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Abstract

Multi-level inverter (MLIs) designs with switched-capacitor (SC) are on the rise due to their
applicability in sustainable energy systems and high voltage applications. In this light, this
paper presents a compact triple-boost switched-capacitor multilevel inverter (TB-SCMLI)
topology with fewer switches and self-voltage balancing capacitors. Large spikes appear in
the source current and charging currents of switched-capacitors as a result of the charging
and discharging actions of the switched capacitors. In order to suppress the spikes in the
source and charging currents of switched-capacitors, the proposed converter incorporates
a soft switching circuit. The soft charging circuit consists of an inductor and a diode in the
charging path of the proposed converter to ensure soft charging of the switched-capacitors.
By inserting a small value of inductance in the soft charging circuit, the proposed converter
can significantly suppress source current spikes. The proposed TB-SCMLI is able to pro-
vide seven levels of output voltage by balancing the voltage of two capacitors with the given
control logic. The various SCMLIs are evaluated to determine the contribution of the sug-
gested TB-SCMLI topology’s merits and downsides. To validate the performance of the
proposed TB-SCMLI, comprehensive experimental findings under various laboratory test
settings have been given.

1 | INTRODUCTION

The multilevel inverters (MLIs) are responsible for the conver-
sion of direct current (dc) to alternating current (ac), which is
involved in the photovoltaic (PV) cells and fuel cell types of
renewable energy system (RES) [1-3]. MLIs have developed
into critical power devices, with widespread use in distributed
generation systems, electric vehicles, uninterruptible power sup-
plies, and motor drives. MLIs have a number of advantages,
the most important of which are their higher voltage opera-
tion with a lower voltage stress on switches, lower switching
losses, reduced dv/dt, and enhanced harmonic profile of the
output voltage. Over the course of the past few decades,
several different models of conventional MLIs, including the
cascaded H-bridge (CHB), flying capacitor (FC), and neutral
point clamped (NPC), have been presented [4, 5].

The increase in output levels is due to a cumulative effect
brought on by increasing the number of isolated dc sources

in CHB, clamping diodes in FC, and capacitors in NPC. NPC
needs a lot of clamp diodes and power switches to be able to
make more output levels. Also, there is a problem with the way
the voltage of NPC’s capacitors is not balanced. In the same way,
FC needs a lot of capacitors, so it will be expensive if it gener-
ates higher levels. In low-frequency applications, capacitors also
need to have a lot of storage space. In this situation, NPC is bet-
ter than FC. CHB is different from NPC and FC in that it does
not use clamping diodes and has a low voltage stress. But CHB
needs a number of separate power sources. When using RES,
the voltage must be increased in order to support the applica-
tions that require a higher voltage. On the load side, cither a
dc-dc boost converter is needed after the input or a transformer
in order to produce a greater magnitude or a boosted output
voltage. All of these factors result in inverter systems that are
intricate, cumbersome, and prohibitively expensive [0, 7]. For
the generation of higher voltage levels, two half-bridges are uti-
lized to adjust the polarity of a single-phase load for ac voltage
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generation [8—10]. As a result, this sort of multilevel inverter is
only appropriate for cascaded systems with at least three sepa-
rate DC sources for three-phase operation. Moreover, it is not
viable for grid-connected solar PV applications since the ac out-
put neutral is linked to a half-bridge, which produces leakage
current in the PV cell due to common mode voltage [11].

Several initiatives are currently underway to generate high
voltage levels with reduced components, fewer dc sources,
self-voltage balancing features, and boosting capabilities. As
a device that produces intermediate levels, capacitors have
attracted significant interest. Flying capacitors (FCs) are neces-
sary for creating intermediate voltage levels in the hybrid MLL
To maintain the requisite capacitor voltages, however, com-
plex control circuitry is required. In addition, only 50% of the
source voltage is produced at the load terminals. Consequently,
subsequent efforts are undertaken to increase the output volt-
age without using inductors or transformers across the output
terminals. Switched capacitor-based voltage boost structures
are recommended for creating the proper voltage for low- or
medium-voltage applications, as these power sources often pro-
vide low voltage. In these configurations, a parallel connection
of the capacitor to the isolated DC voltage source will charge
the capacitor, while a series connection will discharge it. When
coupled in series, switched-capacitor sub-modules enhance the
magnitude of the output voltage [12-14]. In 1989, Ronald
Marusarz [15] introduced the idea of the switched-capacitor.
Since then, other switched-capacitor-based MLIs have been
proposed in the scientific literature, each with its own merits
and shortcomings.

