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ABSTRACT

This article features a comprehensive methodology for analyzing and optimizing PWM dead time in automotive traction inverters,
applicable to a wide range of power devices, including Si IGBT/Diodes, SiC MOSFETSs, and Si/SiC Fusion switches. The proposed
methodology enables a systematic comparison of dead time characteristics, focusing on part-to-part tolerances and operating
point-dependent influence factors. Three traction inverter systems, each in the 200-300 kW class at 470 V, were built up utilizing
Si IGBT/Diode, SiC MOSFET, and Si/SiC Fusion switches from the latest automotive-released technology. The impact of PWM
dead times on power losses was experimentally investigated for all three inverter systems, supporting the analytical model. Key
findings from the experimental data include: (1) PWM dead times can account for more than 10% of the total inverter power
losses in high current density SiC MOSFET inverter designs operating at typical automotive switching frequencies of 10 kHz; (2)
Optimizing PWM dead times in Si/SiC Fusion power modules leads to up to a 5% reduction in total inverter power losses and
improved current sharing, resulting in lower thermal stress—This was evaluated using thermal infrared measurements from the
Si/SiC Fusion inverter prototype; 3) Optimized PWM dead times can reduce total harmonic distortion at light load conditions by
up to 2%-3% for IGBT/Diode and up to 4%-5% for SiC MOSFET and Si/SiC Fusion inverter systems; (4) A sensitivity study in
addition revealed that Si/SiC Fusion switches exhibit the most stable dead time settings under parameter variations. The benefit
of optimized versus conventional 2 us PWM dead times would result in an annual energy saving of approximately 6 GWh per 1
million vehicles. This highlights the significance of optimized PWM dead times in automotive traction inverters operating at typical
switching frequencies of 10 kHz. The goal of this investigation is to support the development of reliable and efficient automotive
traction inverters, with the methods presented being applicable to other applications as well.

of more than 100 kW, apply PWM dead times in the range of
2000-3200 ns for IGBT/Diode and 1500-2000 ns for SiC MOSFET
inverters to ensure that no shoot-through occurs. However,

1 | Introduction

The three-phase two-level voltage source inverter topology, also

known as the B6 bridge, still dominates the automotive traction
inverter application for hybrid and electric vehicles [1-3]. A
crucial aspect of this topology is the insertion of PWM dead times,
where both the low-side and high-side switches are turned off
before one of the switches turns on. This is necessary to prevent
shoot-through currents via the half-bridges, which can lead to
increased power dissipation and device failures. The majority
of today’s automotive traction inverters, with an output power

“too long” PWM dead times can result in several drawbacks,
such as increased power losses and increased harmonics on the
inverter output currents, particularly when wide bandgap SiC
MOSFETs are used as power switches, which have a high pn-
junction voltage drop of the body diodes compared to their silicon
counterparts. To mitigate these issues, it is essential to minimize
the PWM dead times while ensuring they are sufficient to prevent
shoot-through currents.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2026 The Author(s). IET Power Electronics published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

IET Power Electronics, 2026; 19:¢70185
https://doi.org/10.1049/pel2.70185

10f21


https://doi.org/10.1049/pel2.70185
https://orcid.org/0009-0006-0439-239X
https://orcid.org/0009-0007-8397-4466
https://orcid.org/0009-0001-2912-7916
https://orcid.org/0009-0000-9349-8212
https://orcid.org/0009-0001-3398-0303
mailto:tomas.reiter@infineon.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1049/pel2.70185
http://crossmark.crossref.org/dialog/?doi=10.1049%2Fpel2.70185&domain=pdf&date_stamp=2026-01-25

In DC/DC converter applications, PWM dead time optimization
methods have shown remarkable benefits in terms of efficiency
improvement, especially at high switching frequencies above
100 kHz [4-7]. However, in automotive traction inverter appli-
cations the switching frequency at about 10 kHz is rather low
and the output current changes direction within each sinu-
soidal output period. Thus the switches’ roles as control and
rectifier switches also change. This means that the relatively
constant operating conditions of a DC/DC converter are not
present in DC/AC inverter applications, making optimization
more complex.

Advanced inverter control algorithms can compensate for the
dead time resulting duty cycle drop [8-12]. However, it is essential
to know the differences between the applied signal dead time
value and the effective time resulting at the power switches.
Additionally, the current flow direction must be known, which
can be challenging to detect precisely, especially at light load
conditions. A compensation approach based on the current ripple
estimation has been introduced in [13], but this method also
requires a high-bandwidth sensor to feedback a signal correlating
with the effective dead time.

The introduction of SiC MOSFETs has made higher switching
frequencies feasible compared to traditional IGBT/Diode-based
inverter systems, while maintaining high efficiency [3, 14-19].
Due to the high switching frequency, the topic of dead time
optimization has gained more attention, as the impact on power
losses, reduced effective duty cycle, and modulation index, and
harmonics naturally increases [20, 21]. Studies, like [21], for exam-
ple, have concluded that standard 10 kHz applications will not
significantly benefit from dead time optimization, but the impact
of high current density designs on dead time-related power losses
may have been underestimated as it will be demonstrated by
experimental data in Section 4.

Due to rising production volume and increasing cost pressure,
combined switches with lower cost silicon IGBT/Diode and
efficient SiC MOSFET die areas were researched over the last
years extensively. The feasibility of paralleling IGBTs with MOS-
FETs was first demonstrated in the early 1990s [22] followed by
several studies to obtain the right balance between performance
and cost [23-25]. The optimization of control patterns for these
paralleled devices was under the focus in [26-31]. In order to
reduce complexity, the approach proposed in [32] combine the
two technologies within the half-bridge high-side and low-side
switch. Another way of complexity reduction by enabling a three
terminal hybrid switch device was discussed in [33], however it
still had additional circuits in between the IGBT and SiC MOSFET
gate connections. A further complexity reduction was introduced
by the so-called “Si/SiC Fusion” switches, which combine an
IGBT/Diode and a SiC MOSFET in a parallel configuration
controlled by a single gate drive command [34-37]. In focus of
PWM dead times a Si/SiC Fusion switch bring an additional
aspect to consider: When the active freewheeling is released, the
current commutates to the anti-parallel silicon diode due to its
lower forward voltage drop compared to the wide bandgap device.
As a result, PWM dead time optimization influences not only
the harmonics and power dissipation but also the current shares
within the switch configuration, which is also addressed in this

article by thermal IR pictures of a traction inverter implementing
Si/SiC Fusion switches.

