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ABSTRACT This study focuses on identifying the optimal switching frequency for silicon-carbide (SiC)-
based motor drives across a wide range of operating conditions using a loss minimization strategy. The
results are then compared with those of traditional silicon-insulated-gate bipolar transistor (IGBT) systems.
The approach involves conducting a comprehensive real-time finite element method (FEM) analysis of losses
induced by pulsewidth modulation (PWM) voltages in an interior permanent magnet synchronous machine,
compared to conventional sinusoidal current excitation feeding. The analysis integrates electromagnetic field
simulations in Ansys Maxwell with the drive system control algorithm in Ansys Twin Builder, ensuring
an accurate representation of their interactions. In addition, a method utilizing speed-adaptive core loss
coefficients, which account for variable frequencies, is implemented for a more precise core loss estimation.
The results reveal a notable discrepancy of up to 80% in the core loss calculations when using speed-adaptive
coefficients versus fixed coefficients. By employing the real-time coupled simulations, the higher switching
capabilities of SiC MOSFETs could be effectively realized to optimize the PWM frequency over a broader
range (10–50 kHz), particularly in the main drive region of electric vehicles, with differences of up to 20 kHz
compared to IGBT systems. Furthermore, applying the proposed optimal PWM frequency profile in the
worldwide harmonized light vehicle test cycle leads to a reduction of up to 22% in accumulated energy
losses in the SiC motor drive compared to its IGBT counterpart.

INDEX TERMS Core losses, electrified vehicles, energy efficiency, silicon-carbide (SiC)-based motor drives,
voltage-source inverters (VSI), variable switching frequency, permanent magnet synchronous machine,
pulsewidth modulation (PWM)-induced power losses.

I. INTRODUCTION
As global demand for electric vehicles (EVs) continues to
rise, improving the efficiency of propulsion motor drive sys-
tems becomes increasingly imperative. Compared to widely
used silicon insulated-gate bipolar transistor (Si-IGBT),
wide-bandgap (WBG) technologies—gallium-nitride (GaN)
and silicon-carbide (SiC) switching devices—have recently
gained prominence in modern electric powertrains due to

their faster switching transitions, lower ON-state and switching
losses and ability to operate at higher switching frequen-
cies [1], [2], [3]. These features are particularly beneficial
in permanent magnet synchronous motors (PMSMs) and
three-phase voltage source inverters (VSI), as increasing the
switching frequency reduces the harmonic content in the mo-
tor’s three-phase current waveforms, leading to lower motor
losses by minimizing current ripples. However, setting the

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 6, 2025 883

https://orcid.org/0000-0001-6264-4168
https://orcid.org/0009-0003-6814-1889
https://orcid.org/0000-0001-5777-1242
https://orcid.org/0009-0000-7574-0837


AMIRPOUR ET AL.: ADAPTIVE DETERMINATION OF OPTIMUM SWITCHING FREQUENCY IN SIC-PWM-BASED MOTOR DRIVES

switching frequency too high leads to a proportional increase
in inverter losses. Hence, it is crucial to obtain an optimized
switching frequency for maximizing the overall efficiency
of motor drive systems. Several studies have examined vari-
able switching frequency pulsewidth modulation (VSFPWM),
where the carrier frequency of the pulsewidth modulation
(PWM) is adjusted based on prediction models to control cur-
rent ripple and reduce inverter switching losses. Methods like
those in [4], [5], and [6] reduce switching loss in a three-phase
VSI. These methods introduce optimizations that maintain
output current quality similar to space vector pulsewidth mod-
ulation (SVPWM). However, they do not include detailed
machine loss analyses, particularly for motor drive systems in
EVs, where speed and torque vary adaptively. [7] introduces a
VSFPWM method based on achieving a desired current ripple
for a SiC-based PMSM drive system, taking into account
a wide range of machine speeds and torques. However, the
optimum switching frequency for each rotor speed and elec-
trical torque is calculated leveraging analytical PMSM models
and manufacturer-supplied loss models without utilizing finite
element method (FEM)-based loss maps for greater accuracy.
In addition, the analysis likely uses fixed iron loss coefficients
for the iron loss calculation.

Moreover, studies, such as [8], provide valuable com-
parisons of motor drive losses and the effect of switching
frequency in SiC MOSFETs versus Si-IGBTs, demonstrating
60%–90% iron loss reduction at high switching frequency
for some selected operating points, while Nakayama et al.
[9] investigated the impact of increasing switching frequency
on system losses in a small GaN drive system. A limitation
in these studies is that they did not quantify the results on a
drive cycle level. A similar approach, which however utilizes
the worldwide harmonized light vehicle test cycle (WLTC)
mode driving is given in [10]. Although, the above stud-
ies reveal that operating at higher switching frequencies can
yield higher total drive efficiency, attributed to the tradeoff
between motor and converter losses; unfortunately, the loss
models used to determine the optimum switching frequency
lack a comprehensive basis utilizing FEM analyses and de-
tailed inverter and machine loss modeling. [11] provides a
FEM analysis of PWM power losses in an interior permanent
magnet (IPM) machine, excited by a WBG-based inverter and,
a dynamic Jiles–Atherton (J-A) model, as proposed in [12]
is used to estimate PWM-induced core losses. Despite the
detailed loss analysis, the study is limited to a few sets of
operating conditions and the frequency dependence of core
losses on operating conditions is not investigated. Further-
more, on the system level, an optimized switching frequency
profile covering the entire torque-speed range or a drive cy-
cle pattern is not fully explored. In addition, the J-A model
typically requires extensive measurements and material data
for the electrical steel sheets, which are not always provided
by manufacturers. In [13], the study suggests an improved
method of calculating core losses by using frequency adap-
tive hysteresis loss coefficients, while the excess and classical
eddy current loss coefficients vary according to flux density

levels. However, measurements and analysis are limited to a
maximum frequency of 400 Hz, which leaves their impact
on traction applications with wider speed and torque ranges
unexplored.

