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Five-level voltage source inverter (VSI) is a power inverter topology
generating a five-level output voltage waveform. This inverter topology can
reduce harmonics distortion to be lower compared to a conventional two-
level inverter. In practical, delay of gating signals is unavoidable during
switching operation of power semiconductor switches. Adding dead time in
the gating signals of VSI’s power switches is mandatory to avoid short
circuit during switching operation. However, the dead time of the inverter’s
switching signals causes low frequency harmonics and distortion of
inverter’s output waveforms. In this paper, a different multicarrier sinusoidal
pulse-width modulation (SPWM) method with harmonics suppression
capability was proposed and applied in the three-phase open-connection load
five-level inverter. The proposed modified SPWM was tested using
computer simulation of Powersim (PSIM) software. The measured output
waveforms of the five-level VSI at different power factor conditions are

presented and analyzed. The total harmonics distortion (THD) values of
inverter’s output current were suppressed using the proposed SPWM method
to be less than 1%. The test results showed that the proposed modified
SPWM method was able to reduce the distortion (THD) of alternating
current (AC) waveform, and increase the quality of the inverter’s output
power.
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1. INTRODUCTION

Power inverter is a power electronic converter having capability to convert direct current (DC)
power into alternating current (AC) power with controllable frequency, phase angle, and magnitudes of its
output voltage and current waveforms. Currently, power electronic inverters play a crucial role in modern
electrical systems, enabling the efficient and flexible conversion of DC power to AC power for a wide range
of applications such as industrial processes, electric vehicles, consumer electronics, household equipments,
power system controllers, and renewable energy systems for example in photovoltaic (PV) and wind power
generations. The power inverter plays a central role in AC motor drive applications, enabling precise control
over the operation of AC motors [1], [2]. In grid-tied PV systems, power inverters convert the DC electricity
generated by solar panels into AC electricity that can be used in buildings or fed back into the grid [3]-[5]. In
wind energy systems, inverters are used to convert the variable-speed AC output of wind turbines into stable
AC electricity suitable for AC power load or grid connected operation [6], [7].

A two-level inverter is one of the simplest types of inverters used in power electronics. It’s called
“two-level” because it has two voltage levels: a positive and a negative voltage level [8], [9]. This inverter is
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widely used in various applications due to their simplicity and cost-effectiveness, although they may have
some drawbacks such as higher harmonic content. Moreover, this inverter generates large gradient voltage of
its output waveform [10]-[12]. In scenarios where low harmonic distortion or higher voltage levels are
required, more advanced inverter topologies may be preferred. Improvement of power inverter performance
has become a challenge for researchers in power electronics area.

Development of new topologies of power inverter is a strategy to obtain power inverter with better
performance such as increasing power quality, power capacity, efficiency, and power density of inverter
circuits. Multilevel inverter topology is an alternative solution of these issues. A multilevel inverter is a type
of power electronic inverter that generates an AC output waveform by synthesizing multiple voltage levels
from several or single DC sources. Unlike traditional two-level inverters, which have only two voltage levels
(positive and negative), multilevel inverters can produce several discrete voltage levels, resulting in a
smoother output waveform with reduced harmonic distortion [13]-[16]. Moreover, lower electromagnetic
interference (EMI) and lower dv/dt stress on motor windings in motor drive applications can be achieved
using this inverter [17]-[21].

On the other hand, development of new control techniques and methods for better operation of
inverters is another alternative solution to improve the inverter performance. Sinusoidal pulse-width
modulation (SPWM) is a method of pulse width modulation applied in inverters to generate a sine wave from
a DC input. SPWM works comparing a sinusoidal reference signal with a triangular carrier wave and
producing gating pulses that vary in width according to the amplitude of the sine wave. SPWM is a practical
and widely used pulse-width modulation (PWM) method for digital controlled voltage-source type converters
[22]-[24]. In the multilevel inverter application, multi carriers SPWM is a technique to generate lower
distortion of AC output waveform. Instead of a single triangular carrier signal used in SPWM, multi carrier
SPWM employs multiple carrier signals. These carrier signals are typically triangular waves with frequencies
that are integer multiples of the fundamental frequency of the reference signal. By using multiple carrier
signals, it can distribute the harmonic content across a wider frequency spectrum compared to single-carrier
techniques like SPWM. This helps in reducing harmonic distortion in the output waveform [25]-[27].

