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ABSTRACT This study investigates the performance of a single-phase 5-level H-Bridge Neutral Point
Clamped (HBNPC) inverter across various operating conditions. These conditions encompass variations
in output power, frequency, modulation index, and modulation techniques. To adapt modulation strategies
typically employed in three-phase inverter structures, we apply them to a single-phase HBNPC inverter. The
modulation strategies under consideration include level-shifted (LS) based on phase disposition pulse width
modulation (PD-PWM), third harmonic injection pulse width modulation (THI-PWM), space vector pulse
width modulation (SV-PWM), and modified PWM (MPWM). These strategies are developed using different
types of reference signals (RS) and carrier signals (CS). Initially, we analyze the inverter’s output voltage
and current waveforms across various modulation strategy states. Subsequently, we explore the relationships
between efficiency, total harmonic distortion (THD), and variable output power across different modulation
strategy states. We uncover distinct patterns between modulation strategy-THD, efficiency, and output volt-
age for maximum inverter output power. Furthermore, we examine the relationship between the modulation
index and THD for eachmodulation strategy state, considering different switching frequencies. Additionally,
we investigate the relationship between switching frequency and THD across different modulation index
values, approaching the analysis from multiple perspectives.

INDEX TERMS Multilevel inverter, modulation technique, carrier signal, HBNPC.

I. INTRODUCTION
Aswe continue to experience an escalating global demand for
energy, the reserves of fossil fuels, which have long been our
primary source of energy, are swiftly depleting. This deple-
tion is not the only concern. The environmental impact of
using such fossil fuels, such as pollution and climate change,
has become increasingly apparent.

In response to these pressing issues, there is a growing
trend towards the adoption of clean, eco-friendly, and renew-
able sources of energy. These include solar, wind, geothermal,
and wave power, among others. Such sources offer a sustain-
able and environmentally friendly alternative to traditional
fossil fuels [1], [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Tariq Masood .

Among these renewable energy sources, solar energy sys-
tems have come to play a pivotal role. These systems harness
energy directly from the sun, one of ourmost abundant natural
resources, and convert it into electrical energy that can be
used by consumers [3]. This process of energy production is
clean, sustainable, and provides us with a virtually endless
source of power.

Power electronic converters are integral components of
these solar energy systems. They are used to convert the
type of current and adjust the voltage in order to make
the power usable in a variety of applications. Specifically,
DC-DC converters and DC/AC inverters are commonly used,
the selection of which depends on the specific application and
location [4], [5], [6], [7].

The power quality requirements in power systems fluc-
tuate daily in response to varying conditions [8]. Voltage
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or current harmonic distortions, which detrimentally impact
power quality, are predominantly generated by non-linear and
switching systems. Among these systems are distributed gen-
eration units and grid-connected power electronic converters
employed in reactive power and voltage compensation [9].

Inverters, as power electronic converters, are typically cat-
egorized as two-level or multilevel. Two-level inverters find
common use in grid and small-scale industrial applications,
whereas multilevel inverters are preferred for medium and
high-power conversion scenarios [10].

Multilevel inverters offer several advantages over their
two-level counterparts, including enhanced electromagnetic
compatibility, greater voltage capacity, reduced switching
losses, lower dv

/
dt , and improved power quality wave-

forms [11], [12]. The primary objective ofmultilevel inverters
is to minimize harmonic distortion and produce high-quality
output voltage waveforms [13], [14]. Their popularity stems
from the nearly sinusoidal output waveform, which reduces
the need for additional filtering [15].

However, multilevel inverters come with drawbacks such
as the requirement for numerous switching elements and the
potential for voltage and power imbalances [16], [17], [18].
Multilevel inverter families are typically classified into four
main categories based on voltage sources: capacitor-clamped,
neutral point-clamped (diode-clamped), cascaded, and hybrid
multilevel inverters [19], [20].
Neutral point-clamped multilevel inverters offer advan-

tages like reduced filtering needs due to decreased
harmonic components at higher voltage levels, improved
efficiency through controlled reactive power flow, and sim-
plified control methods utilizing a back-to-back inverter
system. Nonetheless, they also present challenges such as
increased complexity with higher level counts, leading to
reduced reliability, and difficulties in controlling active power
flow [21], [22].

The capacitor-clamped inverter can theoretically accom-
modate infinite levels. However, practical constraints neces-
sitate limiting it to a finite number of levels [23]. When
the switch combinations in this topology are appropriately
selected, the capacitor-clamped inverter can function as an
active power converter [24], operating similarly to a diode-
clamped inverter [25].
The primary advantages of capacitor-clamped multilevel

inverters stem from auxiliary capacitors. These capacitors
enable additional operation during power outages, facilitate
the provision of various voltage levels through different
switching states, and result in reduced harmonic distortion
in the output voltage as the level increases. Consequently,
there’s a diminished need for additional filtering. Moreover,
capacitor-clamped inverters offer the ability to control both
active and reactive power [26].

However, as the inverter level increases, so does the
requirement for auxiliary capacitors. This leads to increased
costs due to the expensive nature of capacitors and reduces
the lifetime of the inverters [27].