This article presents an approach for calculating the required
PWM dead times in inverter systems utilizing IGBT/diode,
full SiC MOSFET, or Si/SiC Fusion switch configurations. The
proposed method relies solely on parameters readily available
in standard semiconductor datasheets, making it a practical
and accessible solution. With support of the analytical model,
developed in this contribution, factors influencing PWM dead
times are discussed and a comparative analysis of the three
different switch configurations is provided. The scope of this
contribution does not include dead time adjustment during
inverter operation or remapping different dead times to high-
side and low-side switches correlated to the flow direction of
the load current. However, the insights gained from this analysis
and experimental data can support future studies and advanced
control patterns where dead times are adjusted during application
run time. It is worth noting that the Si/SiC switch is considered
only in configuration with simultaneous gate drive, which is the
most favourable solution for automotive volume applications.

The article is structured as follows: Section 2 provides a clear
nomenclature of PWM signal and effective dead times, including
an approach to calculate the required timing for the application
enabling sensitivity analysis. Section 3 presents a behavioural
model to calculate the power losses during dead times. Chap-
terSection 4 shows the measured power losses over different
PWM dead times for all three types of power modules. Section 5
discusses the influence on the current output harmonics, which
provides further benefits on the vehicle system level beyond the
inverter power electronics. Finally, Section 6 summarizes the key
findings, and the Appendix lists the parameters of the applied
parts used for the experimental comparison.

2 | PWM Dead times in Inverter Application
2.1 | Nomenclature PWM Dead Times

During a single sinusoidal output cycle, the roles of the high-
side and low-side switches alternate, as illustrated in Figure 1.
In the half-cycle where the load current flows into the half-
bridge, the low-side switch acts as the “control switch”. It
operates in the first quadrant during the on-state and blocks the
voltage during the rectification of the high-side switch. Before
the rectification switch receives the turn-on command, a dead
time (DT1) is inserted, during which both devices are turned
off. After rectification (i.e., third quadrant operation), another
dead time (DT?2) is inserted before the control switch is turned
on again. In the other half-cycle, the control and rectifier switch
roles of the high-side and low-side switches are reversed. As a
result, the mapping of DT'1 and DT?2 to the switches also changes.
This is the primary reason why advanced control methods with
dead time compensation require precise knowledge of the zero-
crossing points of the output current. In automotive volume
applications, a single “large enough” dead time setting is typically
applied, which accommodates both DT'1 and DT2 dead times.
This approach with constant (i.e., current polarity independent)
settings is different from DC/DC converter applications and
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FIGURE 1 | Simplified control pattern in inverter application. During DTx both switches in the half bridge are off. The dead time insertion DT1 is

the delay to turn-on the “rectifier switch” and DT2 is the delay to turn-on the “control switch”. The DT1 and DT2 mapping to high- and low-side switch

changes with the sign of the load current. Positive load current is flowing out of the half-bridge.

makes the inverters robust in case of errors in measuring the
zero-crossing currents. However, it can lead to inefficiently long
dead times if the DT1 and DT?2 values deviate significantly from
each other.

2.2 | Signal vs Effective PWM Dead Times

Currently, there is no standardized nomenclature for PWM
dead times in inverter applications. However, due to the signal
path from the microcontroller to the power switches and their
switching characteristics, the applied PWM dead times in the
microcontroller registers and their corresponding I/O pins differ
from the time when both power switches are in the off-state
(see Figure 2). A common nomenclature for PWM dead times is
essential in order to support the optimization task. In this article,
the term “signal PWM dead times (DT;,)” refers to the settings
programmed in the microcontroller. Considering the total signal
path, the differences between the programmed dead time and
the microcontroller I/O pins can typically be neglected, as they
are often less than 10 ns. The “effective dead time (DT,p)” is
defined as the time when both power switches are in the off-state.
Although this naming convention may seem straightforward, the
real device characteristics, including parasitic elements and gate
drive circuit properties, pose practical challenges. For instance,
a device can be in the off-state but may be turned on again due
to the subsequent switching slope with dV/dt phase in certain
situations. To address this issue, a method with following steps
is proposed:

1. Calculating the effective dead times using a simplified
behavioural model, which can be populated with typical
datasheet parameters. The modelling approach is explained
in detail in Section 2.3, providing the basis for studying the
impact of tolerances and parameter variations on the required
signal dead times (Section 2.4).

2. Executing a real inverter operation with different signal dead
times (Section 4).

3. Identifying the dead time setting with the lowest power
losses, or in the case of an IGBT/Diode power module, the
dead time setting just before the power losses increase. This
condition is referred to as “zero effective PWM dead time” in
this article.

The advantage of using this nomenclature, where “zero effective
PWM dead time” corresponds to minimum power losses and thus
maximum inverter efficiency, is that it has benefits compared
to nomenclature based on current overshoot during switching
transients. For instance, if a situation arises where there is a
slight increase in current overshoot but a decrease in switching
energies, other definitions would lead to an incorrect conclusion
about the optimal operating point for efficiency. From the per-
spective of ensuring a safe operating area, a critical situation will
not occur at the point of “zero effective PWM dead time”. This is
because overlapping switching with heavily increased transient
current overshoot automatically results in low efficiency. This
concept has been utilized in the past for online PWM dead
time optimizations in DC/DC converters, as discussed in [4,
5]. Additionally, it has been applied in traction inverter power
modules for the purpose of implementing an active DC-link
discharge feature, as explained in [38, 39].

2.3 | Approach to Calculate PWM Dead Times

In order to calculate the needed PWM dead times, it is necessary
to determine the delays in the signal path from the microcon-
troller’s turn-on and turn-off commands to the point when the
power switch begins to turn on and completes the turn-off. The
required dead time is equal to the turn-on delays minus the turn-
off delays. The turn-on process is the same for both the control
switch and the rectifier switch, and is illustrated in Figure 3. The
turn-on process involves the following steps.

1. The microcontroller’s I/O pin rising edge charges the analog
filters in front of the gate drive input, reaching the gate
driver’s input high threshold (¢,,).

