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Abstract—An inverter is an electrical device that converts 

direct current (DC) into alternating current (AC). 

Typically, a standard inverter operates at three voltage 

levels: +Vdc, -Vdc, and 0. However, a multilevel inverter 

consists of several smaller inverters connected in a series 

to produce multiple voltage levels at the output. The 

primary advantage of this type of inverter lies in its ability 

to produce a much lower harmonic distortion compared 

to traditional, non-multilevel inverters. Additionally, the 

switching components of a multilevel inverter operate at 

lower frequencies, which makes it more suitable for high-

power applications. This research focuses on a three-

phase cascaded multilevel inverter, specifically 

generating output waveforms with up to seven levels. The 

study involves conducting experiments using RL loads, to 

observe how these variations affect the output waveforms 

and their harmonic distortions. The result, THDi values 

are much lower, with the 3rd harmonic contributing 

0.02%, the 5th contributing 0.006%, the 7th contributing 

0.004%, the 9th contributing 0.002%, the 11th contributing 

0.002%, and the 13th harmonic contributing just 0.001%. 

These results suggest that the voltage harmonic more 

significant harmonic distortion than the current, 

particularly at the 13th harmonic order.  This increase 

highlights the effect of inductive loads on the performance 

of the inverter, particularly in terms of harmonic content. 

These findings are crucial for optimizing multilevel 

inverters in practical applications, ensuring improved 

performance and efficiency. 
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I. INTRODUCTION 

Renewable energy has become an increasingly prominent 

area of study across the globe. Among the various renewable 

sources, solar energy stands out due to its abundance, 

environmental benefits, and ease of implementation. 

According to the National Energy Council, Indonesia boasts 

an average solar energy potential of 4.80 kWh/m²/day [1]. 

This vast potential can be harnessed directly to fulfill 

electricity demands through the use of photovoltaic (PV) 

modules [2]. 

A multilevel inverter is an advanced type of inverter that 

generates multiple voltage levels, which enhances the quality 

of the output waveform. The sinusoidal voltage produced by 

multilevel inverters is superior and does not require high 

switching frequencies, in contrast to conventional inverters, 

leading to reduced power losses during switching [3]. These 

inverters can be classified into various types based on their 

circuit configurations, commonly referred to as topologies. 

The most widely used topologies today include the Cascade 

H-Bridge, Diode Clamps, and Flying Capacitor, each 

offering distinct advantages and disadvantages [4]. 

In a previous study [5], a grid-integrated inverter design 

was developed to observe harmonic waves and evaluate the 

Total Harmonic Distortion (THD). The research, conducted 

by Oscar Lopez, Remus Teodorescu, Francisco Freijedo, and 

Jesus Doval Gandoy, titled "Leakage Current Evaluation of a 

Single-phase Transformerless PV Inverter Connected to the 

Grid," focused on assessing both the THD and efficiency of 

the inverter circuit. The study utilized PV systems with power 

ratings of 630 WP and 1260 WP. The findings revealed 

harmonic components up to the 11th harmonic, with the 

inverter design being a single-phase, single-level inverter 

connected to the grid.  

Generally, on-grid inverters utilize a DC-DC converter to 

step up the PV voltage to match the required DC link voltage. 

Among the most commonly used DC-DC converters is the 

boost converter [6]-[8]. However, in practice, the input 

voltage required for a three-phase inverter can be quite high, 

and the output voltage of the boost converter is primarily 
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determined by the duty cycle. As a result, it becomes 

challenging for a boost converter to supply the necessary 

voltage for the inverter when the PV voltage significantly 

deviates from the DC link voltage [9]-[11]. Similar studies 

have explored inverter type A configurations for large-scale 

solar power plant applications [12]. For smaller-scale solar 

power plants, however, a three-phase inverter is generally 

preferred due to its simpler switching techniques [13]-[15].  

