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To link DC power sources to an AC grid, converters are needed. Inverters are
the power electronic devices, which are used for this purpose. Conventional
inverters employ harmonic filters and transformers that are lossy and
expensive. Multilevel inverters (MLIs) are an alternative to conventional
ones, proposing reduced total harmonic distortion (THD), increased range of
control, and inductor-less design. They generate a stepped waveform, with
close similarity to a sine wave. Many distributed sources may be employed in
a smart grid. If those sources have minimal THD, the filtering process could
be reduced at the point of common coupling. This paper presents two
switched capacitor based MLIs, proposing boost capability and low THD.
Inverters have inherent charge balancing capability, which eliminates the
need for auxiliary circuits and voltage sensors. Inverters switches are
modulated using phase opposition disposition pulse-width modulation

Total harmonic distortion (PODPWM) method that ease the balancing of the voltage and decrease the

losses of switching. Designs were verified by simulation and the output
waveforms were introduced.
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1. INTRODUCTION

Recently, industries have needed equipments with higher power. To convert and control that power,
power electronics are essential. These devices are nowadays the most important component in extracting
power from renewable sources. During conversion of AC to DC or vice versa, efficiency plays an important
role in high powered applications. Power electronics enables highly efficient conversion of power, reducing
losses expended as heat and in turn, size of the devices.

To convert DC voltages to AC waveform, inverters, which are power electronics modules, are
needed. The output frequency maybe constant or variable depending on the application. The waveform that
closely resembles a sinewave with least content of harmonic and it increases with increase in deviation of the
output voltage waveform from this wave. In certain applications, that might lead to large losses and generate
pulsating torques, such as, with the application to an AC motor [1]-[2].

THD is a measure of the harmonics that are present in a waveform. These harmonics are integral
multiples of the fundamental frequency. Harmonics mitigation is crucial as they distort the output waveform
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and produce losses in the system. Due to the presence of several distributed sources in smart grid, handling
the harmonics at the point of common coupling (PCC) becomes an issue. MLIs are lucrative power
conversion alternative as they are simple to control and are useful for low harmonics power injection.

In order to reduce these harmonics, passive filters have been widely available. However, the main
issue with these filters is that the size of the inductor and capacitor is too large to be feasible and efficient for
lower order harmonics at a fundamental frequency. Power electronics provide the means to convert electric
power generated into that required by the load. They are a crucial component in the power system which
forms the power grid of a country. Multilevel inverters produce a stepped waveform, which is like to a sine
wave. The required stepped waveform could be determined by applying one of PWM methods. The principle
aim of a multilevel inverter is to produce a waveform that resembles a pure sine wave as much as
possible [3].

Cascaded H-bridge (CHB), neutral point clamped (NPC), and flying capacitors (FCs) are considered
the three classical multilevel inverter topologies. The first type introduces a good performance and could
achieve higher levels of voltage with high power quality [4], [5]. Traditional multilevel inverters require
many auxiliary circuit devices to balance the capacitors charge [6], [7]. They do not have a boost function as
the the output voltage magnitude could not be greater than the scalar superimposition of the DC link voltages
[8]. Current trends in multilevel inverters are alternative topologies for CHBs with less switches number and
improved THD reduction. In addition, other properties, such as, new applications, improvement of the
efficiency, fault tolerant operation, and optimized control methods gain attention. Easy modules replacement
in fault cases would be due to high modularity degree feature of the converters, which means that each
inverter is a module with the same control scheme and circuit topology.

Qualitative improvement is done by reducing THD by increased number of levels and improved
PWM strategy in this work, two improved configurations of switched capacitor-based step-up Multilevel
inverters are proposed. Quantitative and qualitative aspects of the multilevel inverter (MLI) are improved,
along with analysis of THD of the output voltage under different modulation index and control strategies.
Quantitative improvement is done by reducing the number of semiconductor switches and diodes [9]-[15].