To summarize, to the best of the authors’ knowledge,
existing methods in the literature for optimizing switching
frequency, particularly for the SiC motor drive regions, either
based on current ripple prediction or based on loss maps of
the drive system, remain limited in their application to EVs.
In this context, this study aims to address these gaps by gener-
ating full powertrain loss maps as the key metric for reliably
determining the optimal switching frequency across all drive
regions. The main contributions of this work are as follows.

1) Improved Core Loss Prediction Through FEM Analy-
sis: The method utilizes measurements on electro-steel
sheets across a broad range of frequencies and flux
levels for the used iron material, calculates core loss
coefficients that are dynamically updated based on the
specific supply frequencies at each operating point, as
well as incorporates the effect of PWM on the core loss
calculation. Unlike traditional FEM tools, which use a
single set of eddy and hysteresis loss coefficients for all
frequencies, this method provides more reasonable core
loss predictions.

2) Comprehensive Coupled Time-Stepping FEM Analy-
sis: The work integrates both PMSM and inverter
losses in real-time simulation, captures their interac-
tion with varying PWM switching frequencies, predicts
the corresponding current ripple characteristics, and
provides more accurate inputs for the inverter loss
modeling. The analysis accounts for e-machine space
harmonics, PWM-induced harmonics as well as current
controller interactions, closely mimicking a real-world
implementation. This real-time coupled FEM simula-
tion approach, is not thoroughly covered in the existing
literature reviewed by the authors.

Finally, an additional contribution is quantifying the impact
of the generated optimum PWM frequency profile on the
WLTC driving pattern, analyzing drive system energy losses
for the SiC system, and comparing the results with the IGBT-
based counterpart.

To sum up, the main novelty of this work lies in its real-time
coupled PWM-based FEM analysis that integrates both motor
and inverter losses, replicating real-world operation, and fa-
cilitating the optimization of the switching frequency while
dynamically improving core loss predictions for enhanced
EV efficiency. Hence, this work bridges the gaps between
research, development, and implementation, driving the future
of more efficient EVs, and serving as a solution to accelerate
the transition to sustainable energy.

II. ELECTRIC DRIVE SYSTEM
As previously mentioned, the baseline electric drive sys-
tem, comprising a SiC-based inverter and a PMSM machine
depicted in Fig. 1, has been configured within a real-time
cosimulation between Twin Builder and Ansys Maxwell with
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FIGURE 1. Baseline configuration of SiC-based electric drive system.

variable time-steps less than 100 ns to comprehensively
capture their interaction. Furthermore, Fig. 2 illustrates the
overall PMSM field-oriented control (FOC) block diagram of
the drive system, showing current control loops on the dq-axis
implemented in Twin Builder, as well as the maximum torque
per ampere and maximum torque per volt strategies.

By applying speed-adaptive corrected core loss coefficients,
key input data—such as machine reference currents, rotating
speed, and dynamic inductances—are generated and fed into
the FOC loop to produce the required reference voltages for
the SVPWM switching pattern of the SiC VSI. The result-
ing three-phase PWM currents and PWM-induced voltages
excite the PMSM, generating PWM-induced losses in the
machine. By evaluating the total losses of the PWM-induced
system (inverter and machine losses) and repeating this pro-
cess throughout the operating domain with the various PWM
switching frequencies within a loss minimization framework,
the optimal PWM switching profile can be determined.

This design topology serves as the foundation for subse-
quent adjustments of the switching frequency across the entire
drive region, as detailed in later sections.

A. ELECTRIC MACHINE (EM)
IPM motors are commonly used in electric and hybrid ve-
hicles, despite concerns about the environmental impact of
rare-Earth magnets. The advantage of using rare-Earth mag-
nets lies in their ability to reduce the amount of copper and
iron needed, which in turn minimizes winding and core losses.
Moreover, accurate loss prediction during the design phase
of EMS is critical to achieving the required efficiency and
performance. However, as noted in [14], the core loss esti-
mations from analytical models often show discrepancies of
up to 100% when compared to experimental measurements
of EMs. Although these discrepancies have been studied for
decades, no practical usable solution has emerged, much due
to the complexity of the problem.

Previous studies [13], [14], [15], [16], [17] have identified
several factors contributing to the gap between core loss esti-
mations and actual EM performance, including, the following.

1) The impact of manufacturing processes on the electrical
steel laminates used in stators and rotors.

2) Harmonic content induced by the inverter switching that
affects the core losses.

3) Difficulties in segregating core loss from overall ma-
chine loss obtained from measurement data.

4) Measurement inaccuracies of electrical steel properties
due to measurement equipment.

5) The precision of loss models and their integration into
finite element analysis (FEM) tools.

This study aims to improve core loss predictions by using
FEM tools and measurements over a broad range of frequen-
cies and flux levels for the iron materials used. Core loss
coefficients are then adapted based on the machine’s operating
speeds.

1) SPEED-DEPENDANT CORE LOSS CALCULATION
The stator and rotor cores of the IPM under study are
manufactured from silicon–iron steel laminates. The electro-
magnetic properties of these steel sheets are measured using
standard methods, such as the Epstein Frame, as defined in
IEC-60404 [18]. The key parameters for evaluating the per-
formance of the EM, such as permeability (μr) and specific
power loss (Ps), are measured at peak flux density (Bpk).
The test setup is depicted in Fig. 3. The results show that as
frequency increases, permeability decreases and specific core
losses increase, Figs. 4 and 5. These properties are measured
under sinusoidal excitation in a large number of frequency
steps. In this way, a better representation can be made to de-
termine the fundamental frequency iron loss for speed ranges
across the wide operating region of a vehicle traction machine.

