2 M processes

Article

Optimization of a Multilevel Inverter Design Used for
Photovoltaic Systems under Variable Switching Controllers

Ayoob Alateeq *, Yasser Almalaq

check for
updates

Citation: Alateeq, A.; Almalaq, Y.;
Alateeq, A. Optimization of a
Multilevel Inverter Design Used for
Photovoltaic Systems under Variable
Switching Controllers. Processes 2022,
10,1159. https://doi.org/10.3390/
pr10061159

Academic Editors: Blaz Likozar and

Anna Trubetskaya

Received: 7 May 2022
Accepted: 7 June 2022
Published: 9 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Abdulaziz Alateeq

Department of Electrical Engineering, College of Engineering, University of Ha'il, Ha'il 2240, Saudi Arabia;
ya.almalag@uoh.edu.sa (Y.A.); aj.alateeq@uoh.edu.sa (A.A.)
* Correspondence: a.alateeq@uoh.edu.sa

Abstract: Among multilevel inverters (MLIs), two-level inverters are the most common. However,
this inverter type cannot maintain total harmonic distortion (THD) due to its limited number of levels.
Reductions in THD are inversely proportional to the number of levels where increased output occurs
in diverse ways, and the use of fewer components with low harmonic distortion is necessary for such
reductions. This work proposes a seven-level (7L) MLI design with a small number of components
and low harmonic distortion. The proposed MLI is combined with switched capacitor (SC) cells to
promote output levels and at the same time to boost the input voltage. The connections between
the capacitor and the source are based on the series to parallel topology, where the charging and
discharging of the SC cells are caused by fluctuations in their connection. The output of the SC cell
is combined with an H-bridge inverter controlled by a proposed PWM controller. The simulation
result of the SC 7L inverter was completed using LTspice software. A comparison of the proposed
topology with that of other current MLI led to better validation results. The proposed design shows a
reduction in the THD with fewer components. The cost and size of the proposed inverter is minimal
due to the smaller number of components. Ohmic load and inductive ohmic load were used as loads
for the system.

Keywords: PV; inverter; multilevel inverter; switched capacitor cells (SC); full bridge; switching

controller

1. Introduction

Researchers have been working to develop renewable energy systems as one of the
solutions to global environmental problems. Nevertheless, renewable energy sources pro-
duce a low level of energy, which limits their usage and applications. A step up in the
production of renewable energy encourages expanding their applications, especially in
the smart grid field. Typically, step-up converters or inverters can increase the power
produced. The energy conversion is either direct current (DC) to DC, as that in convert-
ers, or alternating current (AC) to DC, as that in inverters. This conversion task needs
heavy magnetic elements such as transformers and inductors to achieve the high-voltage
output. However, using magnetic elements negatively affects the overall efficiency [1-4].
To maintain the overall efficiency in diverse ways encourages the reduction of the size
of the magnetic elements or their complete elimination. For instance, DC-DC switched-
capacitor (SC) converters can built without magnetic elements, as in [1,2]. In addition to
DC-DC SC converters, a non-isolated converter is recommended, which can achieve a
higher output gain with higher power density [3-6]. Combining a DC-DC SC converter
with a non-isolated converter also improves the output gain [7,8].

SC converters offer a higher voltage level in a very efficient manner. The SC cells
work to pump the electric charge to a prominent level, and as a result, the input voltage is
increased. This step-up technique is based on charging and discharging, where a parallel
connection helps to charge the capacitors and a series connection leads to discharging it.
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Dependency between the voltage level and the number of capacitors causes some com-
plexity issues. However, merging SC cells with an inverter produces a DC-AC converter
design that can be designated as an SC multilevel inverter (MLI). Achieving a higher AC
voltage waveform without any use of a power transformer may be considered the main
advantage of the MLIL. Additionally, the multilevel SC inverter requires fewer switches and
gate drivers.

Several types of MLIs have been proposed, with the first being implemented in 1998
by O.C. Mak and A. loinovici. MLI research then focused mostly on managing total
harmonic distortion (THD), improving inverter efficiency, and increasing power density.
One way to improve MLIs is to use a soft switching technique, which helps to maintain
the overall efficiency. Since most of the proposed MLI designs include multiple switching
elements, the resonant technique helps to reduce switching loss, which enhances inverter
efficiency [9-12].

