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Abstract

The transition toward electric vehicle (EV) architectures exceeding 800 V offers key ad-
vantages, including shorter charging times, lower operating currents, and reduced system
weight due to smaller conductor cross-sections, all of which enhance overall vehicle perfor-
mance. However, identifying suitable traction inverter topologies that meet automotive
requirements for efficiency, electromagnetic interference (EMI), and reliability remains criti-
cal. This study presents a simulation-based converter-level electro-thermal and conducted-
EMI benchmark of 2-Level H-Bridge, 3-Level Active Neutral-Point Clamped (ANPC), and
3-Level T-Type inverters under identical output-power operating conditions. The distin-
guishing feature of this work is the unified evaluation of these topologies under a common
external thermal boundary, enabling a consistent comparison of semiconductor losses,
junction-temperature behaviour, cooling-burden indicators, conducted-EMI tendencies,
and first-order lifetime-oriented thermal indicators. Within this framework, the required ef-
fective thermal resistance is used as a cooling-burden indicator, while junction-temperature
swing and mean junction temperature are used as relative thermal-stress indicators. Under
the considered simplified R-L loading conditions, the results show that multilevel topolo-
gies reduce semiconductor losses, peak junction temperature, conducted-EMI excitation,
and relative thermal-stress indicators compared with the 2L H-Bridge. These findings
are interpreted as comparative topology-level trends under the defined converter-level
simulation framework rather than as final vehicle-level EMI compliance or power-module
lifetime predictions.

Keywords: traction inverter topologies; post-800 V EV powertrain; multilevel inverter;
electro-thermal stress; cooling-burden indicator; conducted electromagnetic interference (EMI);
lifetime-oriented thermal indicators

1. Introduction

The automotive industry is transitioning toward higher voltage architectures to meet
demands for faster charging, improved efficiency, and extended driving range. While
conventional electric vehicles (EVs) relied on 400 V systems, the industry is shifting toward
platforms exceeding 800 V [1,2]. Increasing the battery voltage reduces the current required
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for a given power output, thereby lowering resistive losses (I?R) in cables and connectors,
minimizing heating, and enabling the use of lighter, thinner conductors [3]. However,
scaling beyond 800 V introduces challenges; the 900-1200 V range imposes stringent in-
sulation requirements, increases the risk of partial discharge, and requires components
capable of withstanding severe voltage stress (dv/dt) [4,5]. High-voltage-rated compo-
nents, such as switches, connectors, and capacitors, generally involve larger physical sizes,
stricter clearance and creepage distances, and higher material costs [6,7]. Additionally,
today’s public ultra-fast charging networks, while evolving, are predominantly designed
to accommodate up to 800 V systems, as seen in models like the Porsche Taycan, Hyundai
IONIQ 6, and Lucid Air [8]. Though there are emerging chargers supporting 900-1000 V
levels, widespread support for ultra-high voltages remains limited [9]. Leading this trend,
manufacturers like BYD have introduced 1000 V architectures, setting new benchmarks
for charging speed and range in next-generation EV platforms (5 min of charging for
400 km of range with Megawatt Flash charging) [10]. Thus, operating within the 800 V to
approximately 1000-1200 V range offers a practical trade-off between improved system
performance and manageable costs, insulation, and infrastructure compatibility.

In EV systems, the traction inverter becomes critical, acting as the interface between
the battery and the motor. The inverter must efficiently manage higher DC-link voltages
while minimizing switching losses, conduction losses, electromagnetic interference (EMI),
and thermal stress. Two-level (2L) inverters, a widely used traction inverter topology,
switch directly between the positive and negative rails of the DC link, subjecting the
system to large voltage steps during every switching event [11]. These large voltage
transitions (high dv/dt) can excite parasitic capacitances between the inverter, motor,
and chassis, leading to elevated common-mode (CM) and differential-mode (DM) EMI
emissions. Additionally, sharp voltage edges stress motor insulation and increase the risk
of partial discharge, especially in higher-voltage systems [2,12,13].

To mitigate these challenges, even at higher DC-link voltages (i.e., post-800 V), alter-
native inverter topologies have been investigated for EV applications. Traction inverters
operating in this voltage class must therefore satisfy not only efficiency requirements but
also stringent constraints related to EMI compliance, thermal management, and long-term
device reliability. Several studies highlight that wide-bandgap (WBG) semiconductors,
particularly Silicon Carbide (SiC) and Gallium Nitride (GaN), are becoming key enablers for
future EV converter systems. SiC devices are recognized for offering higher blocking volt-
ages compared to GaN devices, making them particularly suitable for high-voltage traction
applications. Meanwhile, GaN HEMTs are strong candidates for low- to medium-voltage
applications such as onboard chargers (OBCs), auxiliary DC-DC stages, high-frequency
isolated designs, and multi-level traction inverters [14]. Although SiC devices enable higher
switching speeds and improved power density, the associated high dv/dt and di/dt signif-
icantly influence conductivity, radiated EMI, junction temperature rise, and thermal cycling
behavior. The faster switching transitions inherent to SiC devices result in sharper dv/dt
slopes, which, if not carefully managed through inverter design, can worsen high-frequency
EMI emissions compared to those of their Silicon (Si)-based counterparts. Consequently,
the selection of the inverter topology plays a critical role in distributing the voltage stress,
shaping the switching transitions, and influencing thermal stress within semiconductor
devices. Among these, three-level (3L) configurations, including the Active Neutral Point
Clamped (ANPC) and T-Type topologies, are considered as potential candidates due to their
ability to split the DC-link voltage into smaller switching steps [15-18]. By limiting the in-
stantaneous voltage changes across the switches and the motor terminals, these topologies
reduce dv/dt, lower EMI, and improve output waveform quality. Moreover, distributing
voltage stress across multiple devices can enhance reliability and reduce the demands
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placed on individual components. Besides, multi-level inverter topologies reduce current
ripple, which allows for a more straightforward motor design. SiC devices offer superior
characteristics compared to traditional Si-IGBTs, including lower conduction losses, higher
switching speeds, higher breakdown voltages, and better thermal performance [19-22].

Most comparative studies of inverter topologies for EV applications primarily focus
on efficiency, switching losses, and instantaneous junction temperature. Limited attention
has been given to how the topology influences cooling demand, thermal response during
continuous operation, and thermal stress conditions directly related to long-term device
degradation [23,24]. In practical traction systems, the cooling system’s effectiveness can
vary over time due to ageing, coolant temperature rise, or thermal interface degradation.
Understanding how different topologies respond to such cooling-boundary variations is
therefore essential for reliability. [25,26]. To clearly position the present study, Table 1 sum-
marizes representative literature using a Yes/Partial/No matrix across six evaluation axes:
topology-level benchmarking, loss/efficiency assessment, cooling-burden quantification,
conducted-EMI benchmarking, lifetime-oriented thermal indicators, and post-800 V focus.

The comparison highlights that prior work typically addresses only a subset of these
dimensions—most commonly loss/efficiency—while cooling-burden quantification, con-
ducted EMI, and lifetime-oriented thermal stress indicators are rarely treated within a
unified benchmarking framework.

Table 1. Positioning of this work against representative literature (Yes/Partial/No matrix).

