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ABSTRACT Pulse width modulation (PWM) techniques are widely used to control the switching of
semiconductors in power converters. This paper presents a comprehensive overview of PWM techniques
for two-level voltage source inverters and provides a comparative analysis of commonly employed PWM
techniques, including sinusoidal PWM, zero-sequence injection PWM, third-harmonic injection PWM,
space vector modulation, and optimized pulse pattern with selective harmonic mitigation. Besides providing
a detailed literature review, this study includes multiple experimental results to evaluate the performance of
these PWM techniques across different keymetrics, such as output power quality, DC-link voltage utilization,
dynamic response, and complexity. Given the growing trend of electrification in the transportation sector,
particular emphasis is placed on motor drive applications. Furthermore, this paper discusses the impact of
digital controllers, wide-bandgap semiconductors, and model predictive control on PWM techniques while
addressing the challenges and future trends within this field.

INDEX TERMS Carrier-based pulse width modulation (PWM), pre-programmed PWM, space vector
modulation, total harmonic distortion, voltage source inverter.

NOMENCLATURE
Cdc DC-link capacitor.
I1 Fundamental component of phase current.
In Amplitude of nth order current harmonic com-

ponent.
Psw,norm Normalized switching loss.
THDI ,6s Phase current total harmonic distortion at six-

step operation.
THDI Phase current total harmonic distortion.
Td Deadtime.
V1 Fundamental output voltage.
Vdc DC-link voltage source.
Vn Amplitude of nth order voltage harmonic com-

ponent.
Vref Reference voltage vector.
V ∗
x Resultant modulating signals.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jorge Esteban Rodas Benítez .

WTHDV Weighted voltage total harmonic distortion.
f1 Fundamental frequency.
fsw Switching frequency.
mf Switching-to-fundamental frequency ratio.
mi Output modulation index, 0-4/π .
m∗
i Reference modulation index.

v∗x Reference modulating signals.
αx Optimal switching angles.
θu Reference voltage angle.
L Inductive load.
M Maximum harmonic order.
N Number of switching actions.
R Resistive load.
MI Normalized output modulation index, 0-1.
d Distortion factor.

I. INTRODUCTION
In recent years, advances in semiconductor technologies have
propelled the widespread adoption of power converters across

VOLUME 13, 2025

 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/ 86235

https://orcid.org/0000-0002-7002-2403
https://orcid.org/0000-0003-3663-8623
https://orcid.org/0000-0003-1223-7657
https://orcid.org/0000-0003-3452-2731
https://orcid.org/0000-0002-0676-1455
https://orcid.org/0000-0001-9732-704X


B. Batkhishig et al.: PWM Techniques for Two-Level Voltage Source Inverters: A Comparative Study

diverse applications [1], [2]. The large variety of applications
has created diverse requirements, prompting the development
of numerous DC/AC power converter topologies. These
include two-level voltage source inverters (2L-VSIs), current
source inverters (CSIs), as well as multilevel inverts such as
cascaded H-bridge (CHB), neutral point clamped (NPC), and
flying capacitor (FC) [3].

Among these converters, three-phase 2L-VSIs have
emerged as one of the most commonly used power converter
topologies, widely employed across a broad spectrum of
applications, such as grid [4], [5], renewable energy [6],
motor drive [7], [8], industry [9], uninterruptible power
supply (UPS) [10], [11], and photovoltaic systems [12], [13],
[14], [15]. The widespread adoption of 2L-VSIs is attributed
to their straightforward topology, high efficiency, low cost,
good dynamic response, high power density, and well-
established pulse width modulation (PWM) techniques [16].
However, the varying requirements and performance criteria
across different applications demand optimized performance
of VSI for specific use cases. Consequently, optimizing the
performance of VSIs to match particular applications has
become an essential topic of study.

The performance of VSIs is highly contingent on the pulse
width modulation (PWM) technique utilized. Therefore,
selecting the appropriate PWM technique plays a significant
role in attaining the desired performance in the VSI. Over the
last decades, many PWM techniques have been developed in
various research works, focusing on improvements in specific
performance criteria [17], [18], [19], [20], [21], [22], [23].
As a result, identifying the most suitable PWM technique
for a given application becomes crucial to meet particular
performance requirements.

Although distinct applications may entail different per-
formance demands, better output power quality for a given
switching frequency, broader operational range, simplic-
ity, and capability to change the output voltage quickly
are general performance criteria for PWM techniques in
almost all applications. The significance of each criterion
varies depending on the specific application, and addi-
tional performance criteria may also be considered. Beyond
defining the desired performance indices, understanding the
concepts and features of PWM techniques is imperative
to determine which PWM technique can deliver optimal
performance.

Over the years, numerous review articles have been
published on PWM techniques, offering detailed discussions
of their principles, classifications, and application-specific
features. For instance, [24] surveys classical PWM methods
and current tracking control strategies for AC motor drives,
with particular emphasis on the impact of switching time
delays. In [25], various gate signal generation methods are
explored for both multi-level and 2L-VSIs, encompassing
classical PWM, pseudo-modulation schemes, and closed-
loop control techniques with modulators. Meanwhile, [26]
and [27] focus on specialized topics, such as PWM strategies
for common mode voltage mitigation and pre-programmed

PWM techniques tailored for high-power AC motor drives,
respectively. Most existing reviews tend to focus on theoret-
ical concepts, recent state-of-the-art advancements, specific
PWM categories, or particular performance metrics, often
lacking comprehensive experimental validation across a
broader operational range. This paper addresses that gap by
presenting a comparative overview and a side-by-side per-
formance evaluation of commonly used PWM techniques for
2L-VSIs, including sinusoidal PWM (SPWM), zero sequence
injection PWM (ZSI-PWM), third harmonic injection PWM
(THI-PWM), space vector modulation (SVM), and selective
harmonic mitigation (SHM), supported by experimental
results. By adopting broader experimental conditions, a fair
comparison has been ensured while showcasing the effective
operating conditions of each PWM technique. In addition
to offering a side-by-side comparison of key performance
indices, this paper provides practical insights into the
challenges and advantages of each PWM technique based
on hardware implementations and complexity, highlighting
their limitations and hardware requirements. Finally, the
existing challenges, new requirements, model predictive
control (MPC), the influence of hardware advancements, and
multiphase VSIs are discussed to predict potential future
trends in PWM techniques, followed by the conclusion of this
study.

The main contributions of this paper are summarized as
follows:

� Prferent PWM generation concepts, along with a review
of the most commonly used techniques for each concept.

� Discusses key performance indices of PWM techniques,
including harmonic performance, DC-link utilization,
dynamic response, and complexity.

� Offers a side-by-side experimental comparison of com-
monly used PWM techniques across a broader range of
operating conditions, providing an unbiased evaluation
based on key performance indices.

� Highlights the drawbacks and advantages of each PWM
technique, considering their hardware requirements and
complexity.

� Discusses emerging trends in PWM techniques, focus-
ing on their existing challenges, new requirements,
advanced controls, and hardware advancements.

