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Abstract

This paper presents a comparative study of four Sinusoidal Pulse Width Mod-
ulation (SPWM) strategies Phase Disposition (PD-PWM), Phase Opposition
Disposition (POD-PWM), Alternate Phase Opposition Disposition (APOD-
PWM), and a Modified SPWM applied to Cascaded H-Bridge Multilevel In-
verter (CHMI) systems. MATLAB/Simulink is used to simulate both 5-level
and 11-level CHMI configurations, focusing on output voltage quality and to-
tal harmonic distortion (THD) as performance metrics. The analysis is con-
ducted by varying two key control parameters: modulation index (0.5 to 1.0)
and switching frequency (5 kHz, 10 kHz, 20 kHz). The results show that in-
creasing voltage levels is the most effective way to improve waveform quality,
while modulation strategy plays a minor role. POD and APOD offer slight THD
advantages, and Modified SPWM performs almost identically to PD-PWM,
making it a simpler alternative for practical CHMI applications. The findings
provide a practical guideline for selecting appropriate SPWM strategies in high-
performance inverter applications such as electric vehicles, industrial drives,
and renewable energy systems.

Keywords

Cascaded H-Bridge Multilevel Inverter (CHMI), Sinusoidal Pulse Width
Modulation (SPWM), PD-PWM, POD-PWM, APOD-PWM, Modified
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1. Introduction

Rapid technological advancements and global population growth are placing in-

creasing pressure on energy sustainability, making it one of the world’s most press-
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ing challenges. The continued reliance on fossil fuels for power generation poses
significant risks due to limited resource availability and the environmental conse-
quences of greenhouse gas (GHG) emissions [1]. These concerns underscore the
urgent need for innovative energy solutions that balance environmental, economic,
and societal priorities [2].

In this context, multilevel inverters have emerged as a critical enabling technol-
ogy in modern power electronic systems. They are widely employed in industrial
motor drives, electric vehicles (EVs), and renewable energy systems due to their
ability to enhance energy efficiency and system performance through precise volt-
age control and reduced power losses [3] [4]. Notably, multilevel inverters offer
the advantage of producing high-quality output voltage with lower total harmonic
distortion (THD), which is essential for maintaining power quality in sensitive
applications [5]-[7].

Among the various topologies, the Cascaded H-Bridge Multilevel Inverter
(CHMI) is particularly favored for its modular design, scalability, and ability to
synthesize near-sinusoidal waveforms using multiple H-bridge cells, each fed by
an independent DC source [8] [9]. This makes CHMI suitable for applications
requiring high voltage and low harmonic distortion without relying heavily on
output filters.

To achieve optimal voltage regulation and minimize harmonic content, Pulse
Width Modulation (PWM) techniques are commonly employed. Among them,
Sinusoidal PWM (SPWM) stands out for its simplicity and effectiveness in gener-
ating high-quality waveforms. Several SPWM variants such as Phase Disposition
(PD-PWM), Phase Opposition Disposition (POD-PWM), and Alternate Phase
Opposition Disposition (APOD-PWM) have been developed, each characterized
by different arrangements of carrier and reference signals. These variations influ-
ence the inverter’s switching behavior and overall harmonic performance.

More recently, Modified SPWM techniques, which use a single triangular car-
rier and multiple sinusoidal reference signals, have gained attention for offering
reduced implementation complexity while still maintaining acceptable output
waveform quality. However, comprehensive performance comparisons of tradi-
tional and modified SPWM strategies under varying operating conditions remain
limited in the literature.

The project addresses that gap by presenting a simulation-based comparison of
four SPWM strategies, PD, POD, APOD, and Modified SPWM applied to 5-level
and 11-level CHMI systems using MATLAB/Simulink. The performance is eval-
uated in terms of Total Harmonic Distortion (THD) and output voltage stability
across a range of modulation index (MI) and switching frequencies (Fs). The goal
is to provide practical insights into the selection of optimal modulation strategies
for high-performance inverter applications in renewable energy systems, electric

vehicle drives, and industrial automation.