Electronic power conditioning and control of the production and distribution of electricity are
important aspects of the smart grid. Thus, some techniques such as load forecasting have been developed to
cope up with the increase in demand of electric power. Targeting PHEV powertrains optimization, a plethora
of energy management strategies (EMSs) have been proposed [16]. Varying in complexity and accuracy,
these algorithms offer different solutions according to the need of the given system.A preliminary study of
various topologies and working of multilevel inverters was done. General considerations, important
topologies such as cascaded H-Bridge inverters, diode clamped inverters and switched-capacitor inverters
were studied. Relevant control methods such as Phase disposition PWM, Phase opposition disposition PWM
were considered. The circuit simulation was done using MATLAB/Simulink. The SIMSCAPE power
systems toolbox enables simulation of complex PWM modulation techniques with relative ease. FFT
analysis can be done on the output waveform for computing THD. The author in [17] presented a DC-DC
boost converter which utilizes switched capacitors as the storage element unlike inductors in conventional
boost converters. It also has self-balanced voltage of capacitors and is modular.

Barzegarkhoo et al. [18] proposed a novel switched capacitor-based inverter with reduced number
of circuit devices along with detailed analysis of cascaded topologies. The main structure of introduced
converter was the capability of producing nine-level output voltage using the same two capacitors paralleled
to a DC voltage source with variable loads.

Multilevel inverters consisting of cascade of one or more units is done in [19]-[21]. In [19], it was
presented a new family of cascaded multilevel inverters (CMLIs) that could produce a significant number of
levels of the output voltage with minimum associated switching devices. Mohammed et al. [20] introduced a
power inverter topology that generates 15 voltage levels by 4 DC-links and 8 power switches. In [21], a
cascaded asymmetric multilevel inverter was introduced (25 output levels.) It had a minimum number of
switches (10 switches) and could be employed in AC applications using solar energy. The circuit layout was
optimized.

Another topology is presented in [22] to consider the cost and size. A 15-level inverter was
proposed. A 71-level inverter and an m-level inverter were proposed considering the basic unit development.
Comparing the inverter with conventional MLIs, the inverter was capable of generating higher number of
output levels using lower number of power electronic devices and DC voltage sources. A topology suggested
by Hsieh et al. [23] requires additional circuitry to facilitate charge balancing of capacitors. It produced
seven-level ac output voltage with the proper gate signals’ design. THD was reduced by using a low-pass
filter. In [24], a topology consisting of modified H-bridge is proposed by Kamaldeep et al. Eight switches
were needed to produce 15-level single phase output voltage. That was simple, with smaller size and cost
effective.
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A study of different PWM techniques employed in inverters is presented in [25] by Ilhami et al. to
match inverter topology and the best control scheme. Kishore et al. has presented a study in [26] where
performance improvement by implementing different PWM techniques. The PWM strategies include phase
disposition PWM (PDPWM), alternate phase opposition disposition PWM (APODPWM), and PODPWM. It
aimed to present two novel designs of switched capacitor-based inverters which have voltage boost capability
and self-charge balancing of capacitors. First, the configuration proposed in the base paper is simulated and
the expected output waveform and characteristics are verified. Then, a novel configuration is presented
wherein the same 19-level voltage waveform is obtained using 2 DC voltage sources and 4 capacitors with
only 10 power switches. The relevant switches are modulated on a new PDPWM technique which reduces
switching losses considerably. Reduced complexity is also a feature of the proposed inverter. A second novel
configuration based on the above design is presented, wherein a 17-level voltage waveform is obtained using
2 DC voltage sources and 2 capacitors with 9 power switches and also uses a similar PDPWM technique. The
first novel module focuses on producing the same performance and output characteristics as the base model,
while reducing the number of components and power losses. The second novel module aims at producing
nearly the same output, but also drastically reducing the number of components, thereby decreasing the cost
of the inverter. It also thus increases its reliability. The circuits are verified under resistive loading conditions
using MATLAB/Simulink.

2.  INVERTER CIRCUITS AND OPERATIONS

Multilevel inverters with novel switched capacitor-based designs have been proposed by various
authors [27]-[29]. These designs focus on reliability while reducing the costs of the components and power
losses. A switched capacitor based 19-level inverter has been presented in [30] and has been analyzed and
simulated first. The circuit proposed in the base paper is shown in Figure 1. The inverter can produce
19-levels of output voltage stepped waveform is as in Figure 2 while operating at a low switching frequency
[30]. The main features of switched capacitor-based circuits are; Boosting capability of the output voltage.
Requiring only 4 electrolytic capacitors and 2 voltage sources to produce high number of voltage levels. Use
of only 12 power switches and 10 gate drivers working at low switching frequency.