II. THREE-PHASE TWO-LEVEL VOLTAGE SOURCE
INVERTER
The topology of a three-phase 2L-VSI is illustrated in
Fig. 1. This topology is comprised of three individual
half-bridges, each equipped with freewheeling diodes, all
connected in parallel to a common DC voltage source Vdc
and capacitorCdc. 2L-VSI is considered as a standard DC/AC
converter and is widely used in many applications due to its
simple structure, low cost, high-efficiency, and high-power
density. These features made 2L-VSIs the primary choice in
motor drive systems, notably in the electrified transportation
sector, where the cost, power density, and efficiency are
paramount [28].
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FIGURE 1. The circuit diagram of a 2L-VSI connected with loads.

The main functionality of 2L-VSIs is to convert the
input DC-link voltage into a three-phase output AC voltage
with variable magnitude, phase shift, and frequency. This
conversion relies on the precise control of the ON and OFF
time duration of each switching device. This timing of the
switches is controlled by trains of pulses with different widths
using PWM techniques. Subsequently, PWM techniques have
been studied extensively to allow precise control over the
inverter.

III. PERFORMANCE INDICES
The selection of PWM techniques profoundly influences
various performance aspects of the VSIs, including output
power quality, efficiency, switching losses, reliability, oper-
ating range, and lifetime. Hence, meticulous selection of
the appropriate PWM technique for a specific application
and topology is crucial in maximizing performance and
efficiency on both the inverter and the load. To facilitate
this selection process, it becomes imperative to determine the
key performance indices tailored to the application at hand.
This section discusses the critical key performance indices
associated with PWM techniques for 2L-VSIs.

A. HARMONIC PERFORMANCE
PWM-controlled VSIs inherently produce discrete output
voltage waveforms, introducing undesired harmonic distor-
tions into the output voltages and currents. These harmonic
distortions can significantly deteriorate the output power
quality and negatively affect the load connected to the
inverter. While this issue can be mitigated by increasing
the switching frequency of VSIs, it also leads to increased
switching losses, reducing VSI efficiency. Thus, achieving
lower harmonic distortions for a given switching frequency is
paramount. Consequently, harmonic performance emerges as
an utmost important criterion in evaluating PWM techniques.
Therefore, quantifying the quality of output power produced
by VSIs is necessary [29]. In many applications, including
motor drives, current distortion holds particular significance
over voltage harmonics due to its direct impact on machine
losses and torque ripple [30], [31]. The total harmonic
distortion (THD) stands as an essential key metric for
assessing the quality of inverter output phase currents and

voltage, computed as:

THDI =

√∑M
n=2 (In)2

I1
× 100%, (1)

where I1 denotes the amplitude of the fundamental current
component of a phase, In represents the amplitude of the
nth-order current harmonic component of a phase, and M
is the maximum harmonic order. However, it is noteworthy
that current THD is contingent upon the load impedance.
To mitigate load dependency, the current THD is normalized
against the current THD of the six-step mode operation
THDI ,6s, yielding the current distortion factor [32], [33]:

d = THDI/THDI ,6s. (2)

Furthermore, theweighted total harmonic distortion (WTHD)
is an effective metric for evaluating the quality of out-
put current solely based on voltage waveforms [34].
By introducing a weight factor of 1/n, WTHD offers an
approximation of current THD specifically tailored for
inductive loads. This weight factor attenuates the significance
of higher-order harmonics, which are dampened by the
low-pass filtering characteristics of inductive loads [34].
Given its ability to derive current THD directly from
voltage waveforms, WTHD finds widespread application in
analyzing the harmonic performance of VSIs utilized in
motor drive applications since motors are predominantly
inductive loads [35], [36]. Therefore, WTHD emerges as a
valuable tool in assessing the harmonic performance of PWM
techniques as it uses voltage waveforms directly. WTHD is
calculated as:

WTHDV =

√∑M
n=2

(
Vn
n

)2
V1

× 100%, (3)

where V1 denotes the amplitude of a phase fundamental
voltage component while Vn is denoting the amplitude of the
nth-order voltage harmonic component of a phase.

B. DC-LINK VOLTAGE UTILIZATION
The theoretical maximum output voltage V1 of 2L-VSIs,
which maintains an equivalent mean average to the funda-
mental component, based on the six-step mode, for a given
input DC-link voltage Vdc, without considering deadtime
effects, is defined as [37]:

V1 =
2
π

× Vdc. (4)

As the magnitude of the DC-link voltage varies among
different VSIs, using the actual output voltage value is not
suitable for quantifying the DC-link voltage utilization rate.
To address this issue, the output voltage for the given DC-link
voltage is often normalized by (4) as follows [38]:

MI =
V1

2/
π × Vdc

, 0 < MI < 1}. (5)
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However, in most research works, PWM technique perfor-
mance and VSI operating points are typically represented as
a function of the modulation index mi, calculated by dividing
the amplitude of the output voltage fundamental component
by half of the input DC-link voltage. In this paper, the term
output modulation index denotes the amplitude of the output
voltage relative to the input DC-link voltage rather than the
normalized output voltage MI . The output modulation index
is defined as [39]:

mi =
V1

Vdc/2
,

{
0 < mi <

4
π

}
. (6)

DC-link voltage utilization of PWM techniques is deter-
mined by the maximum achievable output fundamental
voltage for a given DC-link voltage without a significant
increase in the THD and low-order harmonic components
while maintaining linearity between the output voltage
amplitudes and modulating signal. Nevertheless, the linear
control range for adjusting the output voltage amplitude in
relation to the modulating signal amplitude varies among
PWM techniques. A narrower linear operating range implies
less effective utilization of the DC-link voltage. Hence,
a broader linear operating region is preferable to maximize
the operating points of the inverter for a given DC-
link voltage. Consequently, numerous PWM techniques
with extended linear operating ranges, such as the well-
known SVM [17], ZSI-PWM [40], THI-PWM [19], and
discontinuous PWM techniques [41], have been developed.
Moreover, overmodulation strategies have been introduced
to further extend the operational range of the inverter up to
the six-step mode [38], [42], [43], [44]. In summary, higher
DC-link voltage utilization stands as one of the most critical
factors during the selection of PWM techniques.

C. DYNAMIC PERFORMANCE
The dynamic response of PWM techniques owes direct
relation to the switching frequency and the execution fre-
quency of the digital controller [45]. In closed-loop systems,
however, the dynamic performance of PWM techniques
is primarily dictated by the bandwidth of the closed-
loop control responsible for generating modulating signals.
It is noteworthy to mention that the bandwidth of the
closed-loop systems is typically significantly lower than
the switching frequency of the VSI [46]. Consequently,
PWM techniques provide the desired voltage magnitude and
frequency faster than the closed-loop response. However,
the bandwidth of incorporating closed-loop controls is often
reduced depending on the type of PWM employed to prevent
any degradation in the harmonic performance of the PWM
technique [47]. Therefore, the dynamic performance of PWM
techniques primarily revolves around their suitability in
closed-loop systems with high dynamic requirements.

D. COMPLEXITY
Compared to the PWM techniques designed for multi-
level inverters and current source inverters, those tailored

for 2L-VSIs exhibit simplicity and are well-established
methodologies [48]. Nevertheless, complexity and hardware-
associated requirements remain essential factors during
the PWM selection process. This article evaluates the
complexity of presented PWM techniques in terms of
sampling, implementation process, and hardware require-
ments. Generally, PWM techniqueswith lower computational
costs are often preferred over their more complex counter-
parts, highlighting the importance of simplicity in PWM
selection.