Iron loss models like the Bertotti model are widely used in
FEM tools to predict the iron loss dependency on flux density
and frequency. The dynamic Berttoti loss model is expressed
by the following:

PFe(t ) = Ph(t ) + Pc(t ) + Pex (t ) (1)

Ph(t ) =
{∣∣∣∣Hx

dBx

dt

∣∣∣∣
2/β

+
∣∣∣∣Hy

dBy

dt
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2/β
}β/2

(2)

Pec(t ) = Kec

2π2

{(
dBx

dt

)2

+
(

dBy

dt

)2
}

(3)

Pex (t ) = Kex

Ce

{(
dBx

dt

)2

+
(

dBy

dt

)2
}0.75

. (4)

The dynamic Bertotti loss model includes hysteresis loss
coefficients kh, classical eddy current loss coefficients kec, and
excess loss coefficients kex . For silicon–iron alloys, β, a key
parameter in the model, typically ranges from 1.6 to 2.2. Bx

and By are the flux densities vectors in the x and y directions,
Hx , Hy are the magnetic field strength vectors in the x and y
directions. Ce is a constant value equal to 8.76. The derivation
of the equations and constant values in this dynamic model is
described in depth in [19]. Furthermore, kc can be calculated
by

kec = π2σw2/6 (5)
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FIGURE 2. Motor drive system control block diagram.

FIGURE 3. Test Setup for measuring the electrical—steel’s properties.

where σ is conductivity and w is the thickness of the electrical
steel laminates. Although including excess loss coefficients
can improve curve fitting to measurement data, in this study,
setting kex to zero provided better alignment, implying that
classical and excess eddy current losses are treated as a com-
bined loss component.

2) IMPLEMENTATION IN THE EM
The studied IPM machine features 48 stator slots and 8 rotor
poles with double-layer V-shaped magnets. Other properties
and output parameters of this EM are shown in Table 1. Fig. 6
depicts the geometry of the EM.

FIGURE 4. Relative permeability of the material under sinusoidal
excitation with different frequencies.

TABLE 1. Key parameters of the baseline EM

Conventionally, to characterize an EM in FEM tools, a sim-
ulation is run with current excitation at a single speed value.
Later these results are extrapolated for other speed ranges to
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FIGURE 5. Specific power loss of the material under sinusoidal excitation
with different frequencies.

FIGURE 6. Permanent magnet synchronous machine geometry. Orange:
winding, green: magnets, and gray: stator and rotor steel cores, selected
point in the tooth to do further analysis on flux density is marked with red.

determine the whole machine’s performance characteristics
in the torque–speed map. In this method, several loss curve
data obtained from measurements at different frequencies are
put into the FEM tool. Then, the tool outputs a single eddy
and hysteresis loss coefficient that is generated by using curve
fitting of measurement data in the Berttoti model by the use
of least root-mean-square error for all frequencies. Such a
derivation of loss coefficients is sensitive to the choice of input
frequencies and can lead to deviations from the measured data
under different frequencies. To propose a more accurate use
of input data, one can create a hysteresis coefficient that is
frequency-dependent. In the current study, by investigating
the distribution of the flux density over the cross-section of
the stator core, and investigating the frequency spectrum of
each element on the stator geometry, it can be seen that each
part of the stator is experiencing a space harmonic content,
which is for interaction between the stator slots and the shape
of the magnets in the rotor. Moreover, the space harmonics
of the flux density can change based on the operating point.

FIGURE 7. Distribution of � for each mesh element over the stator core at
operating points throughout the speed–torque map of the IPM.

This is due to that the current angle can affect the magnetic
flux that is generated from the interaction of the electromag-
netic flux of the winding and the magnetic flux produced by
the magnets. Hence, to evaluate the importance of including
these harmonics in the accurate calculation of core losses in
the Berttoti model, the flux density distribution across the
frequency spectrum is analyzed. This is done for all stator
elements at 248 operating points in the torque–speed map of
the IPM under study.

To simplify the study and evaluate the impact of each fre-
quency on the core loss of the machine, the parameter � is
introduced over a mesh element,

� = B2
pk,n

fn

f1
= Ph

f1Kh
(6)

where fn is the space harmonic frequency, f1 is the funda-
mental frequency at the operating point. This parameter shows
the value of hysteresis loss for each element divided by the
hysteresis coefficient. Fig. 7 shows the distribution of � for
the EM under study.

As can be seen, the median of � at the fundamental fre-
quency, 1.7 W

kgHz , is more than 11 times the third space
harmonic content. Another observation is that 50% of the
data are in the range of 0.9–2.55 W

kgHz in contrast to the
third harmonic content, which is in the range of 0.075–0.3

W
kgHz . For the higher harmonic orders, the ratio between the
median of the fundamental and the fifth-order harmonic is
34. According to this observation, it is safe to assume that
the biggest portion of the core losses are generated by the
flux densities appearing at the fundamental frequency. To ac-
count for the dependency of the hysteresis loss coefficient,
the EM is characterized once again by simulation at each
frequency level with the frequency-adaptive hysteresis loss
coefficient replacing the conventional fixed coefficient. The
proposed frequency-adaptive coefficient method provides a
more accurate estimation of losses by prioritizing the precise
calculation of the fundamental frequency, which accounts for
the majority of the iron losses at a given operating point.
In contrast, the conventional method consistently focuses on
minimizing errors at high frequencies, potentially neglecting
accuracy at lower and medium frequencies.

VOLUME 6, 2025 887
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FIGURE 8. EM’s core loss difference between core losses calculated from
fixed and frequency-adaptive hysteresis loss coefficients.