Employing HPWM technique would Lessen total switching loss. Switched capacitor inverters offer
many features such as high reliability, reduction in cost, easy swapping of components. However, the main
disadvantage is that they require delicate voltage or charge balancing to be done. This can be done in open
loop by natural charge balancing every cycle by providing suitable switching and current flow paths. It can
also be done closed loop or by using a RLC filter tuned at the switching frequency in parallel with the load.
However, this increases the cost and depreciates the dynamic response of the circuit. The PDPWM technique
is considered the best method to be employed for a capacitor based MLI as it offers self-balancing property
when applied to an ideal and symmetrical circuit. The SC cell unit can produce 9 levels (4 positive,
4 negative and one zero level) using 2 passive diodes, 2 integrated capacitors, and 9 power switches. With
series- parallel capacitors conversion along with the DC source (2 Vdc), positive levels 0, 2 Vdc, 4 Vdc,
6 Vdc and 8 Vdc and the corresponding negative levels would be generated. The voltage across C1 and C2 is
2 Vdc and 4 Vdc, respectively. The diodes are used to counteract the effect of the parasitic body diode
present in the power switches and enable the reverse flow of load current.
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Figure 1. Proposed novel topology-1 (NT-1) circuit Figure 2. NT-1 overall theoretical waveform
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The FCB cell unit produces three levels (1 positive, 1 negative and one zero level) using two
capacitors, four diodes and 3 power switches. Similar to the series-parallel switching in the SC cell, the FCB
cell also produces levels 0, Vdc and -Vdc. The backward load current would be undertaken with the power
diodes. That current is due to inductive loads, which could cause voltage blocking. The modulation index
was chosen as 0.95. As the proposed method would generate a 19-level output voltage, using 18 carrier
waveforms would enlarge the system complexity. Switching loss value could be decreased with HPWM
methodology, which has the fundamental and high switching frequencies in the hybridized MLVSIs. The
circuit has been simulated in MATLAB and the output voltage waveform has been presented in Figure 3.
The circuit uses series-parallel switching of capacitors using power semiconductor switches and diodes to
produce multilevel stepped waveform. Zero voltage level can be achieved using either of the redundant states
by turning ON the switches T1, S and T2 or T1', S and T2’. Also, Sp1 is turned ON to charge the capacitor
C1 to 2 Vdc. The working of the SC cell is described as follows: The first output voltage-positive and
negative - levels (2 Vdc) determined by using only the DC source 2 VVdc without any of the capacitors in
the load path. Also, Sp1 is kept ON facilitating charging of the capacitor C1, while C2 remains disconnected.
For the second output voltage -positive and negative- levels (x4 Vdc), the voltage across of the DC source is
added to the voltage of C1 that has been previously charged to Vdc. By turning OFF Sp1 and turning ON
Ss1, C1 is now discharging. The net voltage across the load is now the addition of DC source Vdc and voltage
2 Vdc accumulated in C1, i.e., 4 Vdc. Also, in this interval, by turning ON Sp3, power diode D2 becomes
forward biased and C2 now gets charged to 4 Vdc. The third output voltage - positive and negative -levels
(6 Vdc) are created by series connection of the stored voltage in C2 and the DC voltage source value
through the series switch Ss2. This is achieved by turning ON the switch Ss2. Also, Sp1 is turned ON to
charge C1 again to 2 Vdc.
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Figure 3. Overall output voltage of design proposed in base paper

Eventually, in the fourth output voltage levels - positive and negative -(+8 Vdc), the capacitors must
be series with the supply via Ss1 and Ss2. This is done by turning ON the switches Ss1 and Ss2, discharging
both the capacitors and the required voltage level is attained. The FCB cell produces 3 level waveform of
amplitude Vdc, which when superimposed with the output of the SC cell output waveform using suitable
modulation technique, a 19-level waveform is finally obtained. Figure 1 shows the introduced topology
circuit, which has two distinct switched capacitor-based cells, floating capacitor (FC) and switched capacitor
(SC) cells, which produce the required 19-level output waveform. A DC voltage sourcealong with two
capacitors are employed in each cell and would be switched properly to generate the 9-level and 3-level
waveforms. The FC cell operates at higher switching frequency while SC cell is at low one. FC cell generates
a three-level waveform (a positive level, a negative level and a zero level), but SC cell generates a nine-level
waveform (4 positive levels, 4 negative levels and a zero level). If both types are connected in series, that
would allow a stepped sine wave to be generated by the inverter, with a peak amplitude of nine times the DC
voltage source. That could be conducted using 10 MOSFET switches, 3 diodes, and 4 capacitors. Voltage
boosting would be guaranteed by the diodes and the capacitor of the network. Series-parallel switching of the
capacitor network through the semiconductor switches would balance the capacitors voltage, allowing
uniform charging and discharging cycles. The circuit could operate with minimized switching frequency and
small switching losses when using phase disposition PWM (PDPWM) technique.