IET Power Electronics, 2026

3 of 21

85UB0 17 SUOWILIOD BRI 8|0 [ddke U} A PaueN0b 8.2 SDoILIE YO ‘3N J0 Sa|N1 10} AR I 8UNIUO AB]1M O (SUOTIPUOO-PUE-SULLB)WIO0" A3 W AeJq][pUIUO//STY) SUONIPUOD PUB SWS | aU) 95 *[920Z/T0/5Z] U0 AIgiT8uliuo A8]im * je1 Sewo | Ad S8T02Z /61T 0T/10p/00" Ao |1 ATRIqIPUIlUO" Yo Bssa 1P /STy WO Papeojumoq ‘T ‘9Z0Z ‘EvSrSS.T



LogicBoard | Gate Driver Board . Power Module

Isolation,LV to HV

= = I ' isolated | >
! Gate | _
i T Driyer i

uC | :

Rsl  Rs2 —1_Reon Reint

p . . n
isolated | Reoff Rein

| ; Gate |
. Cin .
! T Driver !

Signal Analog Digitalize.\tion and Effective
Dead Times Filters data transfer Dead Times
Highside
||| [\ ||| {j\(‘SWitCh
L Y LY WY
Switch

FIGURE 2 | Signal path of the PWM pattern from Microcontroller (uC) to the traction inverter power switches.
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FIGURE 3 | Control switch or rectifier switch turn-on. Analytic approximation of the turn-on signal path. At the point where the switch threshold
is reached the channel starts to conduct current.
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FIGURE 4 | Control switch turn-off. Analytic approximation of the
the shown waveform the device already blocks voltage.

2. The gate driver recognizes the input high signal and transfers
it via a digital transfer chain to the output side, causing a
propagation delay (¢,,).

3. The gate driver’s output charges the gate until the gate
threshold is reached, where the power switch begins to
conduct current (¢,3).

For the purpose of calculating PWM dead times, the turn-on slope
beyond this point is no longer relevant. In contrast to turn-on, the
turn-off process requires distinguishing between two cases: DT'1
and DT2.

To calculate DT1, we need to consider the regular hard switching
turn-off sequence of the power switch, as illustrated in Figure 4.
The process involves the following steps:

1. The microcontroller’s I/O pin falling edge discharges the
analog filters in front of the gate drive input, reaching the gate
driver’s input low threshold (¢;;).

2. The gate driver recognizes the input low signal and transfers
it via a digital transfer chain to the output side, causing a
propagation delay (,).

3. The gate driver’s output charges the gate until the Miller
plateau voltage (V jqrequ) is reached, where the power switch
begins to turn off the current (¢ ).

4. The Miller charge (Q.,) must be discharged for the turn-
off to be completed (¢.,), and the turn-off sequence can
be considered fully completed when the gate voltage is
discharged to the gate threshold voltage (¢s).

signal path for turn-off for 1st quadrant operation (control switch). At end of

It is worth noting that, especially in the case of bipolar devices
like IGBTS, tail currents (i.e., stored charge) can be neglected for
dead time considerations. This aspect was sometimes explained
differently in literature (e.g., [13]). However, when the device
channel is off, no emitter to collector conducting path is created.
Only a residual amount of charge carriers remaining in the not-
depleted drift region of the device, and thus the complementary
switch can be turned-on without causing a real shoot-through
current.

The sequence for DT2 has one major difference. Before DT2,
the switch was in rectification mode (or active rectification for
MOSFET, where the channel conducts current in the reverse
direction instead of the body diode), making the turn-off a zero-
voltage soft switching (ZVS) event without the presence of the
Miller charge, as illustrated in Figure 5 (or see Figure 12 for
measured waveform). However, it’s essential to charge the gate
voltage to a sufficiently low value to ensure safety against parasitic
turn-on when the complementary switch turns on and provides
a high dV/dt slope directly after the rectifier turn-off event. To
achieve this, the missing Miller plateau time must be substituted
by a longer and deeper gate voltage discharge (¢). The switch
can be considered robust against parasitic turn-on when the
gate driver output stage reaches the gate clamp voltage, typically
2 V above the negative gate driver supply rail VEE2. At this
voltage, the gate driver clamps the gate to the negative supply
rail, bridging thereby the turn-off gate resistor with near zero
ohm. Waiting until the gate clamp can be considered safe, but
it may not be optimal regarding minimum power losses, as will
be discussed later with experimental results. For inverter systems
using gate drivers without gate clamp feature, the formulas can
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FIGURE 5 |

Rectifier switch turn-off. Analytic approximation of the signal path for turn-off for 3rd quadrant operation (rectifier switch). The switch

has a zero-voltage turn-off transition and the hard commutation will follow later by the complementary switch turn-on transition (for D25 > 0).

be still applied, just the respective gate clamp voltage has to be
substituted by a low enough gate voltage where parasitic turn-on
is prevented.

The effective PWM dead times (DT,;) can be calculated by
summing the time sections of the turn-on event and subtracting
the sum of the time sections for the turn-off event, as described
by Equations (1) and (2). The signal PWM dead times (DTy;,)
applied by the Microcontroller has to ensure positive effective
times values. It is worth noting that a slight overlap (i.e., negative
effective time value) will not immediately damage the switches
as explained in more detail in [4, 5] and can be safely utilized for
special inverter operating modes as shown in [38, 39].

DT1,;=DT1lg+ (ty + 1ty +1,3) — (L1 + o+ s+ +1ss)
@

DT2,5=DT2 + (ty +tn+1,3) = (tp + it +155) (2

The rise and fall times of the individual sections can be calculated
using the analytical equations of RC networks, as shown in
Equation (3). In this equation, Vg source represents the final
voltage across the capacitor.

V(t)=Vs+Vy=Vs)- exp(}%) @

The equation can be solved to determine the time at which the
capacitor voltage reaches a certain threshold voltage. Using the
formula in Equation (4) and the parameters listed in Table 1, the
time sections (tx) of the switching event can be calculated.

