust and assist
with the selection of the redundant states as follows: if u(k) > 0, priority is given to states
that discharge C2 and charge C1; and if u(k) < 0, priority is given to states that discharge
C1 and charge C2. This method efficiently controls the DC-link voltage and maintains
the imbalance below 3%, promoting stable system performance. The complete balancing
control process is illustrated in the flowchart shown in Figure 5.
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Compute reference vector
Assign initial SVPWM switching
states

At each control step k
Measure VCI and VC2 -

v

Compute e(k) and
imb%

YES
Imb%<3%

NO

Compute u(k)

Select state that u®)=0 Select state that
discharge C2 and discharge C1 and
charge C1 charge C2

Use selected
redundant <
switching state

v

.| Generate PWM
signals

!

Repeat for the next
control step

A

Figure 5. Flowchart for the SVPWM control strategy for DC-link voltage imbalance control.

3. Chip-Level Loss and Thermal Modeling in the TNPC-IGBT Module

Achieving the three-level TNPC-IGBT inverter DC-link voltage balancing and load
current symmetry allows for the evaluation of the single-leg equivalent circuit in the
module’s analytical assessment. Figure 6 is a schematic diagram of a single-leg equivalent
circuit for the three-level TNPC IGBT inverter module under test. Each module leg consists
of four transistors chips (T1, T2, T3, and T4), each paired with a freewheeling diode chip (D1,
D2, D3, and D4). In this topology, under balanced operating conditions, the outer switches
(SW1 and SW4) experience full DC-link voltage stress (Vdc), while the inner switches
(SW2 and SW3) undergo only half the voltage stress (Vdc/2) due to their connection to the
neutral point in the TNPC structure.

T4
vCl|==Cl R | D4
™ T2 L R Io
Vde= : - AP AN
L D3 4 T4
“P | Le2 p2| D4

vC2

Figure 6. Single-leg equivalent of the three-level TNPC IGBT inverter.
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Table 3 distinctly outlines the detailed chip-level switching transitions for the TNPC
inverter to facilitate accurate loss modeling during this balanced SVPWM operation. This
table outlines the state changes, current flow directions, chips that activate and deactivate,
and the resulting clamping or commutation actions for each possible switching event. The
inverter’s switching transients are meticulously detailed for each operating condition by
explicitly outlining these switching sequences, ensuring that the loss calculations accurately
reflect the true device-level performance under balanced control. This comprehensive
mapping, along with the recorded waveforms and energy scaling from the datasheet,
provides a reliable basis for precise estimation of both switching and conduction losses.

Table 3. Detailed chip-level switching transition mapping in balanced three-phase TNPC inverter.

State Transition

Current Turn-On Turn-Off

From To Direction Chips Chips Conduction Path
0 +1 >0 T, T, Ts Ty turns on to apply +Vdc/ 2; T; and T3 turn off to
isolate midpoint
+1 0 I.>0 T,, Ty Ty T, turns off; T, and T3 turn on to conduct to midpoint
0 q I,>0 T, T,, Ts T4 turns on to apply —Vdc./ 2; Tz and T3 turn off to
isolate midpoint
-1 0 I.>0 T, T3 Ty T4 turns off; T, and T3 turn on to return to midpoint
+1 -1 I,>0 Ty Ty T; turns off; T4 turns on for full polarity reversal
1 +1 I, >0 T, T, T4 turns off; T1 turns on for sw1tc-h1ng from the bottom
to the top rail
0 +1 I, <0 — Ty, T3 T, and T3 turn off; D conducts during freewheeling
+1 0 I,<0 Ty, Ts — Freewheeling ends; T, and T3 turn on; D turns off
0 _q I, <0 . T, Ts T, and Tj turn off; D, anc'l D3 turn on (clamping path
for negative current)
-1 0 I, <0 T,, Ty — D, and Dj turn off; T, and T3 turn on
1 q I, <0 L T, T; turns off; D, stops; D3 starts conducting reverse
current
1 +1 L <0 L T, T4 turns off; D3 stops; D starts conducting reverse
current

In this IGBT module, the total power losses result from the conduction and switching
losses of these semiconductor devices. To estimate the junction temperature (Tj), the power
losses for each semiconductor component must first be calculated. Based on these losses
and using the thermal model of the IGBT module switch, the junction temperature of each
chip, along with the peak junction hotspot temperature value and position for the overall
module, can be accurately estimated, as detailed in the following subsections.

3.1. TNPC-IGBT Module Transient Thermal Network

Transient thermal modeling of semiconductor devices can be performed employing
different circuit-based and numerical techniques, with each presenting a balance between
complexity and precision. Common approaches involve lumped RC networks like the
Foster and Cauer models [46—48], whereas numerical methods encompass finite difference
and finite element techniques, thermal impedance curve fitting, and compact thermal
models (CTMs). The Foster model employs curve fitting of observed thermal impedance
and consists of parallel RC pairs with differing time constants, providing a simple and
effective way to describe transient behavior. In contrast, the Cauer model arranges RC
components in a ladder structure that reflects the device’s real thermal layers, offering
better physical comprehension, as shown in recent research [46,48].

Numerical techniques (FDM and FEM) provide great precision for intricate shapes
but require significant computational resources. CTMs achieve a compromise between
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numerical precision and reduced computational expense, rendering them perfect for real-
time thermal observation. Among these approaches, the Foster model (shown in Figure 7)
is commonly utilized due to its simple depiction of heat transfer from junction to case via
discrete RC components.

Rth,1 Rth,2 Rth,3 Rth,4

“\V\VAA N Te()

Figure 7. Schematic of the multi-stage RC Foster transient network.