A schematic of the SC circuit is shown in Figure 4. When turning ON the switches H1 and H2 or
H3 and H4, a level of zero voltage could be gained. D1 would be forward biased and charge C1 to 2 Vdc.
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The first positive and negative voltage levels (2 Vdc) is obtained by using only the DC source 2 Vdc without
any of the capacitors in the load path. C1 keeps its voltage at 2 Vdc by the connection to the voltage source.
When S1 is ON, the voltage of the source added with C1 voltage give the second positive and negative
voltage levels (x4 Vdc). When S3 turns ON, D3 would be forward biased and charge C2 to 4 Vdc. When S2
is ON, the voltage of the source added with C2 voltage give the third positive and negative voltage levels
(26 Vdc). C1 charges to 2 Vdc as D1 becomes forward biased. When S1 and S2 are both turned ON, the
voltage of the source added with C1 and C2 voltages give the fourth positive and negative voltage levels
(8 Vdc).
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Figure 4. SC cell of NT-1 circuit and output waveform

The floating capacitor circuit is shown in Figure 5. Switch S, diodes D4, D5, D6 and D7, ease
bidirectional current flow. C3 and C4 have been located to ease their charging to voltage Vdc
simultaneously, with opposing polarity.Capacitors get discharged to the load when either of the switches SL
or SR are closed, contributing to the output waveform. Capacitors do not add to the upper cell when switch S
is ON. Hence, the voltage source is never directly connected to the load and is used only to charge the two
capacitors. During the positive half cycle, only capacitor C3 is used and during the negative cycle, only
capacitor C4 is used. Without any external circuitry, voltage balancing of capacitors is obtained using
switches SL and SR in tandem with S.

FC Module

T T T

L I\ 1 1 !

0.045 0.05 0.055 0.06 0.065 0.07 0078 0.08
Time (s)

Figure 5. FC cell of NT-1circuit and output waveform

The converter circuit consists of 9 switches, 3 diodes, 2 capacitors and 2 DC voltage sources. This
work discusses a symmetric configuration, where both voltage sources have the same magnitude of voltages.
The 2 capacitors act as storage elements and are charged and discharged multiple times within the same cycle.
Each switch is switched ON and OFF to yield different output voltage at each stage, producing multilevel
voltage waveform. This multilevel waveform, when fed to an H-Bridge produces multilevel AC voltage of
reduced THD. Each charging stage consists from 2 modes; Switch S4 is ON and Switch S5 is OFF and
Switch S5 is ON and Switch S4 isSOFF.

In mode 1, only voltage source is present in the charging circuit. In mode 2, both the voltage sources
are present in the charging circuit. It is assumed that each voltage source is of magnitude 100 V. Hence,
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capacitor C1 gets charged to a voltage of 100 V and 200 V, while capacitor C2 gets charged to voltage of
200 V and 400 V during the operation of the circuit. Thus, at each stage, different output voltages are
obtained by series-parallel switching of the voltage sources with the capacitors facilitated by the power
semiconductor diodes and switches. Figure 6 shows a schematic of the proposed power circuit.

Both capacitors are self-charge balanced during each cycle without the need for external circuits to
discharge the charges during each cycle. This is achieved by series-parallel switching of capacitor network
realized using phase disposition pulse width modulation (PDPWM). This facilitates complex gate signals
which can switch ON and OFF the switches multiple times during a cycle, giving rise to charging and
discharging paths and redundancies.

The circuit works by alternatively switching ON and OFF switches S4 and S5 complementary to
each other. Turning ON the switches H1 and H2 or H3 and H4, zero voltage level could be obtained. D1
would be forward biased and charges C1 to Vdc. The first positive and negative voltage levels (£ Vdc) are
determined by using only one DC source Vdc without any of the capacitors in the load path. That could be
done by switching ON S4.Then, by turning ON S5 and turning OFF S4, D3 gets forward biased and C1 gets
charged to 2 Vdc by being connected to the voltage sources in series to each other and the second positive and
negative voltages (£2 Vdc) are maintained.