The aim of this research is to develop an inverter design 

utilizing the three-phase H-bridge cascade multilevel inverter 

method to reduce harmonic distortions. Additionally, this 

study seeks to investigate the impact of load variations on the 

harmonic wave output from the inverter, with the goal of 

minimizing potential damage to electrical equipment caused 

by these harmonic distortions. 

II. METHODS 

This study employs harmonic analysis and performance 

simulation of the multilevel cascaded H-Bridge inverter. 

Initially, the inverter model is developed, taking into account 

the topology structure and operating parameters, such as the 

number of voltage levels and switching frequency. Harmonic 

analysis is conducted using the Fourier transform method to 

assess the harmonic spectrum of the inverter's output signal, 

aiming to identify the contribution of each harmonic to the 

total distortion. Additionally, performance simulations are 

carried out using PSIM, considering variations in parameters 

such as load, switching frequency, and level configuration to 

optimize inverter performance. This approach is expected to 

provide valuable insights into the impact of harmonics on 

inverter performance and their overall contribution to system 

efficiency.  

A. Inverter 

An inverter is a power electronics circuit that functions 

to convert Direct Current (DC) electricity into Alternating 

Current (AC) electricity. In the inverter circuit, several 

important components are utilized, such as semiconductor 

switches, inductors, capacitors, and resistors [16]. The 

switches used in an inverter must have a fast response to 

change from an on state to an off state or vice versa; therefore, 

Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) switches are used. Figure 1 illustrates the full-

bridge inverter circuit, which uses four MOSFET switches. 

 

Figure 1. Full-Bridge Inverter 

B. Cascade Multilevel Inverter 

A cascade multilevel inverter is a type of multilevel 

inverter that generates output voltage from separate DC 

sources. The output voltage of this inverter takes the form of 

a stepped square wave, with voltage levels increasing in steps 

corresponding to the number of DC sources used in the 

inverter configuration [17]. 

 
Figure 2. Cascaded Multilevel Inverter 

The output voltage of this multilevel inverter is the sum of 

the output voltages of each individual level inverter [18]. 

𝑉𝑜𝑢𝑡 =
(𝑛−1)𝑉𝑑𝑐

2
   (1) 

Cascade MLI have the simplest construction and also a 

simple configuration. They have good output waveforms 

with a high level of stages. In this multilevel inverter, a high 

switching frequency is not required to generate a sinusoidal 

waveform. In a multilevel inverter, whether using its own or 

separate DC sources, the output voltage corresponds to the 

number of stages in the inverter. For an inverter with two DC 

sources, the output voltage (Vo) will consist of five distinct 

levels: +2Vdc, Vdc, 0, -Vdc, and -2Vdc. 

C. Pulse Width Modulation (PWM) 

Pulse Width Modulation (PWM) is a technique that 

compares a reference signal (Vr) with a carrier signal (Vc). 



115 

 

The carrier signal is typically a triangular or sawtooth wave. 

The fundamental principle of PWM is that when the 

amplitude of the reference signal (Vr) exceeds that of the 

carrier signal (Vc), a high or 'on' signal is generated. 

Conversely, when the amplitude of the reference signal (Vr) 

is smaller than that of the carrier signal (Vc), a low or 'off' 

signal is produced [19]. 

The process of comparing the reference signal with the 

carrier signal is illustrated in Figure 3, where the comparison 

of the two waveforms determines the duty cycle value for the 

PWM. Pulse Width Modulation (PWM) is an effective 

method for reducing the Total Harmonic Distortion (THD) in 

load current. The output of a PWM inverter, when using a 

filter, generally reduces the THD of the square wave 

(rectangular wave) switching [20]. 

 

Figure 3. Pulse Width Modulation (PWM) 

Ton in the Figure 2 indicates the duration of the output 

voltage being in the high or 'on' position, while Toff 

represents the duration of the output voltage being in the low 

or 'off' position. The sum of the durations of Ton and Toff is 

called Ttotal, which is commonly known as one period of the 

waveform [21].  