Lifetime-
Ref Topology-Level Loss & Cooling Conducted Oriented Post-800 V
’ Benchmark Efficiency Burden EMI Thermal Focused
Indicators
[5] Partial Yes Partial No No Partial
[15] Yes Yes No No No Partial
[18] Yes Yes Partial No No Yes
[27] Yes Yes No No No Partial
[28] Yes Yes Partial Partial No Yes
[29] No Yes No No Partial No
[30] Yes No No Yes No Partial
[31] No Partial No Yes No No
[32] No Partial Yes No Yes No
[33] No No No No Yes No
[34] Yes Partial No Yes No No
[35] No Partial Yes No Partial No
This paper Yes Yes Yes Yes Yes Yes

In Table 1, “Yes” indicates that the corresponding evaluation axis is treated quantita-
tively as a central part of the study. “Partial” indicates that the evaluation axis is addressed
only indirectly, qualitatively, for a limited operating point, or without being integrated into
a complete topology-level benchmarking framework. “No” indicates that the evaluation
axis is not substantially addressed in the referenced work.

Motivated by these gaps, this paper presents a simulation-based converter-level bench-
mark of three representative post-800 V traction inverter topologies: the 2L H-Bridge,
3L ANPC, and 3L T-Type inverter. The novelty of this work is not the proposal of a
new inverter topology or the isolated treatment of a single performance metric. Rather,
the contribution lies in evaluating the same set of topologies within a single consistent
framework that combines loss and efficiency assessment, junction-temperature compari-
son under a common external thermal boundary, cooling-burden estimation, LISN-based
conducted-EMI benchmarking, and first-order lifetime-oriented thermal indicators. Beyond
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conventional loss and efficiency evaluation, the distinguishing feature of this work is not
the treatment of any individual axis in Table 1—topology-level loss and efficiency compari-
son, conducted-EMI benchmarking, and lifetime-oriented thermal analysis have each been
addressed in prior studies—but their unified evaluation for the same set of topologies under
a single, uniform external thermal boundary. As Table 1 shows, representative prior studies
satisfy only a subset of the six evaluation axes, whereas none addresses all six within one
framework. Concretely, this work makes the following contributions:

¢ Itimposes an identical external cooling boundary across all topologies, so that dif-
ferences in junction temperature mainly reflect topology-dependent loss distribution
rather than differing cooling assumptions.

* It evaluates the resulting per-device cooling requirement across the investigated
output-power range.

* It benchmarks intrinsic DC-side conducted emissions using a LISN-based framework.

¢ It reports first-order lifetime-oriented thermal indicators based on both junction-
temperature swing (AT;) and mean junction temperature (Tj mean), which are important
thermal quantities commonly used in power-cycling lifetime models.

Because the inverter is loaded by a controlled R-L network rather than a motor
model, these results are positioned as converter-level benchmarking under simplified and
repeatable operating conditions rather than as a complete traction-drive assessment.

2. Selected Existing Traction Inverter Topologies

This study focuses on three representative inverter topologies, illustrated in Figure 1,
suitable for post-800 V traction applications: the conventional two-level (2L) H-bridge,
the three-level (3L) active neutral-point-clamped (ANPC), and the three-level (3L) T-type
inverter. Although alternative and more complex multi-level inverter (MLI) configurations,
such as the split inductor MLI, flying capacitor MLI, and cascaded H-bridge, are available,
the selected topologies remain the most competitive for the automotive applications because
they impose fundamentally different voltage blocking and current conduction patterns
on the semiconductor devices while delivering the same three-phase output [16,27,36—40].
In Figure 1, the switches of leg-A that are subjected to a blocking voltage equal to the input
DC-bus voltage (V) are highlighted in light orange, while those facing half the DC-bus
voltage (V4./2) are marked with a light green-shaded rectangle. This highlighting indicates
the topology-dependent voltage-stress level of each device, since the commutated blocking
voltage directly governs the switching energy per event, thereby influencing the compara-
tive loss, EMI, and junction-temperature behavior discussed in the subsequent sections.

2.1. Two-Level H-Bridge Inverter

The 2L H-bridge represents the conventional traction inverter architecture used exten-
sively in commercial EVs. Each phase leg consists of two switches, and the full DC link
voltage is directly applied across the upper and lower devices during switching transi-
tions [1,37,41]. While this topology offers structural simplicity and straightforward control,
it imposes the highest voltage and switching stress on individual devices. Consequently,
switching losses, dv/dt, EMI excitation, and junction temperature rise tend to be more
pronounced, particularly at elevated DC link voltages.

2.2. Three-Level Active Neutral Point Clamped (3L ANPC) Inverter

The 3L ANPC inverter topology enhances power conversion efficiency and thermal
reliability by employing active switches to control the neutral-point connection, thereby mit-
igating the inherent loss distribution imbalances characteristic of conventional passive NPC
designs [17,40,42]. By strategically utilizing redundant switching states and conduction
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paths, the 3L ANPC architecture dynamically redistributes switching and conduction losses
across the phase leg. This degree of freedom enables the implementation of advanced
modulation strategies that effectively equalize the junction temperature (Tj) across the
power semiconductors, thereby mitigating localized thermal stress and preventing acceler-
ated module aging [29]. This topology ensures that each constituent device experiences a
blocking voltage of approximately V. /2, significantly reducing dv/dt stress compared to a
standard two-level configuration. Because switching energy dissipation scales non-linearly
with the commutated voltage, the cumulative losses associated with two devices switching
at half the DC-link voltage are substantially lower than those of a single device switching
the full DC-link potential, permitting a marked increase in switching frequency without a
commensurate degradation in efficiency.

M—eA
h—eB
—eC

Sl & 2]
g;J (%]
— El

(b) (c)

Figure 1. Three-phase Traction inverter topologies: (a) 2L H-Bridge, (b) 3L ANPC, (c) 3L T-Type. A,
B, and C denote the three-phase outputs. Light-orange shading indicates switches subjected to the
full DC-link blocking voltage, V4., while light-green shading indicates switches subjected to half the
DC-link blocking voltage, Vi./2.

2.3. Three-Level T-Type (3L T-Type) Inverter

The 3L T-type inverter serves as an efficient alternative to the ANPC topology by com-
bining the low conduction loss characteristics of a two-level converter with the superior
harmonic performance of a three-level architecture. In this structural arrangement, the
phase leg consists of two outer switches connected to the positive and negative DC-link
rails and a bidirectional auxiliary switch tied to the neutral point. Unlike the ANPC config-
uration, the outer semiconductor devices in a T-Type leg are exposed to the full DC-link
voltage (Vy4.) during active switching states, while the inner clamping devices operate
under reduced voltage stress, typically blocking only V. /2 during neutral point clamping
intervals [27]. This inherent asymmetry in voltage blocking requirements results in a dis-
tinct distribution of conduction and switching losses between the inner and outer switches.
Consequently, the localized Tj rise varies significantly across the phase leg, often necessitat-
ing specialized pulse-width modulation (PWM) strategies to manage the thermal gradient
between the high-voltage outer devices and the low-voltage clamping switches [43]. De-
spite these thermal asymmetries, the 3L T-type inverter is often regarded as a hybrid
solution that combines the benefits of both the 2L H-bridge and the 3L ANPC topologies.

