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ABSTRACT The multilevel inverter (MLI) serves as a pivotal class of power electronic converters,
well-suited for high-power applications at medium voltage levels, ensuring superior power quality. While
designing an MLI, there is a motif among the number of components, voltage stress on the semiconductor
devices, and its voltage-boosting ability. A single source nine-level switched-capacitor based novel inverter
with reduced components has been proposed in this paper. The proposed H-bridge based switched capacitor
inverter topology employs nine switches, two capacitors, two diodes, and one DC source. The inverter has a
quadruple voltage boost and the ability to draw continuous input current from the DC supply and self-voltage
balance with a voltage ripple of less than 5%. A comprehensive study of performance parameters, design
consideration, and loss analysis of the proposed inverter is also incorporated. A level-shifted pulse width
modulation technique is implemented to operate the inverter for unity to 0.5 lagging load power factors and
1 − 0.2 modulation indices. The dynamic responses of the proposed switched capacitor inverter topology
are obtained through MATLAB simulation for analysis and further validated by hardware prototype.

INDEX TERMS Continuous input current, reduced components, switched capacitor, voltage stress, voltage
boost.

I. INTRODUCTION
Multilevel inverters (MLIs) are employed in various applica-
tions of medium and high power systems like electric drive
systems, grid interface, static reactive power compensation,
HVDC transmission, electric vehicle, renewable energy,
active power filter [1]. MLIs provide almost sinusoidal output
voltage, which includes lesser total harmonic distortion.
Therefore, the size of the required filter at the output
reduces the system’s overall size and cost. The voltage
stresses on the switches and diodes are also lower due
to the higher number of small voltage steps. At the same
time rate of change of voltage, i.e., dv

dt , is also lesser,
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which reduces the effects of parasitic capacitance in the
device [2]. Moreover, MLI can operate at a lower switching
frequency (in the kilohertz range), reducing switching losses
and electromagnetic interference.

In recent times, switched-capacitor-based multilevel
inverters (SC-MLIs) have gained attention over other types
of multilevel inverters because of their ability to self-balance
the capacitors’ voltage, increase voltage gain, and reduce the
required DC sources. Several SC-MLIs have been developed
that address these features in [2], [3], [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], and [29].
The three-level inverter reported in [3] and [4] draws the
continuous input current from the DC supply. However,
they have incorporated an additional inductor, capacitor, and
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switch to achieve the continuous current. In [2], a five-
level inverter with nine switches and one capacitor has been
developed. This inverter possesses duplex voltage gain. The
seven-level inverters have been discussed in [5], [6], [7],
and [8] and incorporated three capacitors. In [5], the charging
time of the capacitors has been made independent of the
load. The authors in [6] have developed the inverter by
cascading a five-level ANPC inverter and a three-level T-type
converter (TTC). The voltage gain of 1.5 has been achieved
by integrating the TTC with the H-bridge in [7] and the
new ANPC inverter in [8]. Another seven-level inverter has
been developed to reduce current stress in [9], which has
incorporated one additional half-bridge with an inductor that
increases the component count.

References [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26], [27], and [28]
address the nine-level switched-capacitor (SC) inverters.
In [10], the SC-based cascaded MLI has been developed
to reduce the spike in the capacitors’ current. However,
it employs fourteen switches and four capacitors with an
auxiliary circuit for charging the SCs. Twelve switches have
been incorporated in developing nine-level inverters in [11],
[12], and [13]. Based on eleven switches, nine-level inverters
have been designed in [14], [15], [16], and [17]. The number
of switches has been further reduced by one in [18], [19],
and [20] i.e., only ten switches. Nine switches have been
employed in [21], [22], and [23] to design the nine-level
inverters but at the cost of more diodes and capacitors. The
nine-level inverter topology reported in [24], [25], and [26]
employs only eight switches while the voltage gain is just
twofold to the input voltage. References [27] and [28] are
able to develop nine-level output with quadrupled voltage
gain. Nevertheless, two out of eight switches are bidirectional
switches in [27] and have higher component counts, including
diodes and capacitors in [28].