When S1 is ON, the voltage of the source added with C1 voltage give the third positive and negative
voltage levels (£3 Vdc). The fourth levels - positive and negative - (4 Vdc) are determined by switching ON
S5 and adding the second voltage source. When S3 turns ON, D2 would be forward biased and charge C2 to
2Vdc. If S2 is ON, the voltage of the source added with C2 voltage give the fifth and sixth positive and
negative voltage levels (5 Vdc) and (6 Vdc). C1 charges to Vdc as D1 would be forward biased and C2
keeps voltage of 2Vdc. When S1 and S2 are ON, the voltage of the source, added to C1 and C2 voltages give
the seventh and eighth positive and negative voltage levels (£7 Vdc) and (8 Vdc). Figure 7 illustrates the
17-level stepped waveform.
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Figure 6. Proposed novel topology-2 (NT-2) circuit Figure 7. NT-2 overall theoretical waveform

3. PROPOSED PWM STRATEGY

The switching pulses for the switches in both of the above proposed topologies are obtained by
comparison of reference sine waveform which resembles the desired output voltage with carriers. The
technique used here is called phase disposition PWM (PDPWM), wherein, the absolute function of a
reference sine waveform is compared to 9 level shifted triangle carrier waveforms in the first novel topology
and 8 level shifted triangular carrier waveforms in the second novel topology. The reference sine wave is
chosen to have an amplitude of 9 or 8 and each of the triangle carrier waves have an amplitude of 1 each.
The reference sine wave is defined as

Vyer = Arsinwt Q)
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The next equation is to compute the modulation index:

- Ar (2)

" nAc

Where Ac is the amplitude of each carrier wave, n is the number of triangular carrier waves and Ar is the
amplitude of the reference sine wave. Ar is chosen as 9 and 8 in the first topology and second topology
respectively and Ac is chosen as 1. Thus, the modulation index is calculated as 1. This allows the maximum
number of levels to be obtained and the THD to be minimized in this particular case. Also, a commander
coefficient (CM) is defined to be used to select positive or negative halves of the reference wave over a single
cycle.

M = 1+sgn2(Vref) (3)

If CM is selected to be 1, the comparison between Vref and each carrier waveform will be done in
the first half-cycle of the reference waveform; hence the positive output voltage levels are made, whereas by
setting CM on zero, the second half-cycle of the reference waveform is involved in the comparative process
and as a result the negative steps of the output voltage are built. In the novel topology 1, the number of
switches in the SC cell have been reduced and the switching mechanism in the FCB cell has been changed
such that only two of the switches operate at high frequency at a given time, hence reducing both switching
and conduction losses. In the novel topology 2, the FC cell has been removed and two new switches have
been added to the SC cell to enable selection of either of the two voltage sources. These selecting switches
work at high frequency complementary to each other while the other switches operate at low switching
frequency.

4. RESULTS AND DISCUSSION
4.1. Simulation of novel topology 1

The proposed 19-level SCMLI was simulated using MATLAB/Simulink. The Simscape Power
Systems toolbox was used for simulation. The Tustin/Backward Euler solver was utilized. The objective of
this work is to minimize THD for a 200 ohm purely resistive load foe both the topologies. The FFT Analyzer
was used to compute the output current and voltage waveforms THD. The output parameters, and circuit
design parameters of the inverter are shown in Tables 1 and 2. FFT analysis was performed on the load
current and the result obtained is shown in Figure 8. THD of the load current was found to be 5.80 %. The
third harmonic component of the output current was found to be 0.47%.

4.2. Simulation of novel topology 2

The proposed 17-level SCMLI was simulated using MATLAB/Simulink r2018a. The SIMSCAPE
Power Systems toolbox was used for simulation. The Tustin/Backward Euler solver was utilized. The
objective of this work is to minimize THD for a 200 ohm purely resistive load foe both the topologies. The
FFT Analyzer was used to compute output current and voltage waveforms THD. The output parameters and
circuit design parameters of the inverter are shown in Tables 3 and 4.