Novel multilevel inverters based on the switched-capacitor
concept have been published in the literature as a means of
addressing these problems. Using the capacitors as a virtual
power supply instead of the isolated sources in the inverters
is a smart option. The capacitor in switched-capacitors (SCs)
is charged in parallel with the power source. The high voltage
gain is achieved by connecting the capacitor and power supply
in series, which eliminates the need for bulky inductance com-
ponents. In addition to boosting the voltage at the input, the
switched-capacitor MLI (SCMLI) has the ability to effectively
raise the levels of voltage at the output [16—-18]. A quadruple
boost SCMLI has been presented in [19], which requires 12
switches, 3 capacitors, and 2 diodes to generate 17-levels at the
output. Switching losses are reduced here as more than 50%
of the switches operate at low frequencies. A quintuple voltage
boosting 11-level SCMLI topology has been presented in [20].
The suggested basic design has one DC source, nine switches,
nine gate-driver circuits, four capacitors, and five diodes. A
grid-tied single-phase single-stage PV system interfaced with a
novel 17-level MLI is presented in [21]. In order to generate
higher voltage levels, an SCMLI with extending ability and a
reduced number of switches in comparison to other same level
topologies is presented in [22].

Depending upon the gain of SCMLI, the topologies used to
generate 7-level single phase ac output voltage are broadly clas-
sified into two categories. The SCMLIs having a voltage gain of
1.5 are reported in [7, 23—28] while converters having a voltage
gain of 3 are reported in [6, 29-32]. The converters suggested
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FIGURE 1 Topology configuration of the proposed TB-SCMLI.

in [6, 7] require more than one input source which may not be
a viable option in certain applications. Further, the requirement
for multiple sources increases the cost of the converter. A cas-
caded H-bridge arrangement is used in [20] to generate a 7-level
output ac voltage. However, the presented converter requires an
auxiliary circuit or complex control strategies to maintain volt-
age balancing across the capacitor. To maintain the self-voltage
balancing across the capacitors, an improved 7-level triple boost
SCMLI (TB-SCMLI) configuration is proposed in this paper.
The proposed converter is able to maintain self-voltage bal-
ancing across the capacitors even at low values of modulation
index and during variations in operating frequency of the con-
verter. It utilizes a single DC source, 9 unidirectional switches,
2 capacitors and a diode. Four pair of switches, (57, 5,), (53, S4),
(85> 57), (S35 o), are complementary in nature, which eases the
control complexity. The per unit total standing voltage of the
TB-SCMLI is quite low in comparison to most of the topologies
present in literature. The proposed converter is considered as a
suitable candidate for the applications requiring voltage boost
action. To validate the viability of the proposed converter, a
comparative analysis of the proposed converter with state-of-
the-art converters reported in the literature with reference to
various parameters is discussed in the subsequent section of this

papet.

2 | PROPOSED 13L SCMLI TOPOLOGY

2.1 | Description of the proposed 7L topology
Figure 1 shows the proposed single-phase 7-level triple-boost
SCMLI (TB-SCMLI), which employs a single input source (17,),
9 switches ($;—5), a single diode (1), and two capacitors (C}
and C5). All the nine switches are unidirectional switches with
antiparallel diodes. The concept of switched-capacitors is imple-
mented into the architecture to charge and discharge each
capacitor when linked in parallel and series to the DC voltage
source, respectively. Regardless of the single voltage source, the
proposed topology yields a peak voltage amplitude of 317, by
utilizing the charging of capacitors C} and C; to 1, (17, being
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FIGURE 2  Operating states of the proposed 7L TB-SCMLI at the positive levels.

the source voltage), which is a noteworthy aspect of the pro-
posed work. Switches §;—55 block the voltage of 17, while the
switches Sy—S9 need to block the voltage of 31/,. As shown in
Figure 1, the proposed inverter can be a viable option for solar
PV, electric vehicles, fuel cells, battery power applications, wind
energy, motor drives, and other applications. Detailed circuit
analysis showing the positive states of the proposed topology
is illustrated in Figure 2. All other states can be easily visu-
alized using the switching logic presented in Table 1. Table 2

indicates the voltage stress across switches duting each voltage

level.
2.2 | Analysis of self-voltage balancing of
capacitors

Self-voltage balance is one of the most desirable qualities of SC-
based converters as the voltage/current sensor(s) are not being
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TABLE 1 Switching states for the proposed 7L TB-SCMLI.

