
Citation: Chudzik, P.; Steczek, M.;

Tatar, K. Reduction in Selected

Torque Harmonics in a Three-Level

NPC Inverter-Fed Induction Motor

Drive. Energies 2022, 15, 4078.

https://doi.org/10.3390/en15114078

Academic Editor: Mladen Nikšić

Received: 28 April 2022

Accepted: 27 May 2022

Published: 1 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Reduction in Selected Torque Harmonics in a Three-Level NPC
Inverter-Fed Induction Motor Drive
Piotr Chudzik 1, Marcin Steczek 2 and Karol Tatar 1,*

1 Institute of Automatic Control, Faculty of Electrical, Electronic, Computer and Control Engineering,
Lodz University of Technology, 90-924 Łódź, Poland; piotr.chudzik@p.lodz.pl
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Abstract: The reduction or elimination of selected torque and current harmonics is widely used in
multilevel inverter fed induction motor drives. A wide range of methods are employed to achieve
this goal. Those modes of operation allow the avoidance of certain torque and current harmonics that
may lead to disturbance and even mechanical and electrical resonance. In this paper, the selective
harmonic elimination technique (SHE-PWM) is employed to reduce the chosen torque harmonics
in a three-level NPC inverter-fed induction motor drive. The proposed method is compared with
the synchronized carrier pulse width modulation technique (SCPWM). For both schemes of control
simulation, a model is proposed using Simulink software. Furthermore, laboratory stand experiments
are carried out to verify the correctness of torque harmonics formation.

Keywords: selective harmonic elimination; three-level NPC inverter; mechanical disturbance reduction

1. Introduction

Intensive development of power electronic devices in recent decades has resulted in
significant changes in the methods of supplying power to electric drives, hence improving
the energy efficiency of the drives and obtaining much better dynamic properties. The
main element of this revolution was inverter systems, in which control consists of the
permanent switching of transistors. As a consequence, an almost rectangular shape of the
voltages supplying the motor is achieved. In the case of systems with low power and low
voltages, it is possible to use relatively high switching frequencies, which, combined with
the inductive nature of electric machines, allows for almost perfect shaping of the current,
and thus the torque produced by the motor.

One of the most important phenomena occurring in motor drives is the possibility of
mechanical resonance [1–5]. In popular systems adapted to low power drives, the so-called
“frequency bypass” is used. This is a typical function of any industrial inverter. This
enables the elimination of the first voltage harmonic, which is most responsible for the
mechanical resonance.

In the case of high-power systems, for whom the switching frequency is very close to
the first harmonic frequency, there may be a resonant interaction of the mechanical system
with frequencies arising as a result of voltage modulation. This is particularly important
in the case of mechanical transmission systems with elastic shafts and in systems with
turbines [2,3]. For variable speed drive systems where the first harmonic varies from 0 to
the maximum frequency, the higher harmonics produced also have a variable frequency.
In this situation, the elimination of the selected harmonics does not allow the avoidance
of resonance.

In case of high-power devices, it is increasingly more difficult to obtain a sufficiently
high frequency of switching. This is mainly due to losses in transistors, which are dependent
on parameters that are extremely harmful for high voltage switches. Another problem in
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the case of devices designed to work at voltages exceeding the values of several kV is the
lack of appropriate transistors. One of the solutions to overcome this problem is the use of
inverters with multi-level structures. In this case, there are two simultaneous advantages: it
is possible to use transistors with blocking voltages that are lower than the supply voltage,
and the number of commutations per transistor can be reduced, i.e., losses can be reduced.

In the case of drives with power exceeding 1 MW, which require voltages from 4 to
15 kV to feed power supply, even the use of multi-level structures forces the limitation of
the switching frequency to very low values; in the extreme case, the minimum number of
switches shapes the first harmonic voltage of the motor supply voltage (Sixstep) [6]. This is
associated with a very unfavorable formation of the current and torque produced in the
motor. There are many works on this subject [7–11]. The authors usually focus on specific
harmonics in which they identify certain types of problems.