TABLE 1 | Parameters for the time sections.
t, (see
Equation 4) R, C, Vin Vs Vo
t R +R,, Cin Vintnnign VCC1 GND1
tr2 = tppom”
ts Rgon + Rgin: Cies Vgeth VCC2 VEE2
L Rg+Ry, Ciu Vimiw GND1 VCC1
tr2 = tpposs1”
L3 Rgosr + RGint Cies  Vpiateaw VEE2 VCC2
t;, see Equation (5)
lys Rgos + R€ini  Cies Vgetn VEE2 'V ateau
Lre Rgor + R&int Cies  Veiamp VEE2 VCC2

2The digital signal transfer from low- to high-voltage side is approximated with
the gate driver propagation delay

)

Ven =V
ty=-R.-C,- log(—’“h xs)

VO - VxS

For the time section f;,, which represents the time it takes to
discharge the Miller charge (Q, named also as Q. later),
the gate voltage remains nearly constant. In this case, the most
practical solution is to calculate the gate current within the
Miller plateau using the gate resistances and driving voltage
(see Equation 5). The more complex minority carrier dynamics
of a bipolar device are considered in this article as a current
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FIGURE 6 | Parameter sensitivity study. Each parameter was changed individually from min to max and the impact on dead time is plotted.

dependent Qcg, which means different values from minimum
to maximum can be considered for this charge. With a constant
discharge rate, it is possible to calculate the time using parameters
from the vendor’s product data sheets.

ch : (Rgoﬁ‘+ Rgim)
VEE2

Vplateau -
It is essential to note that the proposed method for calculating
dead times may result in an absolute deviation from the actual
timing that achieves minimum power losses. However, in the
three examples with different switch technologies the absolute
deviation was within 200 ns and Section 2.4 discusses the
potential shifts in case of parameter variation. The calculation
provides a solid foundation for a comprehensive understanding of
the relative influencing factors of PWM dead times and sensitivity
studies regarding part-to-part tolerances and changing operating
conditions. Furthermore, this method provides an insightful tool
to predict needed dead time adjustments in case gate drivers with
adaptive switching speed is applied, where gate voltages and/or
supply voltages are changed during application run time and it is
well suited to pre-calculate appropriate PWM timings with inputs
available from standard semiconductor data sheet values.

2.4 | PWM Dead Time Sensitivity Study
(Calculated)

With the support of the analytical approach presented in Sec-
tion 2.3, it is possible to predict deviations in effective dead
times in the event of parameter changes. The article investigates
whether there are differences in PWM dead time stability among
the three different switch technologies. Using the exemplary
devices listed in Table A2, which address similar applications in
terms of working voltage and output currents, the impact of 17
key parameters influencing dead times was analysed and plotted
in the diagram shown in Figure 6. In this study, the parameters
were set to their typical values, and one parameter was modified
to its respective minimum and maximum value. The plot reveals
that the tolerances on the analog input filters have a relatively
low contribution compared to other parameters. As the threshold
voltage (V,) changes with device temperature, the Miller
plateau voltage (V pjqreqn) With operating current, and the charge
(Qnier) with working voltage, these parameters were indicated as
operating point dependent. If gate supply voltage fluctuations are
also considered as operating point dependent, then the maximum
effective dead time deviation at constant signal dead times are
350 ns for the IGBT, 190 ns for the SiC MOSFETSs and only 130 ns
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for the Si/SiC Fusion switch in this example. Summing up all
other non-operating point dependent deviations leads to 470 ns
for the IGBT, 290 ns for the SiC MOSFETs and only 260 ns for
the Si/SiC Fusion switch. This sensitivity study concludes that the
classical signal PWM dead time of 2000 to 3200 ns for IGBT/Diode
and 1500 to 2000 ns for SiC MOSFET inverters are safe settings
but can be significantly shortened without risk of shoot-though.
This comparison also clearly demonstrates that, with the same
minimum and maximum tolerances, the impact on PWM dead
times is highest for IGBT switches, moderate for SiC MOSFETs,
and lowest for Si/SiC Fusion devices. This result is attributed to
the fact that the damped behaviour of Si/SiC Fusion allows for low
R, - C, values, which minimizes the impact on relative timing.

3 | Power Loss vs Dead Time (Calculation)

In inverter power loss simulations, it is common to neglect the
PWM dead times and their related power losses when using
behavioural models that average over one sinusoidal period
[40]. However, in this section, an approach that calculates the
additional conduction loss contribution arising from the PWM
dead times is introduced. This model can be added as a modular
function block to existing state-of-the-art models. The dead time-
related conduction losses can be calculated by summing the
energy loss during each dead time conduction interval, as shown
in Equation (6). In particular, T, is the fundamental output
frequency, and the integration is carried out only over half of a
cycle, where the switch/diode pair is in rectification mode.

L
Por=1- /0 V(o) - I()dt ©)

The current follows a sinusoidal shape for both sine (SPWM)
and space vector modulated (SVPWM) inverters, as described
by Equation (7). For the voltage drop during the dead time, a
linearized model can be applied, as shown in Equation (8). The
parameter V,; represents the constant voltage drop during the
dead time, while the ohmic voltage drop during the dead time,
Rpy, depends on the sinusoidal current. Furthermore, the voltage
drop occurs only over the time interval of the effective dead times,
DTy, each switching cycle. Note that DT, is the sum of both
effective dead times, DT1 and DT2.

I(t) = I, - sin(a) @)

V(t) = (fsw : DTej]') : (RDT : ka Sil’l(O{) + VODT) (8)

By plugging the current of Equation (7) and voltage of Equation
(8) into Equation (6), and averaging over one fundamental output
period, the integral of Equation (9) will be obtained.

Ppr = % / (fsw : DTlef) : (RDT 'IPk sin(a) + VODT)
0
- (I - sin(a))dex )

Due to the linearization, the integral can be solved to the formula
of Equation (10). It has to be noted clearly, that effects of
potential reduction of dynamic switching losses from both, a
potential reduction in diode turn-off energy losses (AErec) as

well as reduction in forward recovery diode turn-on energy losses
(AE frc) at short diode conduction times, are not implemented in
this behavioural model.