The increase in junction temperature caused by constant power loss is calculated as
the combination of several first-order exponential responses as follows:

T() = Te(t) + Poss( Y Rups(1 = %) (4)

where Tj(t) is the junction temperature at time £, T¢ is the case temperature and is usually
kept constant during testing, P, is the average power loss dissipated in the chip, Ry, ; is
the thermal resistance of the i-th RC stage, 7; is the time constant of the i-th RC pair and is
equal to (Ry, ;. Cy, ), and k is the number of RC stages.

The exponential part in (4) is related to the transient thermal impedance, Z,(t), which
reflects how quickly a device’s junction temperature rises after a power step and is crucial
for RC Foster models and indicating dynamic thermal properties, where

—t

Zi(t) = Zi'(:l Rpi(l—e ) ()

Figure 8 displays the simulated transient thermal impedance traits for the outer and
inner switches of the SEMiX405TMLI12E4B IGBT module, using RC Foster data from
the manufacturer’s datasheet [42]. Diode chips in both inner and outer switches have a
significantly higher thermal impedance than transistor chips, particularly for durations
greater than 10 ms, slowing heat transfer to the case due to fundamental differences in chip
metallization and thermal interface properties. Within the TNPC module chip configuration,
the outer switches (T1 and T4) along with their diodes (D1 and D4) exhibit a higher thermal
impedance compared to the inner switches (T2 and T3) and diodes (D2 and D3), a result of
the module’s chip physical arrangement. Outer components undergo prolonged thermal
conduction pathways via the DCB substrate and baseplate, while inner components enjoy
reduced thermal distances and enhanced thermal connection with the heatsink. These
differences in thermal impedance cause an irregular temperature distribution inside the
module, affecting thermal efficiency and the device’s longevity due to heightened junction
temperatures and potential thermal strain on external components.

From (4), at a constant case temperature, the temperature profile of the semiconductor
chip junction can be evaluated using the transient thermal impedance features along with
the instantaneous power loss profile (Pjyss(t)) of each semiconductor chip. This power
dissipation in the time domain includes both conduction and switching components,
analyzed for each sampling interval according to the chip-level switching behaviors and
conduction conditions.

The calculated Pjy(f) serves as a variable heat source applied at the junction node
of each chip’s RC Foster network, while the case temperature (T¢) is presumed to remain
constant because of the cooling system. The junction temperature signal (Tj(t)) is derived by
convolving the power profile with the thermal impedance of the chip (Z thjc()), reflecting the
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transient heat transfer properties. These Tj(f) profiles facilitate precise thermal monitoring
for both the inner and outer devices of the TNPC module, illustrating the actual electrical—-
thermal stress endured by each chip.
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Figure 8. Transient thermal impedance curves for the tested TNPC-IGBT module: (a) outer chips;
(b) inner chips.

3.2. TNPC-IGBT Module Chip-Level Conduction Loss Analytical Calculation

The main operational conditions that affect the overall conduction losses within the
IGBT module include the load current (I,), the voltage drop in the on state across the
transistor (Vien), and the forward voltage drop across the diode (V). The conduction
losses of an individual IGBT switch (P, 1gpr) include the on-state losses of the transistor
chip (Put) as well as the forward losses of the diode chip (P.,p); these can be represented

as follows:
Pcon_IGBT(t) = PconT + PconD (6)

Figure 9a illustrates the equivalent circuit of the IGBT switch transistor chip when
it is in the conduction state. By connecting a DC voltage source (Vo) in series, which
represents the zero-current collector-emitter voltage in the transistor on state and the
collector-emitter on-state resistance (R;), the conduction voltage of the transistor (V(t))

can be defined as follows:
Uce(t) = Uce,y R¢- ic(t) (7)

Vee(t) V(i)

Ip(t) | < R4

(a) (b)

Figure 9. Equivalent circuits of the diode and transistor chips when conducting: (a) transistor chip;
(b) diode chip.
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The calculation of conduction voltage across the diode chip can be executed using the
identical method and circuit equivalent depicted in Figure 9b, leading to the following;:

vp(t) = vr + Ry -ip(t) 8)

With the specified gate-emitter voltage (Vgg = 15 V), the V-I characteristic datasheet for
the chosen IGBT module’s transistors and diodes facilitates the derivation of the parameters
Rz and R; in (7) and (8). Once the conduction state resistances of the switch transistor and
diode chips have been obtained, the diode and transistor chips’ conduction losses can be
analyzed as follows.

3.2.1. For the Transistor Chips
For the IGBT switch, the instantaneous amount of conduction losses of the transistor
chip is
PconT(t) = Uce(t>ic(t) = Uceyy * iC(t) +R.- (ic(t))z )

And, over the switching period:

1/Fa
PconT - st/O PconT<t) (10)
Substituting (9) into (10) gives
PconT(t) = Uceyy * Ic_av +R.- I%_rms (11)

where I; 4, and I; ;s refer to the average and RMS current values of the switch transistor
chip (T), respectively.

In the IGBT module, every transistor (T) or diode (D) chip conducts a portion of the
phase load current during its on state. In the three-phase TNPC-IGBT inverter, the RMS
and average current values through the outer transistors (1 and 4) and inner transistors
(2 and 3) during conduction can be determined based on the SVPWM modulation index
(m), maximum load current (I, sax), and load power factor angle (®), as expressed by

the following:
m I .
Ie ao(T1,4) = # 3+ [(7t — @) (cosD + sinD)]) (12)
I ao(T2,3) = % [4 + 2m(cos@ — sin®) — mrrcos?)] (13)
m I2
Ic2_rms(Tl,4) = 102_;1,”“ (2(1 + cos ®)2> (14)
2

? _ Lo max 37 — 4m(1+ cos’> D)) (15)

c_rms(T2,3) 1277

For the three-level inverter, the SVPWM modulation index (m) is calculated as follows:

— Vload_peak - ﬂvph_rms - 2 Vph_rms (16)
Va_Max Vae/v2 Vdc

where V,, px is the maximum achievable voltage from the DC bus voltage.

