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Abstract—This paper investigates the impact of switching
frequency and modulation technique on the efficiency of electric
drivetrains utilizing inverter-driven Permanent Magnet Syn-
chronous Machines, focusing on heavy-vehicle applications. Ac-
counting for inverter conduction and switching losses, along
with machine copper, iron, and magnet losses, a comparison
between two- and three-level inverters is performed at key
operating points relevant to long-haul truck applications. This
study employs current-based finite element analysis for machine
loss estimation and a virtual prototyping method for inverter loss
estimation to analyze drivetrain efficiency. The findings indicate
that there is an optimal switching frequency evidently improving
overall efficiency. Moreover, the system using the three-level
inverter demonstrates notably lower system losses.

Index Terms—Electric Drivetrains, Permanent Magnet Syn-
chronous Machines, Pulse Width Modulation, Multilevel In-
verters, Switching Frequency, Modulation Techniques, Energy
Efficiency

I. INTRODUCTION

Permanent Magnet Synchronous Machines (PMSMs) gained
increasing popularity for the use in electric drivetrains, espe-
cially for heavy vehicle applications, thanks to their ability to
meet high torque density and efficiency requirements. Driving
PMSMs by Pulse Width Modulation (PWM) inverters, allows
for precise speed and torque control. When evaluating the
overall combined drivetrain energy efficiency, it is important
to consider losses in both the electric machine and the inverter.
Both have been widely studied, with numerous models and cal-
culation methods developed to evaluate them accurately [1]–
[6]. Furthermore, it has been shown that additional harmonic
losses induced in PMSMs when driven by a PWM source
can significantly impact the overall efficiency and, therefore,
cannot be neglected [7]–[10].

The loss estimation inside PMSMs caused by PWM opera-
tion has been addressed using analytical as well as simulation-
based methods [7]–[10]. In [11], work has been carried out
on choosing the optimal inverter topology to minimize the
additional iron losses. The impact of different modulation
techniques and varying switching frequencies on iron and
magnet losses respectively has been investigated in [12], [13].

While above mentioned methods aim to minimize losses in
inverters and PMSMs individually, a holistic approach, taking

into consideration both loss contributing components, is essen-
tial to ultimately improve overall drivetrain energy efficiency.
This is especially important, as the relationship between
the harmonic components in PMSMs and inverter switching
frequency poses a trade-off [14]. While higher switching
frequencies lead to an increase in inverter switching losses, the
PMSM’s inductance more effectively filters out current ripples
at those higher switching frequencies, thereby reducing PWM-
related losses in the PMSM [15]. In [16] an optimization study
investigates the effect of a variable switching frequency and
different modulation methods on drivetrain losses using a two-
level inverter topology. The results confirm that the choice
of switching frequencies impacts energy efficiency across the
operational range of the drivetrain system, thereby highlighting
that aforementioned trade-off should be taken into account
during inverter design. However, the loss estimation in [16]
is performed analytically to allow for rapid evaluation, which
consequently results in a reduction of accuracy.

This study investigates the influence of different switching
frequencies and modulation methods on the overall drivetrain
efficiency. It presents an analysis of a system using a two-level
inverter topology and extends this analysis to include a three-
level inverter topology, thus allowing for a direct comparison
between the two. The diverse range of operating points during
vehicle operation presents challenges for optimization. Given
the primary focus on long-haul truck applications, the scope is
narrowed to a comparison of six operating points that account
for the majority of energy consumption within a typical
driving cycle. This, in contrast to [16], allows for a more
precise estimation of PMSM losses through current-based
finite element analysis (FEA) simulations, similar to the
approach taken in [9]. Inverter losses are estimated using a
virtual prototyping method which incorporates figure-of-merit
parameters [17], enabling accurate system-level modeling
without specifying a particular semiconductor device.

The remaining part of the paper is structured as follows:
Section II lays out the system specifications, followed by a
detailed description of the modeling approach in Section III.
Finally, Section IV presents the results.



II. SYSTEM SPECIFICATIONS

This study compares the losses of a PMSM drive fed by
either a 2-level voltage source inverter (VSI) or a 3-level
neutral point clamped VSI, which are both illustrated in Fig. 1.
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Fig. 1. The evaluated inverter topologies. (a) 2-level VSI. (b) 3-level neutral
point clamped VSI.

