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Abstract- This research presents a new quadruple boost 9-level single-phase switched-capacitor (SC) inverter. The proposed
topology (PT) comprises eight semiconductor switches, two capacitors, one power diode, and a single supply source unit
that can synthesize nine voltage levels at the output terminal. A brief description of structural design, operating principle,
modulation strategy, and determination of optimum values of the capacitances are presented in this work. Simulation and
experimental studies have been carried out under different loading conditions to validate the effectiveness of the PT.
Further, a comparative fair survey with state-of-the-art SC topologies regarding component count per level, gain, total
standing voltage, and cost function proves the merits of the suggested novel work.

Index words- Cost function, Multilevel Inverter, Switched-capacitor, Total Standing Voltage.

l. INTRODUCTION

In recent years, multilevel inverters (MLIs) have received wide attention from the research and academic community
due to the improved waveform, lower total harmonic distortion, low power losses, and absence of transformer or
magnetic circuits [1-4]. Conventional multilevel inverters (CMLIs) are commonly categorized as neutral point
clamped (NPC), flying capacitor (FC), and cascaded H-bridge (CHB). However, these inverters have several
drawbacks: unbalanced capacitor voltage (both for NPC and FC inverters), a larger number of active and passive
components for higher voltage levels (i.e., more than three levels), complex control, and unity voltage gain. The
significant issues of larger switching components of CMLIs can be solved by reduced switching component counts
[5]. However, it also needs voltage-boosting ability; these topologies are unsuitable for applying non-conventional
energy sources (like photovoltaic (PV), wind, and fuel cells) and electric vehicles. Voltage boosting is a critical
requirement for grid-tied systems because the voltage output from renewable energy sources is typically low. To
achieve the necessary voltage levels, either a front-end boost converter or a back-end magnetic circuit/transformer is
commonly employed. However, integrating a magnetic circuit with the boost converter increases the system's size,
weight, cost, and inefficiency, making it less practical for certain applications [6].The challenges mentioned above
can be effectively resolved by implementing the switched-capacitor-based series/parallel approach. This approach has
several advantages, such as greater voltage gain than unity, self-balancing of capacitor voltage, absence of transformer
or magnetic circuit, and modular structure. Because of these advantages, the research community has concentrated
more on the evolution of SC topologies in the last few years. Additionally, SCMLIs can be classified into single-stage
and two-stage SC topologies. Two-stage configurations require a back-end H-bridge (HB) to produce a bipolar voltage
level. However, the maximum load voltage values are equal to the P1V of the four HB switches. This feature limits its
application in high-voltage applications [7-11].

The generation of bipolar voltage at the output terminal is accomplished without any back-end HB in single-stage
designs. Besides, all the switches total voltage stresses are also reduced. Capacitor voltage has an intrinsic self-
balancing capability, and voltage gain is four in the 9-level structure, as stated in [12-15]. Nevertheless, these
topologies possess a greater quantity of switching components. Besides, the 9-level structural design presented in [16-
17] and [18-19] lacks voltage boosting ability, i.e., restricted within one.

Additionally, relatively larger numbers of active and passive components have been used. Triple gain 7-level topology
advocated in [20-22] has more component counts. A single-stage 9-level SC inverter incorporating an enhanced T-
type inverter referenced in [23]. The above design minimizes the blocking voltage of the switches, the number of
power components, and the DC-link capacitor voltage. The two 17-level SCMLIs that were produced by combining
SC units with an NPP circuit had the same number of components [24]. An SCMLI with 17 levels has a capacitor
voltage ripple (CVR) but quadruples voltage gain. The BF and CVR of the alternate 17-level SC-MLI are cut in half.



In reference [25], a generalized inverter with (2n + 5) levels was shown. This inverter consists of n SC units. A
CHBMLLI, based on SC technology, has been suggested to tackle the current leakage problem. This configuration
necessitates only one DC power source and offers the possibility to increase voltage [26]. A transformerless grid-
connected inverter utilizes six power switches and two power diodes to generate six distinct voltage levels at its output
[27]. Additionally, the proposed inverter effectively addresses the issue of leakage current.

