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Abstract— SiC MOSFET inverters have become the preferred
choice for high-end motor drive applications due to their superior
performance compared to Si IGBT inverters. When designing a
three-phase inverter for motor drive applications, consideration
must be given to derating in current that occurs during low-
frequency operations. Inverter manufacturers must limit the
semiconductors' current capabilities in the low-frequency region
due to potential junction temperature exceedance. This paper
proposes a control strategy to mitigate the current derating of the
inverter at low output current frequency operations. This is
accomplished by better distributing the losses among the
semiconductors through the injection of a common mode
reference voltage where the junction temperature of the
semiconductors used as feedback is computed in real-time using
the conduction resistance of the MOSFETs as a temperature-
sensitive electrical parameter.

Keywords — SiC MOSFET, TSEP, Motor Drive Inverter,
Inverter Derating, SOA

L INTRODUCTION

In recent years, SiC MOSFET inverters have emerged as the
preferred choice for high-end motor drive applications due to
their superior performance when compared to Si IGBT inverters
[17 - [6]. Silicon Carbide (SiC) offers numerous advantages over
silicon, including lower power losses at higher switching
operating
withstanding voltages. However, to ensure safe operation and
maximize the lifetime of the device, it is essential to achieve
these superior performance characteristics while staying within
the specified junction temperature limitation. However, the
higher cost of SiC-based semiconductors compared to
traditional silicon devices means that semiconductor oversizing
may not be a viable option, especially in cost-driven markets

frequencies, higher temperatures, and higher

such as automotive. As a result, it is crucial to develop effective
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thermal management strategies that can maximize the
performance, reliability, efficiency and exploitation of SiC-
based inverters while minimizing their cost. Designing a three-
phase inverter for drive applications requires consideration of
the derating in current that occurs when operating in DC output
mode or at fundamental frequencies of just a few hertz. While
the losses among semiconductor switches are equally distributed
during AC output mode, low-frequency operation causes each
switch to carry a constant current, leading to rapid heating and
potential junction temperature exceedance [7]-[11]. As a result,
inverter manufacturers limit the converter's current capabilities
in the low-frequency region. This paper focuses on the
operation of a three-phase inverter for motor drive
applications, providing a control strategy to mitigate the
current derating of the inverter when is operated at low
output current frequencies. This is accomplished by better
distributing the losses among the semiconductors through the
injection of a common mode reference voltage that does not
impact the motor operations but helps at reducing the
temperature of the hottest switch by reducing its conduction time
and therefore its RMS current. The junction temperature of the
semiconductor used as feedback for the common mode voltage
injection is estimated in real-time using the conduction
resistance of the MOSFETs as a TSEP (temperature-sensitive
electrical parameter). This manuscript thus proceeds as follows:
Section II presents the experimental setup consisting of a
prototypal three-phase SiC inverter for traction application
capable of estimating in real time the junction temperature of the
six power switches. Next Section III analyses the problems of
the inverter derating when operated at a low output fundamental
current frequency. Next in Section IV the proposed common
mode voltage injection strategy is presented and analysed.
Section V the proposed control strategy is experimentally
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validated by showing a reduction of the maximum junction
temperature of the switches when the inverter is operated at low
output current frequency. In Section VI the the applicability of
the proposed solution to other families of semiconductors ad
converter topologies is discussed along with alternative
methodologies for estimating/measuring the junction
temperatures of power semiconductors. Section VII concludes
the paper by highlighting the benefits of the proposed solution
when applied to a real-case scenario. Furthermore, possible
variations and future improvements of the proposed solution are

also suggested.

II.  EXPERIMENTAL SETUP

The proposed thermal control strategy is validated on a
three-phase inverter designed to be used on a racing car for
students' competition The inverter shown in Fig. 1, embeds all
the hardware to be autonomy operated on the car such as MCU
unit, CAN interface, Encoder interface, liquid-cooled heatsink
and so on. The core of the converter is made up of three
BSM180D12P3C007 SiC power MOSFET modules in a half-
bridge configuration. Where each power module consists of two
SiC power MOSFETs and two antiparallel freewheeling SiC
SBD diodes for improving the commutation performances of the
The adopted power module and its internal
configuration are shown in Fig. 2.

devices.

Fig. 3 depicts the schematic of the power section of the
inverter, where the quantities sampled by the control
microcontroller unit (MCU) are highlighted in red. In
comparison to a conventional converter designed for motor
drive applications, an additional measurement of the conduction
voltage of the power MOSFETs is included in the system. This
measurement allows for the estimation of junction temperatures
by utilizing the conduction resistance as a Thermal Sensing
Electrical Parameter (TSEP). schematic
illustrating this concept is presented in Fig. 4. The measured

The functional

conduction resistance and the device current are entered in a
look-up table, where the output is the estimated junction
temperature. The look-up table is unique for each power
MOSFET and is obtained through a dedicated commissioning
test performed directly on the converter. The temperature
estimator, the calibration test for the temperature look-up table,
and the V, measurement system, along with their validation,
have been previously introduced and discussed in [12] and [13].
Therefore, their analysis is out of the scope of this work. The
inverter is operated at a frequency of 20 kHz, and measurements
are conducted at each PWM period. As a result, the junction
temperature can be estimated at each PWM period as well. The
inverter is modulated using a standard sinusoidal PWM
technique [14] and [15].
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Fig. 2. a) BSM180D12P3C007 ROHM power module package
overview. b) Internal structure of the BSM180D12P3C007 power
module consisting of two power MOSFETs with antiparallel SBD
diodes.
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Fig. 3. Schematich of the power section of the three-phase inverter.
Red quantities are sampled by the MCU at each PWM period.
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Fig. 4. Functional schematic of the MOSFETS junction temperature
estimator.