2. Methodology

The performance of four Sinusoidal Pulse Width Modulation (SPWM) techniques
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applied to Cascaded H-Bridge Multilevel Inverter (CHMI) systems is analyzed
through a structured methodology involving system modeling, control strategy
implementation, and simulation-based evaluation. The methodology includes the
development of two inverter configurations: a 5-level CHMI comprising two cas-
caded H-bridge cells, and an 11-level CHMI comprising five cascaded H-bridge
cells. Both systems are simulated using MATLAB/Simulink under varying modu-
lation indices and switching frequencies to assess their voltage output and har-
monic distortion characteristics. The overall simulation workflow is illustrated in

Figure 1.

Design SPWM
PD, POD, APOD and Modified
SPWM in Matlab/Simulink

Simulation
successful?

Design CHMI
(5-Level & 11-Level)

Simulation
successful?

No
N
Integrate SPWM and CHMI
N l J
e N
Performance Analysis
(THD and output voltage)
N J

Figure 1. Simulation workflow for evaluating SPWM strategies in CHMI systems, includ-
ing system modeling, implementation, and performance analysis using MATLAB/Sim-
ulink.

2.1. System Design and Configuration

Two CHMI topologies were constructed using independent DC sources for each
H-bridge module to enable stepped voltage synthesis. A resistive load of 5 Q is

connected to the inverter output to simplify waveform analysis. The system is de-
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signed to operate in single-phase mode, and MOSFETs are used as switching ele-
ments due to their fast response and efficiency. The block diagram of the 5-level
CHMI is shown in Figure 2, comprising two cascaded H-bridge cells powered by
separate DC sources. The 11-level CHMI configuration, depicted in Figure 3, con-
sists of five cascaded H-bridge cells, enabling bigger voltage level resolution for

reduced harmonic distortion.

Vdc — @&

vde

Figure 2. The block diagram of the CHMI configuration (5-level), showing the arrange-
ment of H-bridge cells powered by independent DC source.

Figure 3. The block diagram of the CHMI configuration (11-level), showing the arrangement of H-bridge cells
powered by independent DC sources.
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2.2. System Strategies and Parameters

Four SPWM techniques were implemented for performance comparison: (1) Phase
Disposition (PD-PWM): All carrier signals are in phase. (2) Phase Opposition Dis-
position (POD-PWM): Carrier signals above and below the zero axis are 180° out
of phase. (3) Alternate Phase Opposition Disposition (APOD-PWM): Adjacent
carriers are alternately phase-shifted by 180°. (4) Modified SPWM: Uses a single
triangular carrier with multiple sinusoidal reference signals. The switching signals
for the 5-level Cascaded H-Bridge Multilevel Inverter (CHMI) were developed us-
ing a carrier-based SPWM logic. As shown in Figure 4, a sinusoidal reference sig-
nal is scaled by the modulation index to control the amplitude of the output wave-
form. This reference is then compared with multiple triangular carrier signals to

generate the gate pulses for the inverter switches.
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Figure 4. Simulink-based implementation of SPWM switching logic for 5 CHMI using
Phase Disposition (PD-PWM).

For the Phase Disposition (PD-PWM) strategy, all carrier signals are in phase
and vertically fixed. Each comparison block determines whether the reference ex-
ceeds the corresponding carrier. A logical NOT gate is used to generate the com-
plementary gate signal for the opposing switch in each H-bridge cell, ensuring
proper inverter operation and avoiding shoot-through conditions. This configu-
ration supports up to eight switches (S1 - S8), controlling four H-bridge legs. The
output from each comparator triggers a gate signal depending on the condition
A>C,,where A isthe amplitude-modulated reference, C, is the nth carrier
signal level.

To implement POD-PWM and APOD-PWM, only the phase configuration of
the triangular carrier signals needs to be adjusted. In the POD approach as shown
in Figure 5, carrier signals positioned above and below the zero reference are
phase-shifted by 180°. For APOD as indicated in Figure 6, each adjacent carrier
signal is alternately shifted by 180°, resulting in a more even distribution of switch-
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ing transitions and improved harmonic dispersion. This modular setup enables

flexible adaptation between different SPWM strategies with minimal modifica-

tions to the Simulink model structure.

