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Abstract—This paper proposes an optimized modulation mech-
anism for a two-level three-phase power electronics converter.
The optimal switch selection is designed to address the two
degradation factors in SiC MOSFETs: bond-wire lift-off and gate
switching instability (GSI). The switching principle is based on
space vector modulation (SVM) principle, however, in any voltage
angle, one of the legs will be entirely either on or off to reduce the
number of switching. Furthermore, the duty cycles are computed
based on reducing the thermal stress of the switching devices.
The simulation results are compared to three other SVM-based
modulation techniques.

Index Terms—Reliability, thermal stress, space vector modu-
lation, SiC MOSFET, convex optimization

I. INTRODUCTION

At the component level, the two types of reliability-critical
components of a power electronics converter are semicon-
ductor switching devices, such as MOSFETs, and electrolytic
capacitors [1]. In automotive applications, SiC MOSFETs are
switched up to 1011 times, whereas industrial applications
range up to 3 × 1013 switching cycles [2]. As a result, this
continuous switching mode plays a critical role in reliability
and lifetime assessments. This switching operation is where a
newly identified degradation mechanism—referred to as gate
switching instability (GSI)—has been observed to occur [3].
Over time, this degradation mechanism causes a significant
increase in the threshold voltage drift, ∆Vth [4], [5].

Thermal stress is another degradation factor of power
switching devices, and a significant amount of research has
been devoted to the electrical-thermal analysis and reliability
assessment of these devices. The most frequent failure in a
semiconductor switch is bond wire lift-off caused by stress
cracks due to thermal cycling experienced by the device
during operation. In this work, we propose a reliability- and
efficiency-optimized space vector modulation, which we will
refer to in short as REFO-SVM. This method incorporates
the two degradation phenomena of semiconductor switches,
i.e. the bond-wire stress and the GSI all in one control
framework (see Fig. 1). The proposed method is benchmarked
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Fig. 1: Schematic of a two-level three-phase inverter controlled
by the REFO-SVM scheme. This modulation method requires
knowledge of the phase currents and the power loss values
which are instantaneously computed by the digital twin.

against the reliability-optimized modulation (ROSVM) [6], the
conventional SVM and the minimized-switching SVM, the
latter two being the built-in blocks in SIMULINK.

II. SYSTEM DESCRIPTION

A. Principle of SVM

In traditional SVM, the target reference vector V ∗ is gen-
erated by rapidly switching between the two nearest active
vectors and a zero vector (V0 or V7), as shown in Fig. 1 [7],
[8]. Generally, this desired output voltage vector V ∗ can be
represented as a time-weighted average of the space vectors Vi

over the switching period Tsw. The SVM algorithm calculates
the dwell times (Ti) for each vector so that the average output



voltage V̄ during the switching period Tsw approximates the
required voltage as:

V ∗ ≈ V̄ =
1

Tsw

7∑
i=0

TiVi, subject to:
7∑

i=0

Ti = Tsw, (1)

where Tsw denotes the switching period, and Ti is the dwelling
time of the space vector Vi.

Equation (1) implies that there are multiple combinations of
space vectors that can generate the same target vector V ∗. This
flexibility opens the possibility for optimization across various
parameters. Conventional switching strategies typically rely on
predefined rules; for example, by carefully selecting null vec-
tors, switching patterns can be arranged to minimize switching
losses, as demonstrated in the MATLAB/SIMULINK space
vector modulation block, which serves as a benchmark in this
study. However, existing methods generally do not address
optimizing the thermal distribution across devices or consider
the reliability of the switches, leaving potential improvements
in these areas unexplored.

The averaged output vector can also be represented in terms
of the duty cycles of the switches as follows:

V̄ =
2

3
VDC

(
d1 + d3e

j 2π
3 + d5e

j 4π
3

)
, (2)

where VDC is the input DC voltage. The duty-cycles of the
upper and the lower switches in each leg are complementary,
implying that:

di + di+1 = 1, for i = 1, 3, 5. (3)

B. Device model

Power semiconductors inherently dissipate energy due to
their non-ideal characteristics, primarily through conduction
losses and switching losses, while additional losses like leak-
age current-induced blocking losses are typically negligible
[9]. Accurate calculation of these losses is essential for esti-
mating junction temperature over time, a critical parameter for
lifetime modeling. This study employs electrothermal models
within PLECS to achieve these calculations. PLECS utilizes
a look-up table approach or manufacturer-provided thermal
descriptions to determine losses, relying on data derived from
manufacturer datasheets or laboratory measurements [10]. In
this context, pre-existing device models of SiC MOSFET
(C3M0075120D) supplied by manufacturers are directly in-
tegrated for analysis. To determine device-level losses, the
current and voltage loading at the converter level must be
applied to the device-level models [11].