\/EI n Rpr V,
Ppr = DTy fo \/EIP,,< b Z + ‘7’;” (10)

To calculate the dead time-related conduction losses, it is essential
to apply the appropriate parameters for R, and Vp;, which
represent the difference between passive and active rectification.
For an IGBT/Diode power module, both Ry, and V,; are zero,
as the active turn-on of the IGBT does not change the con-
duction characteristics of the antiparallel diodes. Consequently,
optimizing PWM dead times will not affect power losses until
an overlapping switching (i.e., a transient shoot-through current
due to negative effective dead times) occurs. The impact of
high dead times on the distortion of the sinusoidal current
shape will be addressed in the next section. In contrast, for
a SiC MOSFET power module, the difference between passive
and active rectification (Rj;) can be modelled by the difference
between the body diode resistance (R;) and the on-state resistance
(R4son)> as shown in Equation (11). A similar method is applied to
model the constant voltage drop, where V, represents the drop
of the body diode pn-junction, whereas in the active on-state, the
MOSFET has no pn-junction drop (see Equation 12). The numeric
values for the DUT FSOIMROSASMAZ2 at room temperature are
provided as an example.

Rpr = Ry — Rygp = 1.95 mQ — 1.03 mQ an

Vopr =Vo—0=32V (12)

Using the model and the exemplary parameters, the dead time-
related conduction losses of a SiC MOSFET power module are
illustrated in Figure 7. Due to unmodeled dynamic effects, the
actual power loss savings achievable in practice are to be even
higher, as will be demonstrated later in Section 4.

In the case of a Si/SiC Fusion power module, the difference
between passive and active rectification (R, ) can be modelled by
considering the different output characteristics of the antiparallel
silicon diode and the on-state resistance (Ry,,) of the SiC
MOSFETs. This is graphically illustrated in Figure 8.

Due to the significantly larger pn-junction voltage drop of the SiC
MOSFET body diode compared to the Si diode, it is possible to
entirely neglect the SiC MOSFET body diode, at least for normal
operating currents of the inverters.

RDT = Rsid - Rd.\'on =0.6 mQ (13)

Vopr = Vo —0=1.05V (14)

The numeric values for the DUT FS980R08A7FU32 at room
temperature are provided as an example in Equations (13) and
(14). Using these parameters and the model described in Equation
(10), the dead time-related conduction losses for a Si/SiC Fusion
power module can be calculated (see Figure 9), neglecting the
effects of reduced recovery charge of rectifier diodes in cases of
short conduction times.
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FIGURE 7 | Calculated dead time related condition losses per topological switch for a SiC MOSFET power module according model of Equation

(10) with parameters of (Equations 11 and 12).
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FIGURE 8 | Static output characteristics of Si/SiC Fusion switch in active and passive rectification mode as well as the difference.
4 | Power Loss vs Dead Time (Measured) power losses were measured by the power analyzer within the

In this section, inverter systems with the three different switch
types were operated in open loop on an inductive load. The test
conditions for this experimental testing are noted in Table 2.
Appendix B shows pictures of the test setup and Appendix C
provides a detailed equipment list and settings for applied
data acquisition. The Microcontroller set constant and equal
signal dead times DT1, = DT2y;, for each operating point. For
each measurement, the modulation index, output frequency,
etc., was kept constant after a 100 ms soft-start ramp. The

steady state operation. Each measurement was repeated with a
reduction of signal dead times until the power losses showed a
substantial increase.

4.1 | IGBT/Diode: Power Loss vs Dead Time

As anticipated in Section 3, optimizing the PWM signal dead
times does not improve the power losses in IGBT inverters. In
fact, applying “too short” dead times can generate additional
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FIGURE 9 | Calculated dead time related condition losses per topological switch for a Si/SiC Fusion power module according model of (Equation 10

with parameters of Equations 13 and 14).

TABLE 2 | Standard test conditions.

Condition Value Unit
Topology B6

Modulation SVPWM

DC working voltage 450 \Y%
Switching frequency 10 kHz
Output frequency 100 Hz
Coolant temperature 65 °C
Coolant flow 10 L/min
Coolant mix 50/50 %/ %"
PF ~0..0.1

modidx ~1 % per Arms
Measurement duration ~ 8.12° S

2Ethylene-glycol (G12evo)/water mixture.

bSteady state is achieved after about 5 s. The inverter power loss measurement
is performed after steady state reached. During the run-time no parameters are
adjusted to ensure stable conditions.

power losses due to slight overlapping switching, as evident in
the measured diagram of Figure 10a. To illustrate the influence
of PWM dead time related power losses, the minimum achieved
total power losses of the inverter system at each operating
current were subtracted from the plot and resulted in Figure 10b.
Consistent with the sensitivity analysis of Section 2.4, the lowest
currents (corresponding to low Miller plateau voltage V,4requ)

and highest working voltages (resulting in high Miller charge
Quvitter) are the most critical for PWM dead times. As a result, the
power loss increase at reduced dead times is first observed at low
currents, before it becomes apparent at higher operating currents
as it can be seen in Figure 10a.

4.2 | SiC MOSFET: Power Loss vs Dead Time

The same approach used for IGBT switches was applied to SiC
MOSFET inverter power modules, resulting in the total power
loss data presented in the diagram of Figure 1la. Similar to
IGBTs, reducing PWM dead times in SiC MOSFETs leads to
increased power losses, particularly at low currents (combined
with high working voltages). This is evident when comparing the
100 ns power loss curve to higher dead time values at currents
below 150 Arms. Additionally, at high currents, it is clear that
very long dead times (e.g., 2500 ns) with prolonged conduction
times of the SiC MOSFET body diodes result in high power
losses, especially for currents above 400 Arms. By subtracting
the minimum total achieved power losses over PWM dead times
and plotting the PWM dead time-related power losses, the results
become more insightful, as shown in Figure 11b. Reducing
body diode conduction times from classical 2000 ns to optimal
short PWM dead times decreases power losses of the inverter
system by nearly 15%. At high currents, the improvements are
significantly greater than predicted with the conduction loss
related improvements in Section 3. This led to the conclusion that
a major contribution of dead time related losses might also come
from a modified body diode recovery charge and turn-off energy
(Qrr and Erec), which was further investigated in Section 4.2.1.
Even with a reasonable safety margin of 200 ns, which accounts
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(a) Total inverter system power losses at different PWM signal dead times. The
increasing power loss starts at low currents first.
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(b) Dead time related power losses from Fig 10a. The minimum measured power
losses were set to 0 W to illustrate only the PWM dead time related power losses.