Therefore, a nine-level inverter topology with the follow-
ing key contributions has been presented in
this paper.

1) Lesser number of components employed
2) Quadruple voltage boosting
3) Better DC utilization as the input current is continuous
4) Operate under a wider range of load power factors
5) Operate for a wide variation of modulation index
6) Satisfactory operation under a dynamic change in load

or input sides
7) Lesser capacitors’ voltage ripple
8) Better efficiency

The remnant of the paper is organized as follows: The
proposed topology’s operation and control strategy are
presented in Section II. Design and Description have been
discussed in section III. A detailed analysis and comparison
with the existing topology are included in section IV.
Thereafter, Section V addresses the obtained results and
their discussion. The article ended in section VI with the
conclusion.

FIGURE 1. Circuit diagram of the proposed inverter topology.

II. OPERATION AND CONTROL STRATEGY
A. MODELING OF THE PROPOSED INVERTER TOPOLOGY
Fig. 1 illustrates the circuit model of the proposed single-
source nine-level switched capacitor based novel quadruple
boost inverter with reduced components count. The inverter
comprises of a DC voltage source (Vdc), nine switches
(S1, S2, . . . , S9), two diodes (D1 and D2) and two switched
capacitors (C1 and C2). Both the diodes are fast recovery
diodes. The load is connected as per the circuit diagram
in Fig. 1. Moreover, the load current’s direction and the
voltage’s polarity across the load have also been indicated.

The switched capacitors C1 and C2 can be charged up to
Vdc and 2Vdc respectively. The charging path of C1 is through
D1 and S2 while C2 is getting charge through S1, body diode
of switch S9, S6 and D2. C1 can be charged by the DC source
(Vdc) alone while C2 is charged by the DC source (Vdc) along
with the capacitor C1 connected in series.
The maximum blocking voltage or voltage stress (MVS)

and maximum rate of change of voltage (MRCV) across the
switches are crucial facets of an MLI topology. Both MVS
and MRCV across the switches S1, S2, diodes D1 and D2
are Vdc while across switches S3 and S9 are 2Vdc. MVS of
S4, S5, S7 and S8 is 4Vdc while MRCV is 2Vdc for S4, S7 and
Vdc for S5, S8. Further, S6 hasMVS is 2Vdc andMRCV is Vdc.

B. WORKING OPERATION OF THE PROPOSED MLI
The working operation of the proposed inverter topology
has been elaborately explained with voltage levels. The nine
levels of the output voltage (vo) are generated as 0, ±

Vdc, ± 2Vdc, ± 3Vdc and ±4Vdc. In all the level generation,
as shown in Fig. 2, the current conducting path through which
the load is connected is indicated in red, while the charging
path of the capacitor is highlighted in green. The capacitor
C1 gets charged when vo = ±Vdc, ± 3Vdc and discharged
at vo = 0, ± 2Vdc, ± 4Vdc while C2 gets charged when
vo = 0, ±2Vdc and discharged at vo = ±3Vdc, ±4Vdc which
can be observed in Table 1. The operation of the inverter in
the positive half cycle is as follows:
vo = 0− level : The load is disconnected from the source

and capacitors for this level generation. The load current
(io = 0 for UPF load) is circulating in the negative direction
for lagging PF load through the path S5 and S8′s body diode
depicted in Fig. 2(a).
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FIGURE 2. Operation of the proposed MLI for generating different voltage levels under the respective level generation of the output voltage. (a) vo = 0−.
(b) vo = +Vdc . (c) vo = +2Vdc . (d) vo = +3Vdc . (e) vo = +4Vdc . (f) vo = 0+. (g) vo = −Vdc . (h) vo = −2Vdc . (i) vo = −3Vdc . (j) vo = −4Vdc .