3.2.2. For the Diode Chips
For the IGBT switch, the instantaneous amount of conduction losses of the diode
chip is
Peon_p (£) = op(t) X ip(t) = vp-ip(t) + Rg - (ip(t))° (17)
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And, over the switching period:

Pcon_D(t) =0 - ID_av+Rd : IzD_rms (18)

where Ip g, and Ip s refer to the average and RMS current values of the switch diode chip
(D), respectively.

Similarly, in the three-phase TNPC-IGBT inverter, the RMS and average current values
through the outer diodes (1 and 4) and inner diodes (2 and 3) during conduction can be
determined based on the SVPWM modulation index (), maximum load current (I, yax),
and load power factor angle (&), as expressed by the following:

I
Ip_so(D1,4) = % (3][—Dcos @ + sin D)) (19)
I .
Ip_av(D23) = ‘1*2"1:( [12 + 6m(cos @ — sin @) — 3mmcos D) (20)
2
2 = M Lo ax (201 - cos %) 1)
D_rms(D1,4) 1271
2
2 m Iy 2
B ps(on) = — o (2(1 — cos ©)%) (22)

3.3. TNPC-IGBT Module Chip-Level Switching Loss Analytical Calculation

The overall switching losses of the IGBT module (Pgy, 04,1.) consist of two parts: the
switching losses of the transistor chip and the loss during the diode chip’s reverse recovery.
The evaluation of both parts can be analyzed as follows.

3.3.1. Transistor Chip Switching Loss Calculation

This switching loss takes place during the transition from the on state to the off state
of the transistor and includes the turn-on losses as well as the turn-off losses. So, the
transistor’s switching loss during a single switching cycle is

Pswr = Pr_on + Pr_off (23)

As shown in the datasheet characteristics provided in Figure 10, the switching losses
of the transistor are influenced by the energy necessary to switch on (E,;) and switch off
(Eofr), which varies based on the transistor collector current, switching frequency, junction
temperature, and input DC voltage, and can be represented as

Eswr = Eon + Eoff = f(lc/ Vianvj) (24)

Over the switching period, the transistor chip switching loss can be expressed
as follows:

Psyr = Zosw Eswr (25)

In the case of the three-level TNPC inverter with SVPWM control, the transistor chip’s
switching losses for the module’s outer (T1 and T4) and inner (T2 and T3) transistor chips
are derived as follows:

Lo max Vi 1
= c——(=—[14+ cos®? 26
Lo Voo (] ) (26)

Pswr(1,4) = Fsw - Eswr(1,4) -

lomax 05Vin (%[1 — cos@)) (27)

Pawrg) = Fw - Eswra) - = 57—
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where I;o, and Vo represent the nominal load current and DC input voltage at which the
characteristics in the datasheet are derived and V;,, denotes the input DC voltage (V) for
the specific application and testing configuration.
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Figure 10. Typical turn-on (E,), turn-off (E,g), and reverse recovery (E;,) energies of the tested IGBT
module with different semiconductor chips as a function of the collector current.

Assuming the junction temperature remains constant during a single switching period,
Vin will also be constant during the switching interval at 450 V. Consequently, at the nominal
junction temperature of 150 °C (the temperature at which the switching energy data are
typically provided in the datasheet), the switching energy is primarily influenced by the
variation in the Ic. Based on the device characteristics shown in Figure 10, the turn-on (E,;)
and turn-off (E,s) switching energy values can be extracted for various loading scenarios
(i-e., different values of Ic) at the nominal junction temperature, T} ;;0,, = 150 °C.

To account for variations in junction temperature during operation, the switching
energy at approximately the actual junction temperature, T}, can be corrected as follows:

Esw(Tj) = Esw(Tj_nom) [1 + ‘X(T]’ - Tj.ref)} (28)

where « represents the typical temperature, the coefficient associated with IGBT switching
losses. The coefficient « quantifies the rise in switching energy for each °C increase in T;.

The manufacturer’s datasheet and application notes [42,49] for the SEMiX405TMLI12E4B
module utilized in this work show that when the T; rises from 25 °C to 150 °C, the switching
energy increases by about 30%. This results in a linear temperature coefficient (x) of about
0.003 per degree Celsius.

3.3.2. Diode Chip Reverse Recovery Loss Calculation

The reverse recovery energy (E;r) of the diode also affects its reverse recovery loss
(Py+p). For the three-level TNPC inverter with SVPWM control, the reverse recovery losses
associated with the module’s outer (D1 and D4) and inner (D2 and D3) diode chips are
derived as follows:

I 0.5V; 1
Pyp4) = Fsw - EnD(14) - o_max mn <27T[1 — cos @]) (29)

Inom Vnom

Per(2,3) =Fw - Eer(2,3) : 2T

Inom Vnom

fo max Vi <1 [1+ cos ®]> (30)

Assuming that the junction temperature remains constant during a single switching
period, the reverse recovery energy is influenced by the change in Ir. It can be deter-
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mined using the device characteristics shown in Figure 10 for both the inner and outer
semiconductor chips.