" [c_w)

[A]

S6

Figure 5. Simulink-based implementation of SPWM switching logic for CHMI using Phase

Disposition (POD-PWM).

Modulation Index

Carrier1

S6

Figure 6. Simulink-based implementation of SPWM switching logic for CHMI using Phase

Disposition (APOD-PWM).

The Modified Sinusoidal Pulse Width Modulation (SPWM) technique uses a

single triangular carrier signal compared against multiple sinusoidal reference sig-

nals to generate gate pulses for each inverter switch, as shown in Figure 7. As

shown in the diagram, the reference signal is first scaled by the modulation index

to set the desired output voltage amplitude. Then, additional offsets are added to

the reference to generate multiple reference waveforms (Refl, Ref2, Ref3, and
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Ref4) corresponding to each H-bridge level. Each modified reference is com-
pared with the same carrier signal. The result of each comparison produces a switch-
ing pulse (e.g., S1, S2, S3, ..., S8) that controls a pair of power switches in the
CHMI circuit. A logical NOT gate is used to generate the complementary signal
for the lower switch in each H-bridge leg. This method simplifies the control
structure by using only one carrier signal instead of multiple, as required in con-
ventional multi-carrier SPWM techniques (like PD, POD, or APOD). Despite
its simplicity, it still produces acceptable output voltage levels and switching be-

havior for multilevel inverter operation.

] ) @ )
s1

Modulation Index

F

Reference1

W

Carrier1

1C]

—
—_—

Figure 7. Modified SPWM using one carrier and several reference signals to generate
switching pulses.

The simulation results in Figures 8(a)-8(d) display the carrier and reference
waveforms used to generate switching signals for four different SPWM tech-
niques, based on a 50 Hz sinusoidal reference signal. The sampling frequency and
carrier frequency were both set to 1 kHz, ensuring sufficient resolution for accu-
rate pulse generation and waveform analysis. In PD-PWM, all triangular carriers
are aligned in phase, resulting in symmetrical and uniform switching. POD-PWM
introduces a 180° phase shift between carriers above and below the zero axis,
which helps cancel certain harmonics and balances switching across the positive
and negative half cycles. In APOD-PWM, each adjacent carrier is phase-shifted
by 180°, leading to more evenly distributed switching events and smoother voltage
transitions.

Modified SPWM shows a different structure, where a single triangular carrier
is compared against multiple phase-shifted sine references. This approach reduces
control complexity while maintaining acceptable switching performance. Overall,
these waveforms demonstrate the impact of carrier arrangement on switching be-
havior, which directly affects the output voltage quality and harmonic distortion

of the inverter.
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Figure 8. Simulation results showing reference and carrier waveforms for different SPWM techniques: (a) PD-PWM (b) POD-
PWM (c) APOD-PWM (d) Modified SPWM.
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2.3. Performance Evaluation Metrics

The performance of each SPWM strategy was assessed based on two critical out-
put parameters which is Total Harmonic Distortion (THD) and Root Mean
Square Output Voltage ( Vyms). These metrics provide a quantitative measure of
the power quality, waveform integrity, and efficiency of the multilevel inverter
under different control conditions.

2.3.1. Total Harmonic Distortion (THD)
THD is a widely accepted parameter for evaluating the waveform quality of in-
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verter outputs. It measures the deviation of the output voltage from a pure sinus-
oidal waveform due to the presence of harmonic components. A lower THD in-
dicates better power quality and reduced stress on connected loads, especially in
sensitive applications such as motor drives and grid-tied renewable systems [10]
[11]. THD is calculated using the following formula:

2l

';/—2 x100% (1)

1

THD =

where, V| is the RMS (Root Mean Square) value of the fundamental frequency
component, ¥, isthe RMS value of the nth harmonic component (for
n=2,3,4,---). In MATLAB/Simulink, THD values were computed using the

Powergui FFT Analysis Tool and voltage scope output signals.

2.3.2. RMS Output Voltage (THD)

The output voltage of a multilevel inverter is a critical parameter in determining
its suitability for various applications. A higher RMS value typically indicates
more efficient use of the DC link voltage and better voltage transfer to the load.