Voul
S 8 5 S S5 S 5 S S G G (XVy)
1 0 0 1 0 1 0 0 1 D D +3
1 0 1 0 1 1 0 0 1 D D +2
0 1 1 0 1 1 0 0 1 C C +1
0 1 1 0 1 1 0 1 0 C C 0
0 1 1 0 1 0 1 0 1
0 1 1 0 1 0 1 1 0 C -1
1 0 1 0 1 0 1 1 0 -2
1 0 0 1 0 0 1 1 0 D D -3

Note: 1, ON state of the switch; 0, OFF state of the switch; C/D, charging/discharging of
the capacitor.

TABLE 2 Voltage stress actoss switches during each voltage level.

[0] [+1] [+2] [+3] =11 [=2] [=3]

5 Vy vy 0 0 vy 0 0
5 0 0 Vi Va 0 Va Vi
S 0 0 0 Vy 0 0 Vy
5 Va Va Va 0 Va Va 0
i 0 0 0 Vy 0 0 V7
5 0 1% 2V, 317, 0 0 0
Ry Va 0 Ve 0 Va 2V 3V
5 0 0 0 0 v, 2V, 317,
5o Va Va 2V 3V 0 0 0

used. Capacitors C) and C) are self-balanced in the proposed
triple-boost SCMLI utilizing a mechanism based on their seties-
parallel connection with the de source. Capacitors C; and C, are
in parallel to the dc source at the output levels of zero, and + 17,
as given in Table 1. For the +217, output voltage, either C; or
G, is in seties with the dc source. Finally both €} and C; are dis-
charged in series with the dc source to generate £317, output
voltage. The charging and discharging cycles of capacitors C)
and C) for a complete cycle are depicted in Figure 3. Fast charg-
ing of capacitors Cj and C) is ensured by the fact that the total
charge path time constant caused by parasitic elements is smaller
than the time interval between each voltage level. From the dis-
charge pattern of capacitors, C} and C), shown in Figure 4, the
capacitors, C| and C) are discharged during the time interval #
to #,°. The magnitude of ripple voltage, Av,y and A, appeat-
ing across the charge supplied by the capacitor, C; during this

period is,
AQ,
A ”{1 = A VEZ = q
/'y s
AQ[Z 1 1
= = — A = — /. dt 1
&G / “r=g / g 2
5 &)

vyty} H@ Discharging
3Ve
2Ve

Ve

Bl Charging

'Vdc

1
\ | 1 1
AV O N N

'3Vdc :

! )
| 1 1 1
| ! |

'I'"l‘“T"?"‘:“""
|

FIGURE 3  Operating states of the proposed 7L TB-SCMLI at the

positive levels.

i g

~C1,Co

FIGURE 4 (a) Charging path of the capacitors, C} and C; (b) Equivalent
circuit of charging path of capacitors, C} and Cj.

Corresponding to % to 5, 8, to m—6, is the discharge period
of capacitor, the value of C) to be selected for a given value of
ripple voltage, Au, using (1) is given by,

7T—92

1 .
Ci, G > 27l'f—Aﬂ[1 / Zasm(a)i - ¢)d (e?)
6,

1,cos 0,2 cos

= T ZAﬂ : @)

cl
whete ¢ is the phase angle, 7, is the peak value of fundamental
component of load current and £ is the frequency of output
voltage of MLI. As per the standards discussed in literature, the
recommended value of voltage tipple in case of MLI is 5-10%
of the nominal voltage appearing across the capacitor.

221 | Selection of soft charging inductor, 2,

After including the soft charging inductor L, the capacitor is
charged during each half cycle of ac output voltage [33]. The
equivalent circuit formed by the source, 17, and inductor, L,
during charging of switched-capacitors, C; and C) is shown in
Figure 4. Both the capacitors have two switches and a diode in
their charging path. The charging current in its path encounters
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the parasitic elements shown by equivalent series resistance of
inductor (R;), ON-state resistance of the switch (R)), internal
resistance of the diode (Rp), forward voltage drop (1) of
diode and internal resistance (R,) of the capacitor [34]. If &, is
the equivalent resistance, the first order differential equations
describing the states of capacitor voltage 7, and inductor
current, 7, ate

e dvy,
e =Cy—r ©)
digc
I/;z’f = L[ 7 + yz»ez] (4)

