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When compared to a traditional multilevel inverter, multilevel inverters can
produce switched waveforms with lower amounts of harmonic distortion.
Due to their capacity to provide excellent output waveforms at lower
switching frequencies and without distortion, multilevel inverters have
recently attracted more attention. The dynamic voltage restorer's multilevel
topology reduces the output waveform's harmonic distortion without causing
inverter power output losses. This study examines the most widely used
topologies to determine how the sinusoidal switching angle affects total
harmonic distortion (THD%). Among the crucial multilevel topologies, the
cascaded H-bridge was selected. Because it needed fewer parts than the
others. Asymmetric was selected for observation and simulations of output
voltages up to Fifteen levels for equal and sinusoidal angles using PSIM
software after a review of the literature. Appropriate switching angles were
maintained in this research. With fewer H-bridges, higher-level multilevel

inverters have been manufactured.
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1. INTRODUCTION

A multilevel inverter (MLI) is a type of power electronics system that converts multiple low-level
DC inputs into an AC output with adjustable frequency and voltage [1]. Multilevel inverters (MLIs) are
sophisticated iterations of two-level inverters designed for medium- and high-power applications [2]. The
three-level converter [3] served as the foundational concept that initiated the evolution of MLIs. They consist
of a network of power semiconductors and capacitive voltage sources that can deliver a stepped voltage
waveform resembling a sinusoidal shape when interconnected and regulated [4]. The growing use of
renewable energy sources, including solar photovoltaic and wind energy systems, necessitates the
development of cutting-edge technology for efficient integration [5]. Multilevel inverters (MLIs) offer
superior output waveform quality, reduced harmonic distortion, improved electromagnetic compatibility, and
a modular structure, making them suitable for a wide range of applications [6]. Their efficiency, high voltage
capacity, and improved performance make these devices highly attractive in power electronics [7], [8].

Conventional multilevel inverter topologies like flying capacitor, diode-clamped, and cascaded
H-bridge converters face a rapid increase in power devices with higher output voltage levels. This
exponential growth complicates the inverter, resulting in increased costs, losses, and more stringent control
and thermal management needs [8]. Various topologies were proposed to address the issues with
conventional MLI [9], [10]. Prior studies [11] have highlighted the limitations associated with conventional
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modular structures. Alishah et al. [12] introduced a topology with two reverse-connected T-type structures,
achieving a 9-level output without an H-bridge. Hosseinzadeh et al. [13] proposed a modified H-bridge
inverter using diodes, capacitors, and multiple DC sources to create various voltage levels, with capacitors
charged to twice the input voltage for enhanced modulation performance.

Multilevel inverters (MLIs) use multiple inverter units to generate specified AC voltage levels
from various DC sources [14]-[16]. While their stepped output can introduce harmonic challenges,
producing voltage in smaller increments ultimately improves power quality. These advantages have driven
growing research interest in MLIs. MLIs exhibit several limitations, most notably the requirement for
numerous power switches, which increases design complexity [17]-[20]. Although low-voltage switches can
be used, each device still needs dedicated gate-driving and protection circuitry, thereby elevating cost and
system intricacy. To mitigate these challenges, various innovative MLI configurations have been proposed
that reduce the number of DC sources and bridge switches relative to conventional architectures [21], [22].
However, in order to generate output voltages with consistent step levels, many of these more recent
inverters still rely on numerous bidirectional switches [23], [24].

Research on cascaded multilevel inverters (MLIs) has shown that various configurations, such as
unidirectional switches, enable higher output voltage levels while reducing component counts and costs
[23]. However, challenges persist regarding the need for larger DC-link voltages and effective multilayer
modulation techniques. Most existing studies have focused on equal-step switching-angle methods, lacking
a systematic comparison with sinusoidal switching-angle techniques under identical operating conditions
[25]. Switching angles determine the inverter switching instants and directly control the harmonic content
of the output voltage [26]. One switching angle is used to regulate the fundamental voltage, while the
remaining angles are selected to eliminate specific low-order harmonics [27]. Thus, with (m) switching
angles, up to (m-1) harmonic orders can be eliminated by solving the corresponding harmonic equations.
This study addresses the limitations of previous MATLAB-based methods for identifying switching angles
in modulation performance by employing PSIM due to its user-friendly simulation capabilities. It compares
equal-step and sinusoidal switching-angle methods for a 13-level cascaded H-bridge inverter, utilizing a
consistent analytical approach supported by both simulations and laboratory experiments. The results
indicate that both methods achieve very low total harmonic distortion (THD), providing valuable insights
for implementation.