FIGURE 10 | IGBT Inverter 450 V, 10 kHz.

for part-to-part tolerances, a total inverter power loss reduction of
substantially more than 5% is achievable.

In summary, PWM dead times in SiC MOSFET-based inverters
should be carefully designed to be robust against shoot-through
events while also being short enough to ensure efficiency and
prevent prolonged body diode conduction times.

4.2.1 | SiC MOSFET: Erec vs Dead Time

Due to the unexpectedly high power loss reduction observed at
short PWM dead times, a detailed analysis of the active rectifica-
tion turn-off (DT2) was conducted. This involved recording the
switch voltage and current waveforms with equipment and data
acquisition noted in Appendix C. Figure 12 presents an overlay
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(b) Dead time related power losses from Fig 11a. The minimum measured power
losses were set to 0 W to illustrate only the PWM dead time related power losses.

FIGURE 11 |

SiC MOSFET inverter 450 V, 10 kHz.

of several waveforms, showcasing the transition from long to
short signal dead times at 450 V and 850 A. For signal dead
times longer than 200 ns, the measured waveforms exhibit similar
characteristics in terms of voltage and current overshoot. The
100 ns short signal dead time has the switching event before the
gate clamp is reached, resulting in a reduction of the voltage

overshoot during commutation. This behaviour is caused by a
nearly direct commutation from one MOSFET channel to the
other. However, all waveforms show energy losses (Erec) of a
similar magnitude, which cannot account for the power loss
reduction measured by the power analyzer during the inverter
operation depicted in Figure 11b. This discrepancy led to the
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FIGURE 12 |
energy losses per pulse (Erec) are nearly constant and low in magnitude.

conclusion that other factors contribute to these power losses.
Research studies have focused in the past on the 3rd quadrant
operation, particularly for non-switching active short circuit safe-
state operation [41, 42], and static conditions [43, 44] as well as the
diode turn-off behaviour similar to 12 under different conditions.
However, the topic of high current density body diode turn-
on and the dynamic transition into channel operation has not
been adequately addressed in research and might contribute to
understanding the root cause for the high impact of dead time
related power losses with increasing current densities.

4.3 | Si/SiC Fusion: Power Loss vs Dead Time

The total power loss data for Si/SiC Fusion inverters at various
PWM signal dead times is presented in Figure 13a, while the
relative dead time related power losses are shown in Figure 13b.

Double pulse test waveforms of SiC MOSFET active rectifier turn-off at 450 V, 850 A, and different signal PWM dead times DT2. The

The Fusion switch exhibits a stable optimum between 450 and
500 ns signal dead time, which was also utilized in [38] for a
method of active DC-link capacitor discharge at the vehicle key-
off event. The power loss reduction from 2500 ns to 1000 ns is
consistent with the predicted improvement outlined in Section 3.
However, an additional effect comes into play when the signal
dead time is further reduced from 1000 ns to the optimal value.
In Si/SiC Fusion switches, the silicon diodes conduct, and the
contribution from the SiC body diode can be neglected during
the effective dead times. For low conduction times of the silicon
diodes, the charge carrier plasma is not fully built up, resulting
in a reduction of the recovery charge of the silicon diodes similar
to [45]. Consequently, short conduction times lead to a further
decrease in power losses and advantageous recovery behaviour.
With the PWM dead time related power losses contributing 2%-
6% to the total inverter power losses, optimizing the dead time is
crucial for efficient and reliable inverter operation.

IET Power Electronics, 2026

13 of 21

85U80|7 SUOWIWOD A 181D 3|edldde aup Aq peusenob ae ssppiie YO ‘8sN Jo se|ni 1oy AriqiT8uljUO A8]IM UO (SUOT PUOD-pUe-SLLIBIALI0D A8 | 1M ATl 1jeut|UO//:SANY) SUORIPUOD pue swie | 8 8sS *[9202/T0/52] Uo Ariqiauliuo A(iM * Jeyed sewo | Aq S8T02 2 ed/6r0T 0T/10p/L00 A8 |im Areiq iUl |UO Yo easa . I//:SAny Wolj papeo|umod ‘T ‘9202 ‘ErStSSLT



6000 T T T T .
DT =2500 ns
5000 - DT =1000 ns
DT =750 ns
DT =500 ns
Z 4000 DT =300 ns i
< |
b 3000
5
Z 2000 |
i
1000 .
0 1 1 1 1 1
0 100 200 300 400 500 600
I, [Arms]

(a) Total inverter system power losses at different PWM signal dead times. Slight
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(b) Dead time related power losses from Fig 13a. The minimum measured power
losses were set to O W to illustrate the dead time related losses.

FIGURE 13 | Si/SiC fusion inverter 450 V, 10 kHz.

4.3.1 | Si/SiC Fusion: Thermal Impact of Dead Time

During the investigation of inverter operation, the impact of
varying current distributions at different signal dead times was
also examined. Figure 14 illustrates the measured temperatures
within the Si/SiC Fusion power module, presented as a thermal

difference image. Both the diode and SiC MOSFET chips exhibit
a thermal resistance (Rth) junction to fluid of approximately
0.35 K/W in this application example. An increase in signal dead
times from 600 ns to 2500 ns resulted in the diodes being 8.2 K
hotter and the SiC MOSFETs being about 1.2 K cooler in this
specific example. To calculate the additional losses in the total
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FIGURE 14 | Thermal IR Picture of Si/SiC Fusion power module at 450 V, 575 Arms, 10 kHz. The picture is an IR difference picture from two steady
state measurements. The first IR picture was taken at 2500 ns and the second at 600 ns signal dead times. Positive temperatures [K] are hotter areas in

case of the long dead times.

inverter, we can use the thermal images, applying the formula
Ppr 2500ms sooms = 6 * (AT /Rth) = 6 % (8.2 K — 1.2 K)/0.35 K /W.
This calculation yields a value of 120 W, which closely matches the
measurements obtained using the Power Analyser, as detailed in
Section 4.3. Furthermore, reducing the temperature swing of the
diodes of nearly 10 K at high load condition is expected to con-
tribute significantly to extending the power cycling application
lifetime of the power modules [46]. This outcome underscores
the importance of optimizing signal dead times in inverter oper-
ation to achieve better thermal management and, by extension,
improved module durability.