The iron loss results obtained from the machine’s char-
acterization using these two methods are compared. Fig. 8
illustrates the relative difference in iron losses calculated
using a fixed hysteresis loss coefficient versus a frequency-
adaptive hysteresis loss coefficient across the torque-speed
map of the EM. As can be seen, the iron loss calculated with
the fixed hysteresis loss coefficient is generally higher than
that obtained with the frequency-adaptive method, except at a
frequency of 1100 Hz, which corresponds to the speed region
of 16 000 r/min, where it is lower by 2%. At low frequencies,
the fixed coefficient method overestimates core losses by as
much as 80%.

It is important to note that for the material studied, the de-
viation is linear since the hysteresis coefficient is the only loss
coefficient assumed to be frequency-dependent. To further in-
vestigate the impact of using a frequency-adaptive coefficient
on iron loss calculations, simulation results for the machine
with fixed and frequency-adaptive hysteresis coefficients were
applied to a selected EV. The vehicle’s accumulated iron en-
ergy loss was then evaluated for both methods. The deviation
in accumulated iron energy loss between the two approaches
is approximately 12% during the WLTC test drive cycle for
the chosen EV. This indicates that using a fixed coefficient
overestimates the accumulated energy loss in the vehicle by
12% compared to the proposed frequency-adaptive method.

Fig. 9 summarizes the steps defined to improve the core loss
calculation.

B. THREE-PHASE INVERTER
As mentioned, recent versions of commercial-WBG SiC MOS-
FETs offer a compelling alternative to conventional Si-IGBTs
in electrified vehicle applications. Their appeal stems from
reduced switching losses due to faster transition times and
superior thermal characteristics, making them preferable to
Si-IGBTs. In addition, the MOSFET’s reverse conduction (RC)
phenomenon allows for lower conduction losses. A half-
bridge SiC module, CAS300M17BM2 [20], has been utilized
to implement the PWM-based motor drive inverter. The in-
verter is configured as a three-phase two-level VSI within

FIGURE 9. Simulation steps regarding the method to improve core loss
calculation.

the Twin Builder tools. To develop accurate loss models, the
measured currents and instantaneous voltages obtained from
the real-time cosimulation between Twin Builder and Ansys
Maxwell have been imported into MATLAB for numerical
loss model implementation, which is detailed in later subsec-
tions.

1) CONDUCTION LOSSES
The numerical implementation relies on an analytical ap-
proach for determining the losses in SiC MOSFETs, as out-
lined in [21] and [22]. In this method, the average MOS-
FETconduction losses over a fundamental period of the phase
current can be calculated as

Pcond,MOS = 1

2π

∫ 2π

0
RonIM

2(α)τ (α)dα (7)

where Ron is the MOSFET ON-state resistance, IM is the MOSFET

current, α = 2π f t , f is the fundamental frequency and τ is
the duty cycle which can be expressed as a function of α as

τ (α) = 1

2
(1 + m sin α) (8)

where m is the modulation index [23]. Likewise, the diode
conduction losses can be derived as

Pcond,D = 1

2π

∫ 2π

0
(RdID

2(α) + VdID(α))τ (α)dα (9)

where the voltage drop, Vd, and the ON-state resistance, Rd,
can be obtained from the datasheet information of the forward
characteristics of the diode. Finally, ID is the diode current.

1) MOSFETs’ RC: Unlike Si-IGBTs, where the total re-
verse current of the transistor flows through an anti-
parallel diode, MOSFETs can also conduct reverse current
due to their RC characteristic. Thus, if the MOS-
FET’s drain-to-source voltage exceeds the corresponding
diode forward voltage, parallel conduction of the two
devices occurs. The diode may be either a separate diode
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or the intrinsic built-in one. This leads to a significant
reduction, especially in the total conduction losses of
the diodes. The currents flowing through the MOSFET

and diode during RC can be obtained as

IM = RdIpsin(α − ϕ) − Vd

Rd + Ron
(10)

ID = RonIpsin(α − ϕ) + Vd

Rd + Ron
(11)

where ϕ is the angle of displacement power factor and
Ip is the peak phase current [21], [22].

2) Blanking time: To incorporate the impact of blanking
time (during which both the upper and lower switches
in the same phase leg are turned OFF, allowing only
the diode to conduct) into the calculation of conduction
power losses, an equivalent duty cycle can be introduced
as follows. This equivalent duty cycle is subsequently
used in the MOSFET conduction loss equations men-
tioned earlier

τeq(α) = τ (α) − tblanking fsw

= 1

2
(1 − 2tblanking fsw + m sin α) (12)

where fsw is the switching frequency [21], [22].

2) SWITCHING LOSSES
During every turn-ON and OFF events, a loss occurs in the
switch and its anti-parallel/ body diode. Switching losses can
be calculated analytically in a MOSFET and a diode by the
expression

Psw,MOSFET,Diode

= fsw·Esw(Inom,Vnom)·
(

1

π

Ip

Inom

)ki

·
(

Vdc

Vnom

)kv

(13)

where Esw is switching energy loss, Ip is the peak phase
current, Inom and Vnom are nominal current and voltage values,
and ki and kv are current and voltage dependency exponents,
respectively [24]. In the numerical implementation in this
study, the switching loss is calculated at every switch-ON and
switch-OFF event of the device as

Psw =
∑

Esw

t
(14)

where t is the fundamental period time.

3) THERMAL MODEL
Since parameters in power modules, such as ON-state resis-
tances, forward voltage drops, as well as switching and reverse
recovery energies exhibit temperature dependence, inverter
power losses are calculated using the thermal network shown
in Fig. 10. Tj, represents the junction temperatures of the MOS-
FET, and diodes, Tc is the case/baseplate temperature, Ts and
Tf represent the heatsink and fluid temperatures, respectively.
The fluid temperature and fluid flow-rate are set to 65◦C and
10 L/min, respectively.

FIGURE 10. Thermal calculation model for SiC module in three-phase
inverter.