III.  INVERTER DERATING AT LOW OUTPUT CURRENT
FREQUENCY

In order to gain a deeper understanding of the issue of
inverter derating when operating at low output current
frequencies a single inverter leg is simulated in PLECS (i.e.
power module BSM180D12P3C007) as shown in Fig. 5. The
switching frequency is set to 20 kHz at a constant duty cycle of
50%, meaning that both switches are conducting for half of the
time. The DC inputs of the power module are supplied with a
constant voltage generator while a current generator is used to
impose a 200 Apk sinusoidal output current. During the tests,
the heatsink temperature is kept at 50°C. The simulation results
are sown in Fig. 6 and Fig. 7 where the device is tested for the
same load current having in the first case a fundamental
frequency of 1 Hz and 100 Hz in the second case. In the case of
low fundamental current frequency, the junction temperature of
the switches shows large thermal swings reaching a peak value
of more than 150 °C while in the second case, thanks to the
higher output frequency combined with the thermal impedance
of the semiconductors the junction temperature is almost
constant and does not exceed 100°C. In Fig. 6 when the high
side MOSFET reaches the maximum junction temperature
(Time = 0.26 s), the low side MOSFET is at a much lower
temperature despite the 50% duty cycle. This thermal unbalance
is due to two main reasons.:

1) When the output current is positive (i.e. exiting from the
switching node), the high side MOSFET is working in hard
switching (i.e. high switching losses) whereas the low side
MOSFET is working in soft switching. Therefore only the
high-side MOSFET exhibits switching losses.

2) In case of high positive output current, the conduction
voltage of the low side MOSFETs overcomes the threshold
voltage of the SBD diode that starts conducting part of the
current. Therefore the low-side MOSFETSs exhibit lower
conduction losses.

It must be noted that also in the case of switching legs
without the additional antiparallel diode, the first point is still

valid. To mitigate the thermal swings at low currents it is
possible to act on the duty cycle to better distribute the losses
between the devices. In the case of a single-phase buck converter
this approach would not be viable as the average output voltage
applied to the load depends on the duty cycle, however in a
three-phase inverter without a neutral connection, it is possible
to use the additional degree of freedom introduced by the
common mode voltage to change the duty cycle without
affecting the output phase voltage. By looking at Fig. 6 and Fig.
7 it is also important to note that the peak in the junction
temperature does not match the peak of the output current, but
there is a delay caused by the thermal inertia of the
semiconductors. For this reason, it is not sufficient to measure
the output current to effectively compensate for the thermal
swings, but it is necessary to estimate the temperature of the
semiconductors.
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Fig. 5. PLECS electro-thermal simulation of the BSM180D12P3C007
SiC power module.
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Fig. 6. Top: power module output current, 200 Apk 1 Hz. Bottom:
junction temperature of the two power module MOSFETs.
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Fig. 7. Top: power module output current, 200 Apk 100 Hz. Bottom:
junction temperature of the two power module MOSFETs.

IV. PROPOSED CONTROL STRATEGY

The proposed control strategy aims at better distributing the
losses among the semiconductors during the low-frequency
operations of the converter by taking advantage of the common
mode voltage injection. The functional schematic is shown in
Fig. 8. The control takes as input the six junction temperatures
of the power MOSFETSs coming from the temperature estimator
and performs the difference between the two highest
temperatures (i.€. 6 max — 6j max—1)- This difference is then
multiplied for kg, that is -1 in case the hottest device is a high
side switch or 1 if is a low side switch. This value is then entered
in an integral regulator conveniently saturated so that the output
duty cycles of the three legs remain in the range 10% - 90 %.
The resulting duty cycle is then added to the three reference duty
cycles coming from the control (e.g. current control). The
computed duty cycles are then loaded into the PWM modulator
that generates the switching signals. The gain of the integral
regulator was preliminarily selected using simulation results and
then finely tuned during the experimental tests.
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Fig. 8. Proposed junction thermal balance control for the power
MOSFETS based on common mode voltage injection.