In practical manner, dead-time was required and applied in the gating signals of inverter power
switches especially in the voltage source inverter (VSI) type. Dead time in an inverter refers to a brief
interval during which both the high-side and low-side switches of the inverter are turned off simultaneously
to prevent shoot-through current, which can damage the switches and cause inefficiencies in the system.
Shoot-through current occurs when both switches are conducting simultaneously, creating a short circuit
across the DC source. However, the dead time introduces a small delay in the switching transitions, which
can affect the performance of the inverter, especially at high frequencies. The dead time introduced distortion
in the output waveform and affect the overall performance of the inverter [28]-[30]. Therefore, dead time
compensation techniques may be employed to minimize the impact of dead time on system performance.
Dead time compensation techniques are essential in high-performance inverter systems where precise control
of the output waveform is required, such as ac motor drives, renewable energy systems, and grid-connected
inverters. By minimizing the effects of dead time, it will help to improve power quality, reduce distortion,
and enhance the overall performance of the power electronics inverter system [31], [32]. A method to
compensate the effect of deadtime in a single phase H-bridge VSI has been proposed and discussed in [33].
However, the inverter circuit is a single phase three-level VSI type.

In this paper, a modified multicarrier SPWM technique is proposed to minimize the distortion of
inverter’s AC output wave caused by dead time effect. The proposed method was applied in a five-level VSI
with open-end connection loads previously developed by Suroso et al. [34] to improve its performance. The
proposed SPWM and five-level inverter were tested through computer simulation with PSIM software at
several different conditions, i.e., load power factor, modulation index, and dead time values. Moreover, the
test results were analyzed and compared with the conventional SPWM to validate the effectiveness of the
proposed SPWM technique.

2. POWER INVERTER CIRCUITS AND PROPOSED MODULATION METHOD

Figure 1 presents the circuits of three phase five-level inverter with open-end connection load. It
consists of nine teen insulated gate bipolar transistors (IGBTSs) in total to build the inverter circuits. This
inverter works converting a single DC power source into three phase output voltage for open-end connection
loads. Figure 2 shows the conventional SPWM method. This SPWM method utilized four triangular carrier
signals, Vo1, Ve, Ve, and V. These triangular carrier waves have identic frequency, the same phase angle
and peak-to-peak magnitude. The frequency of these carrier signals controls the switching frequency of
IGBT switches employed in the inverter. The signals V., Vs, and V; are the enlarged sinusoidal modulating
waveforms which are three sinusoidal signals with 120° phase difference. Frequency of modulating signals
determine the main frequency of the inverter’s output current wave.

Modified multicarrier sinusoidal pulse-width modulation for three-phase open-load five-level ... (Suroso)
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Figure 2. Conventional SPWM technique [34]

Moreover, Figure 3 is the proposed modified level shifted multi carrier signals SPWM. It requires
four carrier signals, i.e., Ve, Va2, Va3, and Ve as depicted in Figure 3(a). An obvious distinction
compared to the traditional SPWM is the crossing between the lower and upper carrier waves. This
intersected area is not existed in the conventional SPWM technique of Figure 2. The more detail figure of
this SPWM technique is shown in Figure 3(b). In Figure 3(b), the driving signal of IGBT switch with
modified SPWM is the G*. It is produced by the proposed SPWM technique. The value of dead-time is AT.
This figure depicts the feature of the SPWM strategy where the loss voltage pulse produced by the dead-time
is minimized. The loss voltage signal indemnified by the proposed SPWM method is indicated as AV*. The
voltage pulse losses AV, cerated by the dead-time will be minimized.

Ver

,/Vcr
. .'.
B A 1’
Vert Y
\/ T
nrl'lll‘l‘l' 0

Ver?' ¢ T i M
o !

e L
G e —— |, Gating signal of
N conventional SPWM

\ \ ) 1 | \
T T T LI T o
) Vd AV
Vers
0—
G*T
A A ) 1 1 A -
T A ey o | .
Vers s A |, Gating signal of
0 2 proposed SPWM
T AV
Vo' T
(@)

o0— t )

(b)

Figure 3. Proposed modified level shifted multi carrier signals SPWM; (a) proposed modified SPWM
technique and (b) enlarged figure of modifed SPWM technique
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If the crossing parts between two carrier signals V1o and Voo is o, which is named as the
percentage of cross area. The percentage value of ¢ can be calculated as (1):

o = Wer'’=4Ver21) o 4 9oy, (1)

Vera!

waveform distortion of an AC waveform containing harmonics components can be calculated using formula
of total harmonics distortion (THD) as (2):

/122+1§+~-~+1,21
THD = *———x 100% )

1

where I, I3, and |, are the second, third and n™ harmonics orders, I is the fundamental component of AC
waveform.

