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Abstract — The novel use of a three-phase switched capacitor SC nine-level inverter in a PV
system is described in this article. It has a low input voltage, fewer components, and is grid-
connected. The primary benefit of the suggested inverter is high voltage gain, which is attained by
switching capacitors in series and parallel to raise the output voltage with the proper switching
management. It is simpler to design a fuzzy logic controller to increase the infusion of solar
energy into the electrical network. The MATLAB/Simulink environment's findings demonstrate that
the suggested fuzzy logic controller performs well under a range of illumination levels. In
comparison to the traditional Pl controller, the total harmonic distortion (THD) obtained is less
than the limit of 0.67 %. Good spectrum analysis and strong performance with fewer components
are made possible by the nine-level SC inverter.
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I. Introduction

Because they provide effective ways to reduce pollution
by using less fossil fuels, photovoltaic grid-connected
systems have grown in importance across the globe [1-
3]. Multilevel inverters have been acknowledged as a
significant alternative to the typical two-level voltage
source inverter [4], particularly in high PV power
applications. These inverters can produce higher output
voltages, which should be sinusoidal with lower
switching frequency and lower total harmonic distortion
[5,6].

Three categories—Neutral Point Clamped NPC, Flying
Capacitor FC, and Cascaded H-Bridge Inverter—are
used to classify common multilevel inverters in the
literature [7,8]. An excessive number of diodes and
unbalanced operation of DC-link's voltage divider
capacitors are the major problems of NPC topology, [9-
11]. Similar to this, the maximum output voltage of a
flying capacitor

multilayer inverter is equal to half of the DC input
voltage.

The cascaded H-bridge multilevel converter topology, on
the other hand, necessitates a separate DC source for
each H-bridge [12], and a separate DC source for each
phase compared to NPC and FC inverters [13].
Furthermore, all these multilevel inverters' topologies
need more components and high input voltage PV
sources in high voltage applications [14]. As a
consequence, it is appropriate to improve the boost dc/dc
converter with a higher conversion ratio or involve more
numbers of PV cells in series [15].

Therefore, designing a particular topology for MLIs that
has a less number of components and uses a lower DC
voltage supply that is the switched-capacitor converter
(SCC). This structure can be used as a multilevel
converter coupled with conventional inverters to produce
multi-level AC waveforms, or it can be utilized as a step-
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up converter. Additionally, this inverter switches the
capacitors in series and parallel by carefully choosing the
switching control, resulting in output voltages that are
higher than the input voltage. Moreover, many
modulation techniques can be applied to drive a
multilevel switched-capacitor inverter such as space
vector modulation, Selected Harmonic Elimination
(SHE), and Sinusoidal Pulse Width Modulation
(SPWM). For the last decade, many types of research are
conducted on the new topology of switched-capacitor
inverters. A novel topology of a seven-level switched-
capacitor inverter using the SPWM technique was
presented. Also, a comparative study of seven-level
switched-capacitor inverters using the same technique
was applied for a very low input voltage. In addition, a
Single Phase Five-Level switched capacitor Inverter for
autonomous PV system applications without batteries has
been implemented in a study [12], where the main
objective is the test of a single phase nine-level switched-
capacitor converter in low PV energy with a simple
harmonic elimination technique. The authors also
presented a Switched-Capacitor nine-level inverter with a
modified hybrid modulation technique [16,17].

This paper aims to study a grid connected PV system
based on a nine-level switched-capacitor inverter with
SPWM technique controlled by a Fuzzy Logic controller.
The remainder of the paper is organized as follows: the
structure of a switched capacitor multilevel inverter is
illustrated in section II. In section 111, an explicit model
control of the different sub-systems is described. Section
IV shows a set of simulation results of the PV side. The
results of the nine-level switched-capacitor inverter are
discussed in this section. Finally, section V concludes
this work.

1. Material and method

I1.1. Proposed Switched capacitor nine level
inverter Description

The proposed Switched-Capacitor Multilevel Inverter is
seen in Figure 1 in its current configuration. It is created
by cascading a Switched Capacitor Network and a two
level (full bridge) inverter. This must first be converted
to a high DC voltage before being converted to an
Alternating Current.

Figure 1. Topology of three phase Switched-Capacitor nine
level inverter SCMLI

This topology can be used to get any number of levels
with the help of series-parallel conversion operations. It
consists of some Switched-Capacitor SC cells, each SC
cell has one capacitor and two switches. Several output
voltage levels can be obtained from one input voltage.
Therefore, assuming the number of capacitors is equal to
n, the balanced voltage of each capacitor is to be
provided by the equation that follows [14]:

Ver = 257, fork=1,2,..,n (1)
Therefore, the maximum value of the output
voltage (V,max) a@nd the number of generated output
voltage levels (N_;.,.; ) are calculated with respect to n,
using the following equations respectively:

Vomaxr = (m+ 1) * Vg 2
Nigver = 2+ 1D +1 3)

As a result, The switched capacitor nine-level inverter is
composed of one voltage source from solar panels (Vpv),
3 diodes, 3 capacitors and 8 switches (power IGBT)
[16,19]. The capacitors are charged when they are linked
in parallel with the sources of the input voltage. The
capacitors discharge when they are connected in series.
The output voltage of nine level SCI can be four times
higher than the input voltage.