A cascaded H-bridge multilevel inverter comprises series-
connected full-bridge inverters and, in comparison to other
multilevel inverters, features fewer switching elements at the
same level [18], [28]. The simplicity of its structure, ease
of maintenance, minimal component count, high modularity,
straightforward control, and absence of voltage balancing
issues make cascaded H-bridge multilevel inverters widely
preferred [29].
Increasing the inverter level enhances the output voltage

quality. However, this also leads to a higher number of
switching elements, resulting in increased costs, switching
losses, and transmission losses, consequently reducing effi-
ciency. Additionally, reliability decreases, and the control
system becomes more complex [30], [31]. The output voltage
level obtained is one phase higher than twice the number of
DC sources.

Compared to other multilevel inverter topologies, cascaded
H-bridge inverters require fewer switching elements for the
same level, eliminating the need for additional diodes and
capacitors. Their simple structure allows for scalability, mod-
ular circuit arrangement, and packaging advantages. How-
ever, a potential drawback lies in active power conversion,
as it necessitates a separate asymmetrical or symmetrical DC
power source for each module [32].

In modulation, the objective is to approximate the output
voltage or current of the inverter to the reference sig-
nal value. Inverters can employ either current-controlled
or voltage-controlled switching. However, current-controlled
switching is often less favored due to its requirement for high
frequencies [33].
Multilevel inverters, commonly used in applications

demanding high power and voltage, operate at low frequen-
cies. Consequently, voltage-controlled switching is prevalent
in multilevel inverters as it operates at lower frequencies [34].
During the switching process, a sinusoidal signal is typi-

cally chosen as the reference signal, and a triggering signal
is generated. This signal is then applied to the switching
elements of the converter to derive the output signal. The
chosen modulation strategy is closely intertwined with the
multilevel inverter topology and significantly influences
the system’s performance.

The modulation strategies that are typically employed
for multilevel inverters are primarily divided into two sig-
nificant groups: carrier-based methods and space vector-
based methods, as discussed in multiple studies [35], [36].
These methods are unique in their approach and have
different usage scenarios. The carrier-based methods are
typically utilized when a higher frequency is required,
while space vector-based methods are used when preci-
sion is of the utmost importance. Digging deeper into the
space vector-based modulation, there are additional sub-
groups that exist. These include the two-dimensional (2D)
and three-dimensional (3D) space vector modulation meth-
ods [37]. The 2D and 3D methods are differentiated by
the number of variables they can handle simultaneously,
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making them more applicable in certain situations than
others.

Conversely, carrier-based modulation strategies are clas-
sified based on frequency into low-frequency, medium-
high-frequency, and mixed-frequency methods. Selective
harmonic elimination pulse width modulation falls under
the low-frequency modulation category, while hybrid pulse
width modulation is categorized as a mixed-frequency
method. Additionally, medium-high frequency modulation
can be subdivided into phase-shifted and level-shifted mod-
ulation strategies. Examples of level-shifted modulation
strategies include phase disposition, phase opposition dispo-
sition, and alternate phase opposition disposition modulation
methods [38], [39].

This study is focused on evaluating the performance
of a single-phase 5-level H-bridge Neutral Point Clamped
(HBNPC) inverter, a critical component in many power
electronics systems. The evaluation is conducted across a
broad range of operating conditions, which include variations
in output power levels, operating frequencies, modulation
indices, and modulation techniques. The purpose is to gain
a more nuanced understanding of the inverter’s capabilities
and limitations.

Modulation strategies, which are typically deployed in
three-phase inverter setups, are adapted and implemented in
the single-phase HBNPC inverter for this study. These strate-
gies are multifarious and encompass a range of techniques
including level-shifted (LS) phase disposition pulse width
modulation (PD-PWM), third harmonic injection pulse width
modulation (THI-PWM), space vector pulse width modula-
tion (SV-PWM), and a modified version of PWM (MPWM).

Each of these strategies utilizes distinct types of refer-
ence signals (RS) and carrier signals (CS). The selection of
these signals plays a crucial role in the performance of the
inverter and the quality of the output power. The comparative
analysis of these various modulation strategies provides valu-
able insights into their respective merits and shortcomings,
thereby enabling more informed decisions regarding their
applicability in different scenarios.

II. METHOD
A. TOPOLOGY
This study entails simulation studies on a 5-level H-bridge
Neutral Point Clamped (HBNPC) inverter. Figure 1 illus-
trates the circuit diagram of the 5-level HBNPC inverter [40].
This inverter comprises two half-bridge arms with three-
level diode clamps. The combination of each three-level
diode-clamped inverter, with output voltages of +Vdc

/
2, 0,

−Vdc
/
2 forms a five-level output voltage inverter with+Vdc,

+Vdc
/
2, 0, −Vdc

/
2 ve –Vdc. The switching states of the

five-level HBNPC inverter depicted in Figure 1 are detailed
in Table 1.
Selective harmonic elimination pulse width modulation

(SHE-PWM), sinusoidal pulse width modulation (SPWM),
and space vector pulse width modulation (SV-PWM) are

FIGURE 1. 5-level HBNPC inverter circuit diagram.

TABLE 1. 5-level HBNPC inverter switching states.

techniques applicable to a 5-level H-Bridge Neutral Point
Clamped (HBNPC) inverter. Notably, this topology has been
successfully commercialized for medium voltage three-phase
motor drives by ABB and TMEIC-GE [41].