C. Lifetime models

Bond-wire degradation. In this work we use the lifetime
model adopted by Semikron [12], to evaluate the semiconduc-
tor devices reliability. The number of cycles to failure, Nf , of
the power switches due to thermal stress of the bond-wire is
typically modeled by a Coffin-Manson lifetime model, such
as the following one developed by Semikron:

Nf = A0.A
β
1 .∆Tα−β . exp

Ea

κBTj
.
C + ton

γ

C + 2γ
.kthick, (4)

Fig. 2: The threshold voltage drift in a SiC MOSFET under
gate switching stress (Courtesy of [4]).

where Tj and ∆Tj are, respectively, the average and
magnitude of the junction temperature cycle, and ton is the
duration of the cycle. The remaining parameters are assumed
to be constant and given as in [12].

Gate switching instability. The gate oxide reliability of
SiC MOSFETs has been a subject of study for many years.
The oxide/SiC interface was found to create drifts in device
parameters like the threshold voltage (Vth), on-state resistance
(RDS(on)) and early lifetime fails. The drift in Vth from
cycling depends on the number of switching cycles (Ncycles)
and has been modeled in [4] as follows:

Vth = A0N
n
cycles, (5)

where A0 is a constant parameter and where the exponent n
depends on the number of switching cycles. Below about 107

number of cycles, the voltage drifts with a constant slope of
n ≈ 0.16. Above 108 cycles, the exponent n increases to 0.32.
Figure 2 illustrates this change in the exponent as a result of
different degradation mechanisms.

III. OPTIMIZED MODULATION SCHEME

Fig. 1 illustrates the switching control mechanism of the
proposed modulation method. The phase currents are fed into
the digital twin block where simulates the power losses and
the thermal responses of the devices. The desired voltage
reference vector V ∗

αβ together with the computed power losses
from the digital twin are inputs to the modulation block. This
block calculates the optimal selection of switches and their
duty cycles with the aim of reducing thermal stress and GSI
degradation.

Considering the fact that V0 and V7 are both zero vectors,
for any given reference voltage sector there are at least two
ways to generate the desired voltage without changing the state
of a switch. For example, according to Fig. 1, if the reference
voltage is located in sector 1, either switch 1 is conducting
during the entire switching period (equivalently, switch 2 is
open), or switch 5 is fully open and switch 6 is conducting.
These two cases correspond to using the vectors {V1, V2, V7}
and {V1, V2, V0}, respectively, to generate the reference vector.
The same approach may be applied to other voltage sectors.



For the two cases where a device is either on or off, the duty-
cycles can be algebraically and uniquely determined from the
complex equation (2).

This implementation not only reduces switching losses and
therefore the junction temperature, but also results in a lower
number of switching cycles which is beneficial for mitigating
the GSI. Mathematically speaking, the following optimization
problem is solved online to provide the optimized duty cycles
for each voltage angle for every switching period:

min
di

6∑
1

Pi(t)
2 (6a)

s.t. power loss model
Pi = diPi,c + Pi,sw, for i = 1, . . . , 6 (6b)
The two options to generate V ∗

di ∈ Set, for i = 1, . . . , 6 (6c)
voltage reference constraint

V ∗ =
2

3
VDC(d1 + d3e

j 2π
3 + d5e

j 4π
3 ), (6d)

where di denotes the duty-cycle of device i, Pi,c Pi,sw are,
respectively, the conduction loss and the switching loss of the
device i obtained from the digital twin.

Note that the objective of the above optimization is to
minimize the sum of the squared power losses which translate
to temperature fluctuations in the semiconductor switches.
Constraint (6b) addresses the impact of duty cycle on power
loss, constraint (6c) selects the duty-cycles from the two given
choices as described above. Finally, constraint (6d) guarantees
generating the desired output voltage. It is worth mentioning
that for devices where the duty cycle is set to either 0 or 1,
the corresponding switching loss Pi,sw will be set to zero in
constraint (6b).

In summary, before each switching period Tsw, the power
losses are computed by measuring the phase currents and
applying the digital twin. The desired reference vector along
with the power loss values are then used to pick the optimum
duty cylces from the two given options. The duty-cycles that
achieve the minimum cost are then used to generate the
PWM signals for the gate drives. Algorithm 1 summarizes
the modulation scheme.

Algorithm 1 The REFO-SVM Algorithm

STEP 1: Capture ia(t), ib(t), ic(t), and V ∗
αβ(t)

STEP 2: Compute the power loss for each device
STEP 3: Compute the duty-cycles according to (2)
STEP 4: Evaluate the cost value

∑6
i=1 P

2
i

STEP 5: Select the duty-cycles that result in the minimum
cost value
STEP 6: generate and apply the PWM signals and go to
STEP 1

IV. SIMULATION RESULTS

This section presents the simulation results of the proposed
REFO-SVM method applied to a two-level three-phase in-

TABLE I: Simulation parameters.