Specifically, for high-power applications, MLIs have been used in academic and
industrial research for the last two decades. MLIs are attractive for these fields because
of their ability to supply high-output voltages and to maintain the harmonic distortion of
output waveforms. There are hundreds of inverter designs that can be utilized for DC-AC
conversions over medium and high voltages [13-16]. There are three main types of MLlIs:
diode-clamped or necked (neutral-point clamped), capacitor-clamped (flying capacitor),
and cascaded multilevel. The diode-clamped inverter is the most popular type; the diodes
in this design help to compress the DC voltage, which results in increases in output voltage.
Furthermore, diodes are regarded as having the advantage of limiting voltage stress. This
type of circuit is constructed with a voltage source, (n — 1) diodes, and (n — 1) or 2(n — 2)
diodes. Inversely proportional to the number of levels, a reduction in THD helps to achieve
sinusoidal waveform output voltage.

An alternative to using diodes is to use clamped capacitors in place of the diodes, and
this topological arrangement is the second-best known MLI [17-21]. Adding capacitors
to the MLI design allows for a charging and discharging process, which boosts the input
voltage to a higher level. Series and parallel connections of capacitors alter the voltage
into the flying capacitors. There are many topologies of SC cells, some of which boost the
input voltage, such as the ladder topology. Known as cascading MLIs, the third type of
MLI combines two or more H-bridge inverters in a series to produce sinusoidal voltage.
The more cascaded inverters, the more output voltage is achieved with higher inverter
levels [6,9,22,23]. Compared to the earlier two types, the cascaded MLI has the significant
advantage of requiring fewer components. Some recent work has merged two or more of
the earlier MLI types, using both clamped diodes and capacitors in combination to support
the THD. Where this combination was used in several proposed models, it is known as
the hybrid MLI because it is a cascaded operation with SC cells. In these articles, different
topologies for SC cells were all focused on supporting the THD with smaller numbers
of components.

Our goal in this article is to present an MLI topology to achieve high-output voltages
with fewer components. The insertion of the SC cell into the H-bridge inverter helps
to increase output voltage and inverter levels. Instead of using double input sources as
in [24,25], the capacitor cell in this work behaves as an additional input source. Increasing
the inverter level leads to a reduction in the THD, which is desirable for achieving a
sinusoidal output. However, this achievement must be completed with a limited number of
elements; thus, a new controlling state for the H-bridge switches was completed. Similar to
other MLI topologies, the proposed inverter is useful for grid-connected photovoltaic (PV)
systems [26-31]. Figure 1 presents a simple PV system in which the inverter is essential
to transfer the DC voltage to AC voltage and make it more suitable for a grid utilities
application [32]. LTspice software was used to validate the proposed work. Seven levels of
the proposed inverter were compared with similar designs, which successfully proved the
merit of this project.
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Figure 1. The PV system shows the importance of using DC-AC inverter in the utility grid [32].

2. Proposed Topology

Figure 2 shows how the proposed MLI module circuit is configured. The system con-
sists of seven unidirectional switches which are either an insulated-gate bipolar transistor
(IGBT) or a metal-oxide-semiconductor field-effect transistor (MOSFET), one DC source
and one SC cell. The DC source and SC cell are connected serially and in parallel, whereas
at the series connection, the SC cell acts as an additional DC source. With this configuration,
a seven-level (7L) configuration can be generated, which includes three positive levels,
three negative levels, and one zero. Table 1 depicts the switching states of all switches.

S _|< c S .|< s;{
Load

S

SR G G

Figure 2. The proposed 7L MLI supplied by an SC cell.

Table 1. Status of all switches and capacitors for each output voltage level for the proposed MLI.

Output Voltage Level S1 S S3 Sy Ss Se Sy C1
+2V;,. 1 1 0 0 0 1 0 D
+1.75V;,. 1 1 1 0 0 1 0 D
+1V;,. 1 1 0 0 1 0 1 C

0 1 1 0 0 0 0 0 -

—1Vy,. 0 0 1 1 1 0 1 C
—1.75V},. 0 1 1 1 0 1 0 D
—2V;,. 0 0 1 1 0 1 0 D
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Compared to current MLIs, the proposed model needs fewer elements per level. For
instance, the 7L of the proposed model requires seven switches where five of them are (ON)
at a time for each level. Due to the conduction and switching losses supported by having
lower (ON) switches, the proposed MLI successfully supplies improved efficiency.

3. The Series to Parallel SC Cell

To add an SC cell to the proposed model, one capacitor and three switches are required
where the capacitor cell, C, acts as additional voltage source (Figure 3a). The duty cycle is
50% for each series, with parallel connection and series-mode S4 conducting. However, S5
and Sy are not. Series mode C is connected in series while it is in parallel mode. The total
charge in series mode or the first mode (QL) equals the total charge of the parallel mode or
the second mode (QlT) [33-40] as in (1):

Qfr = Q% 1)

Ss C =
Full

Bridge

Veell_out
N\ f Inverter

Se

s C.) s> -<

Veell_our . \ l Veetl_our

Charging mode Discharging mode

(b) (c)

Figure 3. (a) The proposed SC cell merged into a full-bridge converter to complete the proposed
seven MLI. (b) Discharging mode connection of SC cell. (¢) Charging mode of SC cell.