The switching energy values used in this calculation, including E,;;, Eqf, and E,, were
obtained from the manufacturer’s datasheet [42], which reflects standard double-pulse test
(DPT) measurements performed at V;, =300 V, Ic =400 A, and Tj ;;0,, = 150 °C. For the
outer transistors (T1 and T4), the typical turn-on and turn-off energies are 21.4 mJ and 29 m]J,
respectively; for the inner transistors (T2 and T3), they are 2.8 mJ and 23.9 m]. The reverse
recovery energy is about 16.4 m]J for the outer diodes (D1 and D4) and 8.5 m] for the inner
diodes (D2 and D3). To adjust the DPT results for the actual inverter operation, scaling
factors for collector current, bus voltage, and junction temperature were incorporated into
the switching loss computation as given in Equations (26)—(30).

After the chip-level losses modeling and to enhance the understanding of the stress
distribution within the TNPC-IGBT module, Table 4 outlines the voltage and current
stresses that each semiconductor chip undergoes during conduction, switching, and reverse
recovery under SVPWM operation. The values represent standard conditions derived from
analytical modeling and are crucial for precise thermal and reliability evaluation.

Table 4. Detailed chip-level voltage and current stresses in TNPC-IGBT module.

Average Current

Chip ID Device Mode Voltage Stress Notes
Stress
. . Conducts during the positive
Conduction Veeon T (1,4) Equation (12) half-cycle
T1, T4 Transistor . 0
: . Avg,sw = c\t), . 1;
Switching Ve switching event) Experiences full DC-link voltage
. . Conducts during the negative
Conduction Veeon T 2,3) Equation (13) half-cycle
12, T3 Transistor - half th link
Switching 05V, I Avg s = fe(t), Experiences half the DC-lin
switching event) voltage
. . Freewheels in the negative
Conduction VED (14 Equation (19) half-cycle
D1, D4 Diode
Reverse Recovers with half the DC-link
0.5 V4 Ly
Recovery voltage
Conduction Vi D 23 Equation (20) Freewheels in the positive
_D(, half-cycle
D2, D3 Diode
Reverse Vi Iy Recovers across the full DC-link
Recovery

4. MATLAB Simulation and Results

To validate the accuracy and effectiveness of the proposed control scheme and the
developed mathematical thermal and loss model for the TNPC-IGBT module, the com-
plete modeling of the three-phase, three-level TNPC-IGBT inverter based on the design
specifications outlined in Table 2 and with the optimal switching state for maintaining
the DC-link voltage balance, along with the loss and thermal model, was executed in
MATLAB software.

Figure 11 illustrates the simulated waveforms of the DC-link capacitor voltages (VC1
and VC2) under full load conditions (100 A, 200 V). The PI controller parameters were
selected as K, = 5 and K; = 0.1. As shown, the implemented SVPWM control loop stabilizes
VC1 around 227 V and VC2 around 223 V, resulting in a DC-link voltage imbalance of about
1.3% (less than the target percentage of 3%). Despite this minor and acceptable imbalance,
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the three-phase load current symmetry is well maintained, as demonstrated in Figure 12,
which promotes balanced electrical and thermal stress distribution across the inverter’s
three legs.

(=]

Voltage | V]
Imbalance ||

. 0 2 4 6 8 10
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Figure 11. DC-link capacitor voltages and neutral-point imbalance percentages of the designed
three-level inverter at full loading conditions.
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Figure 12. Load current waveforms of the designed three-level inverter at full loading conditions.

Additionally, the analytical loss and thermal models of the module with different semi-
conductor chips were executed in MATLAB, considering loading conditions between 25 A
and 100 A. The analytical findings for the switching, conduction, and peak junction hotspot
temperature values along with their respective locations at the critical case temperature of
125 °C are shown in Table 5. Furthermore, Figure 13 displays the peak junction hotspot
temperature values at different load currents; these findings demonstrate that regardless of
the loading conditions, the junctions of the diode chip in the inner switches (D2 and D3)
exhibit the highest junction temperature, reaching around 126.14 °C at a 25 A load current
and approximately 131.20 °C at a load of 100 A.

Table 5. Chip-level power loss and peak junction hotspot temperature (Tjpeak) at different load
currents and module critical case temperature (T¢c = 125 °C).

Parameter 25 A 50 A 75 A 100 A
Switching T 25.00 57.24 76.87 101.00
Loss (W) D 13.12 26.25 37.37 46.50
Conduction T 45.02 92.09 155.75 230.12
Loss (W) D 38.14 96.47 170.19 225.00
Module total loss (W) 121.28 272.05 440.18 629.00

Tipeak (°C) 126.14 127.59 129.35 131.20

Tipeak position D2 & D3 D2 & D3 D2 & D3 D2 & D3
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Figure 13. Peak junction hotspot temperature calculation with different load currents and T, = 125 °C.

Figure 14 displays the results for the distribution of power loss throughout the inner
(SW2 and SW3) and outer switches (SW1 and SW4) of a single leg in the IGBT module. It has
been noted that when fully loaded at 100 A, the inner switches (SW2 and SW3) contribute
roughly an average power loss of about 68%, whereas the outer switches (SW1 and SW4)
contribute around 32% of the total power loss in the module. Additionally, the pie chart
in Figure 15 depicts the average distribution of power loss across various semiconductor
elements within the employed IGBT module in a three-level T-type neutral-point-clamped
(TNPC) inverter in the load range from 25 A to 100 A. It is noted that T2 and T3 account for
the largest losses at 37%, with D2 and D3 following at 31%. T1 and T4 represent 18%, while

D1 and D4 make up the smallest portion at 14%.
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Figure 14. Power loss distribution across the inner and outer switches in one leg of the TNPC-IGBT

module with different load currents and T, = 125 °C.
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Figure 15. Average power loss contribution of the TNPC-IGBT module’s various semiconductor chips.