2. METHOD

Determining conduction (switching) angles in an MLI is critical for generating proper gating
signals. Two methods are commonly used: the equal-angle technique, which applies uniform conduction
periods, and the sinusoidal-angle technique, which varies these periods based on a defined formula. The
formula is shown in (1).

6= sin'l(;/—:l) 1)

Where Vo denotes the output voltage at a specific moment, while Vm denotes the peak voltage of that level.
For example, to develop a 5-level multilevel inverter using (1).

To develop a 5-level MLI is required: number of H-bridges = 2, number of IGBTs = 8, number of
DC sources = 2, and number of gate pulses = 8. We know that for a complete cycle time period, T = 360° and

for a 50 Hz signal, T = % = % = 0.02 sec. In Figure 1, the expected output of 5-level MLI is shown. The
calculation process for each angle is like:

- When the supply voltage V1 =0v, 8 = sin! % =0°

- When the supply voltage V2 =12v, § = sin™! % =30°

- When the supply voltage V3=24v, § = sin™! % =90°

- When the supply voltage V1 =-12v, 8 = sin™?! _2142VV =-30°

- When the supply voltage V1 =-24v, § = sin™?! _24VV =-90°

The workflow presented in Figure 2 follows several essential stages. Initially, a switching device
like an IGBT or MOSFET is chosen. The inverter level is defined, and the circuit is modeled in PSIM with
predetermined switching angles for Equal Step and Sinusoidal Angle approaches. The simulation generates
output waveforms, which are analyzed for FFT spectrum and THD values, organized in tabular form. The
methodology of this work is shown in Figure 2.
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The proposed MLI circuit, depicted in Figure 3, features three H-bridge inverter modules connected
in series, with each module supplied by a separate DC source (12 V, 24 V, and 36 V) from batteries to
achieve a specific output voltage. This design eliminates the need for capacitors or voltage-clamping diodes
due to the series connection of AC terminal voltages within the cascaded inverter structure. Each inverter unit
utilizes one of four IGBT switches (IGBT-1, IGBT-2, IGBT 3, and IGBT-4), uniquely identified for each
level inverter. The multilayer output is achieved through a driver circuit that activates IGBTs in a primary
multilevel inverter [26]. This setup uses four IGBTs to create a single-phase cascaded asymmetrical
switching DC voltage source ML, resulting in three levels of DC voltage. The load receives a 13-level AC
output voltage from an H-bridge with an additional sixteen IGBTS.

Voue
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Vac
) 2
0
Vdc t
Vae \_\_H
’Vdc

Figure 1. Expected output waveform of 5-level MLI
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Figure 2. Workflow diagram Figure 3. Experimental workflow of this research

3. RESULTS AND DISCUSSION
Numerous software platforms-such as PSPICE, Proteus PSIM, MATLAB/Simulink, and Multisim-
are available for electronic circuit simulation. Among them, PSIM is widely regarded as especially effective
for modeling and analyzing power electronic systems [3]:
i) Very fast simulation speed, especially for high-frequency switching circuits;
ii) User-friendly interface with easy schematic design and minimal setup time;
iii) Stable and accurate modeling of switching devices (MOSFETSs, IGBTSs, Diodes);
iv) Supports MATLAB/Simulink co-simulation for advanced control designs; and
V) Provides built-in tools for FFT, THD, and performance analysis.
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The schematic diagrams of the 13-level MLI are shown in Figure 4. In this design, 12 IGBTs are
used to form three H-bridges, and the load terminal is connected to a resistive load. The output voltage is
measured across this load. Three asymmetrical DC voltage sources (12 V, 24 V, and 36 V) are used at the
supply terminal. Gating pulses are applied to the IGBT gate terminals to control their switching states and the
operation of each H-bridge. The switching angles for the gate pulses were calculated manually for both cases.