TABLE 1. Switching state, output voltage, and capacitor’s state of the
Proposed inverter.

vo = +Vdc level : The load is getting driven by the source
alone through the path D1, S9′s body diode, S4 and S8 as
represented in Fig. 2(b).
vo = +2Vdc level :The load receives power from the series

combination of Vdc andC1 through the path formed by S1, the
body diode of S9, S4, and S8 as shown in Fig. 2(c). Therefore,
the output voltage is Vdc + Vc1.
vo = +3Vdc level : The load is connected to Vdc and

capacitor C2 through D1, S3, S4 and S8 which is depicted
in the Fig. 2(d). The output voltage appear as Vdc + Vc2.
vo = +4Vdc level : The series combination Vdc, C1 and C2

feed the power to the load through the path S1, S3, S4 and
S8 which is shown in Fig. 2(e). The output voltage is Vdc +

Vc1 + Vc2.
Similarly, the inverter can operate in the negative half

cycle, facilitated by the H-bridge acting as the polarity-
generating component, which can be perceived by Fig. 2(f)
to (j) and Table 1.

C. CONTROL STRATEGY
This paper adopted the level-shifted phase deposition
pulse width modulation (PDPWM) method to gener-
ate the switches’ gate pulses. Compared to fundamental
frequency-based switching techniques, this PWM technique
has a propensity to lower the harmonics in the load voltage.
Fig. 3 shows the 50 Hz sinusoidal reference signal (vr =

FIGURE 3. Logic circuit diagram for gate pulses generation.

Vprsinωt) has been compared with all the triangular carrier
signals whose peak-to-peak amplitude is one and frequency
is 5 kHz. The pulses are generated by the comparison, which
has been given to the logical circuit in Fig. 3 to acquire the
required pulses as per the switching states of the switches as
shown in Table 1.
The amplitude of the N-Level inverter’s output voltage is

directly proportional to the modulation index (ma), and it can
be expressed as (1).

ma =
2Vpr

(N − 1)Vppc
(1)

where Vppc indicates the peak-to-peak value of the carrier
signal.

III. DESIGN AND DESCRIPTION
A. PERFORMANCE PARAMETERS
1) VOLTAGE RIPPLE AND CAPACITORS SELECTION
Often in SCMLI, a very short duration is available for
charging the switched capacitors. Various voltage levels may
be achieved by discharging the capacitors’ voltage. The
selection of the capacitors mainly depends on capacitor
voltage ripple, discharging time, operating frequency, and
inverter application. The capacitor’s voltage ripple needs to
be maintained within the permissible limit, which provides
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FIGURE 4. Pictorial view of the maximum discharging duration of both
capacitors.

the load voltage fluctuation within the licit limit, lesser power
losses, and higher inverter efficiency. The longest discharging
time needs to be considered for capacitor selection, and the
charge stored in the capacitor can be expressed as follows.

Qcn =

∫ td2n

td1n
IopSin(2π fot)dt (2)

where Qcn indicates the amount of charge stored in nth

capacitor, td1n to td2n is the maximum discharging duration
(MDD) of nth capacitor, Iop represents the peak value of
the load current, while fo denotes the load frequency. The
maximum value of ‘n’ is 2 in this paper.

Now, the capacitance can be found as

Cn =
Qcn

1Vcn(%) × Vcn
(3)

where Vcn represents the voltage across the nth capacitor
while 1Vcn is the allowable ripple in Vcn.
Fig. 4 shows the maximum discharging duration for the

capacitors C1 and C2 are t4 to t5 and t3 to t6 respectively.
These instants of time can be found as [30]

t3 =
sin−1( 58 )

2π f0
(4)

t4 =
sin−1( 78 )

2π f0
(5)

t5 =
π − sin−1( 78 )

2π f0
(6)

t6 =
π − sin−1( 58 )

2π f0
(7)

The minimum capacitance of C1 and C2 are required for
Iop = 1.3 A and 1Vc = 4% which have been evaluated by

using (2) to (7).

C1min =
Qc1

1Vc1
= 3230.9 µF

C2min =
Qc2

1Vc2
= 2605.04 µF

2) TOTAL STANDING VOLTAGE (TSV)
It is the summation of the blocking voltage of all the
semiconductor devices incorporated into the inverter, which
can be found by (8).