Quantity Value Description
Im 25A Current magnitude
fsw 10kHz Switching frequency
f 50Hz Signal frequency
Vdc 300V DC-Voltage
m 0.8 Modulation index
R 0.3 Ω Load resistance
L 15mH Load inductance
Rθ 4◦C/W Thermal resistance of heat-sinks
Cθ 0.05J/◦C Thermal capacitance of heat-sinks
Ta 25◦ Ambient temperature

verter with SiC MOSFETS (C2M0080120D) [13]. The sim-
ulation is implemented in SIMULINK using PLECS block-
set for simulating the power losses and junction temperatures
[14]. The simulation parameters are gathered in Table I and a
detailed demonstration of the simulation setup is available in
[15].

The proposed REFO-SVM method is compared with three
pulse patterns. One is based on the online quadratic program-
ming (QP) optimization previously presented in [6]. The other
two patterns are generated using the built-in 2-level SVPWM
block in SIMULINK, denoted as SVM and SVM-P2 in here.
The latter method generates patterns that the switching state of
one switch remains unchanged throughout the entire switching
period to minimize the switching losses.

Figure 3 illustrates the power loss profile of SiC MOSFET
1 (the upper switch of phase leg A) applying four modulation
techniques. The figure also includes the phase A current
waveform for reference. As shown, the conventional SVM and
SVM-P2 methods result in peak power losses in the first half
cycle, where the current reaches its maximum. In contrast, the
RO-SVM and REFO-SVM approaches that employ the power
loss models effectively reduce the magnitude of these peaks.
Moreover, the REFO-SVM method achieves zero power loss
during certain intervals of the switching period, which leads to
a lower temperature rise and potentially lower thermal stress
as shown in Fig. 4.

According to this figure, with the SVM method the switch-
ing device experiences the highest average temperature. This
is expected since with the SVM method, all switches are
activated without any feedback from the resulting power loss.
On the other hand, the SVM-P2 results in the lowest average
temperature which reflects its minimized switching loss pat-
tern. However, the RO-SVM and REFO-SVM methods, which
incorporate power loss models, yield average temperatures
between those of SVM and SVM-P2. Both RO-SVM and
REFO-SVM have more switching transitions than SVM-P2
and therefore result in higher average temperatures. However,
due to their optimized duty cycles, the temperature rise is
significantly lower than that observed with the SVM method.
Furthermore, both methods show relatively low temperature
swings, which is beneficial for the device reliability.

Thermal stress assessment. Fig. 6 shows a comparison of
the four methods in terms of thermal stress and total power
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Fig. 3: Power loss profile of the SiC MOSFET number 1
(upper leg A) over one fundamental cycle.

loss. The thermal stress is calculated based on the bond-wire
lift-off degradation model given in (4) and using the RainFlow
counting algorithm to count the temperature cycles [16], [17].
As we can see, the SVM method exhibits the greatest thermal
stress and power loss relative to other modulation methods. In
contrast, the REFO-SVM method achieves the lowest values in
both metrics, especially 50 times improvement in degradation
compared to the SVM. Moreover, the REFO-SVM is, by
design, optimized in terms of switch transitions. That is, as
illustrated in Fig. 5, there are intervals within the fundamental
cycle where the duty cycle is 0 or 1, i.e. no switch transition
occurs which demonstrates its effectiveness in minimizing
power loss as well as degradation due to thermal stress and
gate switching instability.

GSI analysis. The fundamental cycle consists of 200
switching periods. Therefore, a power module operating with
the standard SVM undergoes 200 switching cycles per fun-
damental cycle, whereas with the REFO-SVM, this number
is reduced to 132—showing a 34% reduction in switching
transitions. In other words, for the same operating duration,
a converter using REFO-SVM can achieve up to 34% longer
lifetime.

Employing the S–N curve model expressed in (5) for N =
1011 switching cycles—which is a typical end-of-life threshold
in automotive applications—leads to

SVM: ∆Vth ≈ 1.43V, (7)
REFO-SVM: ∆Vth ≈ 1.29V, (8)

which indicates 10% less drift in the threshold voltage Vth.
This improvement in the threshold voltage drift also results
in reduced power loss, which translates not only to higher
efficiency but also to lower heat generation and consequently,
reduced thermal stress.

V. CONCLUSION

This paper proposes an optimized modulation scheme for a
two-level three-phase power electronics converter. The mod-
ulation technique, referred to as REFO-SVM, is based on
space vector modulation scheme, however, the duty cycles
are optimally computed to reduce the thermal stress. In this
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scheme, one switch and its corresponding complementary
switch (either upper or lower) remain in a fixed state—either
on or off—throughout the entire switching period. This mech-
anism is triply beneficial. First, it reduces the switching losses.
Secondly, because the switching loss is reduced, the average
junction temperature will also reduce leading to lower bond-
wire stress. Third, with lower number of switching cycles, the
threshold voltage of the device will experience less drift over
time as a result of gate switching instability. A comparison of
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the proposed REFO-SVM with the conventional SVM method
shows 50 time improvement in thermal stress, as well as 25%
improvement in threshold voltage drift.
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