5. Model Validation and Experiments
5.1. SemiSel TNPC-IGBT Module Thermal Simulation

The SemiSel thermal simulation tool from Semikron was used for the thermal simu-
lation and cross-verification of the calculated junction hotspot temperatures. SemiSel by
SEMIKRON is a durable simulation tool designed for selecting and evaluating the perfor-
mance of SEMIKRON power modules, including IGBTs, MOSFETs, and rectifiers [50]. The
benefit of SEMIKRON SemiSel is its dependable predictions, enabling precise evaluations
of power losses and thermal performance. It assists in selecting the ideal IGBT module for
specific applications and reduces design and testing time by offering pre-validation data,
promoting cost savings by preventing the over- or under-specification of components; it
also serves as a good benchmark to validate the analytical and experimental findings in
previous research [14,51].

The SemiSel thermal simulation tool was utilized in this work to estimate the junction
hotspot temperatures based on the specified nominal load condition, modulation strategy
(SVPWM), and controlled heatsink temperature that maintains a constant case temperature
during steady operation of the inverter. While the SemiSel tool is capable of managing
different load scenarios, the particular configuration in this research signifies constant
inverter performance under stable power and cooling settings. Additionally, the RC Foster
thermal network was utilized with a specified constant power loss to present the steady-
state inverter operation under defined load conditions. When subjected to ongoing losses,
the Foster network attains a final thermal equilibrium that is equal to the total static junction-
to-case thermal resistance times the power loss, added to the regulated case temperature.
This allows for a direct comparison with the SemiSel simulation results, which utilized
the manufacturer’s comprehensive internal thermal structure under identical steady-state
power loss and boundary conditions.

For this purpose, the SEMIKRON IGBT module with part number SEMiX405TMLI12E4B
was utilized to simulate the three-level TNPC inverter circuit in the SemiSel thermal
software V6-2025, following the design specifications provided in Table 2 and under
different loading currents while maintaining the case temperature at its critical limit. To
maintain the target module temperature (125 °C), the heatsink thermal stress was regulated
in the simulation. The inverter control circuit used the SVPWM method with a 5 kHz
switching frequency.

Under the specified load conditions of 100 A and 25 A, the module case temperature
was maintained at 125 °C by regulating the heatsink temperature (Ts) during thermal
simulation. The power loss distribution of the module’s various semiconductor parts was
measured, as depicted in Figure 16a,b. This indicated that the module’s inner switches
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(SW2 and SW3) account for the highest amount of power loss at about 62.5%, while the
outer switches (SW1 and SW4) account for about 37.5% of the module’s total power losses.
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Figure 16. SemiSel thermal simulation results for the TNPC module’s chip-level power losses with a
case temperature of 125 °C and (a) a 100 A load and (b) a 25 A load.

Additionally, the waveforms for the junction and heatsink temperatures of the tran-
sistor and diode chips in the inner and outer switches were simulated with load currents
of 100 A and 25 A, as illustrated in Figures 17 and 18. In the figures, the time is adjusted
to 360° of one cycle of the output frequency. The peak junction hotspot temperature was
observed to reach around 132.30 °C with 100 A and around 127.25 °C with 25 A at the diode
chips of the inner switches (D2 and D3), as shown in Figures 17b and 18b. Meanwhile, the
lowest temperature stress occurred at the transistor chips of the outer switches (T1 and T4),
with a value of about 126.51 °C at 100 A, as shown in Figure 17c, and at the diode chips of
the outer switches (D1 and D4), with a value of 125.26 °C at 25 A, as shown in Figure 18d.

Moreover, under loading conditions ranging from 25 to 100 A, the thermal simulation
process of the module at the critical case temperature was performed, and the conduction,
switching, and overall module power losses were assessed, along with the module’s peak
junction hotspot temperature and its location, as detailed in Table 6.

The results from the Semikron SemiSel thermal simulation validate the anticipated
performance of the TNPC-IGBT module and support the results from the developed loss
and thermal model for the TNPC-IGBT module. In the three-level TNPC inverter, the outer
switches (SW1 and SW4) experience the entire DC-link voltage but operate less frequently,
leading to reduced switching losses. Inner switches (SW2 and SW3), functioning at a
reduced voltage, toggle more often and consequently suffer from increased switching losses
and thermal strain. This renders them thermally sensitive and highlights the requirement
for improved cooling.
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Figure 17. Junction temperature (Tj) and heatsink temperature (Ts) SemiSel thermal simulation
waveforms of the different semiconductor chips of the module’s inner and outer switches at a 100 A
load current and a case temperature of 125 °C: (a) inner transistor chips; (b) inner diode chips;
(c) outer transistor chips; (d) outer diode chips. (The time was adjusted to 360° of one cycle of the

=
REL
o 0
g T2 and T3
5 12 Tjpeak=132.02 °C
E 124
122
1208
S 5 & S P & ﬁ;-\a ?c_\ q,'\-a --PQ &
Time (Deg)
(@)
127
I T
126 T
£ %
S
: 125 T1 and T4
2 124 Tjpeak=126.51 °C
=
2 12
5
Ll )
131
ST TR . T T R R O
Time (Deg)
(c)
output frequency).
128
I T
—~127
o T
o
o 126 T2 and T3
2 125 Tjpeak=127.04 °C
2
E 124
123
122
° ® ¢ & P £ & & P £ F £
Time (Deg)
(@)
1255
~ 1250
)
o
~ 1245 —t,
E T1 and T4 1 5
4 1240 | | Tjpeak=125.27 °C
g 1235
=
B 1230
1225
1223
-] -L? @ QQ ’&Q .PQ § .1:\0 "}Q "’L\Q .QQ r:p
Time (D
(0)