Table 1 summarizes the switching states of various
switches and capacitors for each mode in the proposed
multilayer inverter.
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Table 1. Switches and capacitors’ States
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The letters C and D in Table 1 stand for the charging and
discharging modes for capacitors, respectively, while the
numbers 0 and 1 stand for the OFF and ON switching
states. The following modes provide the expression for
the output DC Bus voltage:

Mode 1: Capacitor C1 is charged to Vin when switch S6
is turned ON. This voltage level is concurrently
transferred to the output by switches S1 and S2.
The expression of the output DC Bus voltage is:

Vius—pc = Ve1 = Vin 4)

Mode 2: Through switch S7, the capacitor C2 is charged
from Vin and voltage V. across the capacitor C1
(Capacitor C1 is gone discharged). The second level of
the output DC Bus voltage is generated through S1, S2
and S3:

Vius-pc =Vin + Vo1 =2+ Vi =V ®)

Mode 3: In this mode, the capacitor C3 is charged by
Vin+Vc2 through switch S8 and the discharge of C2.
Three voltage levels are concurrently created at the
output through S1 and S3, and they equal 3Vin:

Vous-pc =Vin + V2 =3+ Vi = V3 (6)
Mode 4: In this mode, Without adding another capacitor
to the circuit, Switch S1 and S8 allow to transfer of the
4Vin voltage level into output by the stored voltage of
C3 and the input voltage source as shown below [16]:

Vius—pc =Vin + Vi3 =4*Vy )
It is important to note that, at this moment, Clis again
charged directly by the DC voltage source for the next
voltage level and this consecutive operation continues so
on [20].

1. Results and analysis

I11.1. Grid connected PV system design and modeling
based on 9-level SCMLI topology

A DC/DC boost converter is used to extract the
maximum power point by a fuzzy logic controller, and a
DC-AC nine-level switched-capacitor inverter SCMLI
can inject PV power into the grid with an RLC filter.
Figure 2 shows the architecture of the proposed grid-
connected PV system. It consists of a photovoltaic solar
array of 5 kW for each phase, which is made up of five
strings of 13 modules each. A fuzzy logic controller was
utilized to regulate the current output pumped into the
grid in order to control the switching patterns of the 9L-
SCI.

o
GPY Boust averer

Swicked Gpciernerer

Figure 2. Architecture of grid connected PV system with three
phase Switched-Capacitor nine level inverter SCMLI

Different components Models are shown as follows:
1- Under any condition, the photovoltaic module's (Ipv)
current is provided by [21]:

VpV+RSlPV

()

Ipy = Iy — o] q] -

Lo |exp [
ui2-The boost converter is made up of two different
Variables (IL, V¢ ).The model will be as follows:

diy,

diy 0 _l-apy
s Flehetd o
¢

dt

3- In order to maximize the energy extracted from the
PV array, a fuzzy logic control was used to generate the
required cyclic ratio D of dc/dc boost converter
corresponds to MPP for any change in temperature or
irradiance.

4- The control of DC-link voltage:

In the present architecture, applying Kirchhoff current
law at the DC-Link between the inverter and boost
converter it yields

Idc = Cdc? = qut - Iinv
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Where:
- Iy is the boost output current known as I,

-Iin, s the input of inverter current: I, = Igpiq +
Iload

- C4. is the DC-Link capacitor.

So:

dVdc _ Ipv - Igrid - Iload
dt Cyc

In the present work, a fuzzy logic controller is proposed
to regulate the DC link voltage of the PV interface
system. The output of FLC gets the value of the reference
network current.