This article [28] introduces a six-level SCMLI achieving 2.5x VG from a single DC source, designed for compact,
transformerless PV systems with minimized line filters. The MLI features capacitor voltage balance, reduced
harmonics, and closed-loop control for effective grid integration, achieving a peak efficiency of 95.79%. This study
[29] introduces a five-level SC inverter specifically designed for PV applications. It effectively eliminates leakage
current by directly connecting the DC bus to the grid's neutral point. The proposed topology offers features such as
self-voltage balancing, reactive power handling, and optimal utilization of the DC bus.Simulation and experiments
demonstrate its practical advantages over conventional inverters. This article[30] presents a nine-level ANSCMLI
with a minimized capacitor charging current, enhancing its sensible use. A modified switching sequence reduces
switching loss, improving efficiency to 98.03% at 583.91 W. Experimental results confirm stable capacitor voltages
and reduced losses under various loads. The article[31] introduces a six-level transformerless inverter for grid-
connected PV systems, addressing leakage current issues and offering VB without an added boost converter. Key
features include reduced filter size, lower THD, and full reactive power support. A 770 W lab prototype validates its
performance and practical feasibility. This article[32] proposes a flexible multilevel topology for open-end winding
motor drives, similar to CHB inverters, combining three-phase and single-phase HB inverters. The modular design
allows easy voltage level extension, enabling higher motor voltages or lower DC voltage use. Experimental tests
validate its performance and compatibility with SPWM modulation. The seven-level achieves a voltage gain of just
1.5 ML, described in [33] and [34], using ten switches, two diodes, and three capacitors.

Nevertheless, it requires components with a high rating due to its high TSVpu. Achieving voltage increases of 2.0 and
1.0 are also detailed in [35] and [36] for the common ground five-level MLI. This study presents a single-source, high-
voltage-gain SCMLI to overcome these restrictions. With its flexible architecture, the suggested six-level SCMLI can
handle various tasks. The paper introduces a five-level active-NPC SCMLI designed for unity gain, inrush current
reduction, and active balancing of the DC-link capacitor voltage. Minimizing switching losses achieves an efficiency
of 98.04% at 510 W [37].

The preceding paragraphs inspire us to develop a 9-level SC inverter that incorporates the following essential
characteristics:

(a) Boosting ability, i.e., the gain is 1:4

(b) A single direct current voltage source can generate a voltage waveform with nine levels.
(c) The reduced number of switches counts per level

(d) Capacitor voltages have self-balancing features.

(e) Only half of the switches are activated in each switching state.

Next to this section, the proposed work has been organized in the following way. The structural design, working
principle, self-balancing mechanism of capacitors voltage, and determination of the optimum value of capacitance of
the proposed work are presented in section Il. A suitable logic gate modulation scheme is described in section Ill. The
analysis of losses in the PT is conducted in section IV. Comparative studies with the SCMLIs are represented in
section V to verify its merits. Simulation and hardware results verify the suggested topology effectiveness presented
in section VI. Lastly, the conclusion is highlighted in section VII.

. PROPOSED 9-LEVEL SC INVERTER TOPOLOGY

(A) Structural design and its operation
Figure 1 shows the simple 9-level SC structural design of the PT. It consists of two kinds of nine power switches
(IGBTSs) (one with an anti-parallel diode and the other without an anti-parallel diode), two capacitors, and one power
diode. Five different sets of switches, namely (SiS2, SsSa, SsSe, SeS7, and SgSg) are designed to function in a
complementary manner to prevent short circuits with the input supply voltage and maintain less complexity of the
switching scheme.



The PT generates 9- output voltage level (0, £1V,., £21V, + 3V, + 4Vp) with a peak value four times the
supply inputs, i.e., 4Vpc. Table I presents the valid switching combinations corresponding to the different operational
states, while Table 11 outlines the voltage and current stresses experienced by each switch. Capacitor charging and
discharging are indicated by "A" and "V," respectively, while idle states are represented by "-."The corresponding
circuit design illustrated in Figure 2 depicts the PT main features for various states.

(B) Self-balancing mechanism of capacitor voltage

The PT uses a series/parallel combination of capacitors to self-balance the capacitor voltage [8]. The following is a
list of the conditions that must be met for capacitors to be charged and discharged at different levels.