The proposed angle control method effectively eliminates certain lower-order harmonics while
maintaining the fundamental voltage, thereby setting the switching angles. This approach significantly
reduces switching losses, voltage stress on power devices, and total harmonic distortion (THD). The system's
harmonic performance is evaluated by examining the voltage waveform delivered to a 1 kQ resistive load.

The output of this work has been generated in PSIM software. For the 13-level inverter, the output
voltage has been measured across the load resistor. For both of the methods, equal-step switching angle and
sinusoidal switching angle, the output voltage has been shown in Figure 5 and Figure 6. The angles are
determined through manual calculation for equal-step switching, and for sinusoidal angle switching, the
proposed formula has been used, which is mentioned in (1). The voltage output waveforms are shown in
Figure 5, where VP1 on the y-axis denotes the value of the output voltage and the x-axis denotes time in
milliseconds.
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Figure 4. Circuit diagram of 13-level MLI
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Figure 5. Voltage waveform for 13-level MLI Figure 6. Voltage waveform for 13-level MLI in
in equal-step-angle switching sinusoidal switching angle technique
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In Figure 6, Vout on the y-axis denotes the output voltage (V), while the x-axis represents time in
milliseconds (ms). The 13-level multilevel inverter (MLI) using the Sinusoidal Switching Angle Technique
produces an output voltage waveform ranging from approximately —72 V to +72 V, comprising thirteen
voltage levels that resemble a sinusoidal wave. The technique's effectiveness is demonstrated through
adjusted switching angles that yield a symmetrical waveform, reduced total harmonic distortion (THD),
lower switching stress, and improved output voltage quality.

Multilevel inverters are now widely used in industry for various applications [27]. Researchers and
engineers worldwide continue to develop new topologies, control strategies, and operating techniques to
improve their performance. These developments aim to enhance energy efficiency, reliability, and cost-
effectiveness, making multilevel inverters increasingly attractive compared with conventional two-level
topologies. In this system, the inverter is connected in series with an LC filter, which reduces high-order
harmonics in the output voltage and provides a more sinusoidal voltage waveform to the load. As shown in
Figure 7, the input voltage of the LC filter is determined by the switching state S(j) of the inverter and can be
expressed as Vin= S(j)xVac, where S(j) = 4-j, Vin is the input voltage of the LC filter, Vdc is the DC supply
voltage, and S(j) is the switching function of the inverter, representing the switching state corresponding to
each operating condition.

L

in c I out

Figure 7. LC filter circuit

Two equations can be used to describe the LC filter, which is the depiction in the above Figure 7.
The current through the filter inductance is represented by in (2).

L% =Vin-Vr-Vc ()
The capacitor voltage follows, which is represented in (3).
CYl = iL-i0 (3)

Where i is the total current flowing through the circuit. In case of this research, using this formula, we have
calculated the values of the capacitor and inductor for a 13-level MLI. In both cases here used RC network
capacitor value is C = 0.001 pF, and the value of inductance is L = 1 mH. The value of RC is determined
using (4).

1
Fc = W (4)

After applying the LC filter in 13-level MLI for both methods, the output voltage waveform is shown in
Figure 8 and Figure 9.
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Figure 8. Voltage waveform for 13-level MLI in Figure 9. Output voltage waveform after applying Ic
equal step angle technique after applying LC filter filter in sinusoidal switching angle technique
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The output waveform almost looks like a sine wave, which is the goal of this research: to convert
DC to an AC signal. From the PSIM software, it will automatically generate the FFT signal & shows the
THD value. The output waveform of the FFT signal with the THD value for the 13-level MLI is shown in
Figure 10 and Figure 11.
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Figure 10. FFT and THD waveform after applying an  Figure 11. FFT and THD waveform after applying an
LC filter in the equal-step switching angle technique  LC filter in the sinusoidal switching angle technique