The RMS voltage of the inverter output is calculated using:

Vo=V < 2)

where, V, is the peak amplitude of the output voltage waveform, M, is the
modulation index and defined by,

Are/'
M=~ )

4

Aref

of the triangular carrier signal [12].

is the peak amplitude of the sinusoidal reference signal, and A4, is the peak

Modulation index values influence the output waveform linearity, with values
below 1.0 operating in the linear region. Overmodulation (Z.e. M, >1) introduces
distortion and is avoided in this study. Maintaining an optimal modulation index

is essential to balance output voltage and waveform quality.

2.3.3. Switching Frequency Impact

Switching frequency ( £, ) refers to the frequency of the triangular carrier signal
used in Sinusoidal Pulse Width Modulation (SPWM). It is a key parameter in de-
termining the resolution of the output waveform and the inverter’s dynamic re-
sponse. A higher switching frequency increases the number of switching events
per cycle, resulting in a waveform that more closely resembles a pure sinusoidal
output and typically yields lower Total Harmonic Distortion (THD). Despite these
advantages, increasing the switching frequency introduces trade-offs. Higher leads
to greater switching losses, increased electromagnetic interference (EMI), and el-
evated thermal stress on power electronic devices. These effects can reduce system
efficiency and require additional cooling or thermal management solutions [13]
[14].
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2.4. Motor-Equivalent RL Load

A purely resistive load is used as a baseline for fair comparison of modulation
strategies. To verify practical relevance, a motor-equivalent series RL load is in-
troduced with a target lagging power factor representative of drive applications
[15]. Parameter selection. For a desired power factor, pf =cos¢ atfundamental

frequency f, the RL parameters satisfy:
R ., _ Rtang ®)
JR* +(2nfL)’ 2nf

In this study the R identical to the resistive baseline and set pf =0.8 (lag-
ging) at f =50 Hz, yielding L=50mH.

cos @ =

3. Result and Discussion

This section presents the simulation results for four SPWM strategies: PD-PWM,
POD-PWM, APOD-PWM, and Modified SPWM. Each SPWM technique was ap-
plied to both 5-level and 11-level CHMI configurations. The number of output
voltage levels () is calculated using the standard multilevel inverter formula:

n=2l+1 4)

where [ represents the number of cascaded H-bridge cells per phase. Based on
this, the 5-level inverter uses 2 H-bridge modules, and the 11-level inverter uses 5
H-bridge modules connected in cascaded, each powered by a separate DC source
(15). The analysis focuses on output voltage waveform characteristics, total har-
monic distortion (THD), and the effects of varying modulation index and switch-

ing frequency.

CHMI 1

[51] sal +

s1 [51] 53] sa3

s2 [52] 52] sa2 A

s3 [s3]

s4 [s4]
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s5 [s5]

Modulation Index
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CHMI 2

e (58] s8] sa5 A
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57 57
57 57] sa7 B
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l

s8 (s8]

56] sab +*

58] saB

Figure 9. MATLAB/Simulink implementation of a 5-level Cascaded H-Bridge Multilevel
Inverter (CHMI).

Figure 9 and Figure 10 The 5-level inverter is constructed using two cascaded
H-bridge cells per phase, resulting in five output voltage levels. Each H-bridge is

supplied by an isolated DC source. The system includes eight switching devices
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Figure 10. MATLAB/Simulink implementation of a 11-level Cascaded H-Bridge Multilevel Inverter (CHMI).

For the 11-level inverter, the model includes five cascaded H-bridge cells per
phase, producing eleven distinct voltage levels. A total of 20 switching devices are
used (four per H-bridge cell), each controlled by dedicated gate signals. As in the
5-level setup, each cell is powered by an independent DC source, and switching
signals are generated based on the selected SPWM technique. Voltage and current
measurement blocks are included for waveform analysis and harmonic distortion

evaluation.