For 0 and +1V;, output voltage levels, the capacitor C; is brought in parallel with the input source through the
path Sc — V. — D — S, and charged to 1V, as shown in the state-1,state-2,state-6, and state-7, respectively. The
capacitor €, discharges its stored energy to load when it is connected in series with the input source for the voltage
levels+2V,., +4V,.. This feature of charging and discharging capacitor voltage for different voltage levels makes it
self-balanced to Vj,. automatically. Similarly, the capacitor C, charged to 2V, when it brought in the path S; — S¢ —
Vpe — D during the output voltage level +2V, as mentioned in Fig.2, state-3 and state-8. The capacitor C, discharges
its energy to the load for the voltage level +3V,. and+4V,.. Multiple times of charging and discharging of the
capacitor C, occurs for different voltage levels in one cycle of the load voltage. Therefore, the voltage of the capacitor
C, is maintained at 2V}, automatically.

(C) Determination of capacitance
The capacitance plays a significant role in SCMLI design. During the discharging period, the voltage across the
capacitor drops, i.e., known as voltage ripple. The performance of the design is impacted by the voltage ripple that the
capacitor produces. Therefore, an optimum capacitance value is necessary to improve performance [7]. Henceforth,
the voltage ripple (AV) for C; and C, of

the PT can be expressed for a purely resistive load as
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It is important to note that the quantity of discharging that occurs in the capacitor is dependent upon the longest
discharging time ((6, — 6,), load current (i;) and power factor. Therefore, the discharging amount (AQ) of a capacitor
can be calculated as
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6

X



As a result, the values that are appropriate for the capacitors C; and C, are represented as follows:
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I1l. CONTROL SCHEME OF THE INVERTER
Various control strategies are utilized to operate the inverter. The multicarrier level-shifted PWM technique is applied
in the PT. The switching pulse is generated by comparing eight carrier signals (e;_eg) with a sinusoidal reference
signal (f;.r). All carriers share identical peak-to-peak amplitudes and frequencies.
Figure 4 illustrates the modulation method that is appropriate for the positive half-cycle.
Modulation of the negative half-cycle can also be accomplished similarly. The driving pulses for switches from S; to
Sy using 'OR' gates can be written as:

Si=n+ Y Y3+ Vst (14)
Sy =x1 + Xy + X3+ X5+x, (15)
S3=x3+y3 (16)
Sa=x4+ x5+ Y4+ Vs (7)
Ss =X +x3 + x4 + Y11yt (18)
Se =x3+x5+y3+ys (19)
Sy =x1 +x + Y11y, (20)
Sg = x4 + %, + X3+ Ys5ty; (21)
So = X1 + Yo ty3tyatys (22)

IV.POWER LOSSES CALCULATION

The investigations of substantial power losses in SCMLIs are categorized into three groups. This section provides an
extensive analysis of these losses.

(a)Switching losses:

Power switches experience switching losses whenever turned on and off [20]. These losses are expressed as:

Py on» Ps o5y are the terms used to describe the power losses associated with the switch on and off, respectively.

_ [
Ps_on_ ZOVIs_onton (23)
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Finally, the total switching losses:
PS:Z(Ps,on'l'Ps,off) (26
fo : fundamental frequency.
ton, tofs - turn-on/off time.
V : blocking state voltage.
Is_on, Is oy - currents that flow through the switches after and before they are turned on and off, as appropriate.
(b) Conduction losses (P¢):



The internal resistance of the transistors generates this sort of loss.(R;) and diodes (R;) [20]. The losses resulting
from switches and diodes can be quantified in numerical terms as follows:

Ps_c:Vs_onls_avg + RS_OTI.ISZ_TmS (27)
Pd_c:Vd_onId_avg + Rd_onlg_rms (28)
Overall conduction losses(P;) = Ps . + P4 ¢ (29)

An on-state resistance value for the transistor or diode is represented by R ,,, and Ry op,
Vs onVa_on: ON-state voltage drop across the transistor and diode, respectively.

The rms and average currents through switches are denoted by 17 ,,,s and I 4y -
Average and rms diode current, respectively, are I 4,5 and I s

(c) Ripple losses (B.):

Equations (7&8) describe the loss during capacitor charging/ discharging [6].

b =Zc@vd) (30)
The overall effectiveness can be represented as follows:
%n = — Powr 100 (31)

(Pout +total losses)

V.SIMULATION AND EXPERIMENTAL RESULTS

The proposed 9-level boost inverter topology has been evaluated through both simulation and experimental testing to
confirm its effectiveness. The main parameters utilized for conducting the simulation and experimental studies are
summarized in Table I1I.