B. MODULATION TECHNIQUE
1) SPWM TECHNIQUE
One of the most widely used modulation techniques in
multilevel inverters is Sinusoidal Pulse Width Modulation
(SPWM). In SPWM, the pulse widths applied vary based
on the amplitude of the sine wave, resulting in signifi-
cantly reduced distortion factors and lowest-order harmonics.
To adapt SPWM for multilevel inverter topologies, mul-
tiple carriers are utilized, leading to the development of
multi-carrier PWM methods.

Two examples of multi-carrier PWM methods are
Phase-Shifted Pulse Width Modulation (PS-PWM) and
Level-Shifted Pulse Width Modulation (LS-PWM). In LS-
PWM, the carrier signals can be amplitude-shifted relative to
each other and to each possible output voltage level generated
by the inverter.

Based on the triangular waveform structure, three dif-
ferent types of switching signals can be generated: Phase
Disposition (PD), Phase Opposition Disposition (POD), and
Alternate Phase Opposition Disposition (APOD) [42]. In this
study, the PD-PWM method is employed, as illustrated in
Figure 2.
To delve into the subject, we provide the equations for the

pertinent carrier and modulation signals below:

Cx (t) = fx (t) =
2A
T

∣∣∣∣t − T
⌊
t
T

+
1
2

⌋∣∣∣∣ (1)
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FIGURE 2. LS-based PD-PWM method.

Cy(t) = fy (t) =
2A
T

∣∣∣∣t − T
⌊
t
T

+
1
2

⌋∣∣∣∣− A (2)

Ma (t) = fa (t) = A sin
(
2π

1
T
t
)

(3)

Mb (t) = fb (t) = A sin
(
2π

1
T
t + π

)
(4)

where A is maximum amplitute, T is period and t is time.

2) THI-PWM TECHNIQUE
The research findings indicate that augmenting the target
reference waveform of each phase leg with a common mode
n-th harmonic term can enhance the maximum modulation
index of the three-phase PWM inverter system [43]. Utiliz-
ing the Third Harmonic Injection Pulse Width Modulation
(THI-PWM) method enables an increase in the maximum
achievable output voltage value. The equations representing
the fundamental modulation signal (Vm), the third harmonic
component of the fundamental modulation signal (Vm/n), and
the combination of these two signals (V(m+m/n)) are provided
below.

Vm = mindexVdc sinω0t (5)

Vm/n = mindex−3Vdc sin 3ω0t (6)

V(m+m/n) = Vdc(mindexsinω0t + mindex−3 sin 3ω0t) (7)

After conducting the analyses, it has been determined that
the modulation index mindex can be increased up to a value
of 2/

√
3 = 1.15, and accordingly, the modulation index

mindex−3 can reach a value of
√
3/9 = 0.192. Different values

of the modulation index mindex−3 can alter the characteristics
of the inverter output [44].
In three-phase systems, the third harmonic output volt-

age is not visually discernible. Waveforms illustrating
the time-dependent variations of the modulation signals,
as expressed in Equations 5-7, are depicted in Figure 3.

The THD values obtained using the THI-PWM method in
single-phase inverter topologies tend to be higher compared
to those in three-phase inverter topologies. This disparity
arises because, in three-phase THI-PWM, the third harmonic
components in all phases align in the same phase, effectively
canceling each other out. Consequently, the application of

FIGURE 3. THI-PWM method basic modulation signals.

THI-PWM in single-phase systems often falls short of the
anticipated results in terms of THD.

In the realm of three-phase inverter topologies, the
THI-PWMmethod stands out as it has been found to achieve
a higher output in terms of voltage and current, while simul-
taneously maintaining lower THD values when compared to
other PWMmethods [45]. In this study, one of themodulation
techniques employed is the THI-PWM method. Specifically,
the LS-based Phase Disposition THI-PWM (PD-THI-PWM)
method is utilized for a single-phase 5-level HBNPC inverter
system, and the waveform representing this method is illus-
trated in Figure 4.

FIGURE 4. LS-based PD-THI-PWM method.

3) SV-PWM TECHNIQUE
In single-phase systems, the implementation of Space Vec-
tor Pulse Width Modulation (SV-PWM) differs from that
in three-phase systems. Depending on the characteristics of
the power electronic converter to be employed, it becomes
necessary to readjust the structure of SV-PWM. In the context
of this study, the initial step in utilizing SV-PWM as the
modulation technique for controlling the single-phase 5-level
HBNPC inverter, as discussed and illustrated in Figure 1,
involves determining the inverter’s operating modes. These
operating modes are depicted in Figure 5 [46].

The working conditions of these operating modes are out-
lined in Table 2. The inverter output voltage is constrained
within the limits of Van, 0, ∓Vdc

/
2 ve ∓Vdc values [47].

To ensure the desiredmodulation reference sinusoidal voltage
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FIGURE 5. Simplified operating modes for a single-phase 5-level HBNPC
inverter.

waveform (vref ) at the output, the switching process must
adhere to a specific sequence during operation. Figure 6
illustrates the resultant waveforms of the observed inverter
output voltage and modulation reference voltage signal [48].
The modulation reference voltage signal can be expressed

as follows.

vref = mindex sin (ωt + θ ) (8)

Here, mindex is the modulation index, and θ is the initial
phase of vref .
As depicted in Figure 6, the stationary coordinate frame

can be divided into four sectors, each determined by the value

TABLE 2. Operating conditions for a single-phase 5-level HBNPC inverter.