The paper [12] presents the mechanism of torque harmonics formation in drives
powered from transistor inverters. It is noted here that the nth harmonic of the torque is
formed from the nth − 1 and nth + 1 harmonic supply voltages of the motor. In [2], the
influence of modulation methods on the torque frequency response, for low-switching
frequencies in a three-level inverter, is analyzed. The method of optimal calculation of
switching angles is presented. The optimization criterion indicated the minimization of
RMS values of 6, 12, 18, etc., torque harmonics. The presented method was compared with
the SHE and STPWM methods using simulation research and experiments.

The article [13] proposes the optimal selection of the carrier signal frequency for a
three-level voltage inverter (NPC). The optimization criterion was chosen to meet the
criteria of three-phase symmetry (TPS) and half-wave symmetry (HWS).

The authors of the paper [14] considered the possibility of limiting the spectrum of
torque oscillations by using a hybrid SVPWM technique for a two-level inverter. The pre-
sented solutions allow for a significant reduction in the peak-to-peak value of undesirable
torque components for high motor speeds.

The works [15–18] were devoted to the optimization of harmonics in the DC-link circuit
current and phase current harmonics for two- or three-level voltage inverters supplying
traction drives. In this work, the selective harmonic elimination and mitigation (SHEAM)
method was proposed.

Additionally, the work [19] discusses the SHE method in the context of a three-level
voltage inverter.

In the article [20], a new method of direct torque control (DTC) for multi-level voltage
inverters was proposed. The authors discussed torque harmonics’ spectrum formation. The
results of simulation and experimental research carried out for a three-level NPC inverter
were also presented.

Paper [11] presents a new method of synchronized space-vector pulse width mod-
ulation (SSVPWM) for a three-level NPC inverter, meeting the symmetry of TPS, HWS,
QWS while limiting the switching of only two transistors in one sampling period. The pre-
sented control scheme was compared experimentally and using simulation with CSSPWM
and SDPWM.

In the papers [21–23], various carrier-based PWM control strategies focusing on min-
imizing selected harmonics of torque for the induction motor powered from two- and
three-level inverters were presented.

Most of the presented works deal with the analysis, reduction, or elimination of
selected harmonics in order to reduce losses or improve the quality of operation for the
devices.

This article presents the concept of using the method of selective torque component
elimination in order to achieve the full range of speed control with minimization of the
specific selected frequency of mechanical pulsations.
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2. Methodology

The methodology used for the study presented in this article was based on the use of
the simulation model of an induction motor (0.4 kV DC–2.2 kW) verified in the laboratory
stand with the same parameters. Only steady states were taken under consideration, and
the Fast Fourier Transform (FFT) algorithm was used to determine current, voltage, and
toque harmonics amplitudes.

2.1. Torque Harmonics Formation in Inverter Powered Drive Systems

The electromagnetic torque in the motor is produced by the interaction of the rotor
and stator fluxes. The basic expression determining its value is given by the formula:

Te =
3
2

p
Lm

LsLr − L2
m

∣∣ψs
∣∣× ∣∣ψr

∣∣ (1)

where: p—number of pole pairs, Lm—mutual inductance, Ls—inductance of stator wind-
ings, Lr—inductance of rotor windings, ψs—flux associated with stator, ψr—flux associated
with rotor, and all values are instantaneous. The values of stator and rotor fluxes are
functions of the stator voltage. The relationship between voltage and fluxes is given by the
following formula: [

dψs
dt

dψr
dt

]
=

[
Rs
σLs

RsLm
σLsLm

RrLm
σLsLm

jωr − Rr
σLr

][
ψs
ψr

]
+

[
1
0

]
Vs (2)

Due to the way the motors are powered by inverters, the voltage supplied to the
terminals has a rectangular shape. Due to the design of the motors related to their three-
phase character and symmetry, the resulting torque contains pulsations with frequencies
that are six times the frequency of the first harmonic voltage [12]. The values of each of
these harmonics are determined by the harmonics of the currents and fluxes:

√
2τn sin(nωst + δn) = Kn[ψm1(Ir(n−1) + Ir(n+1)) sin(nωst) + Ir1(ψm(n−1) +ψm(n+1)) cos(nωst)] (3)

where: τn—RMS value of the nth harmonic of torque; ψm1, ψm(n-1), ψm(n+1) are respectively
the fundamental harmonic of the flux and its nth + 1, nth − 1 harmonics; Ir1, Ir(n − 1), Ir(n + 1)
are respectively the values of the fundamental harmonic of the rotor current and its nth + 1,
nth − 1 harmonics.