3. Simulation Framework and Uniform Thermal Boundary Definition

These three inverter topologies were implemented in the PLECS simulation environ-
ment (Plexim GmbH, Zurich, Switzerland) using manufacturer-provided electro-thermal
device models. These models contain temperature-dependent electrical characteristics
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and detailed junction-to-case thermal impedance descriptions extracted from the device
datasheets. Consequently, the junction temperature is not computed from simplified ana-
lytical thermal equations; instead, it is solved internally by PLECS from the instantaneous
device losses and the embedded thermal network of each MOSFET and body diode. The
numerical values of the electrical and thermal parameters used in the simulations are
summarized in Table 2. The exact load-resistance values used for each topology, DC-link
voltage, and output-power condition are reported in Appendix A; the load inductance was
fixed at Lj,,q = 2 mH for all cases.

Table 2. Electrical and thermal parameters used in the simulations.

Parameter Symbol Value
DC-link voltage (V) Vie 800, 1000, 1200
Switching frequency (kHz) fow 10, 20, 30
Fundamental frequency (Hz) fi 50
Modulation index m 0.9
Load resistance (Q) Rioad 1.5-7.5
Load inductance (H) Lioad 0.002
Cooling reference temperature (°C) Tref 25
Case-to-heatsink resistance (K/W) Rihch 0.05
Heatsink-to-coolant resistance (K/W) Rin 0.1
Heatsink thermal capacitance (J/K) Cin 1000
Simulation time (s) Tsim 20

Note: The load resistance is varied to equalize output power across the investigated topologies. The exact values
are reported in Appendix A.

Modulation and Switching Assumptions

All inverter topologies were controlled using carrier-based sinusoidal pulse-width
modulation (SPWM) with a fundamental frequency of f; = 50 Hz. For the 2L H-Bridge,
conventional two-level SPWM was applied. For the 3L ANPC and 3L T-Type topologies,
carrier-based three-level SPWM was used to generate the corresponding positive, zero,
and negative output voltage states. The same modulation principle was applied across
the investigated topologies to maintain a consistent basis for comparison. The modulation
index was kept at m = 0.9, as reported in Table 2.

For the three-level topologies, the DC-link midpoint was assumed to remain bal-
anced during the investigated operating conditions. Therefore, no additional closed-loop
neutral-point voltage-balancing controller was implemented. This assumption allows the
comparison to focus on topology-dependent loss distribution, junction-temperature be-
haviour, and conducted-EMI tendency under identical converter-level operating conditions,
rather than on topology-specific neutral-point control dynamics.

A dead time was included in the switching signals. In the implemented model,
the dead time was defined as Tg; = 0.005/ fsw, corresponding to 250 ns at the baseline
switching frequency of fsw = 20 kHz. The same dead-time formulation was applied
consistently to all topologies. The external turn-on and turn-off gate resistances used in the
device parameter definitions were Rgon = Rgoff = 2.5 (). Switching losses and switching
transitions were evaluated using the manufacturer-provided PLECS electro-thermal device
descriptions, which include device-specific MOSFET and body-diode loss characteristics.
Additional gate-loop parasitics, propagation-delay mismatch, package-layout-induced
ringing, and voltage overshoot were not explicitly modelled. Therefore, the reported
switching-loss, EMI, and thermal results should be interpreted as comparative trends
under the defined modulation and switching assumptions rather than as gate-driver- or
layout-specific predictions.

https:/ /doi.org/10.3390/wevj17080384
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During simulation, the conduction losses of a device are evaluated at every solver
time step as

Pcond(t) = Vds(l(t)/ T](t)) : I(t)r 1)

where Vj, is obtained from the temperature-dependent device characteristics and I(f) is the
instantaneous device current. Switching losses are evaluated from the tabulated turn-on
and turn-off energy data provided in the device thermal description as

PSW :fSW [EOI’I(I/ V/ T}) +E0ff(11 V/ Ti)]/ (2)
where f is the switching frequency. The total instantaneous device losses are therefore

pdev(t) = Pcond(t) + Pow. 3)

These losses are injected into the internal junction-to-case thermal network of the
device model, allowing PLECS to compute the dynamic junction temperature T;(t) directly.
To enable a fair electro-thermal comparison among the three inverter topologies, a uniform
external thermal boundary is imposed for all semiconductor devices. Each device is
connected to a common heatsink node through a case-to-heatsink thermal resistance Ry, o1,
representing the thermal interface material (TIM) and mounting contact. The heatsink node
is modeled by a first-order lumped thermal network consisting of a heatsink-to-coolant
thermal resistance Ry, and an effective thermal capacitance Cy,, capturing the dominant
thermal inertia of the cooling plate/cold-plate assembly. The reference temperature is
held constant at T,e¢ (Table 2), representing the imposed thermal boundary at the cooling
interface. Under this configuration, the heatsink temperature Tj, () follows

dTn(t) _

Cin ar

) o Th(t) — Tref
INLIORES @

where }; P;(t) denotes the total heat flow injected into the heatsink node by all devices. The
junction temperature is resolved internally by the semiconductor electro-thermal model.
This uniform boundary ensures that any differences in junction-temperature rise among
topologies originate from topology-dependent loss distribution and device voltage/current
stress, rather than from differences in cooling assumptions.

An R-L load is used at the inverter output instead of a motor model to provide a
controllable and topology-independent means of setting the operating point. The resistive
component is adjusted to equalize the output power across topologies, while the inductive
component maintains realistic current ripple and prevents unrealistically steep current
transients. Since the objective of this study is to benchmark inverter electro-thermal stress
and conducted-EMI behavior under comparable electrical loading (rather than motor—
inverter interaction or field-weakening dynamics), the R-L load ensures consistent and
repeatable operating conditions for all topologies.

It should be noted that the R-L load does not reproduce the complete behaviour of
an electric traction machine. A realistic PMSM or induction-motor drive model would
introduce speed-dependent back-EMF, variable power factor, field-weakening operation,
controller-dependent current dynamics, and mission-profile-dependent current wave-
forms. These factors can influence conducted-EMI spectra, thermal-cycling amplitude, and
junction-temperature evolution. Therefore, the present R-L-load model is used solely to es-
tablish a repeatable converter-level benchmark, with the same electrical loading framework
applied to all topologies. The resulting EMI and thermal-stress trends should be interpreted
as comparative topology-level tendencies under the defined simulation conditions, rather
than as final vehicle-level EMI compliance or lifetime predictions.
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4. Electro-Thermal and EMI Performance at Equal Output Power

To ensure a physically meaningful comparison among inverter topologies, all simula-
tions in this study are performed at identical output power levels rather than identical load
parameters. Consistent with the scope defined in the previous section, the following results
are interpreted as converter-level comparative trends under the specified R-L loading
conditions. All simulations have been carried out using an identical total simulation time
of 20 s to ensure a uniform basis for comparison. Maintaining a fixed simulation duration
ensures that all topologies are evaluated over the same transient observation window, so
that the reported junction-temperature trends are compared on a consistent time basis.
For each operating point, the modulation index is kept constant while the resistive com-
ponent of the R-L load is tuned such that the inverter delivers the same output power for
the 2L H-bridge, 3L ANPC, and 3L T-type configurations. This approach ensures that each
topology operates under equivalent electrical power handling conditions, allowing the
observed differences in losses, junction temperature, and EMI behavior to be attributed
solely to inherent topological characteristics.