TSV (p.u.) =
1

Vomax

ND∑
n=1

Vbmax,Dn (8)

where Vomax represents the maximum output voltage of
the inverter and Vbmax,Dn indicates the maximum blocking
voltage of the nth device while ND is the total number of
devices.

3) LOSS ANALYSIS
The total losses that occur in the system are the combination
of various types of losses, which are described below.

a: CONDUCTION LOSSES (PCON)
The average conduction losses of all the switches, capacitors,
and diodes can be found by (9), (10), and (11), respectively.

Ps,con =

Nz∑
zn=1

(
RONsn
T0

∫ tv

tu
I2rsndt

)
(9)

where Nz and T0 are the total numbers of operating zones in
one cycle and time period of the load current, respectively,
RONsn is the ON state resistance of snth switch while tu and
tv are the starting time and ending time of the particular znth

zone respectively while Irsn represents the RMS (root mean
square) current flowing through snth switch.

Pcap,con =

Nz∑
nz=1

(
Resrcn
T0

∫ tv

tu
I2rcndt

)
(10)

where Resrcn indicates the equivalent series resistance of the
cnth capacitor.

Pd,con =

Nz∑
nz=1

(
VONdn
T0

∫ tv

tu
Iadndt

)
(11)

where VONdn is the ON state voltage drop of the d thn diode and
Iadn indicates the average current of the d

th
n diode.

Now, the conduction losses (Pcon) of the inverter can be
expressed as

Pcon = Ps,con + Pcap,con + Pd,con (12)
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TABLE 2. Praformance Comparision with the existing single source nine-level SCMLIs.

FIGURE 5. Inverter’s output voltage, output current, and capacitors voltage waveforms for the step change in ma under the loading condition of
(a) Zo = 200 �, (b) Z1 = 50 � + 275 mH, (c) Z2 = 120 � + 185 mH, and (d) Z3 = 200 � + 150 mH.

b: SWITCHING LOSSES (PSW )
Due to the overlap between the current and voltage during
switching-ON/OFF operation, switches undergo switching
losses. It happens due to the non-ideal switching charac-
teristics of the power electronic switches. The variation of
voltage and current is considered linear during ON/OFF for
the evaluation of switching losses, and the average switching
losses can be found by (13).

Psw = fsw × Ns∑
ns=1

∑
Tsw

1
6

(VON IONTON + VOFF IOFFTOFF )


 (13)

where fsw is the switching frequency, Tsw =
1
fsw

. VON and
ION represent the transition voltage and current respectively
during switching ON while VOFF and IOFF during switching
OFF. TON and TOFF indicate the switch turning ON and
turning OFF duration, respectively.
Capacitor ripple losses (Pcap,ripp): The amount of energy

dissipated in the capacitor during charging of the capacitor
and the charging path is excluded from the load is qualified
as capacitor ripple loss. The losses mainly depend on the
operating frequency and capacitance of the capacitor. It can
be evaluated as

Pcap,ripp = (1/2)(2fo)
Nc∑
n=1

Cn1Vcn
2 (14)

where Cn is the capacitance and 1Vcn denotes the ripple
voltage of nth capacitor.

4) EFFICIENCY (ηMLI)
The efficiency of the MLI can be defined as the total power
achieved at the output terminal of the inverter with respect to
the input power.

The total losses of the inverter can be found by adding
the aforementioned losses. Out of these losses, conduction
losses and ripple losses are significant losses. Therefore,
by reducing these two losses, the efficiency of the MLI can
be enhanced. The efficiency of the MLI can be evaluated as

ηMLI =
POMLI

POMLI + Pcon + Psw + Pcap,ripp
(15)

where POMLI represents the output power of the MLI.