3. RESULTS AND DISCUSSION

The proposed modified SPWM technique was tested for three-phase five-level inverter of Figure 1
using computer simulation of PSIM software with test parameters shown in Table 1. The main input DC
voltage was 100 V. So, the input capacitors voltage of inverter will be set as 50 V. The switching frequency
of IGBT switches was 20 kHz in order to push the harmonics components of inverter’s output current into
high frequency band. The main frequency of output voltage was 50 Hz, which was the grid frequency of
domestic electric utility. To filter the harmonics components of inverter’s output waveform, power inductors
0.01 mH and capacitors 50 uF were implemented as power filter. The inverter circuit was connected to a
three-phase open-end inductive resistor power load, i.e., resistor 20 Q and inductor 5 mH for each phase.

Table 1. Circuit parameters

Parameters Value
Input voltage 100 V
Switching frequency 20 kHz
Output frequency 50 Hz
Output filter L=0.01 mH, C=50 pF
Power load R=20 Q, [=5 mH

Figure 4 shows the output waveforms of current and load voltage of inverter circuits. Three-phase
sinusoidal current waveforms, i.e., I, Is, and I; were generated by inverter. Moreover, three-phase five-level
pulse-width modulation (PWM) voltage waveforms V;, Vs, and V: were confirmed in this inverter circuit.
The THD profile of load current for different modulation indexes of PWM method is presented in Figure 5.
This test result is for ideal condition where dead-time was not added in the gating signals of IGBT power
switches. The lowest THD value of 0.897 was achieved at modulation index around 1.

13

X X

Current (A)
s b R e N e @

Voltage (V)
=

3

002 004 0.06 008 01
Time (g)

Figure 4. Output current and voltage waveforms of inverter circuits
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Figure 5. THD characteristic of inverter’s output current without dead-time

Test results of THD profile of inverter’s switches gating signals with dead-time is shown in
Figure 6. The dead-time value in this test was varied as 4 ps and 6 us. As can be observed in the figure, the
THD value at dead-time 6 ps was higher than at dead-time 4 us. These tests were conducted for conventional
SPWM method as previously depicted in Figure 2. Figure 7 is the THD profile comparison for conventional
and proposed modified SPWM method of inverter output current for dead-time delay 4 us at load power
factor 0.5. As shown in this figure, the THD value of inverter’s output current was suppressed using the
proposed SPWM method to be less than 1%.
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Figure 6. THD characteristic of inverter output current with dead-time 4 ps and 6 us
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Figure 7. THD profile of inverter’s output current for conventional and proposed SPWM with dead-time 4 us
at phase fraction (PF)=0.5
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A comparison of low harmonics components, i.e., 3, 5% 70 9" 11t and 13" orders for
conventional and proposed SPWM methods is shown in Figure 8. The magnitude of the 3@ and 7" harmonics
decreased from 0.6% into 0.23%, and 0.21% into 0.04, respectively. Moreover, the test results at power
factor 0.9 are presented in Figures 9 and 10. In this case, the magnitude of low harmonics was also reduced.
Figure 11 presents characteristic of THD versus cross area value of triangular carrier waves for different
deadtime values. In case of dead time 4 s, the minimum value of THD was achieved at cross area value (o)
around 10%. When the dead time value was 3 s, the optimum THD value was achieved at crossing area
value of o at 7%. A lower deadtime value needs a lower crossing area value between triangular carriers.
However, smaller deadtime value needs better performance of power semiconductor swithes. The proposed
SPWM method was confirmed capable in reducing THD values and the magnitudes of low harmonics
component of inverter’s AC output current caused by dead time.
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Figure 8. Low order harmonics comparison of output current for conventional and proposed SPWM with
dead-time 4 us at PF=0.5
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Figure 9. THD profile of inverter’s output current for conventional and proposed SPWM with dead-time 4 ps
at PF=0.9
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4. CONCLUSION

A modified multicarrier SPWM method was proposed and discussed in the paper. The proposed
modified SPWM introduced a feature in reducing harmonics component and distortion of inverter’s output
current waveform caused by dead time of inverter circuits. The modified SPWM was implemented and tested
for a three-phase five-level inverter. The power inverter circuits supplied a three-phase independent load. The
test results showed that the proposed SPWM method was capable in reducing the magnitudes of low
harmonics components and waveform distortion (THD) values of inverter’s output current. In case of
inductive-resistive load, if the load power factor closer to be 1, the resulting THD value will be smaller,
while the output current will become a better sinusoidal waveform.
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