The power rating of the machine is 350 kW and the DC-link
voltage of the system is 625 V. Fig. 2 displays the torque-
speed operating map of the PMSM. Given the long-haul
truck application of the drive, most of the energy during
a representative driving cycle is consumed around a few
distinct operating points, allowing the scope of this work to be
narrowed down to the analysis of six key operating points, as
shown in Fig. 2. Torque and speed values for each operating
point are provided in Table I.
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Fig. 2. Torque over speed map including the investigated operating points.

TABLE I
TORQUE, SPEED AND CURRENTS FOR THE SELECTED OPERATING POINTS.

OP: A B C D E F

Speed [rpm] 200 3 000 3 000 3 000 5 000 5 000
Torque [Nm] 1 250 1 240 620 310 740 370
id [A] -565 -689 -254 -92 -774 -469
iq [A] 571 458 319 193 200 119

III. MODELING APPROACH

The modeling approach utilizes a co-simulation setup to
estimate the overall system losses. Fig. 3 illustrates the struc-
ture of the deployed simulation process. The entire system
including the inverter, machine, and a closed-loop control is
modeled in a Simulink environment to extract the phase current
waveforms in the machine based on operating point and PWM
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Fig. 3. Simulation flowchart.

switching frequency. Once the system reaches steady state
for a specific operating point, the current waveforms for one
electrical period are extracted. Note that at this stage, these
currents contain harmonics, which will induce higher losses
in the FEA analysis compared to pure sinusoidal inputs. They
are then used as an input for transient current source FEA
simulations to compute the losses in the PMSM.

A. Machine Model

To achieve a high level of detail, the PMSM is modeled
with flux linkage maps in the dq reference frame. These
maps are obtained prior from FEA simulations and account
for magnetic saturation as well as cross-saturation. The flux
linkage maps are obtained for varying rotor positions and then
averaged (see Fig. 4). Implementing the flux linkage maps
as lookup tables, the flux linkage ψ can be calculated as a
function of the dq currents, ψd(id, iq) and ψq(id, iq). The
dq voltage equations of the PMSM using flux linkages are
expressed as: 

vd = Rsid +
dψd

dt
− ωeψq

vq = Rsiq +
dψq

dt
+ ωeψd

(1)

As the flux linkages become the state variables for the im-
plemented machine model, it is necessary to express the dq-
axis currents as functions of the flux linkages, id(ψd, ψq) and
iq(ψd, ψq). This is achieved by computing the inverse of the
flux linkage maps using a method similar to that outlined in
[18] and shown in Fig. 5.

Fig. 4. Flux Linkage maps for d- and q-axis direction.



Fig. 5. Inverse of the Flux Linkage maps for d- and q-axis direction.

B. Control

To obtain the required current waveforms for the FEA-based
loss calculation corresponding to the targeted speed and torque
values of each operating point, the dq axis current reference
values are determined using an offline calculation-based field
weakening control method as described in [19]. The values of
the reference currents are stored in torque-speed lookup tables
as depicted in Fig. 6.

A closed-loop field oriented control scheme is implemented
to control the currents. The reference currents for the specified
operating points are given in Table I. A simplified version of
the implemented model and control setup is shown in Fig 7.
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Fig. 6. Currents depending on operating point. (a) id. (b) iq .
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Fig. 7. Simplified model and control structure.

C. Inverter Model

The inverter is modeled by implementing the carrier-based
PWM principles described in [20] for sinusoidal (SPWM) and
third harmonic injection PWM (THPWM). While a single
triangular carrier is used for the two-level VSI, level-shifted
dual carrier signals are implemented to achieve three-level
inverter modulation. The switching frequency is varied from
5 kHz to 30 kHz.