A critical aspect of the comparative framework is selecting semiconductor devices
based on the voltage stress imposed by each topology. Rather than using identical devices
across all configurations, SiC MOSFETs are selected based on the maximum blocking
voltage experienced by each switch position. This ensures that each device operates within
its appropriate voltage class, avoiding artificial penalization or overdesign in any topology.
Specifically, 1700 V-rated SiC MOSFETs (C2M0045170P) are used in the 2L H-bridge and
in the upper and lower switches of the 3L T-type inverter, as these devices are directly
exposed to the full DC-link voltage. In contrast, the switches forming the neutral clamping
path in the 3L ANPC and the ‘“T” branch of the 3L T-type inverter experience only half
of the DC-link voltage and therefore employ 900 V-rated SiC MOSFETs (C3M0030090K).
To satisfy the targeted current requirement at higher output power levels, four devices
of each selected type are connected in parallel. This maintains realistic current density,
conduction resistance, and thermal distribution while preserving the inherent voltage-stress
characteristics of each topology.

It should be noted that the present comparison is based on topology-dependent
voltage-stress matching rather than equal total semiconductor chip area or equal total
installed silicon area. Although four MOSFETs are connected in parallel at each selected
switch position to satisfy the targeted current requirement, the total number of semicon-
ductor devices and gate-driver channels still differs among the topologies because of their
inherent circuit structures. The manufacturer-provided PLECS electro-thermal models
include device-specific electrical loss characteristics and thermal impedance data; how-
ever, the complete inverter systems are not explicitly normalized by total semiconductor
chip area, total installed silicon area, or total current rating. Therefore, the results should
be interpreted as an application-oriented comparison using voltage-stress-appropriate
device selection, rather than as an equal-chip-area, equal-device-count, or equal-total-
rated-current-capability comparison. The 2L H-Bridge has the lowest semiconductor
count and simplest gate-driver structure, the 3L ANPC has the highest structural com-
plexity, and the 3L T-Type remains intermediate. Consequently, the lower losses, reduced
junction-temperature rise, and lower conducted-EMI tendency observed for the multilevel
topologies should be assessed together with the associated increase in semiconductor count,
gate-driver requirements, layout complexity, and potential part-count-related failure risk.

4.1. Power Losses and Efficiency for Different Input Voltages

Figure 2 presents the conduction losses, switching losses, and corresponding efficiency
of the three inverter topologies at a constant output power of 100 kW and a fixed switching
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frequency (fsw) of 20 kHz while the DC-link voltage is varied from 800 V to 1200 V,
considering only power semiconductor device losses. For all topologies, an increase in
DC-link voltage results in a systematic reduction in total power losses. This trend is
primarily governed by the reduction in phase current required to deliver the same output
power, which directly lowers the conduction losses since P.ynq o IrzmsRon. As a result,
the conduction losses decrease most significantly as the DC voltage increases from 800 V
to 1200 V. In contrast, the switching losses vary more moderately with voltage because
it depends on both switching energy and switching frequency, with the device voltage
stress and commutation energy playing a secondary role compared to the dominant current
reduction effect.

In the 2L H-bridge, the devices are subjected to the full DC-link voltage during
each switching transition. Consequently, both conduction and switching losses remain
comparatively high. The total losses reduce from 826.8 W at 800V to 452.0 W at 1200V,
with the conduction losses being the dominant contributor across all operating points.

The 3L ANPC topology demonstrates a consistent reduction in total losses relative
to the 2L inverter. This is attributed to the fact that several devices in the current path
experience only half the DC-link voltage, reducing both switching energy and voltage
stress. The total loss decreases from 634.0 W at 800 V to 361.3 W at 1200V, indicating a clear
advantage of the multilevel structure in lowering device stress and loss generation.

The 3L T-type exhibits the lowest total loss among the three topologies across all
voltage levels. The inner devices operate at reduced voltage stress and provide a shorter
current path, minimizing conduction losses while limiting switching energy. The total
losses reduce from 573.3 W at 800 V to 270.7 W at 1200 V.

|_ Conduction Loss BN Switching Loss =——@-— Efficiency |

1000 — 2L H-Bridge ., 1000 —3LANPC 5 1000 ——2tT-Type 44
900} 199.8 900} 199.8 900} {99.8
826.8
800 800 199.6 800} 199.6
700 700 199.4 700} 199.4
634.0 - -
600 600 1992 % _ 600 S
= = 32 3
» 500 » 500 199 < o 500 c
7] (72} Q 7)) (0]
S S © 9 ke
400 400 {o8.8 £ ~ 400 =
300 300 1986 300
200 200 198.4 200
100 100 198.2 100
0 0 98 0
QQ Q Q QA QQ QQ QA QA Q
& & & & & &

Figure 2. Power losses breakdown and efficiency of the three considered inverter topologies for an
equal output power of 100 kW at different input voltages.

The efficiency trend directly follows the behavior of total losses. While all topologies
benefit from higher DC-link voltage, the T-type inverter consistently achieves the highest
efficiency, followed by the ANPC and, finally, the 2L H-Bridge. This result highlights
the intrinsic advantage of multilevel topologies in post-800 V traction applications, where
reduced conduction current and redistributed voltage stress significantly improve electro-
thermal performance under identical output power conditions.
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4.2. Power Losses and Worst Case Switch Junction Temperature
Figure 3 shows the maximum junction temperature of the device facing the highest

thermal stress considered as the worst-case semiconductor device in leg-A for the three
inverter topologies when delivering the same output power at different DC-link voltages.

120 T T T
110 [ 800 Vv N 1000 v [N 1200 V
100
90
80
70
60
50
40
30
20
10
0

1

o

Temperature ( C)

2L H-Bridge 3L ANPC 3L T-Type
Inverter Topology

Figure 3. Worst case junction temperature (T max) for leg-A of the considered inverter topologies at
different input voltages.

A clear reduction in peak junction temperature is observed for all topologies as the
DC-link voltage increases from 800 V to 1200 V. This trend is mainly due to the lower RMS
phase current required to maintain the same output power under the adjusted R-L loading
conditions. Since the dominant conduction-loss component is approximately proportional
to I2,sRon, the reduced current stress lowers semiconductor heat generation and therefore
reduces the junction-temperature rise under the same imposed thermal boundary.

The topology-dependent loss distribution also contributes to this behaviour. The 2L
H-Bridge exhibits the highest junction temperature because its switches carry the full phase
current and are subjected to the full DC-link voltage stress. In contrast, the 3L ANPC and
3L T-Type distribute electrical and thermal stress among a larger number of devices. This
effect is most pronounced in the 3L T-Type, where favourable conduction paths and lower
effective device stress lead to the lowest observed T; max at 1200 V.