The harmonics of the flux and current are formed as a result of the stator voltage.
However, the relationships between these quantities are not easy to determine analytically.
It is only possible to find approximate formulas showing the main components of the
harmonics of voltages affecting fluxes and currents:

Ir(n−1) ≈
Vn−1

(n−1)ωsLl
, Ir(n+1) ≈

Vn+1
(n+1)ωsLl

ψm(n−1) ≈
Vn−1

(n−1)ωs
,ψm(n+1) ≈

Vn+1
(n+1)ωs

(4)

As a result, the following relationship can be written:

√
2τn sin(nωst + δn) ≈ aψm1

[
Vn−1

(n− 1)
+

Vn+1

(n + 1)

]
sin(nωst) + bIr1

[
Vn−1

(n− 1)
+

Vn+1

(n + 1)

]
cos(nωst) (5)

where a and b are the corresponding constants.
The relationship shows that, in order to eliminate the nth torque harmonic, it is

necessary to lead to a situation in which the amplitudes of nth + 1 and nth − 1 harmonics of
the phase voltage supplying the motor are equal but opposite in sign. Usually, the authors
of the works determine the quality indicator on the basis of the above formulas, and on its
basis look for an analytical relationship that allows the switching angles to be obtained.



Energies 2022, 15, 4078 4 of 12

Unfortunately, the analytical attempts to find the relationship between the harmonics
of voltage and torque each time require significant simplifications, which reduce their
effectiveness. The methods presented in [1,4,12,22,24] lead to the operation on specific
harmonics of stator voltages in order to produce or eliminate specific harmonics of the
driving torque. Unfortunately, their use is limited, among other things, by the number of
harmonics that can be eliminated, depending on the number of switching angles per quarter.

A reliable approach to determining the relationship between the inverter output
voltage and torque requires solving complex differential equations. Even this way of
solving the problem is not perfect, because the quality of elimination of selected harmonics
in the real device is also influenced by hardware limitations such as deadtimes and minimal
pulses, especially in high-power inverters. Another major limitation of analytical methods
is the power supply status of the motor with modulation coefficients exceeding 1. Therefore,
the authors of the current paper developed an algorithm for determining the switching
angles of the inverter for all possible amplitude states and frequencies of the first harmonic
voltage. The assumption of the algorithm is a simulation solution to the problem of
optimizing the harmonics of the torque by finding the best system of switching angles that
implements the given operating state. This solution requires a huge number of numerical
calculations at the stage of preparation of switching angle tables. The result of the work is a
set of tabulated data, in which the target solution is immediately available and does not
require any numerical operations to be used in the inverter.

2.2. Selective Harmonic Elimination

The SHE-PWM technique is well known and studied in the available literature [16–18,25–29].
Its applicability in electric drives has been proven. The best performance for this technique
was achieved for offline preprocessing of switching angles of the transistors in the inverter.
This is non-carrier-based modulation where transistors change their state according to a
precise switching plan. The SHE equations are based on the Fourier series expansion of the
inverter output voltage waveform:

V(ωt) = a0 +
∞

∑
n=1

[an sin(nωt) + bn cos(nωt)] (6)

where: ω is an angular velocity of fundamental component, n is a harmonic order, and an,
bn are Fourier coefficients. The quarter-wave symmetry is assumed, where the coefficient
an for an odd value of n represents a non-zero value:

an =

 4UDC
nπ

[
−1− 2

N
∑

i=1

(
−1)i cos(n · αi

)]
; for odd n

0 ; for even n

bn =

{
0 ; for odd n
0 ; for even n

(7)

where: UDC is the mean value of the DC-link voltage and N is the number of switching
angles per quarter period. To control the selected harmonics instead of the cancelation,
the Selective Harmonic Mitigation (SHM) technique is introduced. In this case, values
of the chosen voltage and current harmonics can be mitigated to assumed values. For
N = 5 switching angles in the quarter period, 5 non-linear equations can be formulated
(Equation (8)) to satisfy the fundamental component (V1) and mitigate the 5th, 7th, 11th,
and 13th harmonics:
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