D. FEA Simulation Setup

Transient current-source FEA simulations compute the
PMSM losses by applying the phase current waveforms de-
rived from Simulink. The simulations are conducted using
COMSOL Multiphysics. To analyze the high frequency con-
tents resulting from the PWM switching, the simulation has
to be set up accordingly. Looking at the FFT analysis of
the currents (see Fig. 8), it becomes obvious that the main
harmonic components are to be expected around the integer
multiples of the switching frequency with side bands located
around these frequencies. Beyond 150 kHz the harmonic con-
tribution becomes negligibly small. Therefore, the analysis is
limited to a frequency of 150 kHz. To include and resolve
this frequency, the time step size for solving the simulation
has to be set sufficiently small. According to the Nyquist
criterion, the simulation time step must be small enough that
its corresponding sampling frequency is at least twice the
maximum frequency of interest. Based on this requirement,
the maximum time step for the simulation is set to 1e-6 s,
resulting in a Nyquist frequency of 500 kHz.
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Fig. 8. FFT of phase current at OP F and switching frequency of 30 kHz.

E. Loss Modeling

PMSM losses are categorized into copper, magnet, and iron
losses. The copper losses consist of a resistive DC component,
and an AC component caused by the skin effect. The magnet
losses primarily result from eddy currents induced by the
time-varying magnetic field. Both loss types are computed in
COMSOL, which calculates the cycle-averaged loss density Q
as:

Qcopper/magnet =
1

T

∫ Tend

Tend−T

J · E dt (2)



where T is the electrical period, J the current density and
E the electrical field. The iron losses require post-processing,
and they are calculated applying the Bertotti model as:

Piron = khB
αhf + keB

αef2 + kxB
αxf1.5 (3)

where f is the frequency and B is the magnetic flux density
respectively. The parameters used in (3) are specified in
Table II.

TABLE II
IRON LOSS PARAMETERS

Loss Type Loss Constant [W/m3] Exponent [-]

Hysteresis kh = 279 αh = 2
Eddy Currents ke = 0.606 αe = 2
Excess kx = 2.37 αx = 1.5

The inverter losses in 2-level 3-phase (2L-3Ph) and 3-
level neutral point clamped (3L-NPC) inverters are estimated
using a virtual prototyping method that utilizes figure-of-
merit (FOM) parameters to evaluate semiconductor losses.
This method enables a thorough system-level analysis without
relying on specific semiconductor device data. A detailed
description can be found in [21].

Semiconductor losses in inverters are mainly divided into
two types: conduction losses and switching losses. These
losses are influenced by factors such as the inverter topology,
switching frequency, and the specific characteristics of the
semiconductor devices used.

Firstly, conduction losses occur when the semiconductor
devices are in the on-state, allowing current to flow through
them. The conduction loss for a single switch is calculated
using the following equation:

Pc =
1

2π

∫ θC2

θC1

rds · ids(θ)2 ·D(θ) dθ (4)

where rds is on-state resistance of the switch, ids(θ) is the
current through the switch as a function of the phase angle,
D(θ) the duty cycle of the switch, θC1 and θC2 are the
conduction angles. The on-state resistance rds is affected by
the voltage rating VB and the die area of the semiconductor
device Adie = 500mm2. It can be approximated as:

rds =
kR · V αr

B

Adie
(5)

where kr = 7.2e−3 mΩ·mm2

V 1.6 and αr = 1.6 are technology-
dependent coefficients. When calculating conduction losses,
the impact of the body diode might be disregarded during the
reverse conduction of MOSFETs and dead times. However,
neglecting the body diode results in an overestimation of losses
during reverse conduction and an underestimation of losses
during dead times, as noted in [22]. These opposing effects
tend to partially offset each other.

Secondly, switching losses occur during the transition be-
tween the on and off states of the semiconductor devices.
These losses originate from two primary components: zero

current switching (ZCS) energies and overlapping energies.
The zero current switching energy Esw−ZCS is estimated as:

Esw−ZCS = Coss,Q(Vsw)V
αc
sw = kcU

αc

b AdieV
2
sw (6)

where Coss,Q is the output capacitance of the switch, Vsw is
the switching voltage, kc = 1.6e4 pF ·V

mm2 and αc = −1 are
technology-dependent coefficients. The overlapping switching
energy Esw−OL is calculated as:

Esw−OL = (
VswI

2
sw

2 di
dton

+
V 2
swIsw

2 dv
dton

)+ (
VswI

2
sw

2 di
dtoff

+
V 2
swIsw

2 dv
dtoff

) (7)

where dv/dt = 20 kV
µs is the voltage change rate and di/dt

is the current change rate during switching. These rates are
significantly higher for SiC devices, enabling faster switching
and reduced energy loss.