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑜𝑛 + 𝑇𝑜𝑓𝑓   (2) 

From the values of Ton and Toff, the duty cycle can be 

determined, which is the ratio of the time when the waveform 

is in the 'on' state to the total time when the waveform is in 

the 'on' and 'off' states. Thus, the duty cycle can be expressed 

as shown in the equation below [22]. 

𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 =
𝑇𝑜𝑛

𝑇𝑡𝑜𝑡𝑎𝑙
× 100% (3) 

This duty cycle determines the operating time of the 

semiconductor switch components, creating pulse signals that 

control the 'on' and 'off' states of the switch. Therefore, the 

principle of PWM operation for controlling the function of 

the semiconductor switch is that when “Vcontrol/Vreff” has an 

amplitude greater than the triangular wave, PWM will output 

a high condition, causing the switch to be in the 'on' state, thus 

closing the switch. Conversely, when “Vcontrol/Vreff” has an 

amplitude smaller than the triangular wave, PWM will output 

a low condition, causing the switch to be in the 'off' state, thus 

opening the switch. 

D. Harmonics 

Harmonics are periodic distortions that occur in the 

sinusoidal waveforms of voltage, current, or power within 

electrical energy systems, including Solar Power Plants. 

These distortions can significantly affect the performance and 

efficiency of the entire electrical system. The waveform of 

harmonics consists of waves whose frequencies are multiples 

of a fundamental frequency, typically 50 Hz or 60 Hz, 

depending on the region and the type of electrical system in 

use. In the context of PLTS, harmonics can arise from the use 

of inverters, which convert direct current (DC) generated by 

solar panels into alternating current (AC). These inverters 

often serve as a primary source of harmonics due to their 

nonlinear operation. When inverters are in operation, they 

create harmonic waves whose frequencies are multiples of the 

fundamental frequency. For instance, if the fundamental 

frequency of the system is 50 Hz, the second harmonic will 

be at 100 Hz (2f), the third harmonic at 150 Hz (3f), and so 

on. The resulting distorted waveform can be expressed as the 

sum of the fundamental wave and the harmonic waves.  

 

Figure 4. Harmonic Waveform 

The relationship between harmonic frequency and 

fundamental frequency can be expressed as follows [23]: 

𝑓ℎ = 𝑛 × 𝑓𝑖   (4) 

The harmonic waves will overlay the fundamental wave, 

resulting in a distorted waveform. This occurs due to the 

summation effect of the harmonic waves with the 

fundamental wave. The influence of harmonics in power 

systems is significant, as these harmonics can cause several 

effects, such as excessive heating in generators and 

transformers because harmonics tend to flow to equipment 

with lower impedance. The magnitude of harmonics in 

electrical power systems is expressed in Total Harmonic 

Distortion (THD) with the following equation. 

Total Harmonic Distortion (THD) Voltage [24]: 

𝑇𝐻𝐷𝑣 =
√𝑉2

2+𝑉3
2+𝑉4

2+⋯+𝑉𝑛
2

𝑉1
2 × 100% (5) 

Total Harmonic Distortion (THD) Current [25]: 

𝑇𝐻𝐷𝑖 =
√𝐼2

2+𝐼3
2+𝐼4

2+⋯+𝐼𝑛
2

𝐼1
2 × 100% (6) 
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The cause of harmonic waves is the use of nonlinear loads 

in power systems, which create distortions in the sinusoidal 

waveform. Nonlinear loads can act as current sources that 

inject harmonic currents into the power system. As more 

electronic devices are used, such as televisions, computers, 

and power-saving devices, the harmonic currents in the 

electrical system will increase, resulting in a higher Total 

Harmonic Distortion (THD).  

