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Abstract.The global energy transition requires increased integration of renewable energy into electrical
grids, with photovoltaic solar energy standing out for its high potential. The quality of the injected power
and grid stability impose strict requirements on power converters.This work proposes and optimizes two
innovative five-level inverter topologies for grid-connected photovoltaic applications. The proposed
systems are controlled using a Phase Opposition Disposition Sinusoidal Pulse Width M odulation strategy
implemented digitally on a microcontroller. The performance of the inverters is evaluated through
M ATLAB/Simulink and Proteus ISIS simulations, followed by experimental validation.The obtained results
demonstrate that the first topology achieves a very low total harmonic distortion of 0.65% after filtering,
while the second topology produces a high-quality 50 Hz sinusoidal output with reduced harmonic content.
Compared to conventional multilevel inverters, the proposed designs reduce the number of power switches
and system comp lexity while maintaining compliance with Institute of Electrical and Electronics Engineers
standards. These features make the proposed architectures suitable for cost-effective and efficient grid-

connected PV systems.
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1 Introduction

Today, the global challenge is strongly focused on
developing renewable energies in order to meet the
continuous increase in demand for electrical energy.
These clean sources are gradually replacing non-
renewable energies, which have several disadvantages
such as air pollution, rapid depletion offossil fuel reserves,
energy dependence, and various health problems [1].

Among the various renewable sources, solar
photovoltaic (PV) energy stands out for its high potential
and wide availability. However, integrating photovoltaic
systems into the electrical grid poses several technical
challenges. The quality of the energy injected, the
variability of solar production, and the constraints related
to grid stability impose increasingly stringent
requirements on the electronic power converters
responsible for ensuring grid coupling [2].

A multilevel inverter (MLI) is a static power electronic
device that converts the DC power generated by a PV
module into an AC voltage suitable for grid connection.
MLIs offer several advantages over conventional two-
level inverters: they reduce dv/dt stress on switches,
decrease common-mode voltage, limit switching losses,
and provide high-quality output voltage with reduced
harmonic distortion. These features make MLIs
particularly suitable for residential, commercial, and
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utility-scale PV installations, where power quality and
reliability are critical. However, conventional MLIs
typically require a large number of power semiconductor
devices, which increases systemcost and complexity [3].

There are three conventional architectures for
multilevel inverters: Cascaded H-Bridge (CHB)
converters with separate DC sources, Neutral Point
Clamped (NPC) converters, and Flying Capacitor (FC)
converters. To generate a five-level output voltage, the
three conventional topologies generally require a large
number of components. This increases systemcomplexity,
power losses, and controlrequirements, resulting in a high
overall cost[4][5].

In practical applications, such as residential
photovoltaic systems, electric vehicle charging stations,
and smart grid integration, reducing inverter cost and
complexity while maintaining high power quality is
essential. Therefore, developing simplified multilevel
inverter structures with fewer components and efficient
control strategies represents a significant challenge for
real-world deployment.

This paper proposes and simulates two innovative
five-level inverter topologies designed to improve
efficiency, reduce system complexity, and lower costs,
making them more practical for real-world PV
applications. The inverter switches are controlled using a
digital Phase-Shifted Pulse-Width Modulation (POD-
SPWM) technique, which enhances waveform quality and
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reduces harmonics. The paper presents the inverter design,
describes the POD-SPWM method, reports simulation
results  obtained using  Proteus ISIS and
MATLAB/Simulink, discusses experimental findings,
and concludes with a summary of the main outcomes. The
proposed approach can thus contribute to more efficient,
cost-effective, and reliable grid-connected PV systens,
supporting the wider adoption of solar energy.

2 The proposed topologies for a S-level
inverter

This section presents two innovative five-level inverter
topologies designed for grid-connected photovoltaic (PV)
systems. The proposed topologies aimto minimize system
cost, simplify control, reduce power losses, and improve
output voltage quality compared to conventional
multilevel inverters such as CHB, NPC, and FC inverters.