4
π [−1 + 2cos(α1)− 2cos(α2) + 2cos(α3)− · · ·

. . . 2cos(α4) + 2cos(α5)] = M1
4

5π [−1 + 2cos(5α1)− 2cos(5α2) + 2cos(5α3)− · · ·
. . . 2cos(5α4) + 2cos(5α5)] = Mh5

4
7π [−1 + 2cos(7α1)− 2cos(7α2) + 2cos(7α3)− · · ·

. . . 2cos(7α4) + 2cos(7α5)] = Mh7
4

11π [−1 + 2cos(11α1)− 2cos(11α2) + 2cos(11α3)− · · ·
. . . 2cos(11α4) + 2cos(11α5)] = Mh11

4
13π [−1 + 2cos(13α1)− 2cos(13α2) + 2cos(13α3) − · · ·

. . . 2cos(13α4) + 2cos(13α5)] = Mh13

(8)

where: M1 is the modulation index:

V1 = M1
UDC

2
; for M1< 0,

4
π
> (9)

and amplitudes of mitigated voltage harmonics can be defined in a similar way:

V5 = Mh5 UDC
2 ; for Mh5< 0, 4

π >

V7 = Mh7 UDC
2 ; for Mh7< 0, 4

π >

V11 = Mh11 UDC
2 ; for Mh11< 0, 4

π >

V13 = Mh13 UDC
2 ; for Mh13< 0, 4

π >

(10)

The mitigation of the voltage harmonics of a specified order results in reducing or
eliminating certain torque harmonics. In this paper, the Particle Swarm Optimization
algorithm was applied to reduce the value of unwanted torque harmonics.

To solve SHE in Equation (8) using an optimization algorithm, the fitness function
must be formulated. For N = 7 switching angles and to eliminate four harmonics, the fitness
function is described by the following equation with constraints:

Minimize, ffit(α1,α2,α3,α4,α5,α6, ,α7) = σ1 × (V1 −V∗1)
2 + σ5 × (V5)

2 + σ7 × (V7)
2 + σ11 × (V11)

2 + σ13 × (V13)
2 + σ29−31 × (I29 − I31)

2

subject to : 0 < α1 < α2 < α3 < α4 < α5 < α6 < α7 < π
2

(11)

where: V1, V5, V7, V11, V13 are fundamental components and 5th, 7th, 11th, and 13th
voltage harmonics (p.u.) respectively, σ_x are penalty weights for the optimization process,
and I29, I31 are the 29th and 31st current harmonics.

In Equation (11), the 29th and 31th current harmonics are being set to the same value
of the amplitude. This assumption allows the reduction or elimination of the 30th torque
harmonics. Moreover, low order voltage harmonics are eliminated as the default. This
methodology was applied to suppress selected torque harmonics. Mitigation of high-order
harmonics, instead of elimination, increases the convergence of the optimization algorithm
and reduces the increment in uncontrolled components.

2.3. Simulation Model of Motor Drive Power System

The simulations were carried out using a mathematical model of a three-level inverter
in the NPC configuration and an induction motor created in the MATLAB/Simulink
environment. Two modulators were designed: SCPWM, which performs synchronous
carrier modulation, and an SHE modulator. The SCPWM model is a classic solution
consisting of carrier generators, comparators, and switching logic.

Figure 1 shows the entire simulation model.
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Figure 1. Simulation model of motor power drive.

2.4. Laboratory Stand Setup

The simulation tests were validated by performing real experiments on a laboratory
stand equipped with a three-level NPC inverter with a CPLD system, laboratory power
supply, dSpace 1104 card, PC, induction motor with load, industrial inverter, and ICP603C01
accelerometer. The block diagram of the stand and photograph is depicted in Figure 2a,b.
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The input data for the dSpace card are switching angle tables, obtained offline during
the optimalization process described in Section 2.2. The correct data-fitting modulation
index and fundamental frequency were loaded through a MATLAB script to the Simulink
workspace. Then, the correct switching sequence was delivered to 12 outputs of the dSpace
card. The signal logic was then verified by CPLD to avoid any mistakes resulting in
short-circuits and to impose required deadtimes for switching transistors. After passing
through CPLD, the switching sequence was delivered to dedicated drivers, which eventu-
ally turned IGBT switching keys on and off. In the case of an industrial appliance, where
there is no possibility of using MATLAB and a dSpace card, for implementation of the
proposed methods, it is sufficient to use the commonly used inverter’s controllers, such
as DSPiC32 microcontrollers, or an FPGA system with ARM processors, such as XILINX
ZYNQ-7000.