IV. PWM TECHNIQUES
PWM techniques operate on the main concept of modulating
a reference signal, referred to as a modulating signal,
by controlling the duration of turn-on and turn-off intervals
of switching devices using pulses of varying widths but with
the same amplitudes. This manipulation enables independent
control over output voltage magnitude, phase shift, and
fundamental frequency. However, PWM techniques can
be classified depending on the fundamental principle of
generating pulses, as illustrated in Fig. 2.

FIGURE 2. Classification of PWM techniques based on their pulse
generation principles.

A. CARRIER-BASED PULSE WIDTH MODULATION
Carrier-based PWM (CBPWM) techniques generate pulses
by comparing reference waveforms with a high-frequency
carrier waveform. The reference and carrier signals can
technically assume diverse shapes and forms to achieve
desired performance outcomes [49], [50]. However, among
many CBPWM techniques, SPWM stands out as one of the
most fundamental and widely recognized methods due to
its straightforward analog and digital implementation [51],
[52]. In SPWM, the switching states are determined by
comparing the three-phase 120-degree phase-shifted sinu-
soidal reference signals v∗x , where x ∈ {a, b, c}, with a
high-frequency sawtooth or triangle waveforms, as depicted
in Fig. 3.
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FIGURE 3. Three-phase modulating signals of sinusoidal PWM and
high-frequency carrier waveform.

It is noteworthy to mention that triangle and sawtooth
waveforms are predominantly used as carriers due to
their simplicity and ease of implementation in practical
applications. Nevertheless, compared to the sawtooth carrier
waveform, the triangle carrier waveform offers less harmonic
components and twice the sampling points, i.e., the measure-
ments are sampled at the minimum and maximum points
of the triangle waveform [34]. Conversely, when using the
sawtooth carrier, the measurements are only sampled once
per carrier period as its minimum and maximum points occur
at the same time. For these reasons, the triangle carrier is
frequently employed in CBPWM techniques despite its lower
resolution.

Despite its popularity, SPWM can only utilize up to
78.54% of the achievable output voltage without going
into the overmodulation region. The amplitude ratio of
the modulating signals and carrier waveform governs the
effective DC-link utilization of CBPWM techniques. This
ratio, often referred to as the reference modulation index
m∗
i . When the ratio of the modulating signal to the carrier

waveform, or reference modulation index, exceeds 1, the
number of pulses over the fundamental period decreases,
resulting in nonlinear output voltage and increased lower-
order harmonics due to reduced switching frequency [53].
This scenario can cause increased torque ripples, acoustic
noise, and vibration, eventually leading to a fault [54].
Therefore, CBPWM techniques are conventionally utilized
within their linear range where the reference modulation
index is below 1.

To overcome the low DC-link utilization of SPWM, THI-
PWM, ZSI-PWM, and other carrier-based PWM techniques
are derived from SPWM [55]. THI-PWM and ZSI-PWM
inject third-order harmonic and zero-sequence voltage into
the original sinusoidal reference waveform, respectively.
Following the injection of those additional signals into
the sinusoidal modulating signals v∗x , the amplitude of
the resultant waveforms V ∗

x decreases by 13.4% while
maintaining the same fundamental output. This enables
effective DC-link voltage utilization of up to 90.69%. The
block diagram and resultant waveforms are illustrated in

FIGURE 4. Block diagram of (a) ZSI-PWM and (b) THI-PWM, and the
resultant modulating waveforms for (c) ZSI-PWM and (d) THI-PWM.

Fig. 4. These methods emerged as popular alternatives to
SPWM inmotor drive applications due to their enhanced DC-
link voltage utilization. Notably, the ZSI-PWM technique,
widely referred to as space vector PWM (SVPWM) due to its
resultant waveform equivalence with SVM, is often preferred
due to its simplicity in implementation.

B. SPACE VECTOR MODULATION
SVM has emerged as a popular alternative to CBPWM
techniques in 2L-VSIs, finding extensive application in
motor drives due to its higher DC-link utilization and
enhanced harmonic performance [56]. Developed in the
1980s, SVM generates switching signals based on the
space vector representation of the voltage vectors in an
orthogonal stationary αβ frame. In this technique, the six
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active voltage vectors and two null voltage vectors, generated
by the eight possible switching states of the 2L-VSI, form
a hexagon divided into six sectors, as shown in Fig. 5
[17]. The primary objective of SVM is to produce the same
output voltage vector as the rotating reference voltage vector
Vref by controlling the time duration and sequence of the
switching states per sampling period. For instance, when
the reference voltage vector is in sector I, the switching
states change between 100, 110, 000, and 111 to approx-
imate the reference voltage. Furthermore, by altering the
switching sequence generation and dwell time calculation,
SVM can achieve different performance criteria such as,
reduced switching loss, improved harmonics, or common
mode voltage reduction, rendering SVM a more flexible
PWM strategy compared to CBPWM techniques with rigid
switching patterns [57], [58], [59], [60]. Moreover, during
a switching period, the choice of null voltage vectors, e.g.
000 and 111, is also available in SVM, which is often utilized
to optimize switching losses, harmonic performance, or bal-
ance losses, offering more flexibilities [61], [62]. Despite
numerous variations, the seven-segment switching sequence
SVM predominates in various applications, including motor
drives, compared to other alternative SVM techniques
with different switching sequences. This study considers
the seven-segment SVM for comparison with other PWM
techniques.

FIGURE 5. Space vector representation of the eight switching states of
2L-VSIs in the αβ frame.

C. PRE-PROGRAMMED PULSE WIDTH MODULATION
Pre-programmed PWM techniques generate switching sig-
nals by comparing pre-determined switching angles αx ,
where x ∈ {1, 2, . . . , N}, with the reference voltage angle
θu, as depicted in Fig. 6. Due to the pre-determined number
of switching actions within a fundamental period of the
inverter output voltage, the switching frequency of the pre-
programmed PWM technique is synchronized with the

fundamental frequency. Consequently, this PWM technique
is also widely referred to as synchronous optimal PWM
(SOPWM) [63]. The switching angles for a given N number
of switching actions are calculated offline over a quarter,
half, or whole fundamental period based on the Fourier
decomposition of the inverter output voltage waveform using
various optimization algorithms [64], [65], [66].