3.1. Output Voltage Waveform Analysis

The performance of four SPWM techniques, PD-PWM, POD-PWM, APOD-
PWM, and Modified SPWM was evaluated in terms of output voltage waveform
and switching behavior. Simulations were conducted using both 5-level and 11-
level CHMI configurations under fixed conditions: a modulation index of 0.9, a
switching frequency of 10 kHz, and a 50 Hz sinusoidal reference. Each H-bridge
cell was supplied with a 100 V DC source, and the inverter output was connected
toa 10 Q resistive load. A 100 V DC source was chosen for numerical stability and
per-unit comparability; the cascaded H-bridge scales to typical EV buses (=400 -
800 V) and grid-level DC (=600 - 1000 V) by increasing series DC sources with
the same per-unit control and THD/loss trends.

Figure 11 presents the stepped output voltage waveforms for PD-PWM, POD-
PWM, APOD-PWM, and Modified SPWM techniques using a 5-level CHMI. All
four methods generate consistent five-level output with similar voltage steps and
switching characteristics. The waveform shapes are nearly identical, indicating

comparable performance in generating multi-level outputs at this configuration.
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Figure 11. Simulation results showing the output voltage waveforms using PD-PWM, POD-
PWM, APOD-PWM, and Modified SPWM for 5-level.
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Figure 12. Simulation results showing the output voltage waveforms using PD-PWM, POD-
PWM, APOD-PWM, and Modified SPWM for 11 level.

Figure 12 shows the output voltage waveforms for the same PWM techniques
using an 11-level CHMI. With increased voltage levels, the output becomes more
sinusoidal, and the stair-step effect is significantly reduced. Again, the waveforms
from all four techniques appear visually similar, producing smooth and symmet-
rical outputs. This suggests that, for both 5-level and 11-level inverter configura-
tions, the different modulation strategies result in comparable output quality, and
further analysis such as FFT or THD is needed to highlight any performance dif-

ference.

3.2. Harmonic Distortion Performance

Figure 13(a) and Figure 13(b) show the harmonic spectrum of the output voltage
for PD-PWM applied to both 5-level and 11-level CHMI configurations, respec-
tively. In the 5-level CHMI, the output contains significant harmonic compo-
nents, especially at lower and mid-order frequencies. The fundamental amplitude
at 50 Hz is 172.6, and the THD is 33.86%, indicating considerable waveform dis-
tortion. This level of distortion is expected due to the limited number of voltage
steps, which results in larger jumps between levels and more harmonic content in
the output. In contrast, the 11-level CHMI shows a much cleaner output wave-
form. The fundamental component is 412.6, and the THD drops to 13.00%. With
more voltage levels, the inverter can more closely approximate a sinusoidal wave-
form, reducing the magnitude of harmonic components significantly. The switch-
ing frequency of 10 kHz contributes to the high resolution of the PWM signal,
while the modulation index of 0.9 ensures full utilization of the DC supply range.

Table 1 summarizes the Total Harmonic Distortion (THD) for four SPWM
strategies applied to both 5-level and 11-level CHMI systems. Across all methods,
the 11-level inverter shows significantly lower THD values compared to the 5-
level configuration. The lowest THD was observed in POD-PWM and APOD-
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PWM for the 11-level CHMI at 12.94%, indicating improved harmonic perfor-
mance due to finer voltage steps. In contrast, all techniques resulted in THD val-
ues around 33% - 34% for the 5-level inverter, confirming that increasing the
number of levels is more impactful than the modulation strategy itself when it

comes to reducing harmonic distortion.

Fundamental (50Hz) = 172.6 , THD= 33.86%
07k T T T T T T T T ]

04 r .

|J ‘ i
L1 111 II
600 700 800

0 100 200 300 400 500 900 1000
Frequency (Hz)

(a)

Mag (% of Fundamental)

Fundamental (50Hz) = 412.6 , THD= 13.00%

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

(b)

Figure 13. Harmonic spectrum of output voltage using PD-PWM with A4, = 0.9, £ =10
kHz, and 100 V DC per cell (a) 11-level CHMI (b) 5-level CHMI.
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Table 1. Comparison of total harmonic distortion (THD) for different SPWM techniques
in 5-level and 11-level CHMI inverters.