FIGURE 6. Sectors for SVPWM technique.

of vref [49].

Sector-1: 0.5 ≤vref ≤ 1 (9)

Sector-2: 0 ≤ vref < 0.5 (10)

Sector-3: −0.5 <vref < 0 (11)

Sector-4: −1 ≤vref ≤ −0.5 (12)

Theworking situations related to these sectors are provided
below.
Sector-1:

Statean =
{[

1 0
]
,
[
1 −1

]
,
[
1 0

]}
(13)

Sector-2:

Statean =
{[

1 0
]
,
[
0 0

]
,
[
1 0

]}
(14)

Sector-3:

Statean =
{[

− 1 0
]
,
[
0 0

]
,
[
−1 0

]}
(15)

Sector-4:

Statean =
{[

−1 0
]
,
[
−1 1

]
,
[
−1 0

]}
(16)

As the modulation reference voltage signal (vref ) remains
constant throughout one switching period (Ts), the vectors in
the corresponding sector are active during specific operating
time intervals. Notably, two vectors (V1 and V2) perform their
tasks in their respective time intervals (T1 and T2) during one
switching period (Ts), leading to the following equations.

VanTs = V1T1 + V2T2 (17)

Ts = T1 + T2 (18)
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The operating time intervals of the output voltage vectors
can be selected based on the sectors, as illustrated in Table 3.
Numerous studies in literature have explored the number and
value of these operating time intervals. Increasing the number
of intervals is noted to reduce system losses and decrease
THD values. Specifically, in sector structures characterized
by symmetries, adjusting the time intervals in symmetry sec-
tors compared to other symmetric sectors has been observed
to positively influence system performance.

TABLE 3. Output voltage vectors during operating time interval.

4) MPWM TECHNIQUE
In addition to traditional space vector and carrier-based fun-
damental modulation techniques, a wide range of hybrid and
modified modulation techniques have been explored in the
academic literature for multilevel inverters. These innovative
techniques, often derived from a strategic combination of
traditional space vector and carrier-based methods, offer the
potential for enhanced performance and more robust control.

One key characteristic of these hybrid and modified mod-
ulation techniques is that they typically involve careful
variations in the carrier signal used during the modulation
process. These variations can be adjusted and optimized to
suit specific system requirements and operational contexts,
opening up a wide range of potential applications and use
cases.

This particular study places a specific emphasis on the
application of a modified Pulse Width Modulation technique,
also known as MPWM. This technique is based on the con-
cept of level-shifted carrier signal shapes and is applied using
single and two-loop carrier rotation structures. The choice
of these specific carrier rotation structures is strategic and is
designed to maximize the performance and efficiency of the
multilevel inverter system.

These advanced modulation techniques are implemented
on a single-phase 5-level HBNPC inverter. The specific
design and configuration of this inverter, as well as the
application of the aforementioned modulation techniques,
are illustrated in detail in Figure 7. This figure provides a
comprehensive view of the system, offering valuable insights
into its operation and performance.

The equations related to the carrier signals are given below:

CSsingle−loop(ps) (t)

= fcs−single−loop(positive) (t)

FIGURE 7. Modified carrier signals for the MPWM technique.

=


2A
T

∣∣∣t −
T
2

⌊
2t
T +

1
2

⌋∣∣∣+ 0 0 ≤ t < T/2

2A
T

∣∣∣t −
T
2

⌊
2t
T +

1
2

⌋∣∣∣+ A
2 T/2 ≤ t < T

(19)

CSsingle−loop(ng) (t)

= fcs−single−loop(negative) (t)

=

2A
T

∣∣∣t −
T
2

⌊
t
T +

1
2

⌋∣∣∣− A
2 0 ≤ t < T/2

2A
T

∣∣∣t −
T
2

⌊
t
T +

1
2

⌋∣∣∣− A T/2 ≤ t < T
(20)

CS two−loop(ps) (t)

= fcs−two−loop(positive) (t)

=


4A
T

∣∣∣t −
T
4

⌊
4t
T +

1
2

⌋∣∣∣+ 5 0 ≤ t < T/2

4A
T

∣∣∣t −
T
4

⌊
4t
T +

1
2

⌋∣∣∣+ A
2 T/2 ≤ t < T

(21)

CS two−loop(ng) (t)

= fcs−two−loop(negative) (t)

=


4A
T

∣∣∣t −
T
4

⌊
4t
T +

1
2

⌋∣∣∣− A 0 ≤ t < T/2

4A
T

∣∣∣t −
T
4

⌊
4t
T +

1
2

⌋∣∣∣− A
2 T/2 ≤ t < T

(22)

where A is maximum amplitude, T is period, and t is time.

5) SIGNAL GENERATION
The fundamental block diagram of the standalone single-
phase 5-level HBNPC inverter system is illustrated in
Figure 8. This diagram includes a pivotal component known
as the signal generation block. The function of this critical
block is to generate the switching strategy, which is an inte-
gral part of the system’s operation. The switching strategy
is responsible for determining which switches within the
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FIGURE 8. Standalone inverter system basic circuit block diagram.

system will be activated (ON) or deactivated (OFF). It also
establishes the sequence and frequency of these actions. The
determination is based on a variety of factors, including the
inverter topology, the reference signal, and the carrier signal.
To provide a clearer understanding, Figure 9 presents an
in-depth block diagram of the signal generation block that
was used in the simulation study. Figure 9.a is employed
for the SPWM, THI-PWM, MPWM techniques, serving as a
visual representation of these techniques’ signal generation.
On the other hand, Figure 9.b is utilized for the SV-PWM
technique in generating the switching signal, offering a
detailed schematic of this specific method.