Nonlinear loads will produce an output waveform that is 

not proportional to the voltage during each half-cycle, 

resulting in the output waveforms of current and voltage not 

matching the input waveforms (experiencing distortion). The 

disturbances in the wave caused by the distortion of current 

and voltage waveforms are referred to as harmonics. 
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Figure 5. Modeling of Three Phase Cascaded H-Bridge Multilevel Inverter using PSIM 
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III. RESULT AND ANALYSIS 

In this section, we present and discuss the results of the 

performance analysis of the three-phase cascaded H-Bridge 

multilevel inverter design for optimizing solar power plants. 

The analysis was conducted through a series of simulations 

and tests to evaluate various performance parameters, 

including power conversion efficiency, harmonics, and 

dynamic response of the inverter. The obtained results will be 

compared with industry standards and previous research 

findings, providing a clear understanding of the advantages 

and potential improvements of the proposed design. This 

discussion will also encompass the practical implications of 

these findings in the context of more efficient and sustainable 

solar power system applications. 

A. Multilevel Inverter Output Performance 

Multilevel inverters have gained increasing popularity 

in various applications, particularly in solar power systems, 

due to their ability to produce output voltages with lower 

harmonic distortion compared to conventional inverters. In 

solar power systems, multilevel inverters are essential for 

converting the DC power generated by solar panels into AC 

power, which can be used by the load or fed into the grid. 

Evaluating the performance of multilevel inverters involves 

assessing key parameters such as power quality, conversion 

efficiency, total harmonic distortion (THD), and voltage 

regulation. A comprehensive understanding of these 

performance aspects is critical for ensuring the optimal 

efficiency and reliability of the system, especially as the 

demand for renewable energy solutions continues to grow. 

 
Figure 6. Sinusoidal and Square Wave as Comparator 

Figure 6 illustrates the AC output from a multilevel 

inverter with the corresponding switching events 

superimposed. The sinusoidal shape of the output voltage 

reflects the inverter's role in creating an AC output from a DC 

source, with switching pulses regulating the inverter's 

performance. The red and blue regions may represent 

different operational states, such as positive and negative 

voltage levels or current flow in an alternating current (AC) 

system. The green waveform exhibits a smooth sinusoidal 

pattern, which is characteristic of AC power. The sharp white 

vertical lines scattered across the red and blue areas suggest 

the presence of switching events, which are typical in inverter 

circuits. These switching points could indicate the transitions 

of power electronic devices like transistors or thyristors, used 

to convert direct current (DC) to AC. The consistent 

distribution of switching pulses in the red and blue regions 

suggests a pulse-width modulation (PWM) strategy. PWM is 

often used in inverters to control the output voltage and 

current, enabling efficient conversion in renewable energy 

systems such as solar power plants. 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Output Voltage (a) R-Phase, (b) S-Phase,  

(c) T-Phase 

Figure 7 illustrates three waveforms, each representing a 

different level of voltage approximation in a multilevel 

inverter. As the number of voltage levels increases, the 

waveforms of the three phases become smoother and more 

sinusoidal. This progression helps to reduce harmonic 

distortion and enhances the quality of the AC output. The R-

phase, with fewer voltage levels, produces a rougher 

waveform, while the T-phase, with the most voltage levels, 

offers the closest approximation to a pure sine wave, making 

it ideal for efficient power conversion in applications such as 

solar energy systems. Multilevel inverters also enhance 

power conversion efficiency, especially in renewable energy 

systems like solar plants. Moreover, the smoother waveforms 

alleviate stress on the grid and connected devices, improving 

the overall reliability of the system. 
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(a) 

 
(b) 

 
(c) 

Figure 8. FFT Analysis for Output Voltage (a) R-Phase;  

(b) S-Phase; (c) T-Phase 

Figure 8 presents three graphs depicting the Fast Fourier 

Transform (FFT) analysis of the output voltage across 

different phases: (a) R-Phase, (b) S-Phase, and (c) T-Phase. 