The switching angles of pre-programmed PWM are
optimized to achieve desired performance objectives. The
optimization criteria for the switching angles can be cate-
gorized into selective harmonic elimination (SHE), which
targets the elimination of lower-order harmonics in the output
current, and SHM, which selectively minimizes harmonics
within the desired harmonic range [67], [68], [69], [70].
Particularly, SHM is widely used in various applications as it
allows mitigation of a broad range of harmonics. The primary
optimization objectives of SHM include mitigation of current
harmonics [71], [72], switching loss [73], torque rip-
ple [74], DC-link current ripple [75], and multi-performance
objectives [76].
After being optimized, the switching angles are stored in

the memory of microcontrollers as look-up tables (LUTs) to
generate PWM signals in real-time [77]. However, in recent
years, real-time optimization of the switching angles has
become feasible thanks to the increased computational
capability of digital controllers and the introduction of effi-
cient optimization algorithms and artificial neural networks
(ANNs). Subsequently, numerous researchers have focused
on the real-time calculation of the switching angles [78],
[79], [80], [81]. In this approach, the switching angles
are continuously computed online, eliminating the need for
large memory space to store the pre-calculated switching
angles at the expense of the increased computational burden.
These online SHE and SHM methods offer significant
advantages over their standard counterparts that rely on
offline optimization. They are more adaptable to changes
in operating conditions and enable faster control dynamics,
provided that the microcontroller can handle the additional
computational burden imposed by the online optimization
algorithms.

Compared to other PWM techniques, the pre-programmed
PWM techniques offer significantly lower THD, thanks
to the optimized switching angles, making them a pre-
ferred modulation strategy for high-power and high-speed
applications where the switching-to-fundamental frequency
ratio mf is usually lower [82]. These PWM techniques
are widely used in medium-voltage, high-power multilevel
VSIs where minimizing switching loss is of utmost impor-
tance [83], [84]. However, in the context of 2L-VSIs,
pre-programmed PWMs are often employed in higher-
speed regions of motor drives to extend the operational
range of the motor, as these techniques can maximize DC-
link voltage utilization while maintaining good harmonic
performance without experiencing an increase in lower-order
harmonics at lower switching-to-fundamental frequency
ratios [85], [86].
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FIGURE 6. The principle of pre-programmed PWM technique.

D. HYSTERESIS PULSE WIDTH MODULATION
The hysteresis PWM technique generates switching signals
by comparing the measured output current of the VSI with
pre-defined bands around the reference signal, as illustrated
in Fig. 7. When the phase current surpasses the upper band,
the hysteresis control turns off the upper switch and turns
on the lowers switch of the corresponding phase. Conversely,
when the current falls below the lower boundary, it turns on
the upper switch and off the lower switch. Consequently, the
output current of theVSI oscillates within the hysteresis band.
However, in the case of three-phase inverters, the direction
of phase currents is dictated by the switching states of all
three phases. Therefore, controlling the switching states of
each phase individually results in current overflow from the
pre-defined hysteresis band, as shown in Fig. 7. To mitigate
this issue, the hysteresis PWM technique is preferred for high
switching frequency conditions [32].

Although this PWM technique offers excellent dynamic
performance and does not require prior knowledge of the
load parameters during the implementation, its switch-
ing frequency significantly fluctuates depending on the
load impedance, even when the hysteresis bandwidth and
operating points remain constant. This variability leads to
highly uncharacteristic harmonic performance, drastically
impacting the efficiency of the VSIs [87], [88]. Due to
these limitations, hysteresis PWM has fallen out of favor
among VSIs. Moreover, compared to other PWM techniques,
hysteresis PWM requires current sensors to generate PWM
signals. These drawbacks have gradually restricted the
applicability of the hysteresis PWM for many applications,
such as motor drives and high-power converters [89].
Consequently, this method is seldom employed in VSIs
nowadays. Therefore, the hysteresis PWM is excluded from
the comparison.

V. COMPARATIVE ANALYSIS
The performance of commonly used PWM techniques from
each category in Fig. 2, including SPWM, ZSI-PWM, THI-
PWM with a gain of 1/4, SVM, and SHM with up to
100th order non-triplen odd WTHD minimization, presented
in [90], has been evaluated side-by-side in terms of their

FIGURE 7. The principle of hysteresis PWM technique.

harmonic performances and DC-link voltage utilization. This
evaluation was carried out on an experimental setup equipped
with a rapid prototyping PLECS RT-Box3 and a 2L-VSI with
silicon carbide (SiC) MOSFETs, connected to a three-phase
RL-load, as shown in Fig. 8. During the experiments, the
user selects the desired PWM technique and its operating
conditions in PLECS RT-Box3 through the host-PC. Then,
the RT-Box3 generates the PWM signals in real-time, which
are applied to the 2L-VSI. While the 2L-VSI is operating,
the output voltage and current waveforms are recorded using
digital oscilloscopes to analyze the harmonic performance
and DC-link utilization. The remaining performance indices
are discussed based on the findings of the literature. The
experimental conditions and parameters are summarized in
Table 1.

FIGURE 8. The experimental setup.
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TABLE 1. Parameters and experiment conditions.

A. HARMONIC PERFORMANCE
This subsection comprehensively analyzes the harmonic
performance of the aforementioned PWM techniques within
their linear operating range. Furthermore, the relation
between harmonic performance, modulation index and
switching frequency are exhibited.

Fig. 9 illustrates the relationship between harmonic per-
formance and output voltage at a switching-to-fundamental
frequency ratio of 15. As the modulation index increases, cur-
rent harmonics decrease in all PWM techniques, indicating
a similar inverse relation to modulation indexes. However,
for the pre-programmed PWM technique, current distortion
increases when modulation indexes exceed 1.2. At higher
modulation indexes, the pulse patterns produced by SHM
become closer to the six-step pattern as it approaches the six-
step operation. Thus, d = 1 is expected at the maximum
modulation index of 4/π . Moreover, it is essential to note
that the harmonic performance of the PWM techniques
varies differently depending on the switching-to-fundamental
frequency ratio. Therefore, the results in Fig. 9 should
only be used to observe the relationship between harmonic
performance and modulation index.

FIGURE 9. Relationship between current distortion factor and modulation
index at mf = 15.

Fig. 10 presents the relationship between harmonic
performance and the switching-to-fundamental frequency

ratio. The results clearly indicate that all PWM techniques
offer better harmonic performance at higher switching-to-
fundamental frequency ratios, highlighting an inevitable
trade-off between switching loss and current distortion.
However, as the switching-to-fundamental frequency ratio
increases, the effectiveness of the SHM diminishes, result-
ing in nearly the same current distortion as other PWM
techniques. Consequently, choosing the pre-programmed
PWM technique becomes less desirable when the switching-
to-fundamental frequency ratio exceeds twenty-one, i.e.,
mf > 21. Conversely, it exhibits significantly better
harmonic performance at lower switching-to-fundamental
frequency. Therefore, pre-programmed PWM techniques
are more suitable for lower switching-to-fundamental fre-
quency conditions, while other PWM techniques are more
appropriate for higher switching-to-fundamental frequency
conditions.

FIGURE 10. Relationship between current distortion factor and switching
frequency with respect to fundamental frequency at mi = 0.9.

Fig. 11 illustrates the harmonic spectrums of the phase
currents produced by the PWM techniques. Although the
amplitude of the harmonics depends on the load impedance,
the trend and harmonic characteristics of each PWM
technique can be observed in detail.