2.1 Presentation of the First Proposed Architecture

This architecture is primarily designed to reduce the
number of switches. This reduction lowers the cost of
manufacturing the circuit, simplifies the control strategy,
and improves signal quality by limiting the total harmonic
distortion (THD) rate. As shown in Figure 1, the proposed
five-level inverter consists oftwo DC voltage sources, the
first at E1=18 V and the second at E2= 36 V, six MOSFET
switches (S1, S2, S3, S4, S5, and S6), and two diodes D1
and D2, thus ensuring a five-level output voltage.
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Fig. 1.The proposed 5-level inverter circuit

2.1.1 Operating Mode

The operating principle can be divided into five modes:
three modes are used to generate the positive levels,
including the zero level, and two modes are used to
generate the negative levels. Table 1 summarizes the
different switching states required to produce the desired
five-level output waveform.

e MODE 1: During this operating mode, switches S6
and S4 are turned ON, while the remaining switches
are turned OFF. Diode DI conducts. Consequently,
the load voltage Vs equals +EI.

e MODE 2: In this operating mode, switches S1, S6,
and S4 are turned ON, while the other switches are
turned OFF. Diode DI is reverse-biased. Therefore,
the load voltage Vs equals E2

e MODE 3: In this mode, switches S2 and S4 are
turned ON, while the other switching states depend

on controlsignals. The load voltage is thus equal to 0
\Y%

e MODEA4: In this operating mode, switches S3 and S2
are turned ON, while the remaining switches are
turned OFF. Diode D2 conducts. Consequently, the
load voltage Vs equals the negative voltage —El.

e MODES: In this operating mode, switches S3, S5,
and S2 are turned ON, while the other switches are
turned OFF. Diode D2 is reverse-biased
Consequently, the load voltage Vs equals -E2.

Tab. 1.Switching States of the First Proposed

Architecture
S1[{S2|S3|S4| S5(S6| D1 D2 Levels
0 [0 |0 |1 0 [1 ON | OFF | +El
1 {0 [0 |1 0 |1 OFF | OFF | +E2

OFF | ON | -El

OFF | OFF | -E2
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Fig. 2.The output voltage waveform ofa 5-level inverter

2.2 Presentation of the Second Proposed Architecture

We propose an architecture capable of generating five
voltage levels while reducing the number of components
used, making the circuit less complex and more cost-
effective. Compared to the conventional five-level
topology, which employs six switches and two diodes, the
proposed configuration uses only five switches and a
single diode. This reduction decreases powerlosses, since
a lower number of switching devices results in reduced
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conduction and switching losses. Indeed, each switch and
diode dissipates power during operation, therefore,
reducing their number improves the overall efficiency of
the system.

The architecture uses two DC voltage sources, denoted
El and E2, with E2 having a higher voltage than El.
Ell E2
) — |

D1

Fig. 3.Structure of the Second Proposed Topology

2.2.1 Operating Mode

The operating principle can be classified into five modes:
three modes are responsible for generating the positive
voltage levels, including the zero level, while the
remaining two modes generate the negative voltage levels.
Table 3 presents the corresponding switching states

needed to achieve the desired five-level output waveform.

€ MODEIL: During this operating mode, D1 conducts,
switches S2, S5, are turned ON, while the others
remain OFF. The voltage across the load is equal to
+EIL.

€ MODRE2: In this operating mode, switches S1, S2,
and S5 are turned ON, diode D1 blocked, and the
remaining switches are OFF. The voltage across the
load is equal to +E2.

4 MODE3: In this mode, switches S4 and S5 are
turned ON, while the other switching states depend
on control signals. The load voltage is thus equal to
ov

4 MODE4: During this operating mode, D1 conducts,
switches S3and S4 are turned ON, while the others
remain OFF. The voltage across the load is equal to
-El.

€ MODE5: In this operating mode, switches S1, S3,
and S4 are turned ON, diode D2 is blocked, and the
remaining switches are OFF.The voltage across the
load is equal to -E2.

Tab. 2.Switching States ofthe Second Proposed
Architecture.