In each graph, the vertical axis represents the amplitude of the 

harmonic components, while the horizontal axis indicates the 

frequency spectrum. The prominent peaks near the lower 

frequencies correspond to the fundamental harmonics, which 

are expected in the output of an inverter. As the frequency 

increases, the amplitude of the higher-order harmonics 

diminishes, demonstrating the reduction in harmonic 

distortion. 

In all three phases, the FFT reveals a steep drop-off after 

the initial peak, suggesting that most of the energy is 

concentrated at the fundamental frequency. The gradual 

decrease in amplitude for higher frequencies indicates that the 

inverter is effectively minimizing harmonic distortion. 

However, slight variations in harmonic content between the 

phases are observed, suggesting that each phase may exhibit 

slightly different levels of distortion. Overall, the inverter 

appears to maintain good harmonic performance across all 

three phases, which is essential for ensuring efficient and 

reliable power delivery in applications such as three-phase 

solar power systems. 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Output Current (a) R-Phase; (b) S-Phase;  

(c) T-Phase 

Figure 9 illustrates the output current waveforms for a 

three-phase system, showing the R-phase (a), S-phase (b), 

and T-phase (c). Each graph represents the sinusoidal nature 

of the current in its respective phase, with the y-axis 

indicating the current magnitude and the x-axis representing 

time. All three waveforms exhibit a smooth sinusoidal shape, 

suggesting balanced and stable output currents in each phase. 

The R-phase (a) waveform is shown in red, the S-phase (b) in 

blue, and the T-phase (c) in green. The waveforms are shifted 

by 120 degrees relative to each other, as expected in a typical 

three-phase system. 

These sinusoidal waveforms indicate that the system is 

operating under normal conditions with minimal distortion, 

as no irregularities or sharp transitions are visible in the 

waveforms. This suggests excellent power quality, with 

consistent and balanced current output across all three phases. 

The clear phase shifts between the currents ensure proper 

operation of the three-phase system, minimizing the risk of 

unbalanced currents or harmonics. Overall, this demonstrates 

stable and reliable power output, contributing to optimal 

performance in electrical systems. 
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(a) 

 
(b) 

 
(c) 

Figure 10. FFT Analysis for Output Current (a) R-Phase;  

(b) S-Phase; (c) T-Phase 

 

Figure 10 displays a series of graphs showing the FFT 

(Fast Fourier Transform) analysis of the output current for 

three phases: R-phase (a), S-phase (b), and T-phase (c). In 

each graph, the y-axis represents the magnitude of the 

harmonic content of the current, while the x-axis indicates the 

frequency spectrum. For all three phases, the FFT results 

reveal a prominent peak at the fundamental frequency, 

followed by a rapid decline in the magnitudes of higher-order 

harmonics. This suggests that the output currents in each 

phase are predominantly influenced by their fundamental 

frequency, with relatively low harmonic distortion. 

The harmonic content is most concentrated near the 

base frequency, with a gradual tapering off in the higher-

order harmonics, a common characteristic of well-regulated 

electrical systems. The R-phase (a) shows the highest peak, 

followed by the S-phase (b) and T-phase (c), which exhibit 

similar patterns but slightly lower peak magnitudes. This 

analysis provides valuable insight into the quality of the 

current waveform, aiding in the identification of potential 

sources of distortion. 

 

 

Table 1. Harmonic Analysis 

THD Voltage 

Harmonics Orde Value 

3rd Orde 0,4% 

5th Orde 0,1% 

7th Orde 0,1% 

9th Orde 0,08% 

11th Orde 0,09% 

13th Orde 0,7% 

THD Current 

Harmonics Orde Value 

3rd Orde 0,02% 

5th Orde 0,006% 

7th Orde 0,004% 

9th Orde 0,002% 

11th Orde 0,002% 

13th Orde 0,001% 

 

Table 1 presents the Total Harmonic Distortion values 

for both voltage and current across various harmonic orders. 