The total losses are computed based on temperature using
an iterative method. In this approach, the devices’ static and
dynamic parameters (Vd, Rd, Ron, Esw and Err) are interpolated
based on a specified junction temperature. Subsequently, the
losses and temperatures are recalculated iteratively until con-
vergence [21]. Notably, the current dependency of the devices’
switching energies is also modeled as a function of current
and junction temperature. Previous work by the authors has
already provided a detailed examination of temperature’s in-
fluence on both switching and conduction losses in SiC and
IGBT modules [21], [25].

III. SYSTEM LEVEL POWER LOSS ANALYSIS WITH
DIFFERENT PWM SWITCHING FREQUENCIES
As discussed previously, this study put the main focus on
an optimized system-level loss analysis to address the op-
timum PWM frequency in all drive regions. The following
section will provide the proposed PWM-induced power-loss
analysis for the IPM as well as the SiC-based inverter for
three selected operating points with the impact of different
PWM frequencies. More broadly, the proposed scheme will
be further extended to all feasible operating points within the
torque–speed region of the studied machine to achieve the
optimal switching frequency map through a drive system loss
minimization approach.

A. PWM CURRENT RIPPLE ANALYSIS WITH DIFFERENT
SWITCHING FREQUENCIES
The classical SVPWM modulation scheme, which is easily
implemented, enables more efficient utilization of the dc-bus
voltage (by 15%).

Applying the cosimulation process depicted in Figs. 1 and
2, the generated PWM-induced current ripples injected into
the PMSM have been analyzed for two selected machine
operating conditions: one heavy-load, low-speed, and one
light-load, medium-speed scenario from the drive region. The
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FIGURE 11. PWM-induced current ripples versus switching frequency for
the PMSM, operating at heavy and light-load conditions at (a) 2000 r/min,
240 N · m and (b) 4000 r/min, 80 N · m.

testing covered a range of PWM switching frequencies from
2.5 to 20 kHz.

Fig. 11 illustrates the PWM-induced current ripples versus
switching frequency for the IPM used, operating at 2000 and
4000 r/min, generating electromagnetic torques of 240 and
80 N · m, respectively. The current ripple amplitude values
are displayed in Fig. 12, showing that the ripple amplitudes for
both conditions decrease monotonically as the PWM frequen-
cies increase. However, the difference in ripple magnitude
diminishes for PWM frequencies above 12.5 kHz.

Next, for a clearer comparison of their frequency compo-
nents, the results of the Fourier analysis including the low
frequency and switching frequency components are shown in
Fig. 13.

As observed in both selected machine conditions, the dom-
inant harmonics are concentrated around twice the PWM
switching frequency. For instance, a switching frequency of
2.5 kHz results in a current ripple of 5 kHz. The values of
the harmonic components decrease as the PWM switching
frequency increases.

FIGURE 12. PWM-induced current ripple amplitude versus PWM switching
frequencies for two selected machine conditions.

FIGURE 13. Fourier analysis of PWM-induced current ripples versus
switching frequency for PMSM, operating at heavy and light-load
conditions at (a) 2000 r/min, 240 N · m and (b) 4000 r/min, 80 N · m.

In fact, the higher the current ripple, the more significant
the harmonic content in the current waveform. These har-
monics generate corresponding harmonics in the magnetic
flux density, which are superimposed on the fundamental flux
component, leading to an overall increase in flux density
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FIGURE 14. PWM-induced power losses in the machine versus PWM
switching frequencies for three selected machine conditions.

swings. Harmonics can also lead to torque ripple, causing me-
chanical vibrations and noise. Figure 14 illustrates the torque
ripple magnitude at two selected operating points. As seen
with the current ripple trends in Fig. 12, the torque ripple
amplitude progressively decreases with increasing PWM fre-
quency. However, beyond 12.5 kHz, the reduction in ripple
magnitude becomes less significant.

Therefore, it is crucial to account for these harmonics, espe-
cially if the machine operates across a wide range of switching
frequencies. Higher switching frequencies will push these har-
monics out to higher frequencies, where they might have less
impact on the machine’s performance.

Based on the discussion above, this analysis underscores
the importance of selecting an optimal switching frequency
over the drive regions to minimize current ripple and improve
the overall performance of the PMSM drive system.

B. PWM-INDUCED POWER LOSSES IN IPM
To calculate PWM-induced power losses in the IPM and as-
sess the impact of PWM switching frequency, the losses are
categorized into three components: copper losses, core losses,
and magnet losses. As discussed in Section II-A1, the core
losses, comprising both hysteresis and eddy current losses,
are adjusted first, using a method that adapts the core loss
coefficients to the frequencies of a specific operating point,
providing an improved core loss calculation. To verify the
impact of varying PWM switching frequencies on machine
losses, an additional operating condition at 6000 r/min and
60 N · m torque was evaluated. Fig. 14 presents the PWM-
induced losses in the machine across a wide range of PWM
switching frequencies (5–30 kHz), calculated using real-time
FEM cosimulation between Twin Builder and Ansys Maxwell
with a variable time-step of up to 100 ns for three selected op-
erating conditions. Furthermore, the conventional sinusoidal
feeding excitation losses in the machine are compared with
the PWM-induced losses, as illustrated in the figure.

As observed across the selected machine conditions, vary-
ing the switching frequency noticeably impacts magnet losses,

FIGURE 15. Frequency spectrum of the normal flux density of a mesh
element on the middle of the stator tooth, at sinusoidal current feeding
versus PWM-fed excitation with switching frequency of 10 and 20 kHz at
the operating point of 60 N · m and 6000 r/min.

with a decrease in magnet loss as the PWM frequency in-
creases. However, the reduction in core and copper losses
is minimal. This is because, at higher PWM switching fre-
quencies, high-frequency harmonics become less effective in
inducing eddy currents in the magnets, leading to lower mag-
net losses. In contrast, this effect is much less pronounced for
core and copper losses, resulting in only a slight reduction.