The parameters of the motor drive used in the experiments and simulations are shown
in Table 1.

Table 1. Parameters of the model and laboratory stand motor.

Parameter Siemens 1LA7160 (Motor)

Rated power 2.2 kW
Rated current 4.85 A
Rated voltage 400 V

Stator leakage inductance per phase 3.39 mH
Stator winding resistance per phase 2.74 Ω
Rotor leakage inductance per phase 3.33 mH

Core loss resistance 1200 Ω
Magnetizing inductance 86.67 mH

3. Results
3.1. Simulation Results

Figure 3 shows a graph of the harmonic spectrum of torque generated in a mathemati-
cal model of the propulsion system using the SCPWM method.
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Figure 3. Relative values of the individual torque components depending on the frequency and
fundamental frequency.

The tests were carried out separately for the first harmonic frequencies of the motor
supply voltage in the range of 5–50 Hz. For the testing, an assumption was made for each
operating point that it is a fixed work point. The values of the modulation coefficient
were selected in accordance with the assumption of ensuring a constant flux, i.e., U/f
for the frequency of 20–50 Hz. For the frequency of 5–19 Hz, the system operates with a
constant switching frequency of 800 Hz. Arrows A, B, and C indicate undesirable harmonic
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components with a frequency of 1200 Hz for 25, 40, and 50 Hz, respectively, i.e., the
frequency of the first harmonic voltage wave.

The conclusion of the research shows that, when working at different frequencies of
the first harmonic voltage, an unwanted torque component with a frequency of 1200 Hz
appears at the generated torque, which can subsequently lead to mechanical resonance.

The SHE modulator proposed in the article was implemented using tables of switching
angles, which were determined at the stage of preliminary research as a result of the
optimization algorithm.

The effect of using the voltage modulation method described above is the production
of the desired harmonic spectrum of the torque, through the possibility of eliminating the
selected frequency occurring in the torque signal. Figure 4 shows a juxtaposition of the
torque spectra for the SCPWM method and SHE for two example frequencies of 40 and 50
Hz in which torque harmonics for 1200 Hz occurred.
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The switching angles for SHE for two frequency values of 40 and 50 Hz are given in
Table 2.

Table 2. Switching angles for SHE for 40 and 50 Hz.

Freq.
[HZ]

Switching Angels in Radians

Θ1 Θ2 Θ3 Θ4 Θ5 Θ6 Θ7

40 (MI = 0.8) 0.5435 0.6156 0.8334 0.9600 1.0261 1.0722 1.1037

50 (MI = 1.0) 0.1864 0.3857 0.5639 1.1770 1.2717 1.3487 1.3763
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Detailed graphs showing the frequency spectrum and time waveform of the phase
voltage are illustrated in Figure 5. The frequency spectrum and time waveform of the phase
current are shown in Figure 6.
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The analysis of individual waveforms from Figures 4–6 shows that the SHE method
allows for effective elimination of the selected frequency occurring in the torque spectrum
(in this case it is 1200 Hz).

Next, the tests showing the influence of the change in the model parameters on the
mitigating effect of the SHE algorithm were carried out. During the trials, the authors did
not notice any significant changes in the mitigating effect of the proposed algorithm.

3.2. Experimental Results

The essence of the research was the observation of the torque harmonics generated
by the motor. Due to the lack of reliable possibilities to directly measure torque for a
wide frequency range, it was assumed that the presence of torque disturbances for a given
frequency would be seen in the spectrum of vibrations observed in the laboratory stand. For
this purpose, a vibration sensor was installed in the base of the bench. The correctness of the
assumption is evidenced by the compatibility of the torque harmonic spectra obtained as a
part of simulation studies with the harmonic spectra of vibrations observed in laboratory
tests. The imperfection of the proposed method is the expression of the results derived
from the laboratory tests presenting the harmonics of the torque in the form of the unit of
voltage occurring at the output of the sensor.