V. EXPERIMENTAL RESULTS

In Fig. 9 and Fig. 10, a 220 Apk 2 Hz sinusoidal current is
commanded to a three-phase inductive load and the temperature
of six MOSFETs is real-time estimated. In Fig. 9 no
compensation is performed, and the temperature of the switches

tends to overcome the 150°C while the reference duty cycles are
sinusoidal (the little distortion due to the dead time) and centred
around 50% as a standard sinusoidal PWM modulation
technique is used. Note that the temperature of the MOSFET is
estimated only for currents above 70 A due to the difficulty of
measuring the Ryy of the device at low currents. Additionally,
the temperature cannot be estimated while the MOSFET is
conducting negative drain current because it is not feasible to
measure its current, which is partially conducted by the
antiparallel diode and thus, its conduction resistance cannot be
determined. However, as previously explained [12] both
conditions are not thermally critical. In Fig. 10 the same test is
repeated while implementing the common mode voltage
injection for thermal balancing. In this case, the junction
temperature of the devices remains under 130°C. We can notice
how the temperature of the two hottest switches tends to match,
in particular, the temperature of the hottest switch is reduced
while the temperature of the other switches is slightly increased
but overall, the inverter losses are lower. It is important to notice
that the common mode injection is not centred on the maximum
output phase current but is delayed due to the thermal inertia of
the components. Therefore, to fully exploit this technique the
junction temperature of the semiconductor must be known using
TSEP-based techniques or a precise thermo-electrical model of
the semiconductors.
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Fig. 9. Thermal compensator is disabled. Top: Inverter output phase
currents (220 Apk, 2Hz). Middle: estimated junction temperatures of
the six MOSFETs and measured heatsink temperature. Bottom:
reference duty cycle.
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Fig. 10. Thermal compensator is enabled. Top: Inverter output
phase currents (220 Apk, 2Hz). Middle: estimated junction
temperatures of the six MOSFETs and measured heatsink temperature.
Bottom: reference duty cycle.

VI.  RESULTS DISCUSSION

A. Applicability of the Concept

As said the proposed technique can be successfully
implemented in inverters for motor drive applications where the
common mode injection does not alter the resulting phase
voltage applied to the machine. To generalise we can say that
the proposed concept or a possible variation of it, applies to all
the switching converters where there are additional degrees of
freedom to be exploited, that allow to alter the current sharing
between the switches. For example multi-level converters, DC-
DC converters , open ended motor inverters [ 17] and multi phase
machines inverters [18]-[19] allow for multiple degrees of
freedom that can be exploited to improve the loss sharing among
the power switches.

As previously shown in Fig. 8 the common mode voltage
injection is limited so that the resulting duty cycle is between 10
to 90 %. This choice was performed to maintain the stability of
the control and due to the limitation of the temperature estimator
that cannot operate correctly with saturated duty cycles.
However, it is important to consider that when an electric motor
operates at low speed or comes to a standstill, its back
electromotive force (EMF) is significantly lower than the
nominal value, as a result, the reference duty cycles are close to
50%. Consequently, the control system has ample margin to
operate with common mode injection in such scenarios. In

contrast, this approach may not apply to other types of
applications. For instance, when the inverter is required to
operate at high output voltage in the low-frequency region,
utilizing common mode injection might not be feasible or
practical.

B. Junction Temperature of the Semiconductors

As said a junction temperature estimation is needed for the
compensator to work properly, as the device measured current
alone cannot be used to identify the hottest device. In this paper
a TSEP based technique was used, however alternative
techniques to measure or estimate the junction temperature may
be implemented. One of the most viable solutions is the use of
model-based techniques where the junction temperature of the
semiconductors is estimated by combining an electro thermal
model of the component with the temperature measurement of a
thermal sensor usually monitoring the temperature of the
heatsink or the semiconductor’s package [20] - [22].
Alternatively, power devices with an integrated temperature
sensor capable of directly measuring the junction temperature
are available on the market [23] and [24].

C. Benefits of the Proposed Technique

In the proposed example the junction temperature of the
switches was reduced by about 25°C. The performance increase
may be different depending on the specific characteristics of the
power semiconductors such as the presence of the freewheeling
diode or the semiconductor technology.

Another important benefit is the reduction of the thermal
swing of the components at low frequencies, if fact it is well-
known from the literature that thermal cycling is one of the main
causes of premature ageing of power semiconductors [25] - [28].
Thermal cycles cause stress on the semiconductor material,
leading to gradual degradation over time. The repeated
expansion and contraction of the material due to temperature
variations can result in the formation of microscopic defects,
such as cracks and dislocations, within the semiconductor
structure. Therefore, the proposed technique significantly
lifetime of the
semiconductors, particularly in applications such as motor

contribute to improving the expected

traction, where low-frequency operations are common.

VII. CONCLUSIONS

The proposed control technique indeed enables a more
balanced distribution of losses among the semiconductors,
effectively mitigating inverter current derating when operating
at low output frequencies. Additionally, it plays a vital role in
extending the useful life of the converter by optimizing loss
management and minimizing stress on the power devices during
low-frequency operations. As a result, the overall reliability,
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efficiency, and longevity of the inverter system are significantly
enhanced.

Addressing the challenge of performance derating in motor

drive inverters operating at low output current frequencies is
crucial. The proposed control strategy, involving common mode
voltage injection and real-time temperature estimation, provides

an effective solution to improve the performance and reliability

of SiC inverters. In future work, the proposed technique will be

compared with

alternative  state-of-the-art modulation

techniques that also aim to achieve a better balancing of losses
among the power semiconductors [15].
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