The types and waveforms of the Reference Signal (RS) and
Carrier Signal (CS) specified in the signal generation block,
as depicted in Figure 9, vary depending on the modulation
technique to be applied. Detailed illustrations of the RS and
CS types and waveforms can be found in Figures 10 and 11,
respectively.

FIGURE 9. Signal generation basic circuit block diagram.

FIGURE 10. The RS types/waveforms.

FIGURE 11. The CS types/waveforms.

The equations related to the CS types/waveforms are given
below:

CS1 (t) = fCS−1 (t) =
2A
T

∣∣∣∣t − T
⌊
t
T

+
1
2

⌋∣∣∣∣ (23)

CS2(t) = fcs−2 (t) =
2A
T

∣∣∣∣t − T
⌊
t
T

+
1
2

⌋∣∣∣∣− A (24)

CS3(t) = fcs−3 (t) =
A
T

((
t −

T
2

)
−T

⌊
t − T

/
2

T
+

1
2

⌋)
+
A
2

(25)

CS4 (t) = fcs−4 (t) =
A
T

((
t −

T
2

)
−T

⌊
t − T

/
2

T
+

1
2

⌋)
−
A
2

(26)

CS5 (t) = fcs−5 (t) =
A
T

(
−

(
t −

T
2

)
−T

⌊
−
(
t − T

/
2
)

T
+

1
2

⌋)
+
A
2

(27)

CS6 (t) = fcs−6 (t) =
A
T

(
−

(
t −

T
2

)
−T

⌊
−
(
t − T

/
2
)

T
+

1
2

⌋)
−
A
2

(28)

CS7 (t) = fcs−7 (t)

=


2A
T

∣∣∣∣t −
T
2

⌊
2t
T

+
1
2

⌋∣∣∣∣+ 0 0 ≤ t < T/2

2A
T

∣∣∣∣t −
T
2

⌊
2t
T

+
1
2

⌋∣∣∣∣+ A
2

T/2 ≤ t < T

(29)
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CS8 (t) = fcs−8 (t)

=


2A
T

∣∣∣∣t −
T
2

⌊
t
T

+
1
2

⌋∣∣∣∣− A
2

0 ≤ t < T/2

2A
T

∣∣∣∣t −
T
2

⌊
t
T

+
1
2

⌋∣∣∣∣− A T/2 ≤ t < T

(30)

CS9 (t) = fcs−9 (t)

=


4A
T

∣∣∣∣t −
T
4

⌊
4t
T

+
1
2

⌋∣∣∣∣+ 5 0 ≤ t < T/2

4A
T

∣∣∣∣t −
T
4

⌊
4t
T

+
1
2

⌋∣∣∣∣+ A
2

T/2 ≤ t < T

(31)

CS10 (t) = fcs−10 (t)

=


4A
T

∣∣∣∣t −
T
4

⌊
4t
T

+
1
2

⌋∣∣∣∣− A 0 ≤ t < T/2

4A
T

∣∣∣∣t −
T
4

⌊
4t
T

+
1
2

⌋∣∣∣∣− A
2

T/2 ≤ t < T

(32)

where A is maximum amplitude, T is period, and t is time.
The signal generation block depicted in Figure 9 outlines

the type andwaveform details of CS and RS applicable for the
SPWM, THI-PWM, and MPWM techniques. These details
are summarized in Table 4.

TABLE 4. State, modulation technique, RS and CS type matric.

C. FILTER
Renewable energy sources necessitate power electronic con-
verters to efficiently transfer energy to the grid. These
converters employ PWM techniques during the switching
process, resulting in the presence of harmonic components
in the output voltage. To prevent issues stemming from the
injection of harmonic current into the grid, it becomes imper-
ative to filter the output voltage. The integration of filters
in grid-connected systems is essential for mitigating voltage
harmonics and ensuring adherence to grid-connection stan-
dards for the converter.

The basic LCL filter circuit diagram, depicted in Figure 12,
consists of one capacitor and two inductors. As the number of
elements increases, their values tend to decrease. This type of

FIGURE 12. Basic LCL filter circuit schema.

filter exhibits the highest attenuation at high frequencies and
is particularly effective in reducing harmonics. However, it is
prone to resonance and is more complex to design compared
to other filters. Despite its complexity, the LCL filter is adept
at handling sudden discharge currents due to its inductive
output. The values of capacitors and inductors for the LCL
filter are determined using specific equations [50].

L1_min ≥
1
8
Vin
I1

Tsw
λcL1

, 20% ≤ λc ≤ 30% (33)

L1_max ≤
VŞ
I1

λc_L1

ω0
, λc ∼= 5% (34)

C ≤
Po
V 2
ş

λc

ωo
, λc ∼= 5% (35)

L2 ≤

(
1

ω2
h − 1

)(
1

L1C

)
.