SHM demonstrates significantly lower THD than other
PWM techniques, primarily due to its pre-optimized
switching angles to minimize harmonic components for
a given set of switching actions. Furthermore, the pre-
programmed PWM techniques do not produce large
harmonics around the switching frequency as their switching
patterns do not feature symmetric switching cycles like
CBPWM techniques. Thereby, specific order harmonics
components, especially lower-order harmonics, can be
mitigated regardless of the switching-to-fundamental fre-
quency ratio, offering more flexible harmonic characteristics.
However, in pre-programmed PWM, the harmonic spec-
trum shifts relative to the fundamental frequency as the
switching frequency is synchronized with the fundamental
frequency.
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On the contrary, other PWM techniques are mainly
employed with fixed switching frequencies and feature
symmetric switching cycles due to the fixed carrier wave-
form, resulting in significant harmonics around multiple
integers of the switching frequency when operating in their
linear region. However, the harmonic quality is evaluated
with respect to the fundamental frequency of the inverter.
Therefore, the dominant harmonics are represented by
multiples of the switching-to-fundamental frequency ratio.
This suggests that the dominant harmonics produced by SVM
andCBPWM techniques have a direct linear relationship with
the switching-to-fundamental frequency ratio. Therefore,
large lower-order harmonic components become inevitable
at lower switching-to-fundamental frequency ratios. This is
an undesirable scenario for VSIs, especially those used in
motor drive applications where torque ripples generated by
lower-order harmonics cannot be effectively damped out by
mechanical inertia [91], [92].

Moreover, in SVM and CBPWM techniques, the
switching-to-fundamental frequency ratio might not always
be an integer when a fixed switching frequency is
utilized due to the variable fundamental frequency,
leading to the production of subharmonics. Especially
when the ratio between the switching and fundamental
frequencies is low, large low-order subharmonics are
produced, drastically deteriorating the harmonic perfor-
mance. As a result, these PWM techniques are best
suited for higher switching-to-fundamental frequency ratio
conditions [93].

FIGURE 11. Spectrum of the phase current harmonic components respect
to fundamental components at mi = 0.9 and mf = 15.

As shown in Figs. 9-11, it is evident that SVM, ZSI-
PWM, and THI-PWM showcase similar harmonic per-
formances. Therefore, SVM was chosen to represent the
harmonic performances of these three PWM techniques
in Figs. 12 and 13.

Fig. 12 compares the current distortion factors of each
PWM technique operating under various conditions. A wide

range of switching-to-fundamental frequency ratios was
selected to ensure a fair comparison, along with their
linear modulation index range starting from a modulation
index of 0.1. The harmonic performance trend observed in
Figs. 9 and 10 remained consistent.

FIGURE 12. Comparison of current distortion for commonly used PWM
techniques.

Fig. 13 illustrates the performance of the PWM techniques
in terms of WTHD. As expected, the WTHD shows a similar
trend to the current distortion factor in Fig. 12. However,
at lower switching-to-fundamental frequency ratios, there
is a noticeable increase in the WTHD at the maximum
modulation indexes of SPWM and SVM due to very short
pulses at maximum modulation index.

FIGURE 13. Comparison of WTHD for commonly used PWM techniques.

Based on the harmonic analyses presented above, it is
evident that the output power quality of the PWM techniques
is inversely correlated with their switching frequency.
However, as explained in Section III-A, increasing the
switching frequency leads to higher switching losses due to
more frequent switching events of semiconductors, which
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ultimately results in reduced VSI efficiency and power
density.

Fig. 14 shows the comparative switching loss analysis
for SPWM, SVM, and SHM as a function of the current
distortion factor, with SVM representing ZSI-PWM, THI-
PWM, and SVM itself as they exhibited similar performance
characteristics. To clearly illustrate the PWM-associated
switching losses, this analysis was carried out in the
PLECS simulation environment under identical conditions
to the experimental validation, using manufacturer-provided
semiconductor loss data [94]. The results clearly demonstrate
the trade-off between the output power quality and switching
losses. SHM exhibited the least switching losses compared
to the other PWM techniques, as it delivers the same
harmonic performance at a much lower switching frequency.
Meanwhile, SVM consistently offers lower switching losses
than SPWM, thanks to its improved harmonic performance.
In this analysis, the switching losses are normalized by the
maximum switching loss of SPWM.

In conclusion, it can be observed that PWM techniques
with good harmonic performance directly contribute to the
reduction of switching losses, as a lower switching frequency
can be selected to achieve the same power quality.

FIGURE 14. Relationship between switching loss and current distortion
factor at mi = 0.9.

B. DC-LINK VOLTAGE UTILIZATION
The DC-link voltage utilization of the SPWM, SVM,
and SHM was investigated at a switching-to-fundamental
frequency ratio of 21. It is important to note that the
performance of ZSI-PWM and THI-PWM provided similar
performance to SVM. Thus, for simplicity, they are also
represented by SVM in this analysis. As mentioned in
subsection IV-A, the amplitude ratio of the modulating signal
to the carrier waveform is termed as the reference modulation
index m∗

i = V ∗
x,peak/Vcarrier , while the amplitude ratio of the

output voltage fundamental component to half of the input
DC-link voltage is termed as mi = V1/(Vdc/2), as given
in (6). Fig. 15 illustrates the output modulation index as a

function of the reference modulation index for each PWM
technique.

As shown in Fig. 15, SPWM preserves the same ratio
between the reference and output modulation indexes until
the reference modulation index exceeds 1. On the other hand,
SVM, ZSI-PWM, and THI-PWM produce ∼ 2/

√
3 higher

output modulation index for a given reference modulation
index due to their resultant modulating signals, which feature
wider voltage waveforms with smaller amplitudes than
sinusoidal modulating signals, such as those in SPWM. This
results in an approximately 15% extended linear modulation
range, effectively improving the DC-link utilization rate of
VSIs. However, these PWM techniques reach the maximum
point of their linear operation range before reaching the six-
step operation (square wave) and exhibit nonlinearity above
the extended linear range. In the overmodulation region,
where the reference modulation index is greater than 1, the
linear relationship between the output voltage andmodulating
signal no longer exists. Moreover, operating in nonlinear
regions is highly undesirable as these PWM techniques
produce significant lower-order harmonics and lose the har-
monic characteristics outlined in the harmonic performance
section. This occurs due to reduced switching frequency as
the amplitude of modulating signals becomes larger than
the carrier waveform. As a result, these PWM techniques
are rarely used in their nonlinear region without employing
an additional overmodulation scheme to ensure acceptable
performance.

It is also important to emphasize that, in Fig. 15, the ref-
erence modulation index is defined as the amplitude ratio of
the modulating signal to the carrier signal rather than the fun-
damental components, to represent the linear range. In other
words, in SVM, ZSI-PWM, and THI-PWM techniques, the
fundamental components of the reference and output voltage
remain equivalent up to the output modulation index value of
1.155, which corresponds to an extended DC-link utilization
range from Vdc/2 to Vdc/

√
3, thanks to their resultant

modulating waveforms with lower amplitude but with the
same fundamental component. In practical implementation,
the reference modulation index for these PWM techniques is
typically calculated based on the fundamental component of
the reference voltage vector prior to generating the resultant
modulating signals, e.g., before injecting a third harmonic,
and is then multiplied by

√
3/2 to represent the linear range

from 0-1.
While the other PWM techniques have limited linear range,

the SHM exhibited a linear operation range up to the six-
step operation, representing the maximum possible DC-link
voltage utilization of 2L-VSIs. This is feasible in the pre-
programmed PWM techniques as their switching angles are
typically optimized over the entire modulation index range.
Thus, the pre-programmed PWM techniques can achieve
both excellent harmonic performance and maximumDC-link
utilization, making them ideal PWM techniques for high-
speed motor drives where higher DC-link utilization and low
THD are essential.
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FIGURE 15. Comparison of DC-link utilization of the commonly used
PWM techniques at mf = 21.