As discussed before, core losses are primarily dependent
on the fundamental frequency of the magnetic flux, which
is related to the rotor speed. For the copper losses, although
higher PWM frequencies can reduce current ripple, the impact
on copper losses is relatively small because these losses are
predominantly determined by the rms value of the current
rather than the ripple. That is why those losses are less affected
by changes in PWM frequency compared to magnet losses.

Comparing the sinusoidal excitation loss bars with PWM
in Fig. 14, PWM excitation leads to significantly higher mag-
net losses due to increased eddy currents from switching
harmonics. In contrast, sinusoidal excitation typically results
in smoother loss behavior with fewer high-frequency com-
ponents. Therefore, accounting for these additional losses
is critical when designing high-efficiency systems utilizing
PWM, particularly in high-speed or high-power applications.

As mentioned earlier, the overall core losses increase when
the IPM is fed with an inverter instead of a sinusoidal voltage
source. Moreover, by increasing the switching frequency the
core losses are observed to be reduced. To investigate the
impact of PWM on the core losses and verify that the proposed
core loss calculation correctly accounts for PWM-induced
losses, understanding the changes in flux density is crucial.
To do so, an exemplary operating point with a torque of 60 N
· m and speed of 6000 r/min is selected. Fig. 15 shows the
frequency spectrum of the normal flux density for a mesh
point in the middle of the stator tooth, shown in Fig. 6. For the
sake of comparison, the frequency components of the normal
flux density with sinusoidal feeding are compared to those of
utilizing PWM-fed excitation at switching frequencies of 10
and 20 kHz.

As can be seen, by including the inverter’s switching, fre-
quency components on the sidebands of switching frequency’s
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multiples, increase. To verify that the model used for core
losses with frequency-adaptive coefficient is correctly ac-
counting for the effect of PWM, additional measurements on
the electrical steel used in this study were performed at 10
and 20 kHz. At sinusoidal excitation, the core loss density of
the selected mesh point is 26.3 W/kg. This value increases to
28.3 W/kg with a switching frequency of 10 kHz and a slightly
lower value of 28.1 W/kg for a switching frequency of 20 kHz.
The core loss increase due to switching events is 6% to 7% for
this mesh point. However, the core loss increase on both the
stator and rotor surfaces is approximately 22% for switching
frequencies of 10 and 20 kHz at the selected operating point.
This is because the frequency component of the flux density
varies depending on the position of the mesh element on the
stator and rotor core geometry.

C. PWM-INDUCED POWER LOSSES IN SIC-BASED
INVERTER
As discussed in Section II-B, the CAS300M17BM2 half-
bridge SiC module was used to configure a three-phase VSI
inverter to drive the PMSM. To achieve a more precise inverter
loss calculation, three-phase currents, and reference voltages
at varying PWM switching frequencies were extracted from
the real-time cosimulation and imported into MATLAB. A
numerical analysis based on the MOSFETs/diodes’ conduction
and switching loss models [21], was conducted across all the
machine operating points. The impact of thermal feedback and
diode blanking time on the losses has been evaluated.

As an example, Fig. 16 shows the three-phase currents and
the SVM reference voltages fed to the SiC-based inverter,
along with the generated three-phase PWM-induced voltages
at 2000 r/min and 380 N · m machine operating condition
with a 10 kHz PWM switching frequency in the implemented
real-time cosimulation. Following this, Fig. 17 illustrates the
conduction losses for the upper MOSFET and its corresponding
diode during parallel conduction [21], [22]. Furthermore, the
diode conduction losses that occur during the blanking time
are highlighted in Fig. 17(b).

To assess the impact of varying the PWM switching fre-
quency, the loss analysis discussed has been applied to the
three operating points mentioned earlier. Fig. 18 illustrates the
distribution of these losses as the PWM switching frequency
increases from 5 to 30 kHz.

As predicted, across all three investigated points, increas-
ing the PWM switching frequency substantially increases the
MOSFET switching losses, particularly under heavy-load con-
ditions. In contrast, the impact on the MOSFET conduction
losses is minimal[21], [22]. In addition, the diode conduction
losses observed under the selected operating conditions are
negligible, though they show a slight increase with higher
switching frequencies. This increase is linked to more current
flowing through the diodes as the junction temperature rises
with elevated switching frequencies [25], [26]. Worth men-
tioning is that, from the datasheet, the diode switching energy
for the employed SiC module is zero.

FIGURE 16. Three-phase input signals fed to SiC inverter as well as the
generated three-phase PWM output at 2000 r/min, 380 N · m, 10 kHz
switching frequency. (a) Three-phase currents. (b) SVM reference voltages.
(c) PWM-induced voltages.

D. OPTIMUM SWITCHING FREQUENCY DETERMINATION
As the PWM switching frequency expands from 2.5 to above
50 kHz (65 kHz), the trend of total losses within the drive
system, including both the PMSM and the SiC-based inverter,
becomes more clearly evident across the two tested operating
points, as shown in Fig. 19.

As illustrated in the figure, as the PWM switching fre-
quency increases, the decline in PMSM losses gradually
diminishes, while the inverter losses rise linearly. At a certain
switching frequency, these opposing trends balance each other
out, resulting in minimum total losses for the drive system.
For the example operating points, these optimal frequencies
are identified at 20 and 30 kHz, as shown by the red circles.

This approach has been utilized to determine the optimal
switching frequency across all operating regions of the drive
system, which will be evaluated in the following section.

IV. OPTIMAL PWM SWITCHING FREQUENCY SCHEME:
OVERALL SIC MOTOR DRIVE SYSTEM
By applying the previously discussed loss calculation methods
at various operating points in drive regions under differ-
ent switching frequencies, the optimal switching frequency
scheme can be visualized in the drive system’s torque–speed
map; see Fig. 20.