(
1

ωhλhI2

(
ωhλhI2L1

+ |Vinv(jωh)|)) (36)

In the above equations, the symbols represent the following
parameters: Vin is the input voltage of the inverter, Tsw is
the carrier period, I1 is the inductance current, λc_L1 is the
fluctuation constant, Vg is the grid voltage, ω0 is the angular
frequency of the modulation signal, λc is the ratio of the reac-
tive power generated by the filter capacitance to the nominal
output active power of the grid-connected converter, Po is the
nominal output active power of the grid-connected inverter,
Vinv is the output voltage of the inverter, I2 is the injected grid
current, λh is the harmonic ratio of the dominant harmonic,
ωh is the angular frequency of the dominant harmonic and
fh is the dominant harmonic frequency.

III. SIMULATION
In this section of the study, simulations will be conducted to
evaluate various modulation techniques in a single-phase 5-
level HBNPC inverter. The objective is to assess the inverter’s
performance under different operating conditions. This will
involve observing the waveforms of the inverter output cur-
rent and voltage to analyze the effects of different modulation
techniques.

Furthermore, the efficiency of the inverter, including
Normal efficiency, European efficiency, and California effi-
ciency, will be evaluated. Additionally, the active inverter
input and output powers, as well as THD values, will be
calculated.

The study will delve into the intricate relationship between
output power, THD, and efficiency in relation to the
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modulation technique used in an inverter. This involves a
comprehensive exploration of how these variables interact
and affect one another. Moreover, the research will also
investigate the correlation between the modulation index, the
switching frequency, THD, and the output voltage of the
inverter, which is a relationship that is crucial to understand-
ing the overall performance of the inverter system.

In order to conduct this comprehensive similarity study,
the study will employ the general block diagram of the
single-phase 5-level HBNPC inverter system, as depicted in
Figure 8. This diagram serves as an essential blueprint for
understanding the system’s operations.

The generated switching signals found within the Signal
Generation block are then transmitted to the corresponding
inverter switches, labeled as S1 through S8. These signals,
which are guided by a strategically appropriate switching
strategy, are responsible for producing the output voltage of
the inverter. Following this, the voltage output then travels
through a filter, which serves to ensure the smooth flow
of current, before finally reaching the connected load. This
process provides a clear demonstration of the operation of an
inverter system and the factors that influence its performance.

A. TEST-I
This section will demonstrate the relationship between output
power, THD, and efficiency concerning the inverter modu-
lation technique through simulation studies. The modulation
techniques to be applied, along with the types of carrier
signals, are outlined in Table 5, while Table 6 provides the
parameter values for the system simulation.

TABLE 5. Modulation techniques and CS types for simulation study.

This study aims to investigate the impact of different
modulation techniques on the system outputs. The adjust-
ment of the output load (RLoad ) value enables control
over the system’s output power. By measuring the current
and voltage at specific points, the converter input power
(Pinput ), output power (Poutput ),, and essential efficiency of
the inverter (η), European efficiency (ηEurope), California
efficiency (ηCalifornia), and THD related to the output current
can be calculated.

The essential efficiency, European efficiency, and
California efficiency of the inverter are defined by the

TABLE 6. System simulation parameters.

following equations [51]:

η = 100 × (Pinput
/
Poutput ) (37)

ηEurope =
1
100

[3 × η5% + 6 × η10% + 13 × η20% + 10

×η30% + 48 × η50% + 20 × η100%] (38)

ηCalifornia =
1
100

[4 × η10% + 5 × η20% + 12 × η30% + 21

×η50% + 53 × η75% + 5 × η100%] (39)

In our research, a detailed simulation study was carried
out. The parameters of this study were carefully controlled,
keeping the input voltage (Vinput ), the switching frequency
(fsw), and the modulation index (mindex) constant throughout.
Meanwhile, the output load (RLoad ) was the variable that
was allowed to change during the course of the simulation.
This design was chosen to closely examine the impact of
varying output load on the overall performance of the system.
As shown in Figure 13, the waveforms of the inverter output
voltage, the load current, and the voltage are all depicted at
the maximum value of the inverter output power (Poutput ).
These are shown for all states, from State-I to State-VIII,
providing a comprehensive view of the system’s functioning
under different conditions.

When we closely examine the output voltage waveforms of
the inverter as presented in Figure 13, specifically within the
time interval of t = 0.16 − 0.17 ms, we can clearly identify
the existence of distinct boundary regions. These boundary
regions range from [0−Vdc

/
2−Vdc−Vdc

/
2−0]. The aspect

worth noting here is that the time interval corresponding to
the [Vdc

/
2 − Vdc − Vdc

/
2] value range is considerably

narrower for State-I, II, III, VII, and VIII-b (as shown in
Figure 13 (a), (b), (c), (g), and (i)) when compared to State-IV,
V, VI, and VIII-a (as shown in Figure 13 (d), (e), (f), and (h)),
respectively.
Figure 13 serves as a visual representation, illustrating

that the waveforms of the load voltage and current exhibit
a striking structural similarity, and importantly, without any
observable phase difference. This observed phenomenon can
be attributed to the resistive nature of the load. When we put
into application the THI-PWM modulation technique with
various carrier signals (as shown in Figure 13 (d)-(f)), the
outcome is that the waveforms of the load voltage and current
deviate significantly from a pure sinusoid. In contrast, when
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FIGURE 13. Results for voltage and current waveforms.