The tests were carried out for the entire frequency range of the drive system. Figure 7
shows the results obtained for the two selected frequencies (40 and 50 Hz).
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The waveforms shown illustrate the frequency spectra of the propulsion unit vibrations
for the SCPWM and SHE methods. The frequencies of 40 and 50 Hz were chosen because
their spectra for SCPWM modulation contained the highest harmonic component values of
1200 Hz. The obtained results show high efficiency in eliminating the selected vibration
frequency of 1200 Hz. On all spectral graphs, a high correspondence of the harmonic
components for the recorded vibration signal with the harmonic waveforms of the torque
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obtained by simulation can be observed (comparison of Figures 4a–d and 7a–d), further
proving the correctness of modeling phenomena in the simulation program and the proper
performance of real research. Taking into account the waveforms presented in Figure 7a–d,
the damping factor for 1200 Hz harmonic equals 23.2 for the fundamental frequency of
40 Hz and 12.1 for the fundamental frequency of 50 Hz. This significant improvement
allows the avoidance of mechanical resonance that could lead to drive system failure.

4. Conclusions

The aim of the study was to perform simulation and laboratory tests of the drive
system with a three-phase three-level NPC inverter with a limited frequency of switching.
The experiments revealed the possibility of significant reduction in the selected frequency
of mechanical vibrations, by shaping the voltage wave supplying the motor, using the SHE
method. As part of the research, an analysis of phenomena affecting the harmonics of
the torque generated by the induction motor was carried out. Next, a way to determine
the control voltage wave using the SHE method was proposed by performing offline
optimization for all possible operating states of the inverter. The next step was to develop
a simulation model of the power drive system with SCPWM and SHE control, and to
conduct comparative studies. The final stage of the work was to implement the compared
control structures in the MATLAB/Simulink environment and run them on a dSpace card
controlling the three-level inverter. The results of laboratory tests recorded in this way
confirmed the effectiveness of the proposed SHE method for the elimination of selected
torque components. The simplicity of the implementation of the SHE method (i.e., a lookup
table) allows it to be used both as the only voltage wave modulation algorithm, or to
be incorporated to be used only in selected drive operating states, in which, with other
modulation methods, mechanical resonance may occur at the frequency resulting from the
physical properties of the object.

Author Contributions: Methodology, M.S.; Software, K.T.; Supervision, P.C.; Validation, K.T.;
Writing—original draft, K.T. and M.S.; Writing—review & editing, P.C. and K.T. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shyu, K.K.; Lin, J.K.; Pham, V.T.; Yang, M.J.; Wang, T.W. Global Minimum Torque Ripple Design for Direct Torque Control of

Induction Motor Drives. IEEE Trans. Ind. Electron. 2010, 57, 3148–3156. [CrossRef]
2. Song-Manguelle, J.; Nyobe-Yome, J.M.; Ekemb, G. Pulsating Torques in PWM Multi-Megawatt Drives for Torsional Analysis of

Large Shafts. IEEE Trans. Ind. Appl. 2010, 46, 130–138. [CrossRef]
3. Song-Manguelle, J.; Schröder, S.; Geyer, T.; Ekemb, G.; Nyobe-Yome, J.M. Prediction of Mechanical Shaft Failures Due to Pulsating

Torques of Variable-Frequency Drives. IEEE Trans. Ind. Appl. 2010, 46, 1979–1988. [CrossRef]
4. Tripathi, A.; Narayanan, G. Evaluation and Minimization of Low-Order Harmonic Torque in Low-Switching-Frequency Inverter

Fed Induction Motor Drives. IEEE Trans. Ind. Appl. 2015, 52, 1477–1488. [CrossRef]
5. Singh, B.; Jain, S.; Dwivedi, S. Torque Ripple Reduction Technique with Improved Flux Response for a Direct Torque Control

Induction Motor Drive. IET Power Electron. 2013, 6, 326–342. [CrossRef]
6. Narayanan, G.; Ranganathan, V.T. Synchronised bus-clamping PWM strategies based on space vector approach for modulation

up to six-step mode. In Proceedings of the PEDES 1998—1998 International Conference on Power Electronic Drives and Energy
Systems for Industrial Growth, Perth, WA, Australia, 1–3 December 1998; Volume 2, pp. 996–1001. [CrossRef]