IV. DETAILED ANALYSIS AND COMPARISON WITH
EXISTING NINE-LEVEL TOPOLOGY
This section includes a comparative assessment to highlight
the positive attributes of the proposed topology over other
state-of-the-art structures of the nine-level inverter. Table 2
shows the quantitative and qualitative comparison. In which
Ns, Nc, Nd and NBSW are the total number of switches,
capacitors, diodes, and number of bidirectional switches out
of Ns respectively. Moreover, the ‘PF Range’ indicates the
range of power factor of the load for which the inverter
can operate satisfactorily. ‘C’ and fs represent the total
capacitance used in the inverter and the frequency of the
carrier signals, respectively.

The SCMLIs reported on [15], [16], and [17] don’t
require any diode and bidirectional switches to generate the
nine-level output voltage, while the switch count is more
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than the proposed inverter topology. The voltage gain attained
by them is only twofold the input voltage. The capacitance
of capacitors in [16] and [17] is approximately twice that
of the proposed inverter. The inverter discussed in [13],
[22], and [29] shares a quadruple boosting capability akin
to the proposed inverter. However, [13] uses twelve switches
and three capacitors of different capacitance. On the other
hand, the inverter presented in [22] integrates nine switches,
four capacitors, and four diodes while [29] incorporated ten
switches, two capacitors, and three diodes, surpassing the
component count of the proposed inverter.

From Table 2, it is clearly observed that the topologies
developed in [26], [27], and [28] have utilized eight switches.
In addition to that, [26] uses only one diode and has a lesser
TSV. Nevertheless, it is limited by its narrow operating range
of load power PF (1 − 0.982) as well as its voltage boosting
capability is only twofold. The operating range of load PF
in [27] has been extended (1 − 0.876), and the size of the
capacitor is also reduced. However, two out of the total eight
switches are bidirectional switches, and the voltage gain is
just two. The inverter suggested in [28] achieves a quadruple
voltage gain similar to the proposed inverter. However, this
topology requires an extra diode and capacitor. Additionally,
it has a narrower operating range of load PF, with values of
1 − 0.976 lagging, and the capacitor size is notably large.
Reference [21] has a larger PF range than all other topologies
presented in Table 2. However, it employs four capacitors and
four diodes, and one of the nine switches is bidirectional,
which indicates a higher number of components inclusion.
Moreover, it has minimum TSVs (p.u), which is evident due
to its absence of voltage-boosting capability.

Hence, the proposed SCMLI has a remarkable enhance-
ment in the context of a reduction in the components count,
voltage boosting capability, and operating range of load
power factor.

V. RESULT AND DISCUSSION
TheMATLAB simulation and experimental results have been
presented in this section. The proposed nine-level switched
capacitor inverter has been tested in two types of dynamic
cases to verify its stability under sudden changes. Firstly,
there is a step change in modulation index (1 to 0.8, 0.6,
0.3, and 0.2) under different loading conditions, then the
load is varied in steps (Z1 = 50 � + 275 mH to Z2 =

120 � + 185 mH and Z3 = 200 � + 150 mH) under
different modulation index. Hereafter the Simulation and
corresponding experimental results have been elaborately
analysed in the following subsections.

A. MATLAB SIMULATION RESULTS AND ANALYSIS
This part of the paper discusses the working performances
of the proposed topology through MATLAB simulation. The
source voltage is considered as 31 V while the capacitance of
both the switched capacitors (C1 and C2) is taken as 3.3 mF.
The capacitors C1 and C2 can charge up to 31 V and 62 V,
respectively.

The waveforms of output voltage (vo), load current (io),
and capacitor voltages (Vc1 and Vc2) for step change in
modulation index (ma) from 1 to 0.8, 0.6, 0.3 and 0.2 at
the respective loads Zo (200 �), Z1 (50 � + 275 mH), Z2
(120 � + 185 mH) and Z3 (200 � + 150 mH) are shown
in Fig. 5. The value of ma is kept 1 till 0.1 s, and from
there onwards, it reduces by 0.2 in every 0.06 s till the ma
reaches 0.6 during the step change inma. Further,ma has been
decreased to 0.3 at 0.22 s and 0.2 at 0.28 s. It is observed in
Fig. 5 and 6 that irrespective of the load, the peak value of the
inverter’s output voltage (vo) is 122 V for the value of ma at
unity and 0.8. However, the root mean square (RMS) value
is 86.63 V and 69.56 V at unity and 0.8 modulation index.
Further, the peak value of the output voltage reduces to 91.5
V, 61.5 V, and 30.5 V at ma of 0.6, 0.3, and 0.2, respectively.