C. DYNAMIC PERFORMANCE
In open-loop systems, the dynamic response of PWM
techniques is directly tied to their switching frequencies.
Faster dynamic responses are anticipated at higher switching
frequencies as the output voltages update more frequently.
However, the maximum switching frequency of the employed
PWM techniques is limited by inherent constraints of
the semiconductor switching devices, switching losses,
and the delay between the sampling/interrupt and PWM
update in the digital controller [95], [96].

In closed-loop systems, the dynamic performance of the
VSIs is dictated by the bandwidth of the closed-loop control,
which has a much lower bandwidth than the switching
frequency [46]. Depending on the implementation and
the type of PWM used, the bandwidth and structure of
closed-loop control are adjusted to accommodate the PWM
technique. The dynamic performance of each type of PWM
technique is discussed individually:

1) CBPWM TECHNIQUES
Apart from the switching frequency, in digital implementa-
tions with naturally sampled conditions, the dynamic perfor-
mance of PWM techniques is limited by the control frequency
of the digital controller, which is equivalent to the reference
update rate [97]. Thus, reducing the computational burden
on the controller would aid in achieving faster dynamic
performance, a key advantage of CBPWM techniques.
Furthermore, their disturbance-free carrier waveforms make
CBPWM techniques less sensitive to modulating signal noise
than other PWM techniques despite their poor harmonic
performance. This enables them to function with closed-
loop control with higher bandwidth, implying higher dynamic
performance capability. Moreover, CBPWM techniques are
typically utilized at higher switching-to-fundamental fre-
quency ratio conditions [93]. Hence, it is expected that
the dynamic performance of CBPWM techniques is to
be high.

2) SVM
SVM demonstrates dynamic performance similar to
CBPWM techniques since they are commonly employed
under similar switching-to-fundamental frequency ratio
conditions. However, in comparison to CBPWM techniques,
the output waveform quality of SVM is more susceptible
to disturbances in the modulating signal. This sensitivity
arises due to complex mathematical operations involved in
forming the switching signals based on the reference voltage
vector, which is directly calculated from the modulating
signals, which contain disturbances [98]. Additionally,
compared to CBPWM techniques, SVM introduces a more
significant real-time computation delay between sampling
and processing, contributing to phase delay in control and
harmonic performances [99]. Consequently, the bandwidth
of closed-loop controls may need to be reduced to avoid
compromising SVM performance.

3) PRE-PROGRAMMED PWM
It is widely acknowledged that pre-programmed PWM
techniques suffer from poor dynamic performance owing
to their extreme sensitivity to the noise in the magnitude
and angle of the modulating signal [100]. In closed-loop
control methods such as conventional field-oriented control
(FOC), ripples in the modulating signal typically arise from
harmonic components in the feedback current, PI regulators
and measurements noise [101]. This ripple in modulating
signal magnitude leads to continuous changes in the pre-
defined switching angles, which are calculated as a function
of the modulation index, resulting in deviations from the
ideal switching angles [102]. The optimal performance
of pre-programmed PWM techniques is highly reliant on
precise switching, and any deviation from the pre-defined
switching angles can significantly degrade harmonic perfor-
mance [103]. Moreover, the pre-defined switching angles
often include discontinuities, leading to abrupt changes in the
switching states when the modulation index passes over these
discontinuities [104].

In contrast to other PWM techniques, where switching
signals are generated by comparing modulating signals
with noise-free carrier waveforms, pre-programmed PWM
techniques generate switching signals by comparing the pre-
defined switching angles with the reference voltage angle
derived from the modulating signals, which contain noise
and deviations when used in closed-loop systems. Due to the
closed-loop behavior and disturbances, the reference voltage
angle often fluctuates, resulting in unnecessary excessive
switching actions as it repeatedly crosses over the pre-
defined switching angles instead of crossing over once per
period [105]. Therefore, pre-programmed PWM techniques
exhibit a significant drop in performance in closed-loop
systems and cannot operate within typical control bandwidth,
as a higher bandwidth leads to a noisier modulating index and
reference voltage angle.
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As a result, pre-programmed PWM techniques require low
bandwidth in closed-loop systems to achieve optimal per-
formance under steady-state conditions when conventional
linear closed-loop controls are employed [106]. However,
this reduction in bandwidth significantly compromises the
dynamic response of the closed-loop system. Nonetheless,
to accommodate pre-programmed PWM techniques, state-
of-the-art stator flux tracking and model predictive pulse
pattern (MP3C) methods have been developed to achieve fast
dynamic performance in industrial motor drives, although
with a trade-off of increased complexity and computational
burden [107], [108].

D. COMPLEXITY
1) CBPWM TECHNIQUES
CBPWM techniques have the least hardware requirements
due to their straightforward approach to generating the
switching signals. Nowadays, most DSPs come equipped
with dedicated high-performance PWM peripherals tailored
for CBPWM techniques. In these peripherals, the modulating
signals are compared with a high-resolution triangular wave-
form to generate the switching signals in real-time [109].
Additionally, CBPWM techniques are typically utilized with
fixed switching frequencies. Therefore, a simple regular
sampling method can be easily implemented in digital
implementation, where the measurements are updated at
the minimum and maximum points of the triangular wave-
form [110]. This sampling approach enables themeasurement
of the average current while avoiding current ripples and
commutation noises. This drastically simplifies the closed-
loop implementation process, although with a minor trade-off
of a small delay between control updates and sampling, which
can be effectively compensated [111]. Moreover, CBPWM
techniques offer various sampling methods, enhancing their
feasibility across different hardware platforms [112], [113].

2) SVM
SVM relies on several mathematical operations for real-time
calculations of dwell times and switching sequences in real-
time, which requires more microprocessor processing capa-
bilities [99], [114]. Nevertheless, SVM does not encounter
challenges similar to those faced by pre-programmed PWM
techniques. PWM strategies derived from SVM, such as ZSI-
PWM and discontinuous PWMs, can be implemented based
on CBPWM methods where modulating signals are formed
by adding the calculated voltage vectors instead of generating
the switching sequence directly [115], [116]. Consequently,
even analog implementations of SVM are becoming feasible,
offering multiple approaches during implementation [40].
In terms of sampling, SVM can be synchronized with the
switching frequency based on counters, as it is commonly
implemented with a fixed switching frequency. Furthermore,
in CBPWM-based implementations, SVM can also utilize
the same sampling approaches as the CBPWM techniques,
further extending its sampling capabilities.