However, higher DC-link voltage also introduces practical trade-offs, including in-
creased semiconductor voltage stress, insulation requirements, creepage and clearance
distances, DC-link capacitor voltage rating, protection complexity, switching-transient
severity, voltage overshoot, and EMI-mitigation challenges. Therefore, the lower junction
temperature observed at 1000-1200 V should be interpreted together with these practical
implementation constraints.

Figure 4 extends the electro-thermal comparison by showing the total inverter power
losses and corresponding maximum junction temperature as functions of output power at
Vin = 800, 1000, and 1200 V. The left-column plots present the total power-loss trends, while
the right-column plots show the corresponding maximum junction-temperature response
under the same operating conditions.

For all DC-link voltages, the total losses increase with output power, reflecting the
increasing current stress at higher load levels. At 800 V, the loss increase is the most
pronounced because a higher phase current is required to achieve the same output power,
resulting in higher junction temperatures. As the DC-link voltage increases to 1000 V and
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1200 V, the required current decreases, leading to a systematic reduction in both total losses
and peak junction temperature across all investigated topologies.
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Figure 4. Output power versus total inverter power losses and maximum junction temperature for
the investigated inverter topologies at input V. = 800, 1000, and 1200 V. The left column shows the
total power loss, while the right column shows the corresponding maximum junction temperature.

The junction-temperature trends follow the loss trends, confirming the strong coupling
between semiconductor loss generation and thermal response under identical cooling-
boundary conditions. The separation among the topologies becomes more pronounced
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at higher output power, indicating that topology-dependent loss distribution becomes
increasingly important under high-power operating conditions.

This observation is significant for traction inverter design because the junction tem-
perature is a primary driver of semiconductor reliability. Elevated Tj accelerates thermally
activated degradation mechanisms such as bond-wire fatigue, solder layer aging, and met-
allization wear, while repeated temperature excursions AT; intensify thermo-mechanical
stress within the package. Consequently, the absolute junction temperature level and its
variation over time directly influence the expected device lifetime, the required cooling
capability, and the allowable thermal operating margin under automotive mission profiles.
For the same output power, differences in topology-dependent device stress therefore
translate into differences in cooling demand, thermal margin, and lifetime potential.

4.3. Switching Loss for Different Switching Frequencies

Figure 5 quantifies the dependence of switching losses on switching frequency for
the 2L H-bridge, 3L ANPC, and 3L T-type inverter topologies at V3. = 1000 V and a fixed
output power of Poy¢ = 100 kW for a simulation duration of 20 s. The switching losses are
explicitly analyzed because they scale approximately linearly with switching frequency
and are strongly influenced by topology-dependent voltage stress, current commutation
paths, and the number of active switching events per fundamental cycle.

[N 2L H-Bridge I 3L ANPC [ 3L T-type |
207.7

N

N

(63}
T

10 20 30
Switching Frequency (kHz)

Figure 5. Switching losses at different switching frequencies for the three considered inverter
topologies at a voltage of 1000 V and a fixed output power of 100 kW.

To contextualize the investigated range, full-SiC traction-inverter demonstrators for
EV powertrains have reported operation at switching frequencies up to 40 kHz to ex-
ploit the wide-bandgap switching capability toward higher power density and reduced
passive-component volume [44,45]. The 2L H-bridge exhibits the highest switching losses,
increasing from 66.8 W at 10 kHz to 136.2 W at 20 kHz and 207.7 W at 30 kHz, due to
full DC-link voltage commutation during each switching event. In contrast, the 3L ANPC
limits switching losses to 32.4-99.9 W, while the 3L T-type ranges from 36.5-111.1 W over
the same frequency span.

These numerical trends highlight that switching frequency scaling imposes a substantially
higher thermal penalty on the 2L inverter, particularly at elevated frequencies commonly
required in high-speed EV traction applications. Consequently, topology-dependent switching
behavior plays a decisive role in determining the feasible limits on switching frequency,
efficiency degradation, and thermal stress under high-performance operating conditions.
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4.4. Conducted EMI Analysis and Comparative Performance

The conducted EMI is evaluated using a standardized line impedance stabilization
network (LISN)-based configuration implemented in simulation, and the results are il-
lustrated in Figure 6. The LISN model consists of a series inductance of Lyjgy =5 pH,
decoupling capacitors of 1 uF and 100 nF, and a sensing resistor Ry gy = 50 ) to measure
high-frequency voltage disturbances at the DC input terminals. This configuration enables
accurate extraction of common-mode (CM) and differential-mode (DM) noise components
over the frequency range of interest. To represent parasitic coupling between the inverter
switching nodes and the ground, fixed stray capacitances are introduced uniformly across
all topologies: 20 pF from the upper switch node to the ground, 20 pF from the lower switch
node to the ground, and 120 pF from the midpoint node to the ground. These values are
consistent with commonly reported parameters in high-voltage inverter EMI studies [31].

It should be noted that parasitic capacitances are not standardized quantities. They
depend strongly on physical layout characteristics such as PCB geometry, layer stack-up,
device package type (e.g., TO-247 versus surface-mount modules), heatsink grounding
strategy, and mechanical mounting configuration. Nevertheless, identical parasitic val-
ues are intentionally applied to all inverter configurations to ensure a fair topology-level
comparison independent of mechanical implementation. This approach helps to isolate
the intrinsic effect of inverter topology on conducted-EMI excitation, rather than to rep-
resent a layout-specific implementation. In practice, the common-mode displacement
current associated with each switching node is approximately proportional to C, dv/dt,
where C;, is the corresponding parasitic capacitance to the reference ground. Therefore,
topology-specific variations in PCB layout, module packaging, heatsink grounding, and
cable arrangement can change the absolute CM/DM emission levels and may narrow or
widen the differences among the investigated topologies. The EMI results should therefore
be interpreted as comparative topology-level tendencies under fixed parasitic assumptions,
not as final layout-specific EMI compliance predictions. A complete design-stage assess-
ment would require topology-specific parasitic extraction from the physical layout or a
dedicated parasitic-sensitivity sweep.

No external EMI filters are included, enabling direct evaluation of intrinsic emission
characteristics. A constant load current of 100 A and a switching frequency of 20 kHz are
maintained for V3. = 800 V and 1000 V, ensuring identical di/dt stress while isolating the
impact of increased dv/df resulting from a higher DC-link voltage. Frequency-domain
spectra from 10 kHz to 30 MHz are obtained from time-domain LISN voltage signals to
extract the CM and DM components.

The results demonstrate pronounced topology-dependent EMI behavior. The 2L
H-bridge exhibits the highest emission levels, with dominant DM noise approaching
120 dBuV at 1000 V. This is driven by full DC-link commutation and large voltage steps
(£V4c) that generate steep dv/dt and strong displacement currents through parasitic
capacitances. In contrast, the 3L ANPC and 3L T-type topologies suppress both CM
and DM emissions due to reduced voltage step amplitude (e.g., =V4./2) and distributed
switching transitions, which limit high-frequency spectral content. Among the evaluated
configurations, the 3L T-type achieves the lowest overall emissions, particularly in the CM
domain, due to its symmetric structure and central clamping mechanism, which mitigate
ground-referenced current injection. Although increasing the input voltage from 800 V to
1000 V slightly increases the magnitude of the emissions due to the higher transition energy,
the multilevel topologies show lower increases in emissions under voltage scaling within
the fixed parasitic assumptions used in this study. These simulation findings indicate that,
under the fixed parasitic assumptions used in this study, the multilevel inverter topologies
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exhibit lower intrinsic conducted-EMI excitation than the 2L H-Bridge, with the 3L T-Type
showing the lowest overall emission tendency among the investigated cases.
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Figure 6. Conducted EMI of the considered inverter topologies at a DC-link voltage of 800 V and
1000 V.