It can be perceived from Fig. 5(a) that the vo and io are in
phase due to purely resistive load Zo = 200 � at UPF. The
peak value of io is 0.61 A for the modulation index 1 − 0.8.
However, the RMS values are 0.43 A at the modulation index
of 1 and 0.35 A at 0.8. While 0.46 A, 0.31 A, and 0.15 A
are the peak values at respective ma of 0.6, 0.3, and 0.2. The
ripple voltages of the capacitor (C1) are 0.56 V, 0.32 V, 0.19
V, and 0.05 V for the ma of 1, 0.8, 0.6 and 0.3 respectively.
While the respective ripple voltages of the capacitor (C2) are
0.93 V, 0.54 V and 0.15 V for the ma of 1, 0.8 and 0.6.
The voltage vo at the output terminal of the inverter and

current io through the load Z1 = 50 � + 275 mH at
0.5 lagging PF is shown in Fig. 5(b). It observed that the
load current io is sinusoidal, and it lags the load voltage
by 60◦. The peak value of load current is 1.22 A for the
modulation index of 1 while 0.97 A at 0.8 modulation index.
The load current further decreases to 0.73 A, 0.36 A, and 0.24
A for the ma of 0.6, 0.3, and 0.2 respectively, which can
be perceived in Fig. 5(b). For this load, the ripple voltages
in Vc1 are 0.66 V, 0.5 V, 0.48 V and 0.11 V at the ma of
1, 0.8, 0.6 and 0.3 respectively. While the respective ripple
voltages in Vc2 are 1.02 V, 0.56 V, and 0.17 V corresponding
to the modulation index of 1, 0.8 and 0.6 which can be
identified in Fig. 5(b).
For the load Z2 = 120 � + 185 mH at 0.9 lagging PF,

the load current lags behind the inverter’s output voltage by
25.84◦ as perceived in Fig. 5(c). The peak value of io is 0.91A
for the modulation index of 1 while 0.73 A at 0.8 modulation
index. It can also be witnessed that the load current further
reduces to 0.55 A, 0.27 A, and 0.18 A for ma of 0.6, 0.3,
and 0.2, respectively. Under this loading condition, ripple
voltages across C1 are 0.76 V, 0.46 V, 0.29 V, and 0.06 V for
ma of 1, 0.8, 0.6 and 0.3 respectively which can be observed
in Fig. 5(c) While the respective ripple voltages across C2
are 1.27 V, 0.7 V and 0.2 V corresponding to the modulation
index of 1, 0.8 and 0.6.
Eventually, 200 � + 150 mH at 0.97 lagging PF is

considered as the load Z3 for the inverter, and io lags vo by
13.34◦ as observed in Fig. 5(d). It is also identified that the
respective ripple voltages in Vc1 are 0.76 V, 0.46 V, 0.29V,
and 0.06 V for the ma of 1, 0.8, 0.6 and 0.3 While the ripple
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FIGURE 6. Output voltage, output current, and capacitors voltage
waveforms for the step change in load at (a) ma = 1, (b) ma = 0.8,
(c) ma = 0.6, (d) ma = 0.3, and (e) ma = 0.2.

TABLE 3. Losses in the semiconductor devices.

voltage of C2 are 1.27 V, 0.68 V, and 0.2 V at the same step
change in modulation index till ma = 0.3 which can be seen
in Fig. 5(d).