Total harmonic distortion (THD)
Switching techniques

5-level 11-level

PD-PWM 33.86% 13.00%
POD-PWM 34.01% 12.94%
APOD-PWM 33.70% 12.94%
MODIFIED SPWM 33.86% 13.00%

3.3. Comparative Summary

This section provides a comparative evaluation of THD and fundamental voltage
performance for four SPWM techniques—PD-PWM, POD-PWM, APOD-PWM,
and Modified SPWM—applied to both 5-level and 11-level CHMI configurations.
The analysis considers variations in modulation index and switching frequency to
assess the impact of modulation strategy and inverter level count on output wave-
form quality and voltage stability. Results are presented in tables and figures to

highlight performance trends and key differences between configurations.

3.3.1. Total Harmonic Distortion (THD) and Fundamental Voltage Analysis
Table 2 and Table 3 present the THD and fundamental voltage results for PD-
PWM, POD-PWM, APOD-PWM, and Modified SPWM applied to 5-level and
11-level CHMI, respectively with modulation indices from 0.5 to 1.0. The DC
source voltage for each H-bridge cell was set to 100 V, with a switching frequency
of 10 kHz and a 50 Hz reference.

Table 2. THD (%) and fundamental voltage (V, peak) for different modulation indices
using four PWM techniques in 5-level and 5-level CHMI.

PD-PWM POD-PWM POD-PWM MODIFIED SPWM
THD (%) V., (peak) THD (%) V., (peak) THD (%) V, (peak) THD (%) V. (peak)
0.5 54.14 95.88 54.29 95.75 53.92 96.07 54.14 95.88
0.6 44.53 115.4 44.48 115.4 44.59 115.4 44.53 115.4
0.7 41.95 134.5 41.79 134.6 42.14 134.5 41.95 134.95
0.8 38.54 153.6 38.49 153.4 38.5 153.4 38.54 153.6
0.9 33.86 172.6 34.01 172.6 33.7 173 33.86 172.6
1.0 27.33 192 27.5 191.2 27.31 192 27.33 192

M.

Table 3. THD (%) and fundamental voltage (V, peak) for different modulation indices
using four PWM techniques in 5-level and 11-level CHMI.

PD-PWM POD-PWM POD-PWM MODIFIED SPWM
M,
THD (%) V. (peak) THD (%) V., (peak) THD (%) V, (peak) THD (%) V. (peak)

0.5 23.85 231.8 23.87 231.7 2391 231.7 23.85 231.8
0.6 18.35 277.6 18.34 277.6 18.37 277.7 18.35 277.6
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Continued

0.7 16.88 322.8 16.81 323.1 16.81 323 16.88 322.8
0.8 13.79 368.1 13.95 367.7 13.97 367.7 13.79 368.1
0.9 13 412.6 12.94 412.3 12.94 412.2 13 412.6
1.0 11.06 456.7 11.05 456.5 11.06 456.5 11.06 456.7

The 11-level CHMI achieved much lower THD values (23.85% - 11.05%) than
the 5-level CHMI (54.29% - 27.53%), confirming that higher voltage levels signif-
icantly improve waveform quality. Fundamental voltage increased proportionally
with modulation index, ranging from approximately 233 V to 455.9 V for the 11-
level and from 95.9 V to 192 V for the 5-level system. Across all modulation indi-
ces, POD-PWM and APOD-PWM showed slightly better THD performance than
PD-PWM and Modified SPWM, although differences were minimal. Modified
SPWM matched the conventional methods in both THD and fundamental voltage
while offering simpler implementation.

Overall, the results indicate that increasing the number of voltage levels has a
greater effect on THD reduction than changing the modulation strategy, with
POD and APOD providing only marginal improvements.

3.3.2. Effect of Switching Frequency on THD and Fundamental Voltage
Figure 14 illustrate the effect of switching frequency on the Total Harmonic
Distortion (THD) and fundamental voltage for PD-PWM, POD-PWM, APOD-
PWM, and Modified SPWM, in both 11-level and 5-level CHMI configurations.
Switching frequency variation results show that the 11-level CHMI maintained
low and stable THD (~13%) and nearly constant fundamental voltage (~412 V)
across all SPWM methods, indicating minimal benefit from increasing frequency.
In contrast, the 5-level CHMI exhibited higher THD (~33% - 35%) and lower fun-
damental voltage (~173 V), with only slight harmonic improvement at higher fre-
quencies and a voltage drop for PD-PWM at 20 kHz. Overall, the number of volt-
age levels has a much greater influence on waveform quality than switching fre-
quency or modulation method, with POD and APOD offering marginal THD ad-
vantages. Across all modulation indices, POD and APOD consistently delivered
slightly lower THD values compared to PD-PWM. The Modified SPWM method
closely matched the performance of PD-PWM in both THD and fundamental
voltage, with differences being negligible in all tested cases. This indicates that
Modified SPWM can serve as a simpler alternative to PD-PWM without compro-
mising waveform quality.