5. Thermal Behaviour and Cooling Demand

Modern traction inverters are constrained by a maximum allowable junction tempera-
ture, typically Tjmax = 150 °C to 175 °C [25]. To quantify the topology- and load-dependent
cooling burden in a transparent mannet, an effective maximum allowable per-device thermal
resistance, Ry, req, is derived from the average loss of the worst-case semiconductor switch
under the imposed liquid-cooling boundary:

Tj,max - Tref

(5)

Rth,req P loss,avg,worst ’
where T, is the controlled reference temperature at the cold-plate/coolant interface and
Ploss,avgworst 15 the corresponding device-average loss of the worst-case semiconductor
switch evaluated over the fixed analysis window of t = 15-20 s. This requirement can
be interpreted as an effective junction-to-coolant thermal budget per device, which is
partitioned among the internal package path (R c), the case-to-heatsink interface (TIM
and mounting, Ry, ), and the remaining cooling hardware represented by the imposed
heatsink-to-reference path. In practical module assemblies, Ry, jc and Ry, ¢, can consume
a substantial fraction of this budget, thereby reducing the margin available to the cold-
plate and coolant loop [35]. Consequently, operating points that push Ry, req toward small
values indicate a stringent cooling burden and generally motivate higher-performance
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liquid-cooling measures, such as enhanced cold-plate designs and/or increased coolant
flow, compared with baseline implementations [35,46].

It should be emphasized that Ry req is used here as a comparative cooling-burden
indicator derived from the extracted average device loss, rather than as a claim that
the complete heatsink/cold-plate network has reached thermal steady state within the
simulated time. Since the imposed heatsink network has a dominant thermal time constant
of approximately Ry, Cy, = 100 s, while the electro-thermal simulations have a total duration
of 20 s, the reported junction-temperature and cooling-burden results should be interpreted
as common-window transient comparative indicators under identical thermal-boundary
assumptions. Longer mission-profile simulations over several thermal time constants
would be required for a full steady-state cooling-system assessment.

To parameterize a consistent system-level cooling boundary for topology comparison,
simulations were conducted with a DC-link voltage of V4. = 1000 V and a standardized
switching frequency of fsw = 20 kHz. The thermal boundary conditions were selected to
emulate an automotive water—ethylene glycol (WEG) liquid-cooled cold-plate interface.
The case-to-heatsink interface was modeled with Ry, ., = 0.05 K/W, while the heatsink-to-
reference path was represented by a first-order lumped network with Ry, = 0.1 K/W and
an effective thermal capacitance Cy, = 1000 J/K. The resulting dominant time constant is
T = RCi, = 100 s; this lumped representation provides the same slow thermal-inertia
boundary for all topologies, enabling a consistent comparative assessment under identical
external cooling assumptions. [47]. For consistency across topologies, the temperature
profile of the worst-case semiconductor switch in leg-A was evaluated over the same fixed
transient analysis window of 15-20 s. Figure 7 plots the corresponding Rih,req across the
continuous output-power spectrum.
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Figure 7. Maximum allowable effective per-device thermal resistance, Ry, req, for the considered
inverter topologies across varying output-power levels at Vg, = 1000 V and fsw = 20 kHz, calculated
using Tjmax = 150 °C and Ty = 25 °C.

As output power increases, the results reveal a clear divergence in cooling demand
driven by how each topology distributes its switching and conduction losses. At 70 kW
output, Ry req ranges from 2.55 K/W for the 2L H-bridge to 5.91 K/W for the 3L-ANPC
topology, indicating a comparatively relaxed thermal budget for the multi-level case under
the same imposed boundary.

However, at the peak 130 kW traction output, the 2L H-bridge topology dissipates
960.6 W of total losses, heavily concentrating heat flux on the worst-case switch. This
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corresponds to a stringent allowable effective thermal resistance of 0.79 K/W, indicating
the highest estimated cooling burden among the investigated topologies. In stark contrast,
multi-level topologies inherently distribute thermal stress across a larger semiconductor
active area. Despite the 3L-ANPC generating higher total system losses (707.4 W) than
the 3L T-Type (613.7 W) at 130 kW, its implemented commutation strategy provides a
more favourable heat distribution. As a result, the 3L-ANPC shows an allowable Ry, req Of
2.26 K/W at peak power, while the 3L T-Type requires 1.55 K/W. This indicates that, under
the defined simulation framework, the multilevel topologies provide a larger estimated
thermal-resistance margin than the 2L H-Bridge at elevated output power.

It should also be noted that the cooling-burden indicator based on Ry, req is calculated
from the average loss of the worst-case semiconductor switch under the implemented
switching-state selection. For the 3L ANPC topology, redundant switching states can in
principle be used to redistribute conduction and switching losses among the devices and
actively balance junction temperatures. Such optimized thermal-balancing control was
not included in the present benchmark, since the objective was to compare the topologies
under a common modulation and thermal-boundary framework. Therefore, the reported
ANPC cooling-burden result reflects the implemented switching strategy rather than the
maximum achievable thermal benefit of an actively thermally balanced ANPC inverter. An
optimized redundant-state selection strategy could further reduce the worst-case device
thermal stress and improve the estimated cooling margin, but this requires a dedicated
control-oriented analysis beyond the scope of this study.

To further examine the effect of coolant/reference temperature on the estimated cool-
ing margin, a post-processed first-order reference-temperature estimate was performed
using the extracted average worst-case device losses. In this analysis, Ry req is interpreted
as a cooling-burden indicator, where a lower value indicates a more stringent allowable
thermal-resistance budget. Since Ry req is calculated from the allowable temperature rise
between the junction-temperature limit and the imposed cooling reference temperature,
increasing Tes directly reduces the allowable thermal-resistance budget. For a fixed ex-
tracted device-average loss, the required effective thermal resistance at a different reference
temperature can be estimated as

Tj,max - Tref,new

. 6
T max — 25 °C (©)

Rth,req(Tref,new) = Rth,req(25 OC)

This post-processing does not replace a full temperature-dependent electro-thermal
rerun and should not be interpreted as a complete electro-thermal sensitivity simulation.
Instead, it provides a first-order estimate of the reduction in cooling margin at more
realistic coolant/reference temperatures. Accordingly, Ry, req is treated as a cooling-burden
indicator, and the coolant/reference-temperature variation in Table 3 is used to estimate
the corresponding change in thermal-resistance margin.