66006 VOLUME 12, 2024



N. Cavli, E. Ozkop: Performance Analysis of Modulation Strategies in Single-Phase HBNPC Inverter

FIGURE 13. (Continued.) Results for voltage and current waveforms.

the SPWM, SV-PWM, and MPWM techniques are employed
(as shown in Figure 13 (a)-(c), (g)-(i)), the waveforms of the
load voltage and current bear a close resemblance to a pure
sinusoidal waveform.

In the context of three-phase multilevel inverter applica-
tions that utilize the THI-PWM technique, the third harmonic
components in all phases neutralize each other due to
their phase alignment. However, in the single-phase inverter
topology that is considered in this study (as shown in
Figure 13 (d)-(f)), an output current and voltage with a third
harmonic are noticeably observed.

Lastly, the variations in power and efficiency across the
simulated states, as well as the changes in THD and effi-
ciency, are graphically represented in Figures 14 and 15,
respectively.

The examination conducted on States-I and II, as well as
States-IV and V, showed that they produced similar results.
As a result of this similarity, the results for States-II and V
are omitted from Figures 14 and 15, to avoid redundancy.

Moving on to the investigation of a single-phase 5-level
HBNPC inverter, it was found that there were consistent
efficiency variations concerning the output power. These vari-
ations were observed for different modulation techniques and
different types of carrier signals. These findings are clearly
illustrated in Figure 14 for better understanding.

It is worth noting that there is a noticeable correlation
between the inverter output power and both efficiency (as
seen in Figure 14) and THD (as seen in Figure 15). As the
inverter output power increases, the efficiency and THD both
demonstrate a trend of decrease.

In a more detailed observation, it was found that States-IV
and VI, which employ the THI-PWM technique, show sig-
nificantly higher THD values than other states. This is
an important observation as it shows the impact of the
THI-PWM technique on THD values.

Finally, a comparative analysis was conducted on SPWM,
THI-PWM, SV-PWM, andMPWM techniques. This compar-
ative analysis was done across different states and the results

FIGURE 14. Efficiency-power.

FIGURE 15. THD-power.

FIGURE 16. THDIoutput
-States.

are systematically presented in Figures 16-18. This analysis
serves as a comprehensive comparison of the different tech-
niques across different states.

The single-phase 5-level HBNPC inverter system rep-
resents a complex yet highly efficient system. When we
use SPWM, SV-PWM, and MPWM techniques, namely
States I-III, VII, VIII-a, andVIII-b, we can confidently ensure
that the load current THD value remains within the specified
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FIGURE 17. Efficiency-States.

FIGURE 18. Output voltage (Voutput(Vrms))-States.

5% limit value. This adherence to the standard is clearly
outlined in Figure 16 of the standards [52], confirming that
we meet the desired condition. However, one needs to be
cautious when the THI-PWM technique is applied, encom-
passing States IV, V, and VI. In these instances, the observed
THD values significantly surpass the standard limit, which
could potentially lead to operational inefficiencies.

Taking a closer look at the system’s performance, we find
that the lowest three load current THD values were achieved
using the MPWM and SV-PWM techniques. These results
correspond to States VIII-a, VIII-b, and VII, respectively.
These findings indicate the robust nature of these tech-
niques in maintaining optimal system performance. However,
the highest THD value was observed when employing the
THI-PWM modulation technique, particularly in States IV,
V, and VI. This suggests a need for further refinement when
using this technique.

In terms of efficiency, Figure 17 provides a compelling
illustration. State VI, which employs the THI-PWM modu-
lation technique with a triangle signal type, displays superior
performance. This superiority ismeasured in terms of Inverter
Efficiency (η), European efficiency (ηEurope), and California
efficiency (ηCalifornia). These results demonstrate the poten-
tial of the THI-PWM modulation technique when applied
correctly. Additionally, Figure 18 presents a comprehensive

view of the inverter output voltage (V ∗
ouput (Vrms)). It’s notable

that States VI, I, and II recorded the highest and lowest
values, showcasing the broad range of performancewithin the
system.

As depicted in Figure 19, within the linear modulation
range (mindex < 1), it was observed that the THD value
decreases with an increase in the modulation index. This
implies that within this range, an increase in the modulation
index can effectively reduce the distortion in the system.
However, when we moved to the overmodulation range,
we observed a different pattern. Within the overmodula-
tion range (mindex > 1), it was determined that the THD
value increases with an increase in the modulation index.
This shows that beyond the linear range, an increase in
the modulation index can lead to a significant increase in
system distortion. Furthermore, it was noted that the THD
value decreases with an increase in the switching frequency.
This suggests that increasing the switching frequency can be
an effective strategy to reduce the overall distortion in the
system.

To illustrate the relationship between the modulation index
(mindex), switching frequency (fsw), and THD more precisely
for a specific modulation technique, Figure 20 presents a
detailed depiction.

As shown in Figure 20, there is a general trend where
increasing the switching frequency is correlated with a
decrease in THD. This inverse relationship indicates that as
the switching frequency increases, the THD tends to decrease.
It is important to note, however, that the relationship is not
linear and there is a particular threshold belowwhich changes
in the switching frequency (fsw) do not significantly affect
the THD. This threshold for the switching frequency was
found to be 5 kHz. Beyond this value, further increases in
the switching frequency do not result in significant changes
in the THD. In addition, it was observed that above a spe-
cific modulation index value (mindex), which was found to
be 1, the THD value remains relatively stable without any
significant changes. This suggests that once the modulation
index exceeds a value of 1, the THD is not notably affected
by further increases in the modulation index.