From Figure 3, it is evident that the capacitors are discharged
to the load between # and %', or 6, to m—6,. Assuming
that a resistive load, R,, is connected across the output of
the proposed converter, integrating both sides of (3) and (4)
for the discharging period 8, to w—8, yields the following
result:

erM .
Nipe =~ R’ ©, — 6,) sin(wt — 6) )
w1,
Avyy =V, — Td 2 —61) cos(wr — 65)  (6)

0

where @, = is the resonant frequency of equivalent

1
N

circuit shown in Figure 4b. Substituting the w, in (6) and sim-
plifying, the desired value of L, required to limit the spikes in
source and capacitor current is given by

2
Vi
L=—% @ -0 7
<wRﬂMLC _Cmu 1>> ()

The magnitude of ripple in charging current is inversely pro-
portional to the value of soft charging inductance, /., according
to (7). Incorporating L, into the proposed converter reduces
tipples in the charging current. The reduction in A/ o results in
a decrease in transient losses in capacitors.

2.3 | Modulation strategy

Figure 5 depicts the level-shifted multicarrier sinusoidal pulse
width modulation technique used to generate the 7-level single-
phase ac output voltage. In this method, a sinusoidal wave signal
is compared to a triangular carrier signal with a level shift. In the
proposed converter, a sinusoidal wave signal with a peak ampli-
tude of 3 is compared with six carrier signals with peak values
distributed between —3 and +3. Each carrier signal has a max-
imum amplitude of 1. Figure 5a depicts the switching scheme
used by the converter to generate various switching states (Ay—
As, By—B3). Now, the OR logic combines these switching states
to generate the gate pulses required by the switches (§;—59) to
generate 7-level ac output voltage. Figure 5b depicts the gating
operation of transitioning phases.

3 | COMPARISON OF THE PROPOSED
TOPOLOGY WITH STATE-OF-THE-ART
TOPOLOGIES

In this section, the comparison of the proposed 7-level TB-
SCMLI topology with the state-of-the-art topologies reported
in literature is carried out [35]. This comparison is done with
reference to various features of the converters as mentioned in
Table 3. The proposed topology requires 9 switches, 1 auxiliary
diode, 1 input source and 2 capacitors for production of 7-level
single phase ac output voltage. The topologies reported in [0, 7]
require more than one source for generation of 7-level output
and hence make these SC-MLI less attractive. However, the rest
of the SC-MLI topologies require only one input source. The
voltage gain of the proposed and the topologies reported in [0,
29-32] is 3 while the rest of the topologies have voltage gain of
1.5. The topologies proposed in [29] require 16 switches while
the topology suggested in [7, 25] requite 7 switches, although
[7] uses 2 dc sources. The power density of the SC-MLI listed in
last of Table 3 is evaluated on the basis of requirement of gate
drivers used to provide gating pulses to switches. Therefore, the
power density, D of the topologies suggested in [29, 32] is low-
est while for [7, 25], its value is highest. However, the proposed
SC-MLI configuration requires only 9 switches. Therefore, its
power density is moderate.

The SC-MLI configuration suggested in [2], and [6, 12]
require only 1 capacitor having voltage ratings 17 and 0.517,
respectively. The SC-MLI topologies suggested in [23, 24] and
[27] require 3 capacitors having voltage ratings of 0.517;, and
4. The proposed 7-level SC-MLI require only 2 capacitors
each of voltage rating of 17,. The 7-level SC-MLI suggested in
[7, 23, 25] and the proposed converter requite auxiliary diode.
For fair evaluation of 7517} it is divided by the voltage gain. From
Table 3, it is observed that 7517, of the topology suggested in
[25] is lowest at 5, and highest at 9.3 for [7], while it is faitly good
at 5.7 for the proposed topology.

The efficiencies of various converters suggested in [0, 7,
31, 32, 23-30] ate also included in Table 3. The highest effi-
ciency of the converter having voltage gain of 1.5 is reported
in [26] at 98%. The value of highest efficiency for the convert-
ers having voltage 3 is reported in [6] which has efficiency of
97.5%. From Figure 6, it can be observed that the efficiency
of the converter at full load equal to 1 kW and half load of
500 W are 92.4% and 97.06%, respectively. The high efficiency
at low load validates viability of the proposed converter. The
abovementioned comparison of the proposed converter with
state-of-the-art converters reported in literature validates the
viability of the proposed converter.