In both cases, Vout on the y-axis denotes the value of the output voltage, and the x-axis denotes the
Fundamental Frequency. From Figure 9, it is obvious that after applying the LC filter, the output voltage
waveform looks closer to an AC signal. The difference between the two techniques is shown in tabular form
in Table 1. From Table 1, for the 13-level MLI, the lowest THD is found after applying the LC filter in a
sinusoidal switching angle technique, and the highest is found when the filter is applied to the equal step
angle switching. So, from this, it is proved that the sinusoidal technique reduces THD more as compared to
other techniques.

Table 1. Different THD for two different techniques for 13-level MLI

Number of For equal switching angle  For equal switching angle For sinusoidal switching For sinusoidal switching
levels THD without LC filter THD with LC filter angle THD without LC filter angle THD with LC filter
13 17.44% 15.14% 7.12% 2.24%

Switching device stress analysis: As it is a 13-level asymmetrical MLI therefore IGBT voltage stress
is different for different switches. Lower-level switches will experience lower stress, and higher-level
switches will experience higher stress. To calculate the voltage stress instead of a single value, write in (5).

Vsw,k =Vdc, k )

Where k = switching index and Vdc, k = DC source voltage. From this, Lower-level switches operate under
lower voltage stress, while switches linked to the highest DC source endure the greatest voltage stress.
Meanwhile, Current stress depends on the switching strategy, which is shown in (6).

i EA
1 5\5\/1?rms > 1 sw,rms (6)

Equal-angle switching improves current waveforms, leading to reduced RMS and peak current stress on
IGBTSs. A quantitative analysis of voltage and current is shown in Table 2.

It is observed that the sinusoidal switching angle achieves significantly lower THD compared to
equal-angle switching under both filtered and unfiltered conditions. Without filtering, THD is reduced from
17.44% to 7.12%, and with LC filtering, it further decreases to 2.24%. Although equal-angle switching
reduces switching frequency and associated losses, its harmonic performance in the present implementation
is inferior due to non-optimized switching angles. The LC filter improves both cases; however, the
improvement is more pronounced for the sinusoidal switching angle technique.

THD reduction in a 13-level multilevel inverter using ... (Dewan Ashikur Rahaman)



1988 O ISSN: 2088-8694

Table 2. Quantitative analysis table

Parameter Sinusoidal switching angle Equal switching angle Improvement
Max voltage stress 36V 36V 0%
RMS current stress 2.10 pu 1.92 pu 1 9%
Peak current Higher Lower Reduced
Switching frequency  High Fundamental Reduced losses
Switching loss High Low Low
Conduction loss Comparable Comparable Comparable
THD without LC filter 7.12% 17.44% THD reduction in equal angle = | 13.2%
THD with LC filter 2.24% 15.14% THD reduction in sinusoidal switching angle = | 68.5%

Switching loss and efficiency analysis: The total loss consists of conduction loss and switching loss,
expressed as in (7).

Ploss = Feona + Psw (7)

Where the conduction loss of each IGBT is calculated by (8):
Pcond'i = PCE(on) 'Iavg:i + Ron- Igms:i (8)

where Vegon) represents the on-state voltage drop, R, is the equivalent on-state resistance, and Iy, Lrms,i
denote the average and RMS current through the it* switch, respectively. Total conduction loss is shown in (9).

P cona = Z?]:lp cond b (9)

The equation for the switching loss is shown in (10):

N . .
Poy=Ffs Zi=1(Eon:l + Eofftl (10)

where f; is the switching frequency, and E,,,, ;, E,f5; represent the turn-on and turn-off energy losses of the ith
device. From Table 2, sinusoidal switching exhibits better performance than equal-angle switching regarding
THD, but it incurs higher switching losses due to its elevated switching frequency. Conversely, equal-angle
switching reduces switching losses by functioning at fundamental frequency, leading to increased efficiency,
albeit with higher harmonic distortion, as conduction losses remain similar for both methods.