The dynamic response of the proposed inverter for the
step change in the load at the modulation index of 1, 0.8,
0.6, 0.3 and 0.2 are depicted in Fig. 6 (a), (b), (c), (d)
and (e) respectively. For each modulation index, the inverter
is operated under three loads of Z1 = 50 � + 275 mH,
Z2 = 120�+185mH and Z3 = 200�+150mH for the time
duration of 0.16 s – 0.22 s, 0.22 s – 0.28 s and 0.28 s – 0.34 s
respectively. The output voltage vo varies with themodulation
index but remain the same for all loading conditions.

As the load changes from Z1 to Z2 and Z2 to Z3 the
magnitude of io’s peak decreases from 1.22 A to 0.91 A
and 0.91 A to 0.59 A respectively at ma = 1 which can be
observed in Fig. 6(a). In addition, the load PF also increased
as the phase difference between vo and io decreased from 60◦

to 25.84◦ when the load changed from Z1 to Z2 and 25.84◦ to
13.34◦ when load changed from Z2 to Z3. The ripple voltages
of C1 are 0.66 V, 0.76 V, and 0.53 V while 1.02 V, 1.27 V,
and 0.88 V across C2 for the load Z1, Z2 and Z3 respectively.
The load current io also varied with the output voltage vo

depending on the modulation index for the same load. It is
also noticed from Fig. 6 that the value1Vc1 and1Vc2 depend
on the magnitude of the current and nature of the load.

FIGURE 7. Efficiency plots under all the loading conditions.

FIGURE 8. Experimental prototype setup of the proposed nine-level
inverter.

The losses can be evaluated using the formulae given
in section III or can be found in the PLECS simulation.
The losses that occurred in each semiconductor device have
been obtained by modeling switches and diodes in PLEXIM
software, and the associated losses have been listed in Table 3
for UPF load at ma = 1 and 31 V of supply. In which S1 and
S2 have the highest switching loss among all the switches
while S9 has the highest conduction losses. However, S9 has
zero switching loss as it goes through the switching action at
the moment of vo’s polarity reversal only, and at the same
time, the switching action occurs while the body diode of
the switch is already conducting. Fig. 7 shows the efficiency
curves of the inverter for each loading condition, and it
indicates that efficiency is deteriorating as the modulation
index decreases for a fixed load.

B. EXPERIMENTAL RESULT AND ITS ANALYSIS
The performances of the proposed topology have been further
verified through the hardware prototype and discussed in this
subsection of the paper. Table 4 sums up the components and
specifications used for the experimental setup. The hardware
prototype setup indicating the respective components is
shown in Fig. 8.

Microcontroller TMS320F28379D is employed to gener-
ate the required switching pulses based on the discussed
logic strategy and processes through the dead-band circuit to
avoid short through. Thereafter, the pulses were fed to each
TLP250 optocoupler-based driver circuit associated with
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FIGURE 9. Output Voltage, load current and capacitors’ voltage waveforms with the step change in ma under the loading condition of
(a) Z1 = 50 � + 275 mH at 0.5 lagging PF, (b) Z2 = 120 � + 185 mH at 0.9 lagging PF, and (c) Z3 = 200 � + 150 mH at 0.97 lagging PF.

FIGURE 10. Dynamic response of the proposed inverter with change in load from 120 � + 185 mH at 0.9 lagging PF to 200 � + 150 mH at 0.97 lagging PF.
At (a) ma = 1, (b) ma = 0.8, (c) ma = 0.6, (d) ma = 0.3, and (e) ma = 0.2.

TABLE 4. Devices and their specifications experimental setup.

individual MOSFETs. The DC power supply to the driver
is realized using a multi-winding transformer cum rectifier
circuit. MOSFETs IRF460 and fast recovery power diodes
MUR1560 are used as the power electronic components.
The same parameters have been considered for both under
experimental conditions and MATLAB simulation.