3) PRE-PROGRAMMED
Despite its straightforward implementation process, pre-
programmed PWM introduced complexity to the closed-loop
control system for the following reasons:

1) Optimization and discontinuities: Although the cal-
culation of optimal switching angles is an offline
procedure, it requires knowledge of Fourier decom-
position series and nonlinear optimization methods as
this process involves solving nonlinear transcendental
equations [117]. Moreover, the globally optimum
switching angles may contain discontinuities over a
broader modulation index [118]. These discontinuities
introduce interpolation errors, unnecessary switching
actions, and increased current ripple [119], [120].
Consequently, integrating pre-programmed PWMwith
conventional closed-loop controls is challenging with-
out employing complex closed-loop control or post-
optimization processes for continuous switching angles
across the modulation index range or hysteresis band
range [121], [122].

2) Sampling: Pre-programmed PWM techniques require
hardware with several MHz control frequency capa-
bilities, such as a field programmable gate array
(FPGA), to generate switching signals close to optimal
switching angles [123], [124]. Moreover, unlike other
PWM techniques, pre-programmed PWM techniques
use a natural sampling method due to the lack of
fixed time intervals between the switching actions
to trigger sampling instants. This results in the
acquisition of both fundamental components and
phase current ripples in closed-loop control [125].
Consequently, the closed-loop control attempts to
correct current ripples, leading to significant noise
injection into the modulating signals and worsening
harmonic performance [126]. Addressing this issue
often involves employing fundamental current estima-
tion, complex observers, and change of closed-loop
controls [127], [128].

3) Smooth transition: In motor drive applications, the
fundamental frequency of VSIs can vary widely [129].
Therefore, several sets of switching angles with dif-
ferent switching-to-fundamental frequency ratios are
employed to maintain the switching frequency within
the desired range and achieve good THD performance
across a wide speed range [130]. However, transition-
ing between different sets of switching angles leads
to undesired large current oscillations and transient
effects on the load [131]. To mitigate this issue, smooth
transition schemes need to be included in variable
switching frequency schemes, further increasing the
complexity of pre-programmed PWM techniques [85],
[132]. Additionally, employing a large number of
different sets of switching angles with high accuracy
drastically increases the memory space requirements
for the hardware [103]. Consequently, the cost of
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control platforms used in pre-programmed PWM
techniques is typically high.

E. SUMMARY
This subsection offers a comprehensive side-by-side com-
parison of the PWM techniques based on the discussed
performance criteria, as shown in Fig. 16. Complexity
is categorized into flexibility and hardware requirements,
recognizing that the complexity of PWM techniques varies
depending on implementation approaches. Moreover, the
harmonic performance is divided into switching loss and
THD performance since delivering low THD at a lower
switching-to-fundamental frequency ratio directly enables
VSI to reduce switching frequency, thereby reducing switch-
ing losses. In addition to the performance comparison, table 2
summarizes the main advantages, disadvantages, and primary
application areas of PWM techniques.

FIGURE 16. Summary of the commonly used PWM techniques.

VI. FUTURE TRENDS
This section explores the future trends in PWM techniques,
focusing on their potential application areas and evolving
requirements. It discusses the impact of digital controllers,
wide-bandgap (WBG) semiconductors, and MPC on PWM
techniques in 2L-VSIs. Additionally, it also provides a brief
outlook on the future of PWM techniques for multiphase
2L-VSIs—those with more than three phases—which have
garnered significant interest in recent years.

A. TRENDS OF PWM TECHNIQUES
With the global effort to reduce carbon dioxide (CO2)
emissions, there has been a significant surge in demand for
electrified vehicles [133]. While most developments have
centered around passenger electric vehicles, the range of
electrified vehicles is rapidly expanding, imposing new and
broader requirements on VSIs, such as broader operation
ranges, reduced switching losses, higher power density,
and improved power quality [134]. However, there is no
single PWM technique that can fulfill these requirements
across all operating points. To address this challenge,
various research works are exploring the combination of

different PWM techniques [132], [135], [136]. In these
approaches, different PWM techniques are employed under
specific operating conditions where they exhibit their optimal
performance, leveraging the advantages of multiple PWM
techniques to achieve improved performance across the
entire operation range, thus resulting in a hybrid PWM
technique [137]. However, implementing multiple PWM
techniques increases control and hardware complexity,
as each modulation scheme has distinct requirements for
generating switching signals. Subsequently, hybrid PWM
requires a flexible controller architecture and well-designed
smooth transition logic between PWMmodes to prevent out-
put discontinuities or instability [85]. This results in increased
computational demand and complexity. Nevertheless, with
ongoing advancements in DSPs and FPGAs, such implemen-
tations are becoming increasingly practical for real-world
applications.

With the growing advancement of artificial intelli-
gence (AI) techniques such as ANNs, AI-driven methods
have been explored to enhance or replace conventional
PWM techniques [79], [80]. These AI-based approaches
offer promising performance improvements, including fast
dynamic response, better adaptability, and good steady-
state performance. However, these benefits come at the cost
of high computational requirements, increased complexity,
the need for extensive data for offline model training,
and a lack of predictable performance under extreme or
unusual operating conditions. Despite these challenges, AI-
assisted PWM techniques could offer a practical pathway
toward real-world integration by leveraging AI algorithms
to enhance the performance of traditional PWM techniques
while preserving their safety and stability features, striking
a balance between performance and reliability. As compu-
tational hardware becomes more powerful and affordable,
and as standardized validation frameworks for AI-based
control continue to mature, such techniques are expected to
play a significant role in next-generation power electronic
systems.

B. NEW REQUIREMENTS OF PWM TECHNIQUES
Due to PWM-controlled discrete output voltage waveforms,
VSIs generate significant current ripples on the DC-link
voltage. These current ripples are mitigated by using DC-
link capacitors to stabilize the DC-link voltage, making them
one of the main components in VSIs [138]. Compared to
other components like semiconductor switching devices, the
sizing of the DC-link capacitors is highly dependent on
the switching frequency of the VSI. Traditionally, it has
been expected that the size of capacitors would increase
when VSIs are designed to operate at lower switching
frequencies [139]. However, several studies have been
conducted to derive analytical expressions for current ripples
and harmonic components in DC-link capacitors produced
by PWM signals [140], [141], [142]. This opens up the
possibility for PWM techniques typically employed at low
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TABLE 2. Summary of the commonly used PWM techniques.

switching frequency conditions, such as pre-programmed
PWM techniques, to mitigate DC-link capacitor current
ripple [143]. By considering this ripple during the offline
switching angles calculations, along with load side output
current harmonic, the size and cost of the capacitors can
be reduced, achieving higher power density even at low
switching frequency operation by merely modifying the
PWM signals. Given the general demand for high-power
density and low cost in VSIs, the minimization of the DC-
link capacitor current ripple must be considered a critical
requirement for PWM techniques.

Considering the increased voltage requirements and rapid
development of fast-switching semiconductors, common-
mode voltage is becoming a more significant issue [144].
Thus, common mode voltage should be considered to reduce
the risk of bearing faults in motor drive applications [145],
[146], imposing new requirements on PWM techniques.