=
-3

I T
127 =
5—3125 D2 and D3
E Tjpeak=127.25 °C
ngS
5]
E124
2
123
122
IR R R
Time (Deg)
(b)
125.5
125.0 L~
124.5
I T
124.0 D1 and D4 s
Tjpeak=125.26 °C
1235
123.0
1225
1223
R T RN
Time (Deg)
(d)

Figure 18. Junction temperature (Tj) and heatsink temperature (Ts) SemiSel thermal simulation
waveforms of the different semiconductor chips of the module’s inner and outer switches at a 25 A
load current and a case temperature of 125 °C: (a) inner transistor chips; (b) inner diode chips;
(c) outer transistor chips; (d) outer diode chips. (The time was adjusted to 360° of one cycle of the

output frequency).
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Table 6. SemiSel thermal simulation results for the chip-level power loss and peak junction hotspot
temperature at different load currents and Tc = 125 °C.

Parameter 25 A 50 A 75 A 100 A
Switching T 27.00 54.18 81.00 102.78
Loss (W) D 13.98 28.14 42.18 51.66

Conduction T 50.58 109.56 172.44 235.98
Loss (W) D 51.54 108.48 166.02 221.04
Module total loss (W) 143.10 300.36 461.64 611.46
Tipeak (°C) 127.25 128.90 130.65 132.30

Tjpeak POSition D2 & D3 D2 & D3 D2 & D3 D2 & D3

5.2. Experimental Verification

Figure 19 presents the experimental testing configuration of the three-phase inverter
with the TNPC-IGBT module, constructed to validate the effectiveness of the designed
SVPWM control strategy in maintaining the inverter DC-link voltage balance and to confirm
the accuracy of the developed loss and thermal model of the TNPC-IGBT module in
estimating the peak junction hotspot temperature (Tjpeak) and the module’s total power

losses (Ploss-module)-

Inductive .
load

Wmim 1
. Indu control board
heatmg system

\‘ v / ‘ Input
capac1tors
= R =
Load hall current
Sensors a

Figure 19. Experimental setup.

The setup mainly consists of a three-level IGBT module, an induction heating system
for case temperature control, an LCL filter to mitigate current harmonics, an inverter control
circuit implemented using the DSP MCU TMS320 F28337D (Texas Instruments, Dallas,
TX, USA), and a highly inductive load (R = 8.5 m(}, L = 3 mH) with ratings of 100 A and
200 V. The HOIKI PW8001 (Hioki E.E. corporation, Ueda, Nagano, Japan) power analyzer
was used to measure the module’s total power losses, and the OTP-M-100 fiber optic
temperature sensor was employed for Tjpe,x measurement at the position indicated by the
developed model and SemiSel thermal simulation (at the inner diode chips).

The challenge in measuring the TNPC-IGBT module’s peak junction hotspot tempera-
ture under actual thermo-electrical stressing conditions is controlling and managing the
module case temperature value during the electrical load application and the measurement
process. In this work, a hybrid stress testing condition with highly electrical inductive
loading and an induction heating system were used to measure the module’s peak junction
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hotspot temperature and total power losses under different loading conditions and at the
critical case temperature of about 125 °C.

In the tested TNPC-IGBT module (SEMiX405TMLI12E4B), an NTC temperature chip
was incorporated to serve as a proxy for monitoring the module’s case temperature status,
as shown in Figure 20a. The value of the negative temperature coefficient (NTC) resistance
value, typically expressed as a function of temperature, can be calculated using the formula
included in the module datasheet [42], as given below:

[B1go (+— 7))
RnTc(T) = Rygp - e 155 100 (31)

where Rjgp and Bygo/125 are constants determined by the material properties of the NTC
chip; they can be found in the datasheet [42].

|Il:|.L'.II;.I;.-I:I| 61
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Integrated NTC chip 0 25 50 75 100 125 150

Temperature (°C)
(a) (b)

Figure 20. Semikron (SEMiX405TMLI12E4B) TNPC-IGBT module negative temperature coefficient
(NTC) sensor: (a) NTC position; (b) R-T curve of the NTC.

The general case temperature can be observed by measuring the NTC resistance
(RnTc) and referencing the integrated NTC’s resistance R-T characteristics. Figure 20b
illustrates the R-T profile of the integrated NTC sensor embedded in the Semikron
SEMiX405TMLI12E4B IGBT module. During a measurement under a defined electri-
cal load, the case temperature of all three inverter legs is maintained using an induction
heating system with a water-cooling system.

A DC power supply of 450 V and SVPWM control signals at 5 kHz were applied to the
inverter circuit. Firstly, a highly inductive load was utilized to test the thermal performance
of the IGBT module at high currents of up to 100 A. However, before monitoring the
thermal performance of the IGBT module switches with the developed system, the voltage
across the input capacitances was sensed and fed back to the designed control circuit. This
feedback was used to modify the SVPWM switching state sequence based on the imbalance
percentage, ensuring that the DC-link voltage imbalance remained below 3%. This process
guaranteed load current balancing and uniform stress distribution across the module’s
three legs.

Figure 21 illustrates the experimental waveforms of the collector-emitter voltage
(Vce_SW1) across the outer switch (SW1) and the voltages of the input capacitance (VC1
and VC2). This shows that the inverter control system maintained the DC-link voltage
imbalance within the desired range, with VC1 and VC2 measured at 222 V and 228 V,
respectively, resulting in an imbalance percentage of approximately 1.33%.

Additionally, Figure 22 shows the experimental waveforms of the load currents at
100 A and the RMS levels of the three phases, which indicate the well-magnitude and phase
balance of the three-phase currents in the three-level TNPC-IGBT module under test. This
indicates symmetrical operation and uniform voltage stress distribution over the module’s
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three legs, enabling the monitoring of only one leg of the IGBT module, which facilitates
analysis and reduces the complexity of the experimental setup and measurements.