The total switching losses Psw are calculated by integrating
the switching energy over the switching angles θSW1 to θSW2:

Psw =
fsw
2π

∫ θSW2

θSW1

(Esw−OL(θ) + Esw−ZCS(θ)) dθ (8)

Additionally, the three-level topology includes diodes con-
nected to the midpoint of the capacitors, which also contribute
to the overall losses. The switching losses of these diodes
might be ignored when SiC Schottky diodes are utilized. The
diode conduction losses are calculated by:

Pd =
1

2π

∫ θD2

θD1

Von · ids(θ) ·D(θ) dθ (9)

where Von is diode on-state voltage drop, ids is the current
through the diode, θD1 and θD2 are diode conduction angles.
Unlike MOSFETs, the diode has an additional voltage drop
vo. The on-state voltage drop Von is estimated as:

Von = rd · Id + vo =
1

Adie
(αd · V 2.5

db + βd) · Id + vo (10)

with the on-state resistance of the diode rd, the diode blocking
voltage Vdb, the opening voltage of the diode vo = 0.4V , and
αd = 649.6e−6 Ω·mm2

V 2.5 and βd = 202.2e−3 Ω · mm2 being
technology dependent coefficients.

The conduction and switching angles for switches and
diodes are needed to compute overall semiconductor losses.
The angles differ depending on the specific topology, as can
be found in [22]–[24].

IV. RESULTS

The calculated PMSM loss results for all operating points
considering both the 2-level and 3-level inverters operated with
SPWM and THPWM are given in Table III. The corresponding
inverter losses are shown in Table IV. The inverter loss eval-
uation focuses on the fundamental current component, since
the current ripple is negligibly small. Therefore, for a given
modulation index, SPWM and THPWM give nearly identical
inverter losses if the switching frequency and fundamental
current remain unchanged. Using the 2-level inverter, THPWM
operation gives slightly lower PMSM losses than SPWM.
However, this trend reverses in the 3-level inverter scenario,



TABLE III
SUMMED PMSM LOSSES IN [W].

2-Level A B C D E F

fsw SPWM THPWM SPWM THPWM SPWM THPWM SPWM THPWM SPWM THPWM SPWM THPWM

5 kHz 3 179 3 181 11 324 10 804 6 365 6 050 4 724 4 587 20 049 19 645 11 765 11 579
10 kHz 3 068 3 068 10 552 10 316 5 802 5 695 4 237 4 176 19 559 19 353 11 390 11 227
15 kHz 3 023 3 023 10 260 10 127 5 606 5 553 4 056 4 025 19 324 19 220 11 122 11 074
20 kHz 2 995 2 995 10 091 10 008 5 492 5 457 3 944 3 932 19 219 19 154 11 014 10 987
25 kHz 2 985 2 984 9 995 9 942 5 424 5 397 3 870 3 872 19 140 19 089 10 952 10 929
30 kHz 2 974 29 74 9 948 9 897 5 358 5 330 3 824 3 827 19 088 19 041 10 907 10 875

3-Level A B C D E F

fsw SPWM THPWM SPWM THPWM SPWM THPWM SPWM THPWM SPWM THPWM SPWM THPWM

5 kHz 3 116 3 128 9 774 10 081 5 064 5 298 3 611 3 803 18 897 19 139 10 630 10 826
10 kHz 3 042 3 047 9 573 9 740 4 925 5 083 3 494 3 623 18 764 18 898 10 540 10 697
15 kHz 3 011 3 013 9 508 9 639 4 877 5 013 3 453 3 570 18 705 18 814 10 514 10 642
20 kHz 2 991 2 993 9 467 9 583 4 845 4 968 3 425 3 537 18 671 18 771 10 489 10 610
25 kHz 2 980 2 980 9 438 9 544 4 829 4 938 3 404 3 512 18 648 18 740 10 469 10 581
30 kHz 2 970 2 971 9 426 9 516 4 805 4 905 3 387 3 487 18 632 18 712 10 451 10 550

TABLE IV
INVERTER LOSSES IN [W] OVER SWITCHING FREQUENCY fsw .