Table 1. Output parameters of NT1

Parameter Value
Vrms 3029V
Irms 159 A
Output Power 481.6 W

Table 2. Design parameters of NT1

Parameter Value
Input DC Voltage Source in FC Cell 100 V
Input DC Voltage Source in SC Cell 100 V
Design Power 500 W
C1 2000 pF
c2 3000 pF
C3 1000 pF
C4 1000 pF
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Table 3. Output parameters of NT2

Parameter Value
Vrms 527.0V
Irms 2.635A
Output Power 1388.6 W

Table 4. Design parameters of NT2

Parameter Value
Input DC Voltage Source in FC Cell 100 V
Input DC Voltage Source in SC Cell 100 V
Design Power 1400 W
C1 2000 pF
C2 3000 pF

Figure 9 illustrates FFT analysis results, which applied on the load current. Load current

THD=6.41% and the output current third harmonic component=1.71%. The modulation index of both the
above topologies can be changed according to the needs of the load. As discussed earlier, PDPWM strategy
is used for modulation of the above topologies with 9 and 8 carriers respectively.
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CONCLUSION
In this work, a switched capacitor based single phase multi-level inverter with reduced number of

2 3 4 5 6 7 8

Harmonic order

Figure 9. THD characteristics of outpu current of NT-2

devices is first simulated. Then, two novel designs based on the simulated model is proposed, wherein the
models focus on reducing losses and costs while increasing reliability. A literature survey of the different
topologies of multi-level inverters and new PWM techniques was presented. The carrier based PDPWM

Switched capacitor based multi-level boost inverter for smart grid applications (Mostafa Al-Gabalawy)
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technique was used for generating switching pulses. The output waveforms for voltage and current were
recorded for a resistive load. Simulation was done in MATLAB/Simulink environment using the SIMSCAPE
power systems toolbox. FFT analysis for output voltage and current was done and the THD was noted.

ACKNOWLEDGEMENTS
This research was funded by the Deanship of Scientific Research at Princess Nourah bint
Abdulrahman University through the Fast-track Research Funding Program.

REFERENCES

[1] Nabae A., Takahashi I., and H. Akagi, “A new neutral-point-clamped PWM inverter,” IEEE Transactions on
industry applications, vol. 5, pp. 518-523, 1981.

[2] Rodriguez J., J. S. Lai, and F. Z. Peng, “Multilevel inverters: a survey of topologies, controls, and applications,”
IEEE Transactions on industrial electronics, vol. 49, no. 4, pp. 724-738, 2002.

[3] K. K. Gupta, A. Ranjan, P. Bhatnagar, L. K. Sahu, and S. Jain, “Multilevel Inverter Topologies with Reduced
Device Count: A Review,” IEEE Transactions on Power Electronics, vol. 31, no. 1, pp. 135-151, 2016.

[4] M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Pérez, “A Survey on Cascaded Multilevel Inverters,”
IEEE Transactions on Industrial Electronics, vol. 57, no. 7, pp. 2197-2206, 2010.

[5] E. Babaei, “A Cascade Multilevel Converter Topology with Reduced Number of Switches,” IEEE Transactions on
Power Electronics, vol. 23, no. 6, pp. 26572664, 2008.

[6] F. Deng and Z. Chen, “Voltage-Balancing Method for Modular Multilevel Converters Switched at Grid
Frequency,” IEEE Transactions on Industrial Electronics, vol. 62, no. 5, pp. 2835-2847, 2015.

[7]1 A. Hassanpoor, K. Ilves, S. Norrga, L. Angquist, and H. P. Nee, “Tolerance-band modulation methods for modular
multilevel converters,” IEEE Transactions on power electronics, vol. 30, no. 1, pp. 311-326, 2014.

[8] E. Zamiri, R. Barzegarkhoo, B. Karami, and S. H. Hosseini, “A hybrid switched-capacitor multilevel inverter with
self-charge balancing and less number of switches,” The 6th Power Electronics, Drive Systems and Technologies
Conference (PEDSTC2015), 2015, pp. 573-578.

[9] M. Hagiwara, K. Nishimura, and H. Akagi, “A Medium-Voltage Motor Drive with a Modular Multilevel PWM
Inverter,” IEEE Transactions on Power Electronics, vol. 25, no. 7, pp. 1786-1799, 2010.