W Vee SWI | 450V ‘ | {
o= — S —— — r

00V : | .

il g ey

= A Ver=222v kL {
r r’ [l

Ve
= JXfczzzzsxf : : Lr : i = : : Lr‘
| Time(100us/div) |

Figure 21. Voltage across SW1 (Vce_SW1) in the IGBT module and the input capacitor voltages (VC1
and VC2) with a 100 A load.

I RMS Values: [1=100.297 A, 12=99 8520 A, I3=100.229 A |

Figure 22. Load current experimental waveforms with full load condition of the three-level TNPC-
IGBT inverter. The vertical arrow indicates the positive direction of the time axis (10 ms/div), and the
horizontal line represents the zero-current reference level. These visual tools clarify the sinusoidal
symmetry, phase alignment, and RMS current values (I, I, I3).

After stabilizing the DC-link voltage and balancing the load current, the induction
heating system controls the heatsink to keep the case temperatures of the three module
legs close to 125 °C. Case temperature readings are taken using the built-in NTC sensor. A
HOIKI PW8001 power analyzer tracks the module’s input and output power to determine
the overall power losses. Furthermore, the junction temperature of the inner diode chips is
assessed during operation with one of the module terminals left open.

Figure 23a illustrates the experimental measurements of the IGBT module’s input-
output power with different load currents ranging from 25 A to 100 A. Additionally,
Figure 23b presents the module’s power losses and the peak junction hotspot temperature
(Tjpeax) values at the various load currents, indicating a peak junction hotspot temperature
of approximately 131.40 °C at the inner diode chip position under a 100 A load current (de-
veloped model estimated 131.20 °C) and about 126.66 °C at a 25 A load current (developed
model estimated 126.14 °C).

The detailed values of the experimental results for the module’s total power losses, as
well as the module’s peak junction hotspot temperature at load currents of 25, 50, 75, and
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100 A, are provided in Table 7. The DC-link capacitor losses due to the ESR were included
in the calculation and subtracted from the total input power to the module. These losses
were minimal, totaling less than 1 W at the full load current of 100 A.

Case Temperature = 125 °C Case Temperature = 125°C
2500 4 —8— Pinput (W)
—=— Pout (W)

2000+

1500 1

Power (W)
Tpeak ("C)

1000 4

Ploss_madule (W)

500

Sb 4‘0 5‘0 6‘0 7‘0 HID 9‘0 160 3‘0 4‘0 5;) 6.0 TIO 8‘0 9‘0 1(‘)0
Load Current (A) Load Current (A)
(@ (b)

Figure 23. Experimental measurements with different load currents and at a critical case temperature
of 125 °C for (a) module input-output powers, (b) module loss, and Tjpeak-

Table 7. Experimental measurements of the module total loss and peak junction hotspot temperature
with different load currents and Tc = 125 °C.

Load 25 A 50 A 75 A 100 A

Pin module (W) 175.5 708.5 1570.7 2786
Pout module (W) 39 413.5 1101 2170.5
Pioss_module (W) 136 294.50 469 667.20
ijeak (°O) 126.66 127.80 129.36 131.40

The curves illustrated in Figure 24 represent the experimental data of the peak junc-
tion hotspot temperature (Tjpeak) as the module case temperature varies from 55 °C to
approximately 125 °C under four distinct load current scenarios. It is noted that, with an
increase in case temperature, Tjpeax also rises for all load currents. Increased load currents
cause more power loss, resulting in elevated junction temperatures. For instance, at a case
temperature of 55 °C, Tjpeax is 57.35 °C at 25 A but increases to 62.79 °C at 100 A. Moreover,
at a case temperature of 125 °C, Tjpeax is 126.66 °C for 25 A, while it attains 131.4 °C for
100 A. This trend emphasizes the influence of thermal stress on semiconductor devices.
Efficient cooling and thermal regulation are crucial to avoid high junction temperatures,
ensuring the reliability and lifespan of power electronic devices such as IGBTs.

130 1 —®— Load Current = 25A
—#— Load Current = 50A
120 1 —a— Load Current = 75A
—4#— Load Current = 100A
110
T 100 A
§ 901
kCL
'__‘
80 A
70 4
60 -

60 70 80 %0 100 110 120
Case Temperature (°C)
Figure 24. Experimental measurement of the module’s peak junction hotspot temperature vs. the
case temperature at different load currents.
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6. Comparative Evaluations of the Results

This section presents a comparative assessment of the power losses and peak junction
hotspot temperature values derived from the proposed analytical analysis and experimental
measurements, together with the thermal simulation outcomes from the SemiSel simulation
benchmark provided by Semikron. It aims to demonstrate the accuracy and applicability
of the proposed techniques for estimating power loss and junction temperature in the
three-level TNPC-IGBT module.

Figure 25a displays the total power losses of the module obtained from analysis,
experimental results, and simulation-based SemiSel for the employed TNPC-IGBT inverter
module across various load currents. It is clear that the experimental results closely
match the SemiSel benchmark across the entire spectrum of load currents, exhibiting slight
variations. This indicates that the proposed experimental technique effectively validates the
SemiSel simulation results for power loss estimation. Additionally, the analytical method
slightly underestimates the power losses compared to the SemiSel benchmark, particularly
at lower load currents. However, the discrepancy diminishes as the load current increases,
with the analytical results converging toward the SemiSel values. Overall, the SemiSel
simulation demonstrates significant alignment with the experimental findings, validating
it as a reliable benchmark. The analytical approach, although following a similar trend,
tends to underestimate power losses at lower currents but improves its accuracy at higher
currents, thereby becoming reasonably consistent with the SemiSel predictions.