4.4 | Summary: Power Loss vs Dead Time

In both SiC and Si/SiC Fusion switch-based inverters, the reduced
power losses at optimized dead times were substantial, ranging
from about 5%-15%. Especially for SiC MOSFETSs, the experimen-

tal data revealed an unexpectedly high optimization potential
with respect to conventional PWM timings as applied today.

Assuming a standard vehicle driving profile of 15,000 km of per
year, and a typical inverter energy loss without optimized dead
times of 0.4 kWh per 100 km of driving, an PWM dead time
optimization with a 10% power loss reduction would result in
an annual energy saving of approximately 6 GWh per 1 million
vehicles. Given this high energy-saving potential, more focus and
research should be done to optimize PWM dead times in the
traction inverters.

5 | Inverter Output Harmonics (Open Loop)

The PWM dead times, which result in voltage drops, not only
cause power losses but also introduce harmonics into the output
waveform. A common figure of merit used to evaluate the quality
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FIGURE 15 | Measured output harmonics at different PWM signal dead times at 450 V, 10 kHz.

of the output waveform is the total harmonic distortion (THD).
In this comparison, the focus is on the inverter phase currents
during constant open-loop operation. The THD of the measured
current signal can be calculated using Equation (15), where the
fast Fourier transform (FFT) of the current signal provides the
input for the currents with the index i for the harmonic order.

o0

THD[%] = 100 - T (15)
For this comparison, harmonics up to the switching frequency
of 10 kHz were considered (i.e., the first 100 harmonics). The
current signal was recorded using a high-resolution LeCroy
8208HD scope with high bandwidth (see also Table Cl) and
filtered in post-processing with a 1 MHz filter before performing
the FFT and THD calculation. The signal filter with 100 times
higher bandwidth compared to the highest harmonic under
consideration will not remove potential sidebands. The operating
point of 50 Arms at 450 V, close to 100 Hz, was chosen because
this light load condition is relevant to electric car driving profiles
(see also [34, 36]), and THD is more critical at light load compared
to full load operation. The open loop test was performed on three-
phase load of 250 uH inductance with same conditions as noted
in Table 2.

5.1 | IGBT/Diode

Figure 15a illustrates one of the 10 measured output periods of
the IGBT/Diode inverter, comparing the results for a long signal
dead time of 2500 ns and a near-optimal dead time of 700 ns.
A visual comparison of the two current waveforms reveals a
higher harmonic contribution at the longer dead time, in contrast
to the nearly ideal sinusoidal current waveform achieved with
the optimized “low” dead time. The improvements are further
evident in the fast Fourier transform (FFT) generated frequency
spectrum, which includes the resulting total harmonic distortion
(THD) values. An THD improvement of 2%-3% was possible by
optimized dead time in the IGBT/Diode inverter system.

5.2 | SiC MOSFET

The influence of PWM dead times on harmonics is significantly
more pronounced in SiC MOSFETs compared to IGBT/Diode
power modules, as evident from a comparison of Figures 15a and
15b. The root cause is the high voltage drop of the SiC MOSFET
body diode compared to the active freewheeling mode. Notably, a
5% reduction in total harmonic distortion (THD) can be achieved
by dead time optimization.

5.3 | Si/SiC Fusion

The influence of PWM dead times on harmonics in Fusion power
modules, as illustrated in Figure 15c, is more pronounced com-
pared to IGBT/Diode power modules, but slightly less significant
compared to SiC MOSFET modules. As expected, the Fusion
switch achieved the lowest total harmonic distortion (THD)
values at optimized dead times, owing to its extremely stable
dead times across varying operating conditions. This stability is
a result of the fast yet smooth switching behaviour of the Si/SiC
Fusion switches. A notable reduction in THD of more than 4%
was achieved.

5.4 | Summary of Harmonics Comparison

Optimized PWM dead time is beneficial for reducing harmonics
in all switch types investigated. However, modern device types,
such as SiC MOSFETs and Si/SiC Fusion switches, exhibit a
greater impact of PWM dead times on harmonics under the
same operating conditions. Besides the demonstrated light load
improvements it is worth noting that lower signal PWM dead
times increases also maximum possible DC-link voltage utiliza-
tion at a high modulation index. Lowering signal dead time
of each 100 ns will account for 0.2% higher working voltage
utilization until the DC+/- clipping begins. Clipping occurs when
the combined duration of dead time and turn-on period exceeds
the period of the PWM switching pattern.
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The reduction in output harmonics can lead to additional benefits
in machine and vehicle transmission systems. In particular, the
lower THD values result in reduced torque ripple, which is
expected to reduce power losses in these systems, in addition to
the inverter power electronics.

6 | Summary and Conclusion

Up to the current state-of-the-art, PWM dead times have not been
a focus for automotive traction inverters operating at 10 kHz. The
effect of dead time on overall system performance has been minor
when using IGBT/Diodes. Therefore, inverter designers would
typically continue using dead times of more than 1 us in such
systems. However, the calculated improvements in dead time-
related power losses were found to be significantly overachieved
in SiC MOSFET-based inverters and slightly in Si/SiC Fusion
switch-based inverters. Experimental results demonstrated that
optimized PWM dead times can account for more than 10% of
total inverter system power losses at typical automotive switching
frequencies of 10 kHz.

Given the substantial power loss reduction observed in SiC
MOSFET inverters, future research is recommended to focus on
the dynamic turn-on and turn-off of the 3rd quadrant operation.
The improvements in power losses also contribute to lower
thermal stress, as evidenced by lower diode temperatures (nearly
10 K at high load conditions) in a Si/SiC Fusion switch inverter.
This reduction in thermal stress is also beneficial for the power
cycling reliability of the power modules.

The article also evaluates the influence of PWM dead times on
inverter output current harmonics under open-loop light load
conditions. The results indicate that optimized PWM dead times
can reduce total harmonic distortion by up to 5%. This reduction
is significant, as it leads to lower torque ripple and power losses
at the electric drive train beyond the inverter system, providing a
substantial benefit in vehicle systems.