[10] L. G. Franquelo, J. Rodriguez, J. I. Leon, S. Kouro, R. Portillo, and M. A. Prats, “The age of multilevel converters
arrives,” IEEE industrial electronics magazine, vol. 2, no. 2, pp. 28-39, 2008.

[11] P. Sotoodeh and R. D. Miller, “A New Multi-Level Inverter with FACTS Capabilities for Wind Applications,”
IEEE Green Technologies Conference (GreenTech), 2013, pp. 271-276.

[12] C. Hochgraf, R. Lasseter, D. Divan, and T. A. Lipo, “Comparison of multilevel inverters for static var
compensation,” in Proceedings of 1994 IEEE Industry Applications Society Annual Meeting, vol. 2, 1994,
pp. 921-928.

[13] F. Z. Peng, J. S. Lai, McKeever J., and J. Van Coevering, “A multilevel voltage-source inverter with separate DC
sources for static VAR generation,” IEEE transactions on industry applications, vol. 32, no. 5, pp. 1130-1138,
1996.

[14] C. M. Martinez, X. Hu, D. Cao, E. Velenis, B. Gao, and M. Wellers, “Energy management in plug-in hybrid
electric vehicles: Recent progress and a connected vehicles perspective,” IEEE Transactions on Vehicular
Technology, vol. 66, no. 6, pp. 4534-4549, 2017.

[15] J. Lin, W. Yu, N. Zhang, X. Yang, H. Zhang, and W. Zhao, “A survey on internet of things: Architecture, enabling
technologies, security and privacy, and applications,” IEEE Internet of Things Journal, vol. 4, no. 5, pp. 1125-1142,
2017.

[16] M. C. Falvo, L. Martirano, D. Shordone, and E. Bocci, “Technologies for Smart Grids: a brief review,” IEEE 12th
International Conference on Environment and Electrical Engineering, 2013, pp. 369-375.

[17] J. C. Rosas-Caro, J. M. Ramirez, F. Z. Peng, and A. Valderrabano, “A DC-DC multilevel boost converter,” IET
Power Electronics, vol. 3, no. 1, pp. 129-137, 2010.

[18] R. Barzegarkhoo, M. Moradzadeh, E. Zamiri, H. M. Kojabadi, and F. Blaabjerg, “A new boost switched-capacitor
multilevel converter with reduced circuit devices,” IEEE Transactions on Power Electronics, vol. 33, no. 8,
pp. 6738-6754, 2018.

[19] R. Barzegarkhoo, E. Zamiri, N. Vosoughi, H. M. Kojabadi, and L. Chang, “Cascaded multilevel inverter using
series connection of novel capacitor-based units with minimum switch count,” IET Power Electronics, vol. 9,
no. 10, pp. 2060-2075, 2016.

[20] M. A. Hosseinzadeh, M. Sarbanzadeh, E. Sarbanzadeh, M. Rivera, E. Babaei, and J. Mufioz, “Cascaded multilevel
inverter based on new sub-module inverter with reduced number of switching devices,” IEEE Southern Power
Electronics Conference (SPEC), 2017, pp. 1-6.

[21] K. P. Draxe, M. S. B. Ranjana, and K. M. Pandav, “A cascaded asymmetric multilevel inverter with minimum
number of switches for solar applications,” IEEE Power Energy Systems: Towards Sustainable Energy, pp. 1-6,
2014.

[22] E. Babaei and S. Laali, “New extendable 15-level basic unit for multilevel inverters,” Journal of Circuits,
Systems and Computers, vol. 25, no. 12, 2016, Art. no. 1650151.

Int J Elec & Comp Eng, Vol. 11, No. 5, October 2021 : 3772 - 3781



Int J Elec & Comp Eng ISSN: 2088-8708 O 3781

(23]
[24]
[25]
[26]

[27]

(28]

[29]

(30]

C. H. Hsieh, T. J. Liang, S. M. Chen, and S. W. Tsai, “Design and implementation of a novel multilevel dc-ac
inverter,” IEEE Transactions on industry applications, vol. 52, no. 3, pp. 2436-2443, 2016.

K. Boora and J. Kumar, “General topology for asymmetrical multilevel inverter with reduced number of switches,”
IET Power Electronics, vol. 10, no. 15, pp. 2034-2041, 2017.

I. Colak, E. Kabalci, and R. Bayindir, “Review of multilevel voltage source inverter topologies and control
schemes,” Energy conversion and management, vol. 52, no. 2, pp. 1114-1128, 2011.