As expected, increasing the coolant/reference temperature reduces the allowable
thermal-resistance budget for all topologies. Increasing Tf from 25 °C to 50 °C reduces the
allowable Ry, req by approximately 20%, while increasing it to 65 °C reduces the allowable
budget by approximately 32%. However, the relative topology ranking remains unchanged
under this first-order post-processing assumption: the 2L H-Bridge exhibits the most
stringent cooling requirement, whereas the 3L T-Type and 3L ANPC retain larger estimated
thermal-resistance margins. These values should be interpreted as first-order cooling-
margin estimates rather than full temperature-dependent electro-thermal simulation results.
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Table 3. Post-processed first-order estimate of the required effective thermal resistance at different
coolant/reference temperatures for the investigated high-power operating point. The values are de-
rived from the extracted average worst-case device losses using a conservative junction-temperature
limit of Tjmax = 150 °C.

Topology Rinreq at 25 °C (K/IW) Ry req at 50 °C (K/IW) Ry, req at 65 °C (K/W)

2L H-Bridge 0.79 0.63 0.54
3L T-Type 1.55 1.24 1.05
3L ANPC 2.26 1.81 1.54

6. Thermomechanical Fatigue and Lifetime-Oriented Reliability Assessment

In automotive traction applications, semiconductor lifetime is predominantly limited by
thermomechanical solder fatigue. This ageing mechanism is driven by low-frequency junction
temperature cycling (ATj) up to 100°C, which induces cyclic shear stress due to the coefficient
of thermal expansion (CTE) mismatch between adjacent packaging materials [48].

Comparative thermomechanical reliability is evaluated using the Coffin-Manson
model, relating cycles-to-failure (N¢) to the temperature swing amplitude (ATj):

Nf=A- (AT)™. (7)

Based on standard power cycling test data, the fatigue exponent a( is empirically estab-
lished as —4.3327 [49]. Because the material-dependent multiplier A requires destructive
testing to determine absolute lifetime, the Palmgren-Miner linear damage rule

1
Dx— 8
N ®)
is utilized to formulate a relative damage indicator (D,). Normalizing against a baseline
condition mathematically cancels A, defining fatigue acceleration purely by the ratio of

4.3327
Drel = ATj . (9)
ATi,base

temperature swings:

It should be emphasized that the Coffin-Manson-based quantity used in this work is a
relative first-order thermal-stress indicator rather than an absolute power-module lifetime
prediction. The formulation captures the influence of junction-temperature swing (AT;),
which is an important driver of thermo-mechanical fatigue; however, practical power-
module lifetime also depends on additional factors, including mean junction temperature
(T;,mean), maximum junction temperature, heating and cooling time, current loading, voltage
stress, package structure, bond-wire or interconnect technology, solder layer properties,
and mission-profile-dependent cycling. Therefore, the relative damage indicator is used
only to compare the thermal-stress tendency of the investigated topologies under the same
converter-level simulation framework. Absolute cycles-to-failure are not calculated because
this would require package-specific lifetime coefficients and mission-profile-dependent
loading conditions that are outside the scope of the present R-L-load benchmark.

Figure 8 indicates that the 2L H-Bridge exhibits the largest junction-temperature swing
across the investigated output-power range, while the 3L T-Type shows the lowest AT; and
the 3L ANPC remains intermediate. At the peak 130 kW operating point, the 3L T-Type
limits ATj to approximately 20.9 °C (D, & 135), while the 3L ANPC reaches approximately
24.0 °C (Dye =~ 250). In comparison, the 2L H-Bridge reaches a higher temperature swing
of approximately 41.6 °C, corresponding to D, ~ 3100 under the Coffin-Manson-based
formulation. Therefore, within the defined converter-level simulation framework, the 2L
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H-Bridge shows the highest relative thermal-stress tendency, whereas the 3L T-Type shows
the lowest and the 3L ANPC remains intermediate.

310
451 | =@ 2L H-Bridge E
i 3L T-Type —_0O @
S 40f 3L ANPC [~ -
- 310 <
'<—] 35 3
2 30r ] LA g
3 ©
9 251 //ﬂ e 1
Q (0]
e 201 // §
S 45/ // a
El 1 J10" 2
3 1op 5
4
5_
0 g L I I 410°

|
70 80 90 100 110 120 130
Inverter Output Power, Pout (kW)

Figure 8. Thermo-mechanical fatigue indicators for the considered inverter topologies at different
output-power levels: the bar plot shows the junction-temperature swing (AT;), while the overlaid
line plot shows the calculated relative damage indicator (D).

Although the relative damage indicator in Equation (9) is calculated from AT;, the
corresponding mean junction-temperature trends extracted from the simulated junction-
temperature profiles are also considered as supporting lifetime-oriented thermal indicators.
The qualitative topology ranking remains unchanged when both ATj and Tj mean are consid-
ered: the 2L H-Bridge exhibits the highest thermal-stress tendency, the 3L T-Type shows the
lowest thermal-stress tendency, and the 3L. ANPC remains intermediate under the defined
simulation assumptions. Nevertheless, these results should be interpreted as first-order
thermal-stress indicators rather than absolute lifetime predictions, since a complete power-
cycling lifetime model would require package-specific empirical coefficients, heating and
cooling time, current loading, and mission-profile-dependent thermal cycling.

The qualitative comparison in Table 4 shows that the improved loss, thermal-stress,
and conducted-EMI indicators of the multilevel topologies should be weighed against their
practical implementation penalties. In particular, the 3L ANPC and 3L T-Type require
additional semiconductor devices, gate-driver channels, and more complex PCB layout
compared with the 2L H-Bridge, which can increase hardware cost and part-count-related
random failure risk. Therefore, topology selection should consider both the converter-level
thermal and EMI benefits and the associated system-level complexity under the intended
automotive design constraints.

Table 4. Qualitative comparison of thermal-stress indicators, cooling burden, and implementation
complexity for the investigated inverter topologies under the defined simulation framework.

Parameter 2L H-Bridge 3L ANPC 3L T-Type
Thermal-Stress and Cooling-Burden Indicators at 130 kW

Allowable thermal-resistance margin Most constrained Large;taersgt;rrflated Intermediate margin

Estimated cooling burden Highest Lowest Intermediate

Junction-temperature swing (AT;) Highest Intermediate Lowest

Relative damage indicator Highest Intermediate Lowest
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Table 4. Cont.
Parameter 2L H-Bridge 3L ANPC 3L T-Type
System-Level Implementation Trade-Offs

Part-count-related random failure risk Lowest Highest Intermediate

PCB layout complexity Lowest Highest Intermediate
Conducted-EMI tendency Highest Intermediate Lowest

Relative hardware cost Lowest Highest Intermediate

7. Conclusions

This study presented a simulation-based converter-level electro-thermal and conducted-
EMI benchmark of post-800 V traction inverter topologies, comparing the conventional 2L
H-Bridge, 3L ANPC, and 3L T-Type configurations under identical output-power condi-
tions and simplified R-L loading. The results show that increasing the DC-link voltage
from 800 V to 1200 V reduces semiconductor losses and worst-case junction temperature
across all investigated topologies, mainly due to the reduction in current stress at the same
output power. Among the evaluated topologies, the 3L T-Type consistently achieved the
lowest total losses, highest efficiency, and lowest peak junction temperature, followed by
the 3L ANPC and the 2L H-Bridge.