(&) SIMULATION RESULTS

The MATLAB/Simulink environment is used to validate theoretical concepts. Figure 5(a-b) shows the simulation
results for the RL load. When a step change in the load is introduced, it is observed that the output voltage remains
steady at 9 distinct levels. The maximum magnitude of the load voltage is 4V

The voltage across capacitors C; and C, is automatically adjusted to achieve a balanced state and is maintained at
1Vpe and 2V, respectively, as depicted in Figure 5(a). Figure 5(b) displays the voltage and current stresses
experienced by switches Sg and Ss. It verifies that the charging path exhibits a greater current than the other switches.

(b) EXPERIMENTAL RESULTS

Experimental testing has been conducted using a laboratory prototype model shown in Figure 6 to verify the
performance of the proposed 9-level topology.

The experimental findings for an RL load with a modulation index (MI) of 0.95 are shown in Figure 7. The results
show how well the system works when the RL load is constant and when there is a sudden change, as illustrated in
Figure 7(a). There are nine separate levels to the output voltage, as seen in the figure. The voltages across capacitors
C: and C; denoted as V1 and Ve, are equalized, with Vei measuring 10V and Ve, measuring 20V. The peak voltage
is 40V for both the constant load and the load with a step change. The peak current is 1.2A for the continuous load
and 1.9A for the load with a step change. This diagram shows that the currents lag the voltage when an RL load is
present.

Figure 7(b) illustrates the variation in switching frequency for the RL load when using 500Hz and 2kHz. It is evident
from the graph that altering the switching frequency does not impact the number of output voltage levels.  Figure7
(c) shows the results of RL load evaluations using three different modulation indices: 0.95, 0.50, and 0.25. The graph
shows that the number of output voltage levels is directly affected by the modulation index (MI) change. For Ml values
of 0.95, 0.5, and 0.2, the graph shows 9, 5 and 3 output voltage levels, respectively. The magnitude will decrease as
the M1 is reduced while keeping the load constant. The voltage stress of various switches is illustrated in Figure 6 (d-

e).



The efficiency study for output power ranging from 50W to 350W is presented in Fig. 6(f). The graph illustrates
the relationship between efficiency and output power. According to Figure 7(f), the PT achieves a maximum efficiency
of 95.85% at an output power of 200W. At an output power of 350W, the efficiency tested was 94.7%. Figure 7(g)
also shows the experimental results of the PT with a unity power factor. In this case, capacitors are naturally self-
balancing; it has been noted that the output voltage stays constant at nine levels.

(c) Applications

The PT generates a 9-level output waveform with a voltage gain quadrupled, as evidenced by both modelling and
experimental confirmation. The PT has been shown to minimise power losses in the switching components. The
review of the current literature on SCMLIs has identified the subsequent practical uses for this proposed configuration:

(i) High-frequency ac distribution:

High-frequency alternating current (HFAC) power distribution systems (PDS) have become increasingly popular in
applications requiring high power density, such as telecommunications [36-37], spacecraft, and computer systems
[38].This preference is primarily due to their ability to reduce the size of transformers substantially, the number of
power conversion stages, and the filtering components. Another emerging application for HFAC PDS includes
localized networks, such as electric vehicles, buildings, and microgrids [39]. The adoption of SCMLI topologies
enables low-voltage regions to eliminate the need for DC-DC boost converters or magnetic circuits.

(if)Photovoltaic (PV) based power generation systems and electric vehicle (EV) Traction systems:

Solar power systems and other renewable energy sources can provide very little electricity. Methods such as deploying
step-up transformers, DC-DC boost inverters, or cascading photovoltaic (PV) modules are commonly used to increase
the voltage. Nevertheless, these methods lead to larger systems, higher costs, and more energy losses [40]. However,
SCMLIs have several benefits, including being compatible with the grid, producing high-resolution waveforms,
reducing the need for filtering, and increasing voltage gain [41-42]. Although electric vehicle (EV) systems that use
cascade cells can attain high DC-link voltage, it also brings new issues, like charge balancing, which need to be
addressed [43-45]. Researchers are looking at SCMLIs as a possible option for converting low-voltage DC to high-
voltage AC in order to fix these issues with conventional EV drive systems [45-46].