4 | POWERLOSS AND EFFICIENCY
ANALYSIS

Switches, diodes, and capacitors are all components of the pro-
posed design that contribute to the overall power loss. Switching
loss and conduction loss are two significant types of losses
[27, 33],
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FIGURE 5  (a) Switching scheme of the proposed 7L TB-SCMLI (b) OR logic used to generate gating pulses to switches.
TABLE 3  Comparison table for different 7L SC-based topologies with proposed topology.
VRC
References Np G Nig Ny,, Ny Naa Nod N, PIvV N,, TSV, 0.5V, Vi n (%) D
[6] 7 3 3 10 10 0 10 0 3 6 8 0 0 97.5 M
M 7 1.5 2 7 7 2 7 1 1 3 9.3 0 1 90 H
[23] 7 1.5 1 9 9 1 9 3 1 6 6.7 2 1 97 M
[24] 7 1.5 1 10 10 0 10 3 1 4 5.3 2 1 95 M
[25] 7 1.5 1 7 7 2 7 2 1.5 2 5 2 0 96.1 H
[26] 7 1.5 1 10 10 0 10 1 1 8 6 1 0 98 M
[27] 7 1.5 1 9 9 0 9 3 1 7 5.3 2 1 96.7 M
[28] 7 1.5 1 8 8 0 8 1 1.5 4 8 1 0 96 H
[32] 7 3 1 14 14 0 14 2 2 6 6.3 0 2 94.7 L
[29] 7 3 1 16 12 0 14 2 2 6 5.3 0 2 93 IL
[30] 7 3 1 12 12 0 11 2 2 4 5.3 0 2 93 M
[31] 7 3 1 10 10 0 10 2 3 4 6 0 2 91 M
[P] 7 3 1 9 9 1 9 2 3 4 5.7 0 2 97.06 M

Note: N, number of levels; G, voltage gain; Njg, number of input dc sources; IV, number of switches; /V,, number of diodes in parallel with switches; /NV,;, number of auxiliary diodes;

N4, number of gate driver circuit; /V,, number of capacitor; 7517, total standing voltage in per unit; /17, peak inverse voltage in per unit; /V,,, number of switches tolerating maximum

ad>

output voltage; I"RC;, voltage rating of capacitors; 1, efficiency; f;, switching frequency; D, power density; L, low; M, medium; H, high.

P/om = Pyu/ + Pmn (8)

where B,

s 18 the total power loss associated with the pro-

posed MLI, P, is the switching loss and B, is the con-
duction loss. Switching losses are caused by the switch’s
non-ideal behaviour, which may be computed by approxi-
mately considering the voltage and current to be linear during
the turn-on and turn-off phases. The inherent switching
delays of semiconductor devices cause overlapping between
the voltage and current at each switching transition, which
results in switching losses. Using Equation (9), we can

determine how much power is lost during the switching

process:
Von lon Ton
Ru/ = ][0 f
all switches within 1/7,
Vorr Tomr Torr
+ OFF ng" OFF ] (9)

where I is the voltage across the power switch just before
turn-ON, /on is the current flowing through power switch
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FIGURE 6 Power loss distribution for the input voltage of 100 V and at
an output power of 200 W.
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FIGURE 7 Efficiency curve of the proposed TB-SCMLI topology.

TABLE 4  Calculation of losses and efficiency at an output power of

200 W.

Parameters Simulation
Switching and conduction losses of switches (W) 5.443
Diode, D (W) 1.54
Capacitor, Cj (W) 0.487
Capacitor, C; (W) 0.496
Total losses (W) 7.966
Efficiency (%) 96.02

after turn-ON, 75 is the ON transition period, g is the
voltage across power switch after turn-OFF, /5y is the cut-
rent flowing through power switch before turn-OFFE, 7,7 is
the OFF transition period, and £, is the fundamental frequency
of ac output. Conduction losses are power lost as a result of the
internal resistance of conducting power switches.

Py= Y rysRon (10)

all switches

where 7y is the RMS current flowing through the switch
and Ry is the ON-state resistance of the switch. Utilising Plecs
software, the power loss across the various components of the
converter has been determined. The thermal modelling part of
the software is used for the calculation of different losses in the
switches, capacitors, and diodes. The switch used for this study
is IGA30N60H3_IGBT and the diode is IGB30N60H3_Diode.