The cooling-burden analysis further showed that the multilevel topologies reduced
the estimated cooling requirement under the defined simulation framework. At the in-
vestigated high-power operating point, the 2L H-Bridge required the lowest allowable
effective thermal resistance (Ry, req = 0.79 K/W), indicating the highest cooling burden,
whereas the 3L T-Type and 3L ANPC showed higher allowable values of 1.55 K/W and
2.26 K/W, respectively. From a first-order reliability-oriented thermal-stress perspective,
the 2L H-Bridge exhibited the largest junction-temperature swing (AT ~ 41.6 °C), resulting
in a relative damage indicator approximately 23 times higher than that of the 3L T-Type
(AT; ~ 20.9 °C) when evaluated using the Coffin-Manson-based formulation.

Overall, within the simplified R-L-load converter-level benchmark considered in
this work, the 3L T-Type showed the most favourable trade-off among semiconductor
losses, conducted-EMI tendency, estimated cooling burden, and first-order thermal-stress
indicators. However, the 3L T-Type and 3L ANPC also introduce additional semiconductor
devices, gate-driver channels, modulation requirements, and control complexity, which
must be considered in practical automotive implementation.

8. Future Work

Future work will extend the benchmark by integrating PMSM or induction-motor mod-
els under realistic drive cycles, including speed-dependent back-EME, variable power factor,
field-weakening operation, closed-loop current control, and mission-profile-dependent cur-
rent waveforms. Further work should also include layout-dependent parasitic extraction,
dead-time sensitivity, gate-driver non-idealities, experimental EMI/loss validation, power-
cycling lifetime modelling with validated lifetime data, and reduced-order electro-thermal
modelling for longer-duration thermal assessment.

Al-assisted and metaheuristic optimization methods could also be explored for fu-
ture multi-objective inverter design, including optimization of topology selection, switch-
ing frequency, modulation parameters, thermal-boundary design, and EMI-related para-
sitic/layout constraints [50].

A scaled-down experimental prototype should also be developed in future work
to validate the simulated loss, thermal, and conducted-EMI trends. The most critical
validation step would be a controlled comparison of the 2L H-Bridge and 3L T-Type under
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identical DC-link voltage, output power, switching frequency, load condition, gate-drive
setting, coolant/reference temperature, and cold-plate condition, with measurements of
semiconductor losses, voltage/current waveforms, junction or case temperature, coolant
heat extraction, and LISN-based conducted-EMI spectra.

Author Contributions: Conceptualization, M.E.B.; Methodology, M.LLS. and S.J.; Software, M.I.LS.;
Validation, M.LLS. and S.C.; Formal analysis, M.ILS. and S.J.; Investigation, M.L.LS.; Resources,
S.C.; Writing—original draft, M.LLS.; Writing—review & editing, S.J., B.V.,, M.E.B., S.C. and O.H.;
Visualization, M.LLS. and S.J.; Supervision, B.V.,, M.E.B., S.C. and O.H.; Project administration, B.V.
and O.H.; Funding acquisition, M.E.B., 5.C. and O.H. All authors have read and agreed to the
published version of the manuscript.

Funding:  This work is a part of the BATSS project, which has received funding from the European
Union’s Horizon Europe research and innovation programme under a grant agreement No. 101103821.
Views and opinions expressed are, however, those of the author(s) only and do not necessarily reflect
those of the European Union.

Data Availability Statement: ~ The original contributions presented in this study are included in
the article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors also acknowledge the support of Flanders Make to their research
group.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Nomenclature and Abbreviations

The following symbols and abbreviations are used in this manuscript:

Vie DC-link voltage

Vs Device drain-source voltage
I(t) Instantaneous device current
Lims RMS phase current

fow Switching frequency

f1 Fundamental output frequency
m Modulation index

Rioad Load resistance

Lioad Load inductance

T4t Dead time

Rg,on External turn-on gate resistance
Rg off External turn-off gate resistance
dov/dt Rate of change of voltage

di/dt Rate of change of current

Peond Conduction loss

Psw Switching loss

Pyev (1) Total instantaneous device loss
Di(1) Heat flow injected by device i
Ploss Semiconductor power loss

b loss,avg,worst

Pout

Average loss of the worst-case semiconductor switch
Inverter output power

Eon Device turn-on switching energy
Eoft Device turn-off switching energy
T Junction temperature

T max Maximum junction temperature
T mean Mean junction temperature

AT; Junction-temperature swing
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AT

jbase
Tu(t)
Tref
Rh,ch
Rin
Rth,jc
R
Cin
T

,req

Tsim
N
A
&xo
D
Dyel

Lisn

Risn

CP
Abbreviations

2L

3L

AC
ANPC
M
CTE
DC
DM
EMI
EV
GaN
HEMT
IGBT
LISN
MLI
MOSFET
NPC
OBC
PCB
PLECS
PMSM
PWM
R-L
RMS
Si

SiC
SPWM
TIM
WBG
WEG

Baseline junction-temperature swing

Heatsink temperature

Cooling reference temperature

Case-to-heatsink thermal resistance
Heatsink-to-coolant thermal resistance
Junction-to-case thermal resistance

Required effective per-device thermal resistance
Heatsink thermal capacitance

Dominant thermal time constant, Ry, Cy,

Total simulation time

Cycles to failure

Material-dependent Coffin-Manson multiplier
Coffin-Manson fatigue exponent

Accumulated damage based on the Palmgren—Miner rule
Relative damage indicator

LISN series inductance

LISN sensing resistance

Parasitic capacitance to reference ground

Two-level

Three-level

Alternating current

Active neutral-point clamped
Common-mode

Coefficient of thermal expansion
Direct current

Differential-mode

Electromagnetic interference

Electric vehicle

Gallium nitride

High-electron-mobility transistor
Insulated-gate bipolar transistor

Line impedance stabilization network
Multilevel inverter
Metal-oxide-semiconductor field-effect transistor
Neutral-point clamped

Onboard charger

Printed circuit board

Piecewise Linear Electrical Circuit Simulation
Permanent-magnet synchronous motor
Pulse-width modulation
Resistive-inductive

Root mean square

Silicon

Silicon carbide

Sinusoidal pulse-width modulation
Thermal interface material
Wide-bandgap

Water—ethylene glycol
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Appendix A. Load Resistance Values Used in the R-L load Benchmark

Table Al. Load resistance values used for each topology, DC-link voltage, and output-power
condition at the baseline switching frequency of fsw = 20 kHz. The load inductance was fixed at
Lipad = 2 mH for all cases.

Vac (V) Pouir (kW) Ripadq 2L H-Bridge (2)  Rjgaqg 3L ANPC (Q2)  Rjgaq 3L T-Type (D)
800 130 1.56 1.52 1.56
800 115 1.82 1.81 1.82
800 100 2.15 2.13 2.15
800 85 2.60 2.58 2.60
800 70 3.25 3.21 3.25
1000 130 2.60 2.60 2.69
1000 115 3.00 3.02 3.07
1000 100 3.50 3.58 3.58
1000 85 4.15 4.20 4.25
1000 70 4.90 4.50 5.19
1200 130 3.86 3.95 3.99
1200 115 4.54 4.50 4.54
1200 100 5.25 5.21 5.25
1200 85 6.20 6.00 6.20
1200 70 7.51 7.40 7.53
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