5- To controller the three phase SC inverter, a virtual bi-
phase system can be used, the d-q rotating frame is

represented in the fallowing equations [22,23]:

dl g
ng = Vinv—d - Rflgd - wa + (l)fong

_ 99
Vgq =Vinv—q — Rplgq — LfW —wslslya

The expression of active and reactive power of grid can
be represented by using the components of Park voltages
after the filter and the currents of the grid [22,23]:

3
P = E(Vydlyd + qulgq)

3
Q= E(qulyd - Vydlgq)

6. Fuzzy Logic Control strategy of Nine-level switched-
capacitor inverter :

Semiconductor devices must be turned ON and OFF in
such a way that the desired fundamental is obtained with
the least amount of harmonic distortion in order to
synthesise a multilevel AC voltage output utilizing
various levels of DC inputs. There are numerous methods
for choosing switching methods for multilayer inverters.
To produce n-level inverter output voltage, the SCMLI
topology requires (n-1/2) carrier signals. It is based on a
comparison between each carrier signal and a sinusoidal
reference waveform. The active devices corresponding to
that carrier are turned ON if the reference wave is greater
than a carrier signal. If not, the gadgets are turned OFF.
In order to create the gating pulses for each switch in the
9L-SCI control system, the control system produced four
carrier signals and compared them to the reference
voltage (Vref). In order to provide sinusoidal output, the
output of this nine-level inverter is sent to the load and
grid through an LC filter.
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Figure 3. Block diagram for PWM with Fuzzy Logic
Controller

The control circuit of the proposed inverter is shown in
Figure 3. It is based on the use of FLC control in a
closed loop The Fuzzy logic controller design is mainly
involved three steps: Fuzzification, which allows the
passage from the real domain to another fuzzy domain.
The second block is devoted to the inference rules, while
the last block is dedicated to the defuzzification part, to
return to their al domain. This last operation uses the
center of gravity, widely used, to determine the value of
the control output. Both direct and quadratic currents grid
fuzzy logic controller are shown in Figure 4.

|
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|
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Figure 4. dg-axis current FL control scheme

eg=I,—1
{ id gd gd (10)

€iq = Igq —Iyq
At each instant, The controller FC produces the
variation of Aug, Au, according to the difference
between the two inputs e and Ae, respectively:
{Aeid = e;q(n) —eu(n—1) (11)
Aeiy = eq(n) —ejq(n— 1)
Where:
-The current Iy, is generated also by a Fuzzy Logic
controller according to the produced PV power.
-The current the Iy, is estimated in term of reactive
power reference using the following equation:
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2Qg,ref
lgq_rer = 3V,
g

I11.2.  Simulation of the overall system

This section displays the various simulation results that
were  obtained using the MATLAB/Simulink
environment. The intensity of sunlight is considered to be
varied between 500 and 1000 W/m? as shown in Figure
5, and variation in the load power is shown in Figures 6
to Figure 16 supporting the performance of the fuzzy
logic controller on the AC side.
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Figure 5. Variation of irradiation Levels
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The results of simulations of the overall system is shown
in following figures:
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Figure 8. Input voltage of Nine-level SCI
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Figure 9. Comparison of direct current grid of FLC and PIC
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Figurell. Grid current of phase a with FLC
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Figure 12. Three phase grid current
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Figure 13. Output voltage of 9 L Switched capacitor inverter
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Figure 14. Nine-level SC inverter FFT analysis of the voltage
of the phase "a(a): with PI controller and (b): with FL
controller
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Figure 16. FFT analysis of the grid current : (a): with PI
controller and (b): with FL controller

111.3. Discussions of the results

During the first interval [0 a 0.3], the all generated PV
power injected to the grid, at 0.3s occurs the first step
change in the load power from 0 to 5Kw, this change
leads to a small undershoot in Vdc over its reference with
FLC compared with Pl controller as shown in Figure 8.
At 0.8s an increase in the load demand is greater than the
energy produced by the photovoltaic generator. In this
case, the surplus of the power load from the electrical
network is covered as observed in Figures 7 and 9. The
phase change at this moment is visible as seen in Figures
11 and 12 since the grid current reflects its direction.
There is no energy sent to the network because it can be
seen at the field between 1 and 1.5 that the energy
generated equals the energy needed for the load. As a
result, the electrical network's current in this entire field
is practically zero.

In addition, it can be noted in Figures 9 and 10 that FLC
always gives a better result than the PI for any change,
whether in irradiance of the sun or the power load. Also
Figures 15 and 16 show that the current grid with Pl
controller has a sinusoidal waveform with 0.28 THD per
cent for current, this result can be reduced by using the
FL controller to 0.19%.

Furthermore, it can be noted in Figures 13 and 14 that the
voltage of output 9L-SCI has a waveform stairway
shape with a peak value of 400V= 4*Vin. The Fast
Fourier transform (FFT) analysis gives an acceptable
value of THD.
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IV. Conclusion

Nine level switched-capacitor inverter 9LSCI was

proposed to inject PV power into the grid.

[1]

[2]

[3]

[4]

[5]

This inverter can produce a high gain voltage which
is increasing four times the output voltage by using
low voltage input ( 100 V) with a minimum number
of components.

The efficiency of the fuzzy logic controller is very
satisfying with a reduced number of harmonic of
0.67% in efficiency obtained while compared to the
classic PI controllers, and it achieves high quality
outputs, and low THD an improvement.
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