The findings highlight the importance of considering the specific
characteristics of different switch types and the potential for
significant improvements in power loss reduction by optimizing
the PWM dead times. Future studies should continue to explore
this optimization area to further enhance the efficiency and
reliability of inverter systems. For example, optimizing PWM
dead times during application run-time, particularly in cases
utilizing adaptive gate drive methods, can be beneficial. In
such methods, the switching speed and consequently the PWM
dead times can vary during run-time, offering opportunities for
dynamic optimization. The introduced analytical approach of
this article, including sensitivity analysis for IGBT/Diode, SiC
MOSFET, and Si/SiC Fusion switch inverters, provides a solid
basis for future research and optimization methods.
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TABLE A1l | Switch technology and implemented die area per topo-
logical switch.

Technology partno  IGBT Diode SiC MOSFET
IGBT/diode 320 mm? 180 mm? —
Appendix A: Parameters: Device Under Test FS1150R08A8P3B
Table Al lists the switch technology and die areas of the device under tests SiC MOSFET o o 200 mm?*
(DUT) within the studies of this article. The PWM dead time sensitivity FSOIMROSASMA2B
analysis was exemplarily performed with the data of Table A2 taking into Si/SiC fusion 160 mm? 60 mm? 60 mm?
account an off-the shelf automotive gate driver 1IEDI3035AS with public FS98OROSA7F32B
available datasheets of the power modules and gate drivers.
TABLE A2 | Parameters applied for the sensitivity study.
Parameter Tech min? typ max®
vccl n.a. —5% 50V +5%
Vin_th_nigh n.a. Vin_th_tow 155V 20V
Vin_th_tow n.a. 08V 135V Vin_tn_nigh
R, n.a. -1% 2*470 Q +1%
Cin n.a. —5% 100 pF +5%
tppont n.a. 55 ns 60 ns 90 ns
tppoff1 n.a. 55ns 60 ns 90 ns
VCC2 IGBT; SiC; Fusion —5%; —5%; —5% 15V;18 V;18V +5%; +5%; +5%
VEE2 IGBT; SiC; Fusion —5%; —5%; —5% -8V, -5V, -5V +5%; +5%; +5%
Rg,n IGBT; SiC; Fusion —2%; —2%; —2% 220Q;6.80;1.27Q +2%; +2%; +2%
Rgos IGBT; SiC; Fusion —2%; —2%; —2% 5.6Q;330Q;1.5Q +2%; +2%; +2%
Vetamp IGBT; SiC; Fusion -58V;-28V;-28V —-6.0V;-3.0V;-3.0V —-6.2V;-32V;-32V
Cies IGBT; SiC; Fusion —10%; —10%; —10% 60.8 nF; 43.0 nF; 43.3 nF +10%; +10%; +10%
Vgetns Vgsins Vigsth IGBT; SiC; Fusion 49V;32V;32V 58V;39V;39V 6.65V; 4.55V;4.55V
Rgin: IGBT; SiC; Fusion —-10%; —10%; —10% 1.0 Q;0.53 Q;1.0 Q +10%; +10%; +10%
V plateau IGBT; SiC; Fusion Vgeth_mins Vsth_min> Vesth_min 8V;7V;75V 10.0 V; 8.8 V;10.0 V

Quitter IGBT; SiC; Fusion

—10%; —10%; —10%

0.8 uC; 0.4 uC; 0.52 uC

+10%; +10%; +10%

2Relative values related to the typical value.

Appendix B: Setup Pictures

Figure Bl shows the applied DUTs power module in top view. The
picture shows one single half-bridge of each switch technology under
investigation. The experiments were performed with three identical half-
bridges forming the B6 bridge power modules. The DUTs use the same
thermal stack for all switch configuration with following data: chips
attached by 15 um Ag sinter layer to 320 um SiN substrate with 300 um
topside and bottom side copper. The substrate is attached by 350 wm solder
layer to a 3 mm thick copper baseplate with 6 mm long PinFin structure
directly cooled by the liquid cooling system.

Figure B2 shows the test setup applied for the inverter testing. The #1 4
mm plugs are the voltage probe connections of the power analyzer; #2
are the voltage probes and the Rogowski current coil for the oscilloscope
switching waveform recording according to Table Cl1; #3 is the coolant
inlet; #4 the gate driver board with open design and production files
on request; #5 the DC-link capacitor; #6 rapid prototyping control
platform for open loop tests based on Arduino Nano system to simplify
design file and software sharing on request (remark: with the Arduino
Nano system the inverter system has a frequency control of worse than
0.2% and therefore does NOT fall under the 3A225 of EC dual-use
regulation).
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FIGURE Bl | Power module layout of device under tests. Each switch technology is shown with one third of the symmetric B6 bridge.
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FIGURE B2 | Inverter test setup for open loop testing.
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Appendix C: Equipment List

TABLE C1 | Equipment list for the experimental testing.
Manufacturer, Range,
Device type Bandwidth attenuation Acquisition Measurement
PowerAnalyzer ZES, LMG671, 10 MHz autorange 500ms; LP:150 kHz; Chapter 4, except
L60-CH-A2? HP:off sync Figure 12
LP:15 kHz; Level: 0%
Hyst: 2%
Probe Iy v w ZES, PCT600 500 kHz max 1000 Arms
Probe I ZES, PCT600 500 kHz max 500 Arms
(2 turn)

Supply Iy EA, PSB11000-80 all

3ph Load Schmidbauer, 17597A — 900 Arms; 250 uH all, except Figure 12

Cooling Julabo, FL4003*

Flow Rate Vortex, AS007

Scope Lecroy, WaveRunner 2 GHz 625 MS/s, +3bit res Chapter 5

8208HD? bw limit: 20 Mhz, no
averaging record
length 0.1 sec post
proc.: LP filter
1 MHz
Probe I, CWT, Mini50HF 50 MHz 20A/Div, 20 mV/A
15/B°
Scope Lecroy, WaveRunner 2 GHz 10 GS/s, +1.5bit res Figure 12
8208HD* bw limit: 350 Mhz,
no averaging

Probe V Lecroy, HVP120P 400 MHz 100V/Div, 1:100

Probe V Lecroy, PP021° 500 MHz 5V/Div, 1:10

Probe I, CWT, Mini50HF 50 MHz 200A/Div, 2 mV/A

15/B°

Load Aircoil, IF02906 — 6..250 uH
4Within vendor calibration interval.
®Descew and probe compensation checked before testing. Tektronics CAL/DESCEW 067-0405-02.
IET Power Electronics, 2026 21 0f 21
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