( )f.

FIGURE 8 Experimental setup for the proposed TB-SCMLI topology.

TABLE 5 Parameters for experimental validation.

Parameters Specifications
DC voltage soutces (TDK-Lambda) 100 V
Capacitors (PG-6DI) 4700 uF, 450 V
R, L load RL load bank
Output frequency 50 Hz, 100 Hz
Switching frequency 5kHz

Voltage THD 19.95%
Output power 0.5-1 kW

Internal resistance of both the capacitors is taken as 0.1 ohm.
Forward voltage drop and ON-state resistance of diode is taken
as 1.3 V and 0.001 ohms. Figure 7 depicts the distribution of
power loss for various components for the input voltage of
100 V and at an output power of 200 W. Table 4 provides the
calculation of losses and efficiency at 200 W output power. The
same method is used to calculate efficiency at various output
powers.

5 | RESULTS AND DISCUSSION

To validate the operation of the suggested triple-boost SCMLI
topology, a 1 kW experimental setup was developed as shown
in Figure 8 and the hardware results are taken by utilizing the
well-known level-shifted PWM technique. Nine IGBT switches
(SKM75GB128D:1200 V), 2 capacitors (PG-6DI, 4700F), and a
diode are designed in the lab to ascertain the technical feasibility
of the proposed 7-level SCMLI topology. For pulse generation,
a gate driver circuit GDX-4A2S1 based on Texas Instruments’
high performance gate driver IC UCC21520 is used. A dig-
ital signal processor (DSP) TMS320F28379D is utilised in
order to transmit gating signals to the switches. A dc source
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FIGURE 9 Output voltage, output current, capacitor voltages for (a) dynamic resistive load change, (b) inductive load change, (c) modulation index change, (d)
change in frequency of the reference sinusoidal signal, (¢) change in input supply voltage, (f) starting of the inverter, (g) capacitor currents, source current and output
voltage.
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(TDK-Lambda) is utilised. Other parameters taken for expet-
imental validation are given in Table 5. The waveforms for the
different conditions are shown in Figure 9. The measured out-
put voltage formed seven voltage levels, with the magnitude
of each level being equal to the dc voltage input (100 V). The
highest voltage level of 300 V conformed to a boosting gain
of 3. These findings are consistent with the theoretical analysis.
Figures 9a and 9b show the output waveforms for dynamic load
change from no load to 100-50 €, and Z = 100 Q4100 mH
to Z = 50 Q+50 mH, respectively. Capacitor voltages are main-
tained at about 100 V. Output waveforms for modulation index
change from 1 to 0.6 to 0.3, and frequency change of reference
wave from 50 to 100 Hz is shown in Figures 9c and 9d, respec-
tively. Figure 9¢ depicts the output waveforms for step change
in input voltage from 80 to 100 V. Finally, starting of the inverter
is shown in Figure 9f. As indicated in Figure 1, an inductor (L)
has been placed in the charging loop of C} and C, in order to
charge the capacitors smoothly. In addition, a power diode is
connected in parallel with the inductor to ensure that currents
flowing in the opposite direction can flow freely. As a result, the
suggested topology can restrict the amount of charging current
that travels through the capacitors which is verified by Figure 9g,
which shows the capacitor currents and the input soutce current
with the output voltage. Overall, the waveforms of the experi-
ment confirm the analysis. All capacitors can self-balance, and
the steady-state output voltage has seven levels. In addition, the
proposed topology offers good transient performance.

6 | CONCLUSION

Here, a circuitry improvement for a single dc source-based
switched-capacitor multilevel inverter topology is given in order
to achieve a high voltage gain. The proposed TB-SCMLI con-
sists of fewer switching components with reduced voltage
ratings. Four of the switch pairs are complementary in nature
which reduces the control complexity. 7517, of the proposed
inverter is also lower compared to most of the 7L topolo-
gies. The proposed TB-SCMLI provides a three times increase
in output voltage by utilizing two capacitors and one DC
source. Capacitors are automatically balanced according to the
switching logic of the proposed MLI. The proposed converter
contains a soft switching circuit to supress source and capacitor
charging current spikes in switched capacitors. In terms of com-
ponent count, 751/, and efficiency, the compatison research
demonstrates the superiority of the proposed TB-SCMLI over
other SC-based MLIs. The experimental test outcomes under
many operating situations illustrate the effectiveness of the
suggested circuit’s operation.
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