Average performance trends show that the 11-level CHMI consistently delivers
low THD (~13%) and stable fundamental voltage (~412 V) regardless of switching
frequency, confirming that waveform quality is primarily determined by the num-
ber of voltage levels rather than frequency. In contrast, the 5-level CHMI exhibits
significantly higher THD (~33% - 35%) and a gradual reduction in fundamental
voltage as switching frequency increases, indicating a higher sensitivity to switch-
ing frequency changes. This highlights the advantage of higher-level inverter con-
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figurations in achieving better harmonic performance and voltage stability with
less dependence on switching frequency (Figure 15).

THD vs Swi g F (11-level CHMI) THD vs Switching q y (5-level CHMI)
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Figure 14. THD and fundamental voltage vs. switching frequency for 11-level and 5-level CHMI using various SPWM methods.
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Figure 15. Average THD (left) and average fundamental voltage (right) versus switching frequency for 5-level and 11-level CHMI.
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3.3.3. Switching-Loss and Efficiency Implications

To complement the THD and fundamental voltage analysis, the efficiency impact
of switching losses at the tested frequencies was quantified. Switching losses per
device, P, were estimated using a standard hard-switching model using for-
mulas (4) and (5).

1
Py zEVDC Xl(tr +tf)fSW (4)
Total P, = Nx P, (5)

where V), =100V per H-bridge cell, 7, = rise time, 7, = fall time, assume
t,+t, =100 ns (as a representative MOSFET edge time), f, = switching fre-
quency and N is the number of MOSFET. The inverter output power is given
by:

VZ
> = __RMS (6)
RL

Finally, the efficiency can be calculated using:

1(%) = 100 (7)
P, +Total Py,

out

Table 4 shows that switching loss increases with frequency, which causes a
small drop in efficiency. For the 5-level CHMI, efficiency falls from 99.84% at 5
kHz to 99.35% at 20 kHz, while the 11-level CHMI decreases from 99.83% to
99.32% in the same range. Although the loss is less than 1%, higher switching fre-
quencies lead to more device heating and greater cooling demand. At the same
time, increasing f, shifts EMI to higher frequencies, making filtering easier
but at the cost of higher switching losses. This confirms the trade-off between ef-

ficiency, thermal stress, and EMI performance in practical design.

Table 4. Switching losses and corresponding inverter efficiencies for 5-level and 11-level
CHMI at different switching frequencies.

5-Level 11-Level
Ton P, Total P P, Total P
(KHZ) SwW out ’] (%) SwW out ’] (%)
W) P, (W) (kW) W) P, (W) (kW)
5 0.305 2.44 1.49 99.84% 0.7295 14.59 8.51 99.83%

10 0.610 4.88 1.49  99.67% 1.4590 29.18 8.51 99.66%
15 0.915 7.32 1.49  99.51% 2.1885 43.77 8.51 99.49%
20 1.220 9.76 1.49  99.35% 2.9180 58.36 8.51 99.32%

In practical implementation, several challenges may affect the performance of
multilevel inverters compared to ideal simulation results. Dead-time insertion, which
is necessary to avoid shoot-through, can introduce waveform distortion and re-
duce the effective output voltage. Switching losses, as quantified in this work, further
contribute to device heating and efficiency reduction, requiring careful thermal

management. Moreover, device limitations such as finite switching speed, volt-
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age/current ratings, and thermal constraints restrict the achievable operating
range. Finally, the control implementation for multilevel inverters is more com-
plex, as precise synchronization of multiple carriers and switching signals is re-
quired. These factors highlight that while simulation results are promising, addi-

tional considerations are necessary for reliable hardware realization.