2-Level A B C D E F

5 kHz 1 096 1 156 362 159 1 093 474
10 kHz 1 449 1 521 527 260 1 446 675
15 kHz 1 802 1 891 698 366 1 798 870
20 kHz 2 155 2 256 863 467 2 150 1 067
25 kHz 2 508 2 620 1 028 568 2 501 1 264
30 kHz 2 861 2 991 1 199 674 2 852 1 462

3-Level A B C D E F

5 kHz 1 410 1 263 460 217 1 215 572
10 kHz 1 574 1 436 540 270 1 384 659
15 kHz 1 738 1 610 620 323 1 549 747
20 kHz 1 900 1 784 700 375 1 719 840
25 kHz 2 066 1 955 777 428 1 883 927
30 kHz 2 230 2 132 860 481 2 053 1 015

where the PMSM losses slightly increase for THPWM oper-
ation when compared to SPWM. Overall, the PMSM losses
decrease exponentially with increasing switching frequencies
due to reduced current ripples. On the contrary, the inverter
losses show a linear increase with an increase in switching
frequency.

In the 2-level inverter, switching losses are a dominant
factor, leading to lower offsets but a steeper increase at
higher switching frequencies. In contrast, the 3-level inverter
experiences higher conduction losses due to series transistors,
while their reduced switching voltage lowers switching losses,
reducing the total losses for higher switching frequencies.

The combined evaluation of inverter and PMSM losses re-
veals that there is an optimal switching frequency to minimize
total losses of the system. The optimal switching frequency
along with the corresponding minimum combined system
losses is summarized in Table V. Depending on the operat-
ing point, inverter topology, and PWM strategy the optimal
switching frequency varies between 5 kHz and 19 kHz.

TABLE V
OPTIMAL SWITCHING FREQUENCY [KHZ]

AND CORRESPONDING COMBINED SYSTEM LOSSES [W].

2-Level 3-Level

SPWM THPWM SPWM THPWM

fsw Losses fsw Losses fsw Losses fsw Losses

A 5 4 275 5 4 277 5 4 526 5 4 538
B 11 12 064 9 11 828 8 10 996 10 11 176
C 13 6 293 11 6 218 10 5 465 12 5 617
D 19 4 410 15 4 391 11 3 763 12 3 885
E 10 21 005 6 20 733 6 20 112 9 20 280
F 15 11 992 11 11 899 8 11 188 10 11 356

Fig. 9 provides an example of the inverter, PMSM and com-
bined system losses varying with the switching frequency. The
trade-off between inverter losses and PMSM losses becomes
visible. For all operating points the loss-optimal switching
frequency is lower for the 3-level inverter system compared to
the 2-level inverter system.
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TABLE VI
LOSS REDUCTION AT OPTIMAL SWITCHING FREQUENCY COMPARED

WITH 2-LEVEL SYSTEM LOSSES OPERATING AT 10 KHZ.

2-Level 3-Level

SPWM THPWM SPWM THPWM

∆Loss in: [W] [%] [W] [%] [W] [%] [W] [%]

A -242 -5 -240 -5 9 0 20 0
B -9 0 -9 0 -1 077 -9 -661 -6
C -36 -1 -5 0 -864 -14 -605 -10
D -86 -2 -44 -1 -733 -16 -550 -12
E 0 0 -66 0 -894 -4 -519 -2
F -72 -1 -2 0 -877 -7 -546 -5

To assess the loss-saving potential, the setup with the 2-
level inverter switching at 10 kHz is chosen as the reference
for comparison. Table VI shows the potential loss savings for
all analyzed combinations relative to this reference. While
optimizing the switching frequency alone reveals only minor
loss saving potential, using a 3-level inverter paired with the
PMSM can reduce the system losses by up to 16 %.

V. CONCLUSION

This work evaluates the efficiency trade-off in electric drive-
trains between inverter and PMSM losses resulting from PWM
operation at various switching frequencies. At preselected
operating points, the overall drivetrain efficiency is analyzed,
comparing a 2-level and a 3-level inverter setup. Different
modulation techniques are tested. The switching frequency is
varied in a range of 5 kHz to 30 kHz. It is concluded that
depending on the operating point, and the choice of inverter
topology and switching strategy, a minimum loss switching
frequency in the range of 5 kHz to 19 kHz can be found
to maximize overall system energy efficiency. The results
reveal that using a 3-level inverter with the optimal switching
frequency has significant loss saving potential of up to 1 kW
or 16 % compared to the 2-level reference system.
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