~
o
(=]
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< 600 Experimental-based Measurement 2 1321 Experimental-based Measurement
‘l-n' —4— Model-based Calculation ~ 1311 —#— Model-based Calculation > 4
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| i U 1301 =24
g o s ; 4
g 400 A« 3 129
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2 300 i =
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Load Current (A) Load Current (A)
(a) (b)

Figure 25. Results at a critical case temperature of 125 °C and with different load currents using
various techniques: (a) module total power loss; (b) module Tipeak-

Moreover, Figure 25b illustrates the peak junction hotspot temperature (Tjpeax) of the
module derived from analytical modeling and experimental testing, in conjunction with
SemiSel simulation results, demonstrating that experimental data closely align with the
SemiSel simulations, with the variation at any load condition remaining below 1 °C. This
correlation confirms the reliability of both techniques in predicting the IGBT’s thermal
characteristics. The analytical model consistently undervalues Tj,eax due to the approxima-
tions used in identifying the operating point and extracting parameters from the module’s
datasheet. These simplifications result in minor discrepancies from actual conditions that
influence the module power loss calculation and, consequently, the junction temperature
value. Nonetheless, the general trend persists uniformly across all methods, validating the
dependability of the analytical technique for estimation needs.

To deliver precise insights into the accuracy and precision of each method for estimat-
ing junction temperature, the graph in Figure 26 displays the percentage of mismatch for
all calculations under loads ranging from 25 A to 100 A, using SemiSel as a benchmark.
The experimental mismatch remains less than 1%, verifying its close correlation with the
simulation. The analytical discrepancy slightly increased due to the assumptions made
in determining the operating point and deriving parameters from the characteristics in
the module datasheet. The highest analytical deviation (1.14%) was observed at 80 A.
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Nevertheless, both techniques maintained a steady trend, illustrating their dependability
for estimation.

1.4 1 I Experimental-based mismatch

Model-based mismatch
1.2 1

Tjmax Estimation Mismatch (%)

PR H P PP DLEERD RSP P
Load Current (A)

Figure 26. Module peak junction hotspot temperature (Tjpek) estimation mismatches (%) for the
analytical and experimental techniques, using SemiSel as a benchmark.

While the SemiSel tool provides an extremely accurate benchmark for SEMIKRON
modules, it is proprietary and exclusively relevant to SEMIKRON products. In comparison,
the proposed chip-level electro-thermal model, as well as the developed hybrid stress
testing setup, is universal and independent of vendors, allowing it to be used with any
IGBT module from different manufacturers lacking equivalent simulation tools of similar
quality. The close collaboration with SemiSel confirms the proposed method’s precision and
relevance to broader industrial and research uses. In summary, the findings confirm that
the analytical loss modeling and the proposed hybrid testing experimental measurements
serve as reliable methods for estimating junction temperatures in power semiconductor
devices operating at the critical thermal limit with high accuracy.

The main contributions of this research can be outlined as follows:

1. A detailed chip-level electro-thermal model was developed for the three-level TNPC
inverter that resolved each IGBT and diode chip while factoring in the actual datasheet
specifications of the module and the practical electrical and thermal operating condi-
tions of the inverter.

2. The proposed model accurately predicts local thermal hotspots and stress inconsisten-
cies by integrating device-specific switching energy extraction, actual switching gate
signals, and an RC Foster thermal network.

3. A comprehensive hybrid stress experimental setup was established to directly as-
sess total module power losses and confirm the computed peak junction hotspot
temperature through a fiber-optic temperature sensor in realistic operating conditions.

4. Using the accurate SemiSel simulation tool for SEMIKRON modules, the model’s
accuracy was verified, demonstrating outstanding correspondence and confirming the
recommended approach for a reliable thermal performance assessment of multilevel
IGBT modules.

5. The developed model and experimental testing configurations are general and suit-
able for various IGBT modules and do not require specialized thermal simulation
assistance, unlike proprietary vendor-specific software.

Overall, this study provides a valuable, flexible method for improving lifetime estima-

tion, reliability evaluation, and thermal design of advanced multilayer inverter systems
functioning in extreme heat conditions.
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7. Conclusions

This study presents a detailed electro-thermal modeling and validation framework
for accurately predicting the peak junction hotspot temperature in TNPC-IGBT modules
utilized in three-level balanced inverters working under extreme thermal conditions. A
comprehensive loss model, utilizing real datasheet parameters and circuit specifications,
was developed to calculate the power dissipation in separate semiconductor chips. Com-
bined with comprehensive transient RC Foster thermal network modeling, this method
facilitated accurate forecasting of chip-level junction temperatures and detection of the
module’s thermal hotspot within the module.

To validate the developed modeling, a hybrid stress experimental configuration was
established, facilitating direct measurement of power losses and junction temperatures
under managed thermal and electrical stress. The incorporation of a DC-link balancing con-
trol circuit along with an induction heating system guaranteed an even stress distribution
and improved measurement reliability.

Validation against the SemiSel thermal simulation benchmark showed a comparative
analysis with excellent accuracy, recording peak junction hotspot temperature variations
of less than 1.15% for the analytical model and below 1% for the experimental approach.
This validated that the proposed electro-thermal model, backed by hybrid experimental
verification, offers a dependable and precise method for assessing the thermal performance
of IGBT modules under realistic extreme-temperature operating scenarios. The proposed
estimation techniques are appropriate for improving the design, reliability evaluation,
and thermal control of power semiconductor devices in high-performance multilevel
inverter systems.
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