P. S. V. Kishore, P. S. Kumar, and K. Ramesh, “Comparison of multi carrier PWM techniques applied to five level
CHB inverter,” International Journal of Pure and Applied Mathematics, vol. 114, no. 7, pp. 77-87, 2017.

D. Allam, H. Mohamed, M. Al-Gabalawy, and M. B. Eteiba, “Optimization of voltage source inverter’s controllers
using salp swarm algorithm in grid-connected photovoltaic system,” in 2019 21st International Middle East Power
Systems Conference (MEPCON), 2019, pp. 958-963.

E. Babaei, M. F. Kangarlu, and M. Sabahi, “Extended multilevel converters: an attempt to reduce the number of
independent DC voltage sources in cascaded multilevel converters,” IET Power Electronics, vol. 7, no. 1,
pp. 157-166, 2014.

M. Al-Gabalawy, N. S. Hosny, and S. A Hussien, “Cuckoo search algorithm based for tunning both Pl and FOPID
controllers for the DFIG-Wind energy conversion system,” International Journal of Electrical and Computer
Engineering (IJECE), vol. 10, no. 6, pp. 6319-6329, 2020.

R. Barzegarkhoo, E. Zamiri, M. Moradzadeh, and H. Shadabi, “Symmetric hybridised design for a novel step-up
19-level inverter,” IET Power Electronics, vol. 10, no. 11, pp. 1377-1391, 2017.

BIOGRAPHIES OF AUTHORS

Mostafa Al-Gabalawy was born in Egypt in 1983. He received the B.Sc. and M.Sc. degrees in
Electrical Engineering from the Department of Electrical Power and Machines Engineering,
Faculty of Engineering, Cairo University, Giza, Egypt, in 2005 and 2011, respectively. In 2017,
he finished the Ph.D. degree from the Department of Electrical Power and Machines Engineering,
Faculty of Engineering, Ain Shams University, Cairo, Egypt. Currently, he is an Assistant
Professor in Electrical Power and Control Department, Pyramids Higher Institute for Engineering
and Technology, Giza, Egypt. Besides, he is working as a senior electrical engineer at the R&D
sector, General Motors Company, Egypt. His research interests are renewable energy, electric
vehicles, automatic control, optimization, distributed generation, artificial intelligence, electrical
machines, applied Machine learning, power systems, smart grids, corrosions, pipeline induced
voltage, and electromagnetic fields.

Ramy M. Hossam was born in June 1988, Egypt. He obtained a B.Sc. in Electrical Engineering
from Ain shams University, Cairo, Egypt in 2014. In 2014, he obtained an M.Sc. in Electrical
Engineering from Ain shams University. He is currently working toward the PhD degree. He is
working in the area of Automation System Engineering in academia as well as in industry. His
research interests include power electronics, automation system, artificial intelgance and electric
veichles.

Shimaa Aly hussien was born in 1986, Giza, Egypt. She received the B.Sc., M.Sc. and Ph.D.
degrees in Electrical Power and Machines, Faculty of Engineering, Banha University, Egypt, in
2008, 2013 and 2017, respectively. Starting from September 2009, she worked as a teaching
assistant, then as an Assistant Professor in Electrical Power and Control Department, Pyramids
Higher Institute for Engineering and Technology, Giza, Egypt.In 2018, she worked as Assistant
Professor in Electrical Power Department, Princess Nora University. Her research interests
include power systems, energy management systems, renewable energy, smart grid, optimization,
batteries and control.

Nesreen Mohamed Samir Hosny was born in Egypt in 1980. She received the B.Sc., M.Sc., and
Ph.D. degrees in Electrical Engineering from the Department of Electrical Power and Machines,
Faculty of Engineering, Cairo University, Giza, Egypt, in 2002, 2006, and 2013, respectively.
Currently, she is Assistant Professor and a coordinator of quality assurance for the Electrical
Power and Control Department, Pyramids Higher Institute for Engineering and Technology, Giza,
Egypt. Also, from 2008 to 2013 she was a Teaching Assistant in the same department. Her
research interests include power systems, energy management systems, renewable energy, smart
grid, optimization, batteries, and automatic control.

Switched capacitor based multi-level boost inverter for smart grid applications (Mostafa Al-Gabalawy)