The relationship between the modulation index (mindex)
and THD varies depending on the modulation technique at
a given switching frequency (fsw), as does the relationship
between the modulation index (mindex) and converter out-
put voltage (Voutput ). Additionally, the relationship between
switching frequency and THD is influenced by the modu-
lation index value. These intricate relationships are further
elucidated in Figures 21-23.

Figure 21 clearly showcases that for States I, II, III, VII,
VIII-a, and VIII-b, which employ the SPWM, SV-PWM,
and MPWM modulation techniques, there is a noticeable
decrease in THD as the modulation index increases within
the linear modulation range, where the modulation index is
less than 1 (mindex< 1). This is an important observation as it
may influence the choice of modulation technique in certain
applications. On the flip side, in the overmodulation range
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FIGURE 19. THD-mindeks.
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FIGURE 20. THD-fsw .
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FIGURE 21. THD−mindex (fsw = 20kHz).

FIGURE 22. Voutput−mindex (fsw = 20kHz).

FIGURE 23. THD−fsw (mindex = 0.9).

where the modulation index is greater than 1 (mindex> 1),
there is an inverse relationship with the THD actually increas-
ing as themodulation index rises. This highlights the potential
challenges that can arise in the overmodulation range.

As for States IV, V, and VI, which utilize the less common
THI-PWM technique, the THD doesn’t follow a consistent
pattern with the modulation index within the linear modu-
lation range and overmodulation range. Instead, it exhibits
varying trends, suggesting a more complex relationship that
warrants further investigation.

Turning to the discussion on the fundamental switching
frequency, Figure 22 provides a clear depiction of how the
inverter’s nominal output voltage (Voutput ) is directly tied
to the modulation index (mindex) value. Specifically, as the
modulation index value increases, so too does the inverter’s
nominal output voltage. This linear relationship is a key
characteristic of the inverter’s operation.

Lastly, Figure 23 offers an insight into the effect of the
switching frequency on THD. It demonstrates that increasing
the switching frequency (fsw), generally leads to a decrease
in THD when the modulation index value (mindeks) is held
at a constant 0.9. Nevertheless, there is an interesting caveat
to this trend. When the switching frequencies surpass the
fundamental frequency, specifically when it reaches 20 kHz
(fsw = 20kHz), the THD tends to increase, countering the pre-
vious trend. This suggests a limit to the benefits of increasing
the switching frequency and highlights the need for careful
frequency selection.

IV. CONCLUSION
This detailed study embarks on a comprehensive simula-
tion of the single-phase 5-level HBNPC inverter topology.
It leverages a variety of modulation techniques in MAT-
LAB/Simulink for standalone operation modes. The in-depth
simulation results encapsulate key aspects including the out-
put voltage, the waveform of the output current, and the
intricate relationships between efficiency-power and THD-
power for different modulation types. The study meticulously
examines results obtained from various modulation tech-
niques such as SPWM, THI-PWM, SV-PWM, and MPWM,
in conjunction with diverse carrier signal types. The findings
are systematically presented in both tabular and graphical
formats to aid in clear understanding and interpretation.

On a closer look at the simulation, it is revealed that in
scenarios operating independently of the network using the
THI-PWM technique, the THD values unfortunately exceed
the 5% threshold specified in the standard. This happens in all
cases except when operating at maximum power, where the
THD values commendably fall below the threshold. More-
over, upon observation, a trend is noticed where efficiency
tends to decrease as power decreases. Simultaneously, total
harmonic distortion gradually increases across all operating
conditions, indicating the intricate balance between these key
factors in the operation of the inverter topology.

Moving forward, for studies involving PV systems uti-
lizing PWM inverters, the following recommendations are
suggested:

• The path towards achieving a more efficient and effec-
tive system, regardless of whether it is connected to the
grid or operates as a standalone unit, can be signifi-
cantly facilitated by making strategic adjustments such
as reducing the number of switching elements present in
the diode-clamped inverter.

• A thorough and careful consideration of various multi-
level inverter types, viewed as potential alternatives to
the more traditional diode-clamped inverter, holds the
substantial potential to not only increase overall effi-
ciency but also to decrease the THD.

• One of the proven tactics to enhance system perfor-
mance is to increase the number of levels in the inverter.
This strategy can contribute to minimizing filter require-
ments, thereby gradually shifting the output voltage

VOLUME 12, 2024 66011



N. Cavli, E. Ozkop: Performance Analysis of Modulation Strategies in Single-Phase HBNPC Inverter

waveform towards a more sinusoidal shape and signifi-
cantly reducing harmonics in the process.

• The exploration and development of new, innovative,
and modified modulation techniques, by effectively
leveraging existing strategies and insights gleaned from
literature, presents promising and exciting avenues for
improving the performance of the inverter system.

• By conducting a detailed and systematic analysis of
system operation through variations in control methods,
we have the opportunity to gain valuable insights into
how we can optimize system efficiency and stability.
This can potentially lead to the development of best
practices for managing and operating inverter systems.

• Considering the three categories that can be named
(topological improvement, considering new modulation
technique, and using appropriate control strategies) to
increase the efficiency of a power electronics converter
system, reduce the harmonic distortions it causes, and
meet the requirements of standards, it is important to
conduct studies.
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