In parallel mode (Figure 3b), the voltage across the capacitor (V) equals the input
voltage (Vj,), as in (2):
Ve = Viy 2)

To satisfy (1) it is necessary to apply (2):

QF = CVc &)
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by sub (2) into (3) to obtain (4):
Qf = ViuC @
In series mode (Figure 3c), the output voltage of the SC cell (V. o) is the input
voltage added to the voltage across the capacitor (5):

Ve = Vcell?out -V (5)

The total charge of this mode is presented in (6):
Q%“ - C<Vcell_out - Vi ) (6)

QF = CVour — CVi @)
Returning to (1) and by equalizing 4 and 7, then we obtain:

Vout = 2Vin (8)

4. Control System

This proposed MLI uses different modulation techniques, and the one producing less
THD was chosen. This 7L MLI topology was modulated with an alternate phase opposition
technique. An analogy comparator compared the sine wave with the multicarrier wave
before it is driven by a NOT gate. By using the NOT gate, the multicarrier wave is reversed.
Using a comparator and a NOT gate, gate pulses are generated to drive the IGBT in the
proposed MLI. According to the proposed MLI, relative signals are made up of a sine wave
and six triangular multicarrier with phases which are offset by the intervals between the
two carrier signals as in Figure 4 [41].

vvvvvv

output Voltage (v)

Time (ms)

Figure 4. Pulse width modulation techniques for the proposed 7L MLIL

5. Proposed MLI Configuration

The topology of the proposed inverter is shown in Figure 2. Seven unidirectional
switches and one SC make up the topology. Seven voltage levels can be achieved with this
inverter topology. When connected in parallel, SC cell C is balanced at a voltage level equal
to Vj, input voltage. Simultaneously, the input DC source V;, charges the SC cell C. After
the SC is charged, it is connected in series to the input voltages and functions as an extra
source of power. As presented in Figure 5, 55, S5, and S; are responsible for carrying out
the parallel and series connections between the V;, and the capacitor cell. If the S¢ is (ON),
Viy is in series to C, whereas if S5 and S; are (ON), then a parallel connection develops
between V;,, and C. The series and the parallel connections either deliver the same input
voltage to the output or double it. Table 1 illustrates the switch states required to create a
7L output voltage.
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Figure 5. Seven modes of operation for the proposed MLI supplied by an SC cell where each mode of
operation presents an output voltage level.
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6. Modes of Operation

Section 5 presents the basic principle of generating different voltage levels across a
load through different modes of operation. The SC-MLI’s proposed operation modes in
positive and negative half-cycles are depicted in Figure 5, which presents seven modes of
operation. The switching states of the proposed MLI can be viewed in Table 1. As shown
in the previous table, ‘0’ refers to the (OFF) state of the switches, while ‘1’ corresponds to
the (ON) state. The letter C in the table indicates that the SC C is being charged, and the
letter D indicates that it is being discharged. The following paragraphs describe how the
proposed SC-MLI generates different output levels.

£1V;, voltage level: As can be seen in Figure 5 (Mode 1 and Mode 5), switches 51, S,
S5, and Sy are all turned (ON) to produce 1V. Similarly, capacitor C is charged to V;;, level by
being paralleled with the DC input source. For a voltage level of —1V,, the corresponding
switches S3, S4, S5, and Sy are all (ON), as shown in Figure 5.

+1.75V;, voltage level: as can be seen in Figure 5 (Mode 2 and Mode 6), switches
51, S2, S5, and Sy are all turned (ON) to produce 1V. Similarly, capacitor C is charged to
Vi, level by being paralleled with the DC input source. For a voltage level of -1V, the
corresponding switches S3, S4, S5, and Sy are all (ON), as shown in Figure 5.

According to Figure 5 (Mode 3), the S1, Sy, and Sg are turned (ON) to produce voltage
level 2Vj,. On the other hand, voltage level —2V;, can be achieved by turning on S3, Sy,
and S¢ (Figure 5, Mode 7). In these two levels, a series connection is needed between SC C
and the input source, which makes C work as an additional voltage source.

The voltage level of +1.75V}, is like that of +2V,, but an added switch Sj is turned
(ON), which lowers the voltage level by a voltage drop. In comparison to the —2V, level,
switch S, is activated to achieve —1.75V,,.

Remark 1.

1. Similar to the work suggested in [25], this work uses the series to parallel the configuration to
achieve a 7L MLI with the least number of input sources and switches.