C. DIGITAL CONTROLLERS
Digital implementation of PWM techniques predominates
in modern power converters, thanks to advances in digital
controllers such as microcontrollers (MCs), DSPs, and
FPGAs [147]. These programmable digital controllers offer
various advantages, including simplified control circuitry,
reduced size, flexibility, and easy reprogramming. In addition
to these advantages, various control strategies for VSIs
can be implemented in the digital controller, along with
PWM techniques [148], [149]. Despite their advantages, the
performance of digital controllers is continuously improving,

favoring the widespread adoption of more complex and
performance-oriented PWM techniques, such as hybrid
PWM in motor drive applications [90].
However, several studies have reported using combined

digital controllers, such as DSP+FPGA, to achieve better
performance in SVM and hybrid PWM techniques [123],
[150]. This trend suggests that the demand for high-
performance digital controllers for more complex PWM
techniques still exists.

D. POWER SEMICONDUCTORS
Nowadays, the use of WBG semiconductor switching
devices, such as SiC and gallium nitride (GaN), in PWM-
controlled VSIs is becoming more common due to their high-
temperature tolerance and fast switching capabilities [151],
[152]. With the introduction of WBG semiconductors,
VSIs can operate at much higher switching frequencies,
reducing the significance of harmonic performance in
PWM techniques, as they typically provide better harmonic
performance at higher switching frequencies. Moreover, due
to the fast switching of WBG devices, deadtime can be
significantly reduced, further mitigating the adverse effects
of deadtime on harmonic performance. Consequently, the
importance of deadtime and inverter nonlinearity com-
pensation methods decreases due to the reduced delay
between PWM signals at the gate drivers and actual voltage
patterns [153].

In addition to enhancing harmonic performance, WBG
semiconductors enable better dynamic performance in
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commonly used regular sampled PWM techniques, as the
control frequency of digital controllers can be increased along
with the switching frequency, which is usually limited to
one or two times the maximum switching frequency of the
semiconductor switching device. It can be concluded that
WBG semiconductor switching devices lower the harmonic
and dynamic performance requirements of PWM techniques
due to the increased switching frequency. However, WBG
semiconductor-based VSIs still face challenges such as
high prices, significant electromagnetic interference (EMI),
and voltage oscillations that negatively affect the load
insulation [154], [155], [156], [157]. These issues must
be carefully considered during the selection of the PWM
technique.

E. MODEL PREDICTIVE CONTROL
In recent years, the advancement of digital controllers
has made it possible to implement more computationally
demanding strategies, such as the finite control set model
predictive control (FCS-MPC) to control VSIs in motor
drives [158], [159], [160]. Short horizon FCS-MPC (SH-
FCS-MPC), characterized by its straightforward design
and excellent dynamic performance, directly considers the
switching states in the control structure, eliminating the
need for a modulator [161]. However, challenges such as
the inability to produce a fixed-switching frequency and
elevated harmonic distortion have delayed its industrial
adoption [162]. Conversely, long-horizon FCS-MPC (LH-
FCS-MPC) offers enhanced closed-loop performance in
both steady-state and transient conditions, lower harmonic
distortion, and reduced switching losses at the expense
of a more complex structure [163]. Despite its computa-
tional intensity and higher sampling frequency requirements,
recent advances in FPGAs have significantly increased
its feasibility [164]. Although LH-FCS-MPC can be a
promising alternative to pre-programmed PWM techniques,
some challenges remain, such as the inability to pro-
duce a fixed switching frequency and complex tuning
requirements [162], [163].
Combining the optimal steady-state performance of pre-

programmed PWM techniques, often referred to as optimized
pulse pattern (OPP), with the fast dynamics of MPC, the
MP3C offers a compelling solution [165]. MP3C uses the
switching patterns of OPPs and modifies them in real-time
to control the motor stator flux over a finite prediction
horizon [108]. It is particularly suitable for medium-voltage
drives and has already been found to be applicable in the
industry [166]. MP3C delivers fast transient responses and
maintains very low harmonic distortion levels per switching
frequency during steady-state operating conditions [167].
However, during low-speed operation, FOC and SVM are
necessary to obtain good performance [108]. Therefore, both
FOC and SVM, as well as MP3C and OPPs, are required
to be implemented in the same controller, increasing the
computational requirements [168].

F. PWM TECHNIQUES FOR MULTIPHASE 2L-VSIs
In recent years, 2L-VSIs with more than three phases have
gained significant interest in electrified transportation appli-
cations, such as electric vehicles and aircraft [169], [170].
Multiphase 2L-VSIs are commonly used with multiphase
motors, which are well known for their fault tolerance,
as these motors can operate even with one or more faulty
phases [171], [172]. Additionally, multiphase 2L-VSIs can
alleviate challenges associated with the paralleling of 2L-
VSIs due to their inherent reduced current rating per
phase [173]. Common phase numbers include 5-, 6-, 7-,
9-, and 11-phases. While higher phase count systems provide
greater fault-tolerant capabilities, they increase the control
complexity and component count [174].

PWM methods for multiphase 2L-VSIs generally fall into
SPWM and SVM [175]. As in conventional three-phase
2L-VSIs, SPWM is known for its simplicity and ease of
implementation, making it a widely used PWM technique
for multiphase 2L-VSIs [176]. On the other hand, SVM
optimizes switching sequences and exploits the redundancy
in switching states to reduce current ripple and harmonic
distortion [177]. Although SVM offers better DC-link utiliza-
tion, SPWM can achieve similar results when combined with
zero-sequence injection [178], [179]. Additionally, adapting
SPWM for fault-tolerant operation is considerably simpler
than SVM, which requires careful optimization of switching
sequences for each fault scenario to maintain stability under
fault conditions [180].
Although less explored, pre-programmed PWM tech-

niques have already been extended for multiphase 2L-
VSIs [181]. The optimization objectives of SHM can be
adjusted depending on the phase configuration and type
of load, making it particularly beneficial for multiphase
motor drives [182]. Furthermore, its low harmonic advantage
is amplified considering that the multiphase machines
experience significant current harmonics at lower switching
frequencies and lower modulation indices conditions, which
can effectively be mitigated by SHM while maintaining a
low switching frequency [183]. While the implementation
and optimization objective of pre-programmed PWM may
differ, it still entails the same advantages as it is in
2L-VSIs, such as better DC-link utilization and good har-
monic performance. Given these benefits, pre-programmed
PWM combined with advanced control methods, such
as MPC, becomes a promising solution for multiphase
2L-VSIs [184].

VII. CONCLUSION
Classical PWM techniques remain widely employed in power
converters despite the growing trend of advanced control
strategies, such as MPC. This paper not only provides a
detailed overview of the widely used PWM techniques in
2L-VSIs but also offers a thorough side-by-side performance
comparison across a broader range of operating conditions.
By meticulously examining the performance of each PWM
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technique, this study serves as both a comprehensive
introduction to PWM techniques and a valuable resource for
readers to select the most suitable PWM technique for their
specific application.

The presented comprehensive analysis reveals that
CBPWM and SVM techniques demonstrate better perfor-
mance when the switching-to-fundamental frequency ratio
exceeds 21. Conversely, pre-programmed PWM techniques
excel in scenarios with lower switching-to-fundamental
frequency ratio conditions, which are commonly encountered
in applications involving high-speed machines or high-power
converters with low switching frequencies. Furthermore,
as microcontrollers become more powerful and cost-
effective, performance-oriented approaches such as MPC,
AI-based methods, and hybrid PWM techniques will emerge
as viable and attractive solutions for commercial 2L-VSIs.
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