For voltage, the 3rd harmonic contributes 0.4%, the 5th and 7th 

harmonics each contribute 0.1%, the 9th harmonic contributes 

0.08%, the 11th harmonic contributes 0.09%, and the 13th 

harmonic contributes the highest, at 0.7%.  

In contrast, the current THD values are much lower, 

with the 3rd harmonic contributing 0.02%, the 5th contributing 

0.006%, the 7th contributing 0.004%, the 9th contributing 

0.002%, the 11th contributing 0.002%, and the 13th harmonic 

contributing just 0.001%. These results suggest that the 

voltage harmonic more significant harmonic distortion than 

the current, particularly at the 13th harmonic order. However, 

the overall current harmonic distortion is minimal, indicating 

a higher quality current waveform compared to the voltage. 

 

B. Stress Voltage on IGBT Component  

In modern electrical technology, Insulated Gate 

Bipolar Transistors (IGBTs) have become essential 

components in a wide range of applications, including motor 

control and power conversion for renewable energy systems. 

However, one of the key challenges in using IGBTs is 

managing the stress voltage these components endure. 

Excessive stress voltage can lead to permanent damage, 

reduce component lifespan, and degrade overall system 

efficiency. Therefore, understanding the underlying 

mechanisms of stress voltage in IGBTs is crucial for ensuring 

optimal performance and reliability in both industrial and 

commercial applications. This article will explore the factors 

influencing stress voltage in IGBTs, as well as strategies to 

mitigate risks and enhance the reliability of these 

components. 
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(a) 

 

(b) 

 

(c) 

Figure 11. Voltage Stress on IGBT 1, IGBT 5, IGBT 9 through Drain-

Source Section Observation 

Figure 11 illustrates the voltage stress observed on IGBT 

1, IGBT 5, and IGBT 9 through the drain-source section in 

three different conditions. In figure (a), represented by red 

bars, the voltage stress appears to be relatively high and 

somewhat inconsistent, indicating significant strain on these 

components, possibly due to higher switching frequencies or 

load variations. In figure (b), shown with blue bars, the 

voltage stress levels are lower and more uniform compared to 

figure (a), suggesting an improvement in the circuit, 

potentially due to optimized operating conditions or better 

control mechanisms. Lastly, figure (c), depicted with green 

bars, shows the lowest and most consistent voltage stress 

among the three, which could imply that further 

optimizations, such as the implementation of RC snubber 

circuits, have been applied to effectively mitigate voltage 

spikes. Overall, the decreasing voltage levels across the 

figures indicate progressive efforts to reduce stress on the 

IGBTs, likely improving their performance and lifespan in 

the system. This reduction in voltage stress not only enhances 

the reliability of the IGBTs but also contributes to the overall 

efficiency of the multilevel inverter system.  

IV. CONCLUSION 

The results of the study indicate that the Fast Fourier 

Transform (FFT) analysis of the inverter output voltage and 

current across the three phases (R, S, T) demonstrates good 

harmonic performance, with the majority of the energy 

concentrated at the fundamental frequency. In the voltage 

analysis, the primary harmonic peak is observed at the 

fundamental frequency, while higher-order harmonics 

exhibit a rapid decrease in amplitude. Although slight 

differences in harmonic content are noted between phases, 

the overall harmonic performance of the inverter remains 

excellent, which is crucial for maintaining the efficiency and 

reliability of the three-phase solar power system. The current 

analysis also shows the dominance of the fundamental 

frequency with low harmonic distortion. The highest current 

harmonic peak is found in the R-phase, while the S and T 

phases exhibit similar patterns with slightly lower 

amplitudes. Based on the Total Harmonic Distortion (THD) 

data, the harmonic distortion in voltage is more pronounced 

than in current, particularly at the 13th order harmonic. 

However, the overall harmonic distortion in current is 

minimal, indicating a higher quality current waveform 

compared to the voltage waveform. 
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