3.4. Validation under RL/Motor-Equivalent Load

Figure 16, Figure 17 show the phase voltage under the motor-equivalent RL load
for the four SPWM schemes. In all cases the phase voltage is nearly sinusoidal with
small high-frequency ripple from carrier switching; moving from 5-level to 11-
level visibly reduces the ripple/step granularity and yields a smoother envelope at
the same modulation index. The load voltage is further smoothed by the series
inductance and lags the voltage by the expected angle for power factor of 0.8, with

no DC offset or low-frequency distortion observed.

PD-PWM

ANFANTANVANFANVANVANVANVANFAN
VV VYV VNV VYV VYV VYL

-500

500

POD PWM
500[~ .

VANTANVANTANTANVANTANTANTANVAN
VVVYV VNV VYV VYV

-500

APOD PWM

VANFANITANTANFANITA ANTANIA
V VNV VNV VYV VYA

-500

500

MODIFIED SPWM

500

AVAVAVAVAVAVAVAVAVAY

-500— ] —
0 002 004 006 008 0.1 012 014 0.16 018 0.2

Figure 16. Simulation results showing the output voltage waveforms using PD-PWM, POD-
PWM, APOD-PWM, and Modified SPWM for 5 level with RL load.
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Figure 17. Simulation results showing the output voltage waveforms using PD-PWM, POD-PWM, APOD-
PWM, and Modified SPWM for 11 level with RL load.

As summarized in Table 5, the 5-level CHMI yields voltage THD in the 0.27%
- 0.34% range, with POD-PWM lowest (0.27%), PD and Modified essentially equal
(0.29%), and APOD highest (0.34%). For the 11-level case, THD tightens to 0.20%
- 0.22% with POD-PWM again best (0.20%), APOD at 0.21%, and PD/Modified
at 0.22%. Moving from 5 to 11 levels reduces THD by roughly 24% - 38% across
the four schemes, and the ranking observed with the resistive load is preserved,
though differences narrow at higher levels. These results confirm that, under prac-
tical drive conditions, increasing the number of levels is an effective way to im-
prove harmonic quality, while the RL load mainly attenuates current harmonics
(beneficial for conducted EMI) without altering the fundamental conclusions

about the modulation strategies.

DOI: 10.4236/jpee.2025.139007 114 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2025.139007

M. S. Samsudin et al.

Table 5. Comparison of total harmonic distortion (THD) for different SPWM techniques
in 5-level and 11-level CHMI inverters under RL.

Total harmonic distortion (THD)
Switching techniques

5-level 11-level
PD-PWM 0.29% 0.22%
POD-PWM 0.27% 0.20%
APOD-PWM 0.34% 0.21%
MODIFIED SPWM 0.29% 0.22%

4. Conclusion

This paper compared four SPWM techniques in 5-level and 11-level CHMI con-
figurations, focusing on the effects of modulation index and switching frequency.
Results showed that increasing the number of voltage levels greatly improves
waveform quality and voltage stability, while modulation strategy has only a
minor effect. POD and APOD provided slightly better harmonic performance,
whereas Modified SPWM closely matched the performance of PD-PWM in all
tested cases. This indicates that Modified SPWM can be adopted as a simpler al-
ternative to PD-PWM without compromising performance. Switching frequency
had little influence on the 11-level CHMI but affected the 5-level configuration
more noticeably. Overall, voltage level count was the dominant factor in achieving
low THD and stable output voltage. Future work may explore hybrid SPWM tech-
niques or adaptive modulation strategies to further optimize inverter performance.
Hardware testing is recommended to validate simulation results in real world con-
ditions. In addition, integrating renewable energy sources as DC inputs could pro-
vide deeper insight into system behaviour under variable input conditions. While
the simulation results demonstrate the effectiveness of the proposed multilevel
inverter schemes, several practical issues must be considered in hardware imple-
mentation. Dead-time effects, device switching limits, and the added control com-
plexity of multilevel structures may reduce performance compared to the ideal
case, and careful design is required to balance efficiency, reliability, and EMI com-

pliance.
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