S1[S2| S3| S4| S5( D1 | Levels

0 1 0 0 1 ON | +El

1 0 1 1 0 | OFF | +E2

1 [0 1 1 | 0 [ OFF | -E2

3 The POD-SPWM technique

3.1 Control Strategy

3.1.1 Pulse Width Modulation (PWM) Technique

Modulation techniques formultilevel inverters are divided
into two categories: fundamental-switching frequency
(low frequency) techniques, such as Selective Harmonic
Elimination (SHE), and high-switching frequency
techniques, such as PWM. The SPWM technique is
widely usedin power converters because of its simplicity
and strong control technique. This technique is based on
the comparison between a reference signal with a
frequency Fr=50Hz and a high-frequency carrier signal Fp
(5]

Command
(modulating) signal
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Comparator Low
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Fig. 4.Sinusoidal PWM Control.

The control of a multilevel inverter (MLI) requires

N—lcarrier signals to generate an N-level output voltage.

Several carrier-based PWM strategies are commonly
employed for multilevel inverters, including IPD-PWM
(In-Phase Disposition), POD-PWM (Phase Opposition
Disposition), and IPOD-PWM  (Inverted Phase
Opposition Disposition)[6][7], in this work, the POD-
PWM technique is adopted due to its good harmonic
performance and improved voltage level distribution. To
generate the SPWM control signals, a digital
implementation was adopted in order to overcome the
limitations of conventional analog circuits. Digital
technologies provide greater flexibility, improved
accuracy, and contribute to reducing the overall hardware
costofthe system. In this study, a microcontroller is used
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to generate six SPWM signals by adjusting the duty cycles
based on a sinusoidal lookup table. The reference
frequency is set to Fr =50Hz, which corresponds to the
desired inverter output voltage frequency. Generally,
SPWM signals are generated overone half-cycle and then
symmetrically applied to both positive and negative
alternations. In this work, the half-cycle duration is fixed
at 10 ms, while the complementary half-cycle is generated
accordingly according to the adopted controlstrategy. The
selected switching frequency is Fp=10 kHz.

The POD-SPWM technique was selected not only for
its simplicity but also for its superior harmonic
performance compared to other carrier-based PWM
strategies such as IPD and IPOD. Additionally, compared
to Selective Harmonic Elimination (SHE), the proposed
method does not require complex offline calculations,
making it more suitable for real-time embedded
implementation using low-cost microcontrollers.
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Fig. 5.Carrier and Modulating Signals for the POD-
SPWM Technique Applied toa 5-Level Inverter

3.1.2 Flowchart of the proposed POD-SPWM control
strategy

To generate the four SPWM signals, an Arduino board
based on the ATmega microcontroller was employed. It
provides 15 PWM outputs and six internal timers, which
can be configured through their registers to adjust the
switching frequency. The PWM signals generated by the
Arduino have a frequency of 31 kHz. The choice of this
frequency is crucial, particularly to avoid audible effects.
Indeed, if the switches are operated at a frequency below
20 kHz — which corresponds to the upperlimit of human
hearing — audible vibrations may occurduring switching.
By increasing the switching frequency above 20 kHz,
these vibrations become inaudible, improving acoustic
comfort and reducing noise caused by the switches.
Moreover, using high-frequency PWM signals shifts the
harmonics to higher frequencies, making them easier to
attenuate with a simple low-pass filter.

Timerl Interrupt

i=>3142
If Yes:
i=0
Toggle K

Initialization:
-Configure PWM Pins
(2.3.9,10)

- Configure Timer2 &
Timer3 (PWM Mode)

- Configure Timerl
- Load Sine Table sinPWM][]
- Enable Interrupts

Positive Alternance:
- X = sinPWM[i]; i++
- Disable Negative
PWM

- Control PWMI /
PWM2

- Pin22=L.OW,
Pin23=HIGH

4[ End of Interrupt J

Fig. 6.Flowchart of the SPWM
Algorithm

Negative Alternance:
- X = sinPWM[i]; i++
- Disable Positive
PWM

- Control PWM3 /
PWM4

- Pin22=HIGH,
Pin23=LOW

Empty (Waiting for
Interrupt)

Loop Function: ’

Main Function:

All control handled by
Timer1 Interrupt

v" Framework ofthe Proposed System

The overall workflow of the proposed system can be
summarized as follows:

1) The photovoltaic (PV) array generates DC power.
2) The DC power is supplied to the inverter input stage.