VI. COMPARISON WITH SC TOPOLOGIES

A fair comparative analysis has been made with the other single-source SC topologies having the same levels to prove
the benefit of the PT. Table V illustrates a reasonable comparison. The primary goal of the proposed topology is to
produce enhanced waveforms by using fewer active and passive components, minimizing the cost, and providing
voltage-boosting capability. The PT uses only nine switches, two capacitors, and one diode to generate quadruple
voltage gain. The topologies presented in [3][6][10][16-19][23] have more switching

components with the least voltage gain than the PT. Quadruple boosting topologies advocated in [7-9] and [12- 15]
require more switching components. The topology [14] also has the same capacitor humber as the PT. Additional
capacitors of the topologies [12-13], [15], [7-9] resulted in high costs, more losses, and complexity in charging and
discharging.

Further, two parameters, component count and the cost function of the PT, are less than the other topologies,
proving the merit of the structural design. The component count per level is defined as the total sum of active and
passive components divided by the number of levels, and it can be represented as follows:

_ (Nsw + N+ Ng + Ndri) (32)
Fep, = N
The cost function is defined by [23]
CF (33)

_ (Nsw + Ng + Ngyi + N + a  TSV) X Ny
= N,




The significance of the TSV or switching components determines the weight coefficient "a". "a" is either greater or
lesser than one according to the importance of the TSV or switching components. When both the parameter TSV and
switching components are given equal importance, the PT weight coefficient is considered as one (0=1) [23].

F, _ (NSW + Nc + Nd + Ndri) (34)
c/L = N,

The cost function is defined by [23]

CF (36)

_ (Ng + Ny + Nyyi + No + a = TSV) X Ny

= 0

The significance of the TSV or switching components determines the weight coefficient a. a is either greater or lesser
than one according to the importance of the TSV or switching components. When both the parameter TSV and
switching components are equally important, the PT weight coefficient is considered one (a=1) [23].

The statistics presented in Table 1V and Table V unequivocally demonstrate that the PT exhibits a diminished CF,
mostly attributable to its decreased number of components and operates at a lower voltage stress, leading to enhanced
efficiency. Based on the information provided, it is evident that the PT offers advantages in several areas: a reduced
quantity of power devices, compatibility with inductive loads, automatic balancing of capacitor voltage, and reliance
on a single input source. These improvements are beneficial for expanding the range of applications for the inverter.
Table VI presents the cost comparison analysis of the PT. It is observed that the PT demonstrates the lowest cost
compared to the alternatives.

VII.CONCLUSION

The PT offers a simple structural design SC topology that achieves quadruple voltage gain. The suggested topology
provides several advantages, including automatic balancing of capacitor voltage during charging and discharging and
the efficient operation of only 50% of switches for any voltage level. A thorough comparison analysis established the
PT benefits regarding component counting, cost function, and voltage gain. Both simulation and experimental work
were conducted under various loading conditions to validate the suggested topology efficacy.
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Figure 1 Simple 9-level SC structural design of the
PT.
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Figure 2 Operating states of the PT
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Figure 3 Discharging period of the capacitors.

X1

Uref \el _:D-I-;Eg: Y1
0 ’ Xo
1/4 D— ez_’_D-I;Eg: "
214 D—E% e
3/4 D e X4
1 44‘[>-|-[>_ot—|%: Ya

Xp —w
X1
Y2 ——»
Y3 — Xo ——] X3 ——-)
Xy ——m] Sl X4 SZ 83
Y3 —»
Ys X5 —W/

X ——m

Y4 ——m X4 ——m X5 — !