2. The work in [25] used three input sources to implement the 7L inverter; however, this work
used only a single input source with an SC cell. 3.The single input source used in this work is
connected to an H-bridge inverter through an SC cell operating in the series to parallel; thus,
the SC cell behaves as an additional input source.

3. From a practical point of view, the switching states of the switches of the H-bridge can be
obtained using the method suggested in [20].

4. Unlike to the conventional H-bridge switch controller, the method in [20] is based on allowing
three switches in the H-bridge to be (ON) to increase the number of output levels, referring to
Mode 2 and Mode 6 in Figure 5.

7. Results and Discussion

Simulations were carried out using LTspice software. A single-phase 7L inverter was
developed for simulation purposes with different parameters. The proposed model was
compared with other MLIs to validate this work [41—44]. The possibility of expanding the
inverter levels was achieved by adding additional SC cells. The seven MOSFET switches
were controlled by the pulse-width modulation (PWM) method, where the selected fun-
damental switching frequency is 50 Hz. For simulation purposes, we selected 48 V as
the input voltage source, along with a resistive load of 150 (2, an inductive resistive load
of 150 (3, and 100 mH for the proposed SC-MLI [45]. The obtained output verifies the
seven-level output where using a resistive inductive load promotes the output current.
Due to the SC cells in the proposed design, the input voltage to the full bridge inverter is
presented in Figure 6. As can be seen in Figure 6, the input voltage fluctuated between 96 V
and 48 V during the series to parallel. Voltage and current achieve maximum output peaks
at96 V and 1.9 A, respectively. The output voltage and current waveforms are presented
in Figures 7a and 7b, respectively. From the V input voltage value, the voltage is boosted
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twice (Figure 7). This shows the feasibility of the SC-MLI. Furthermore, the results with
inductive load confirm that the SC-MLI can be operated bidirectionally. As a fundamental
parameter used to validate the proposed design, studying the THD is desirable. The har-
monic spectrum of the output voltage shows a THD of 4.65% in the absence of any filters,
as seen in Figure 8. The Institute of Electrical and Electronics Engineers (IEEE) standards,
namely IEEE519, confirm all obtained results. Through simulations, the seven levels with
triple voltage gain and inductive load capability were confirmed. Based on a voltage ripple
of less than 10%, the optimum value of capacitor C is approximately 1000 pF.

100 f the input voltage when C is series

f— — —_— — — — — — — —

95
90
85
80
75

70

output Voltage (v)

65

60

55

50

a5 the input voltage when C is parallel —— __
30 40 50 60 70 80 90 100 110
Time (ms)

Figure 6. The V,j; ,,; in two different modes when the input voltage and capacitor have a parallel
and series connection.
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Figure 7. (a) The output voltage of the proposed 7L MLI at resistive load, and (b) the output current
of the proposed model with a resistive inductive load.
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Figure 8. The harmonic spectrum of the load voltage used to present the THD.

The shared contribution that has been added to MLI fields by our proposed design is
increasing the design power density due to reducing the number of elements, referred to in
Tables 2 and 3. As compared to several MLIs, the proposed model needs fewer switches,
which helps to reduce switching complexity and switch failures [39-42]. Using SC cells
works to increase the number of inverter levels with fewer switches.

Table 2. A comparison of total number of components.

Parameters Proposed Ref. [18] Ref. [42] Ref. [43] Ref. [44]
Number of levels 7 7 7 7 5
Number of DC source 1 3 3 3 2
Number of clamped diodes 0 0 0 0 0
Number of switches 7 12 9 6 6
Number of capacitors 1 0 0 0 0
Total components 9 15 11 9 8

Table 3. Comparison of THD and the number of elements required per level.

Topology THD% Total Components Per Level
Proposed 4.65% 1.285

Ref. [18] 10.7% 2.142

Ref. [41] 10.02% 1.57

Ref. [42] 17.77% 1.285

Ref. [43] 17.66% 1.6

8. Conclusions

This paper successfully tested a novel MLI topology with fewer power components.
Instead of adding more switches to build an MLI, SC cells were interleaved in the proposed
design. The SC cells work in series to parallel configurations, where the cell is charged by
the input voltage during parallel configuration and discharged during series configuration
and where the fully charged capacitors behave as an added input source. The use of the SC
in the proposed 7L inverter helps to increase the output voltage with reduction in the THD.
Furthermore, the higher output level is produced by a smaller number of components,
which lowers the cost of this MLI model. Based on this model, the output voltage and level
of the proposed model could be increased by adding more SC cells. Low THD and lower
cost are two important benefits of the proposed design for both ohmic load and inductive
ohmic load.
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