3) The proposed five-level inverter converts DC into
multilevel AC voltage.

4) The POD-SPWM control algorithm generates
switching signals using a microcontroller.

5) The output voltage is filtered using an LC filter to
obtain a sinusoidal waveform.

6) The conditioned AC power is injected into the electrical
grid.

This  structured  framework improves  the
understanding of the system operation from energy

generation to grid integration.

Tpv — —

Electrical Power

Pael PV DC-DC Comerter Fivedleel inverter Low-pass filter

I I

MPPT Control SPWM

Fig. 7.0verall System Workflow.

4 Results and Discussion

In this section, the simulation of the two proposed
architectures is presented to verify the feasibility of the
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converters and validate the theoretical analysis. The first
architecture is simulated in MATLAB/Simulink with a
resistive load R=50 Q, where a second-order LC filter is
applied to the load to smooth the five-level output
waveform. The Total Harmonic Distortion (THD) is then
measured to evaluate the signal quality. The second
architecture is simulated in ISIS Proteus, providing a more
realistic representation of the physical system. The
converter is modeled according to the corresponding
circuit diagram, and an Arduino ATmega2560
microcontroller is used to generate the required SPWM
signals. These signals control the six MOSFETs of the
inverter through logic circuits and drivers, which ensure
bootstrap operation. Isolation between the low-power
section (microcontroller) and the high-power section is
maintained throughout the system implementation,
ensuring safe and reliable operation. The inverter output
is then analyzed to assess voltage waveform quality and
harmonic content. The output voltage will be measured
before and after filtering to verify compliance with
standards and to obtain a pure 50 Hz sinusoidal signal
suitable for injection into the electrical grid. The harmonic
content, or total harmonic distortion (THD), ofthe output
voltage is commonly used to evaluate the signal quality in
an electrical network or power supply system. It also
serves as an important indicator for assessing the
effectiveness of the implemented control strategies.

Tab. 3.Switching States Truth Table of the Proposed
First Topology.

PW | PW | PW | PW (S |S|S|S|S [S]|Leve
ML (M2 | M3 | M4 |1 |2 (3 (4|5 |6]]Is

According to this table, which shows the logic values
of the switch inputs (S) and the corresponding PWM
values, we must now determine the switch commands Si
based on the PWMi. Switches S2 and S4 are driven by
simple control signals with a 50% duty cycle and a period
of 20ms, corresponding to a frequency of 50 Hz Their
operation is complementary: when one switch is
conducting, the other is turned off. This control strategy
ensures the properalternation between the two half-cycles
of'the output voltage. We obtain the following results:

S1 = PWM1.S4 1)
S6 = PWM2. S4 )

S3 = PWM4.S2 A3)

S5 = PWM3.S2 “4)

In order to ensure effective control of the switches in
a floating state, thatis, those not connected to ground, the
output signals Si are amplified with a gain 0f36. This gain
acts as a driver by providing the voltage required for their
switching.

For harmonic analysis, the total harmonic distortion
(THD) was evaluated using MATLAB Simulink. The
THD was computed for a purely resistive load of 50 Q.
Simulations were performed at a switching frequency of
fc =10kHz The results for the resistive load, with and
without a filter, are presented in Figures 10(a) and 10(b),
while Figures 13-15 show the corresponding voltage
THD. As observed, the THD values remain very low,
demonstrating compliance with IEEE standards for THD
limits.

Fig. 8. MATLAB Simulation ofthe First Proposed 5-Level

Inverter Architecture.
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Fig. 9.0utput Voltage of the 5-Level Inverter for a
Resistive Load Before Filtering.
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Fig. 10.0utput Voltage of the 5-Level Inverter for a
Resistive Load After Filtering.

v' For this topology, the voltage THD value after
filtering is 0.65 %.
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The reduction in THD can be attributed to the
increased number of voltage levels, which allows the
output waveform to better approximate a sinusoidal
signal. Additionally, the use of the POD-SPWM strategy
helps distribute harmonics more effectively, reducing low-
order harmonic components. The application of the LC
filter further attenuates high-frequency harmonics,
resulting in a cleaner output voltage.