The optimal PWM switching frequencies assigned to each
drive region will result in the lowest possible system (inverter
and PMSM) losses.
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FIGURE 17. Parallel conduction losses of MOSFET and diode showing
MOSFET RC phenomenon in a phase leg of SiC inverter at 2000 r/min speed,
380 N · m torque and 10 kHz switching frequency. (a) Upper MOSFET. (b)
Upper corresponding diode.

FIGURE 18. PWM-induced power losses in SiC-based inverter versus PWM
switching frequencies for three selected machine conditions.

As can be observed, the optimal switching frequency is
distributed in a pattern of concentric levels. As the value of the
switching frequency decreases, it becomes associated with the
outer layers of this pattern. In other words, higher frequencies
are associated with the inner layers within the medium-speed
range between 5000 and 10 000 r/min with low torque, and
lower frequencies are found in the outer layers for high torque
regions. In addition, in the high-speed region, the optimal
switching frequency value gradually decreases as the speed
increases.

FIGURE 19. Optimum PWM switching frequency determination in a total
system loss minimization approach for two selected machine conditions at
(a) 2000 r/min, 240 N · m and (b) 4000 r/min, 80 N · m.

FIGURE 20. Optimal PWM switching frequency scheme of SiC-based
motor drive system.

This pattern can indicate how the optimal switching fre-
quency varies with different drive conditions or operational
parameters, potentially guiding the selection of switching fre-
quencies to minimize the losses and improve the motor drive
performance.

It should be noted that while SiC devices theoretically
support much higher switching frequencies, the trade off be-
tween machine inverter losses and overall drive performance
must be carefully evaluated. Excessively high frequencies can
lead to increased inverter losses, high slew rate effects, and
electromagnetic interference (EMI), ultimately compromising
system efficiency. The detailed analysis in this study indicates
that for automotive applications.particularly the investigated
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FIGURE 21. Thermal calculation model for Si-IGBT module in three-phase
inverter.

drive system—operating beyond 50 kHz does not yield further
efficiency benefits under realistic conditions.

A. OPTIMAL PWM SWITCHING FREQUENCY SCHEME:
COMPARING SIC VERSUS IGBT-BASED INVERTERS IN
MOTOR DRIVE SYSTEMS
To verify the advanced switching capabilities of SiC semicon-
ductors compared to IGBTs, similar loss calculation methods
including a speed-adaptive PMSM core loss calculation de-
scribed in Section II-A1 and PWM-induced power losses into
drive system (see Section III) were applied to a low-switching-
loss Si-IGBT module with a blocking voltage of 1700 V,
FZ600R17KE3 [27], using a Si-based inverter configuration
for comparison.

For the inverter power loss calculations, the conduction
losses of the Si-IGBT and diode in the Si-IGBT module have
been calculated by integrating the product of the current flow-
ing through the device and voltage drop over it [24], [28],
resulting in the expressions
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where Rf is the IGBT ON-state resistance and VT is the IGBT
voltage drop.

The same analysis approach used for the SiC-based inverter
was applied to calculate switching losses and diode conduc-
tion losses during the blanking time for the Si-IGBT inverter.
In addition, the thermal model shown in Fig. 21, employing

FIGURE 22. (a) Optimal PWM switching frequency scheme of IGBT-based
motor drive system. (b) The difference in optimal switching frequency
values between SiC-based and IGBT-based motor drives.

a similar calculation method as the SiC-based inverter, was
utilized.

Following the approach used for the SiC-based drive sys-
tem to determine the optimal switching frequency, the method
was applied to identical operating points across the drive re-
gions under different PWM switching frequencies.

Fig. 22 shows the distribution of the optimal switching
frequency on the torque–speed map for the Si-IGBT-based
drive system to achieve the minimum possible system losses,
while Fig. 22(b) illustrates the difference in optimal switching
frequency between the two motor drive systems.

As shown, in the IGBT drive system, the typical PWM
switching frequency range is limited to 5 to 30 kHz. In con-
trast, the SiC-based drive system exhibits a broader PWM
frequency distribution, i.e., 10–50 kHz due to its ability to
operate at higher switching frequencies with lower switching
losses compared to the Si-IGBT system. In addition, as shown
in Fig. 22(b), the major difference, up to 20 kHz occurs in the
low-speed to medium-speed ranges with low torque, where
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TABLE 2. EV Parameters

EVs predominantly operate. In other drive regions in the fig-
ure, the optimal frequency difference between the two motor
drive systems is still substantial.

The findings presented in the previous section show that,
using the proposed loss map method, the SiC-based drive sys-
tem can leverage the high switching frequency capability of
SiC MOSFETs to optimize the PWM frequency across different
regions of the drive system over a broader range compared to
that of IGBTs, thereby enhancing the machine performance.

B. OPTIMAL PWM SWITCHING FREQUENCY SCHEME:
DRIVE CYCLE AND ENERGY LOSS ANALYSIS, COMPARING
SIC VERUS IGBT-BASED INVERTERS IN MOTOR DRIVE
SYSTEMS
In this section, the EM under study is integrated into the
powertrain of a medium-sized battery EV, which is operated
under the WLTC test-drive cycle to analyze the predicted
accumulated energy loss. Three case studies are investigated.
In Case A, the EM is sinusoidally fed in an FEM simulation
with an inverter operating at a fixed switching frequency of
10 kHz. Case B examines a PWM-fed machine driven by
an inverter with a fixed 10 kHz switching frequency in a
coupled FEM simulation of the PMSM and inverter. Case C
implements the proposed method in the current study, using
a variable PWM-fed machine in the coupled FEM analysis.
These studies were conducted for both a SiC-based inverter
and an IGBT counterpart.