7. Beig, A.R.; Kanukollu, S.; Al Hosani, K.; Dekka, A. Space-Vector-Based Synchronized Three-Level Discontinuous PWM for
Medium-Voltage High-Power VSI. IEEE Trans. Ind. Electron. 2014, 61, 3891–3901. [CrossRef]

8. Narayanan, G.; Ranganathan, V.T. Two Novel Synchronized Bus-Clamping PWM Strategies Based on Space Vector Approach for
High Power Drives. IEEE Trans. Power Electron. 2002, 17, 84–93. [CrossRef]

9. Manivelan, C. A Survey on multilevel inverter topologies and control schemes with harmonic elimination. In Proceedings of the
2020 International Conference on Electrotechnical Complexes and Systems (ICOECS), Ufa, Russia, 27–30 October 2020. [CrossRef]

10. Kouro, S.; Malinowski, M.; Gopakumar, K.; Pou, J.; Franquelo, L.G.; Wu, B.; Rodriguez, J.; Perez, M.A.; Leon, J.I. Recent Advances
and Industrial Applications of Multilevel Converters. IEEE Trans. Ind. Electron. 2010, 57, 2553–2580. [CrossRef]

http://doi.org/10.1109/TIE.2009.2038401
http://doi.org/10.1109/TIA.2009.2036515
http://doi.org/10.1109/TIA.2010.2057397
http://doi.org/10.1109/TIA.2015.2487447
http://doi.org/10.1049/iet-pel.2012.0121
http://doi.org/10.1109/PEDES.1998.1330737
http://doi.org/10.1109/TIE.2013.2288194
http://doi.org/10.1109/63.988673
http://doi.org/10.1109/ICOECS50468.2020.9278519
http://doi.org/10.1109/TIE.2010.2049719


Energies 2022, 15, 4078 12 of 12

11. Chen, W.; Sun, H.; Gu, X.; Xia, C. Synchronized Space-Vector PWM for Three-Level VSI with Lower Harmonic Distortion and
Switching Frequency. IEEE Trans. Power Electron. 2016, 31, 6428–6441. [CrossRef]

12. Robertson, S.D.T.; Hebbar, K.M. Torque Pulsations in Induction Motors with Inverter Drives. IEEE Trans. Ind. Gen. Appl. 1971,
IGA-7, 318–323. [CrossRef]

13. Gao, Z.; Li, Y.H.; Ge, Q.X.; Wang, K.; Zhao, M.; Zhu, J. Research on the synchronized carrier-based PWM strategy under
low switching frequency for three-level neutral point clamped inverter. In Proceedings of the IECON 2020 The 46th Annual
Conference of the IEEE Industrial Electronics Society, Singapore, 18–21 October 2020; pp. 4121–4126. [CrossRef]

14. Pavan Kumar Hari, V.S.S.; Narayanan, G. Space-Vector-Based Hybrid PWM Technique to Reduce Peak-to-Peak Torque Ripple in
Induction Motor Drives. IEEE Trans. Ind. Appl. 2015, 52, 1489–1499. [CrossRef]

15. Steczek, M.; Szelag, A.; Chatterjee, D. Analysis of Disturbing Effect of 3 KV DC Supplied Traction Vehicles Equipped with
Two-Level and Three-Level VSI on Railway Signalling Track Circuits. Bull. Pol. Acad. Sci. Tech. Sci. 2017, 65, 663–674. [CrossRef]

16. Steczek, M.; Chatterjee, A.; Chatterjee, D. Optimisation of Current Harmonics for Threelevel VSI Based Induction Motor Drive
Suitable for Traction Application. IET Power Electron. 2018, 11, 1529–1536. [CrossRef]

17. Steczek, M.; Chudzik, P.; Lewandowski, M.; Szelag, A. PSO-Based Optimization of DC-Link Current Harmonics in Traction VSI
for an Electric Vehicle. IEEE Trans. Ind. Electron. 2020, 67, 8197–8208. [CrossRef]
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