For practical implementation, the researcher made a 13-level MLI. Figure 12. shows the resulting
output waveform of the 13-level MLI using the proposed sinusoidal formula. After applying the LC filter, the
practical output becomes more sinusoidal, although the zoomed-out view in Figure 13 reveals noticeable
spikes in the waveform.

The proposed sinusoidal switching-angle method differs from conventional Equal-step angle and
selective harmonic elimination. Unlike Equal-step angle, which requires solving linear equations to eliminate
specific harmonics, the proposed method employs uniformly spaced switching angles within each quarter
cycle. This eliminates the need for optimization algorithms or complex computations, resulting in a simpler
control structure.

The sinusoidal output voltage waveform exhibits a spike due to the concurrent operation of
switching devices, particularly when one IGBT turns off while another turns on. Research has indicated that
implementing improved dead time control techniques can help mitigate these voltage spikes associated with
switching. A comparison of the work is shown in Table 3.

Table 3. Level vs previous work vs their findings vs our findings

Level Previous work Their findings Our findings
THD in equal THD in equal THD in sinusoidal
switching angle switching angle switching angle technique
technique technique
13 In reference [10], “A new multilevel 15.12% 15.14% 2.24%
inverter topology with reduced switch
count”

Int J Pow Elec & Dri Syst, Vol. 17, No. 3, September 2026: 1982-1993
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A 13-level inverter's THD performance is compared with published findings in Table 3. Using the
equal switching angle methodology, the [10] obtained a THD of 15.12%, whereas the current study produces
a similar THD of 15.14%. The suggested sinusoidal switching angle (SSA) method, on the other hand,
significantly improves output voltage quality by lowering the THD to 2.24%.
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Figure 13. After applying the LC filter

4.  CONCLUSION

The work compares equal-step and sinusoidal switching-angle control methods for a 13-level
asymmetric cascaded H-bridge multilevel inverter. Testing showed that the sinusoidal angle method
significantly reduced output voltage harmonic distortion, with THD decreasing from 15.14% to 2.24% after
LC filtering. This indicates that sinusoidal switching angles improve waveform quality and provide an
efficient means for harmonic reduction while maintaining a low switching frequency. Overall, the
experimental and modeling results showed good agreement, although the hardware prototype displayed
switching spikes due to non-ideal effects, contrasting the simulation's ideal assumptions. Enhanced

THD reduction in a 13-level multilevel inverter using ... (Dewan Ashikur Rahaman)



1990 O ISSN: 2088-8694

techniques like dead-time optimization or snubber circuits may improve waveform quality in real
applications. The proposed method uses a simple switching-angle calculation, offering a practical alternative
to complex modulation techniques while achieving acceptable harmonic performance. The study focuses on
waveform quality and THD reduction, leaving aspects like converter efficiency and long-term dependability
for future research.

Future research will expand the suggested approach to higher-level multilevel inverter
configurations, examine switching-loss and efficiency analysis, apply useful spike-mitigation techniques,
contrast the suggested approach with sophisticated modulation strategies like selective harmonic elimination
(SHE-PWM), and assess the strategy using real-time digital controllers in motor-drive and renewable energy
applications. The effect of the suggested switching-angle technique on motor-drive performance, including
torque ripple, speed stability, efficiency, and power losses in induction motor and BLDC drive applications,
will be experimentally assessed in future work.

This study primarily focuses on the reduction of total harmonic distortion (THD) in a 13-level
asymmetric cascaded H-bridge multilevel inverter using sinusoidal switching-angle control. The simulation
was performed under ideal IGBT switching conditions, while the experimental validation was limited to a
laboratory-scale prototype. Although the proposed method demonstrated significant THD reduction,
comprehensive analyses of converter efficiency, switching and conduction losses, motor-drive performance,
and long-term reliability were beyond the scope of this work. Furthermore, the proposed approach was
validated only for the investigated inverter configuration; its scalability to higher-level multilevel inverters
and real-time DSP/FPGA implementation requires further investigation.
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