Tab. 4.Switching States Truth Table of the Second

Fig. 11.Simulation of the Second Proposed 5-Level
Inverter Architecture Using ISIS Proteus.

Four SPWM control signals with a frequency of 31
kHz are generated at the Arduino output, as shown in
Figure 12. Theresulting output voltage without filtering is
a five-level staircase waveform that closely approximates
a sinusoidal signal, as shown in Figure 13. After filtering,
the output voltage becomes a pure sinusoidal waveform
with a frequency of 50 Hz and a peak voltage of 40 V, as

Proposed Topology. depicted in Figure.
swTew Tewlew TsTsssTs o] " LN I ra i
AU e
1 0 0 |0 0O|1]0f0|1|+El
I T [0 o R EECE ERA S I S5t /I SIS I 5SS i RSN i B
X |x [xX [X X[X[X[1]1]0 Wl BB BN BEE BEE B
0 0 1 0 oo T 1 10T Fig. 12.PWM Output Signals Generated by the Arduino
Mega.
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From the logic values of the switch inputs (S) and the
corresponding PWM signals listed in Table 5, the
switching commands (Si) can be established according to
the related PWM i signals, as given below:

S1 = PWM2 + PWM4 5)
S2 = PWM1 + PWM2 (6)
S3 = PWM3 + PWM4 %)

Fig. 13.0utput Voltage of the Inverter Before Filtering.
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Fig. 14.0utput Wltage of'the Inverter After Filtering.

The harmonic content, or total harmonic distortion
(THD), of the output voltage waveform is commonly
employed to assessthe quality ofan electric power system.
It also serves as a useful metric for evaluating the
performance and effectiveness of control strategies The
THD value is calculated using the following expression[1]:
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| Zfl.ozz Vh

Vi

THD (%) = 100 (8

Where:

v' Vi is the RMS voltage of the fundamental frequency
component.

vV, is the RMS voltage of the h™" harmonic
component.

In the simulation study, two inverter architectures
were analyzed. In the first part, a five-level topology with
six switches was implemented in MATLAB to test its
basic functionality. While MATLAB simulations provide
ideal operation under simulation conditions and THD
measurement, they do not fully reflect real-world
conditions. Filtering improves the output waveform,
making it closer to reality, but increasing the switching
frequency can cause component vibrations and signal
disturbances at the load terminals. Therefore, the
switching frequency was limited to 10kHz in this
configuration.

In the second part, a simplified architecture was
simulated in both MATLAB and ISIS to reduce system
cost and the number of components. Using an Arduino
Mega, the PWM signals were generated at a frequency of
31 kHz. This higher frequency is essentialto avoid audible
switching noise, since frequencies above 20 kHz exceed
the human hearing range. Moreover, high-frequency
PWM pushes harmonics to higher frequencies, which can
be easily removed with a simple low-pass filter, resulting
in a cleaner output signaland better overall performance.

5 Conclusion

In this work, two innovative five-level inverter topologies
for grid-connected photovoltaic systems were proposed,
simulated, and analyzed. The first topology, using six
switches, demonstrated a very low total harmonic
distortion (THD) of 0.65%, while the second topology,
using only five switches, achieved high-quality 50 Hz
output with reduced harmonic content, both meeting IEEE
standards.

The main contributions of this study include the
development of simplified and cost-effective multilevel
inverter topologies, the reduction in the number of power
components, and the validation of their performance using
both MATLAB/Simulink and Proteus simulations. The
proposed control strategy based on POD-SPWM has
proven effective in improving waveform quality while
remaining easy to implement.

The proposed inverter topologies offer a promising
solution for next-generation renewable energy systems by

achieving a balance between performance, cost, and
implementation simplicity. Their reduced component
count and compatibility with digital control platforms
make them particularly suitable for practical and
industrial applications. Future work may focus on
hardware implementation, fault diagnosis, and integration
with smart grid technologies.
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