The vehicle dynamics and forces on the vehicle can be
described, according to [29], as

Fwheel = ρa

2
Cd A f v

2 + Crmgcosα + mgsinα + m
dv

dt
(17)

where ρa represents the air density, Cd is the aerodynamic
drag coefficient. m is the vehicle mass, g is the gravitational
constant, α is the road inclination angle, and Cr is the di-
mensionless rolling resistance coefficient. The parameter A f

is the effective cross sectional area. The power required by
the wheels to sustain a certain speed is then obtained by
Pwheel = Fwheel(t )vcar(t ). The total accumulated energy con-
sumed at the wheels is determined as

Ewheel(t ) =
∫

Pwheel(t )dt . (18)

FIGURE 23. Total energy loss per distance in a selected EV in WLTC test
drive cycle.

FIGURE 24. Optimal PWM switching frequency for IGBT and SiC switches
under driving conditions of WLTC test-drive cycle.

The dynamic parameters of the vehicle are presented in Ta-
ble 2 and Fig. 23 shows the results of vehicle assessment in
the WLTC drive cycle.

As shown, in all three cases, the SiC-based drive consis-
tently minimizes energy losses compared to the IGBT-based
system. The sinusoidal current excitation of the machine
(Case A) for both SiC and IGBT drives notably underesti-
mates power and energy losses in the system. Looking at the
bar charts for Cases B and C (IGBT and SiC), the proposed
optimal PWM frequency profile (Case C) results in a 10.78%
reduction in accumulated energy loss for the SiC-based in-
verter and a 4.17% reduction for the IGBT-based inverter
compared to the fixed PWM frequency (Case B). In addition,
implementing the proposed method (Case C) leads to 22 %
lower energy losses in the SiC-based drive compared to the
IGBT counterpart, as the optimal PWM switching frequency
pattern over the WLTC cycle is illustrated in Fig. 24. It can
be seen that the major difference, reaching up to 20 kHz,

VOLUME 6, 2025 895



AMIRPOUR ET AL.: ADAPTIVE DETERMINATION OF OPTIMUM SWITCHING FREQUENCY IN SIC-PWM-BASED MOTOR DRIVES

in the optimal frequency patterns occurs in the low-speed to
medium-speed ranges over the WLTC, as also observed in the
previous section.

V. CONCLUSION
This article determines the optimal system-level switching
frequency throughout the torque–speed map. The work can
be summarized in the following points.

1) Of the main components of machine losses, PWM-
induced iron loss is identified as the dominant factor,
influenced by speed/fundamental frequency. To provide
a more reliable measure of PMSM losses, a method
is used to adapt iron loss coefficients across differ-
ent frequencies/speeds based on measurements on the
electro-steel sheets. This approach differs from the con-
ventional method of using a fixed iron loss coefficient
over the operating region, especially in high-frequency/
high-speed PWM-based applications. The results reveal
that the calculated losses from fixed coefficient by using
all the datasets from the measurements mainly overesti-
mate the core losses at most frequencies of up to 80%
and approximately 12% in the WLTC test drive cycle
for the selected EV.

2) A detailed real-time coupled simulation of Twinbuilder
and Ansys Maxwell FEM analysis of PWM-induced
power losses in IPM machines has been implemented.
Enabled by a WBG-based VSI, leveraging its advanced
switching capabilities, the analysis spans a wide range
of PWM switching frequencies from 5 to 50 kHz
(65 kHz). A numerical inverter loss model is employed
in MATLAB, accounting for thermal feedback, blank-
ing time, and MOSFET RC, driven by the generated
three-phase PWM currents and voltages from the real-
time coupled FEM simulation, to provide an accurate
estimate of inverter side losses.

This comprehensive approach makes it possible to capture
the complex dynamics between the motor and the inverter, and
then the developed powertrain loss map models offer a more
reliable method to determine the optimal switching frequency
throughout the full operating range of the machine.

For the intended scope of this analysis, the results indicate
that increasing the PWM switching frequency has promising
potential for minimizing PWM-induced power losses in IPM
machines, reducing all three major loss components: core
losses, copper losses, and magnet losses, with a notable re-
duction in magnet losses. Although system-level efficiency is
closely related to inverter-side losses—particularly switching
losses, which increase with switching frequency—the opti-
mal switching frequency offered by the SiC-based inverter
shows a broad range of 10–50 kHz over the torque-speed
map and a difference of up to 20 kHz in the dominant driv-
ing range of light load and medium speed compared to the
IGBT-based motor drive. This is due to significantly higher
switching losses from adopting a higher PWM frequency,
which constrains the optimal PWM frequency to a lower range
in IGBT-based counterparts.

Furthermore, the optimal PWM frequency profile generated
in this study presents a reduction of up to 22% on the accu-
mulated energy loss over the WLTC driving pattern in the SiC
motor drive compared to the IGBT counterpart. In addition, a
decline of 10.78% in energy loss has been achieved for the SiC
drive system and 4.17 % for the IGBT counterpart using the
proposed optimal PWM frequency profile compared to using
a fixed switching frequency.

For future work, this study can be expanded to consider
the effect of high switching speed (high slew rate dv/dt)
in WBG-based motor drives on inverter losses, providing a
tradeoff between the turn-OFF voltage overshoot caused by a
high dv/dt and the resulting switching losses, as well as the
effect of electromagnetic interference and mechanical losses
in the system. In addition, since inverter and machine losses
likely exhibit different behaviors with varying dc-bus volt-
ages, the effect of variable dc-link voltages on both IPM
and inverter loss calculations can be evaluated. Moreover,
to predict the core losses of the EM precisely, the effect of
manufacturing of EMs on the electro-steel can be taken
into account. Considering the abovementioned factors al-
lows for a more accurate estimation of system-level losses,
leading to a more reasonable determination of the optimal
switching frequency scheme for the electric drive system.
However, emphasizing experimental validation is equally cru-
cial. While experimental setups may not cover a full range
of parameters or conditions required for a complete compari-
son with the FEM results, they can certainly complement the
findings.
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