X4 —» S4 v —» Ss Se
Y2 ——» V3

Yo—» Ya Ys

X1 — X2 X1
X2 i Y2
X
v S ;% — S 8 Y3 S 9




Figure 4 Control Scheme of the PT
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Figure 5 (a) Simulation results for RL-load
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Figure 7 shows the experimental outcomes of the PT(a) change in load(b)
change in switching(c) change in modulation index( d-e)voltage stress on
individual switches(f) efficiency Vs power graph(g)At unity power factor

Table | VValid Switching Patterns
LA ] B c|p ] E |




1 S, Ss, S7, Se A - |0

2 S2, Ss, S7, Se A - | +1Voc
3 52,55,56,5s Y A | +2Voc
4 $2,54,55,58 - V | +3Voc
5 52,54,56,5s Y V | +4Voc
6 S1,55,57,Ss, A - 0

7 S1.55,57,5 A - | -1Voc
8 S1,53,S6, So \Y A -2Vpc
9 S; 4,55, So - V | -3Vic
10 Sy ,S4,56, Se Y V | -4Voc

A: State, B: Active switch, C: Effect of C, D: Effect of C,,
E: Output voltage, "-": idle

Table I11. Voltage And Current Stress Of The Individual Switches

Switches Voltage stress Current stress
S1,52,5s, So 4Vpc lload
S 3Vpc ic1
S3 S, 2Voc ic1
S5 .56, 1Vpe ic1

Table I11. Simulation & Experimental Parameters

Input supply (Vo) 50V
Capacitance (C,) 1100uF
Capacitance (C,) 2200uF

Modulation Index (MI) 0.95
Carrier frequency (f,) 2kHz
Resistive-Inductive Load 80Q-120mH
Fundamental frequency (f) 50Hz
IGBTs IGWS50N60T, IKW30N60T

Table IV. Comparison with recent SCMLI topologies

Ref N, Ny Ny N, Nari A B Feu CF
[20] 7 12 - 2 11 53 2 357 432
[21] 7 16 - 2 15 53 1 357 5.47
[22] 7 8 2 2 8 6 3 2.85 371
[19] 9 12 - 3 12 6 1 3 3.66
[16] 9 10 4 4 10 19 1 3.11 522
[17] 9 11 - 3 10 5 1 2.66 4.14
[18] 9 11 - 2 11 52 1 2.66 3.24
[14] 9 10 - 2 10 45 2 2.44 2.94




[12] 9 12 - 3 12 6 4 3 3.66
[13] 9 8 3 3 8 5.7 4 2.44 3.07
[7 9 13 8 3 13 6.3 4 3.22 3.92
[8] 9 8 6 3 8 8 4 2.77 3.66
[9] 9 10 3 3 10 6.3 4 2.88 3.58
[10] 9 10 4 4 10 8.5 1 311 41
[3] 5 10 - 4 10 11 1 4.8 7
[6] 6 7 2 4 6 6 2 2.5 3.16 4.16
[15] 9 19 3 3 19 48 1 4.88 5.42
23] 9 9 8 4 9 8.25 1 333 o
[P] 9 9 1 2 9 6 4 2.33 3
[PT]: PT, A: TSV}, B: Max. Blocking voltage, C: Gain
Table V. Efficiency analysis with the recent SCMLIs
Ref N, N, N, N, Ny A B CF Eﬁ';'enc
[16] 9 10 4 4 10 YES 1 5.22 93.3%
[13] 9 8 3 3 8 YES 4 2.72 93%
[8] 9 8 6 3 8 YES 4 3.66 91.6%
[11] 9 8 3 4 8 NO 1 3.58 92.8%
[15] 9 19 3 3 19 YES 4 5.42 88.9%
[PT] 9 9 1 2 9 YES 4 3.0 95.7%
A: self — balancing, B: Gain
Table VI Cost comparison of 9-level topology with the PT
Component | Part Number Rating Unit price ($) | [47] [15] [12] [17] [PT]
MOSFET* IGW50N60TFKSAL 600V, 100A 5.22 - - 2
IKW30N60TFKSAL 600V, 60A 5.24 - - 2 4
ISL9V5036P3-F085 390V, 46A 4.55 11 19 8 11 3
IHW40N120R5 1200V, 80A 5.04 4 -
Diode* VS-20ETFO6SLHM3 600V, 20A 3.1 - 3 1
Capacitor* ALF20G102KL600 600V, 1000uF | 48.62 - -
ALS81H102DE350 300V, 1000puF 10.55 - 2 3 1
ALF20G102EC200 200V, 1000uF 7.31 3 3 1 1
ELG108M100AR2AA | 100V, 1000pF 3.18 -
Gate driver IR2110 1.8 15 19 8 11




Total cost( )

1191

151.8

89.65

101.5

82.21

*www.digikey.com