The prototype of the inverter is operated under varied
modulation index as well as loads to validate its dynamic
performance and the responses are shown in Fig. 9 to 12.
The wave forms of vo, io, Vc1 and Vc2 for the step change
in ma from 1 to 0.8, 0.6, 0.3 and 0.2 is captured and
depicted in Fig. 9. The experimental waveforms for varied
modulation index under three different loads Z1 = 50 � +

275 mH at 0.5 lagging PF, Z2 = 120 � + 185 mH at
0.9 lagging PF, and Z3 = 200 � + 150 mH at 0.97 lagging
PF are shown in Fig. 9(a), (b) and (c) respectively. It is

observed from Fig. 9 that the output voltage has nine levels
at modulation index 1 and 0.8 with the peak amplitude of
±122 V while at the modulation index 0.6, 0.3, and 0.2 the
output voltage has seven levels, five levels, and three levels,
and corresponding peak amplitudes are ±91.5 V, ±61.5 V,
and ±30.5 V respectively.
For Z1 load, the respective io’s peak amplitudes are ±1.22

A, ±1.22 A, ±0.915 A, ±0.615 A, and ±0.305 A at the
modulation index of 1, 0.8, 0.6, 0.3 and 0.2. In addition,
io lags vo by 60◦. Similarly, io’s peak decreases as the
modulation index decreases for the other two loads Z1 and
Z2 and lags vo by 24◦ and 14◦ respectively. The capacitors’
voltage profiles are stable throughout the variation in the
modulation indexes for all the loads (Z1, Z2, Z3), which
indicates that the capacitors’ voltages are self-balancing.
The experimental waveforms under the step load change

are shown in Fig. 10 to 12. At first, the load has been
changed from 120 � + 185 mH at 0.9 lagging PF to
200 � + 150 mH at 0.97 lagging PF at the modulation index
of 1, 0.8, 0.6, 0.3 and 0.2 which can be recognized in
Fig. 10(a), (b), (c), (d) and (e) respectively. It also shows
that the capacitors’ voltages are getting self-balanced for all
modulation indices and even during the load changes. The
output voltage waveforms of the inverter remain the same
for varied loading conditions under different modulation
indices. However, the output current’s waveforms and its
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FIGURE 11. Dynamic response of the proposed inverter with change in load from 50 � + 275 mH at 0.5 lagging PF to 120 � + 185 mH at 0.9 lagging PF. At
(a) ma = 1, (b) ma = 0.8, (c) ma = 0.6, (d) ma = 0.3, and (e) ma = 0.2.

FIGURE 12. The response of the inverter with a step change in load from 200 � at UPF to Z3 = 200 � + 150 mH at 0.97. At (a) ma = 1, (b) ma = 0.8,
(c) ma = 0.6, (d) ma = 0.3, and (e) ma = 0.2.

peak amplitude change with the loading condition changes.
Moreover, the response of the inverter for varied loading
from 50 � + 275 mH to 120 � + 185 mH is shown in
Fig. 11 to validate the inverter’s performance under a wider
range of PF. The respective Fig. 11(a), (b), (c), (d) and (e)
show the experimental results of stable capacitors’ voltage,
output voltage, and load current when the load changes from
0.5 lagging PF to 0.9 lagging PF at the modulation index of
1, 0.8, 0.6, 0.3 and 0.2.

The dynamic response of the proposed nine-level inverter
under step change in load from the purely resistive type of
200 � to a resistive-inductive type of 200 � + 150 mH
at 0.97 PF while keeping the modulation index fixed at
1, 0.8, 0.6, 0.3 and 0.2 is depicted in Fig. 12(a), (b), (c),
(d) and (e) respectively. The shown spectrum confirms the
stable operation of the inverter even under sudden changes in
the type of loading from UPF to 0.97 PF.

Eventually, the capacitors’ voltage profile has been main-
tained within the desirable limit (1Vc ≤ 5%) under all these
loading conditions, which indicates the self-balancing of the
capacitors’ voltage. In addition, it shows that the inverter
can operate for resistive as well as inductive loads and for
load changes at particular values of the modulation index
and vice versa. At modulation index 1, the output voltage’s
amplitude acquired 122 V, quadrupling the input voltage of
31 V and can be observed in Fig. 12(a). Hence, it validates
the aforementioned advantages and characteristics of the
proposed inverter.

For a more in-depth examination of the dynamic operation
of the proposed inverter, Fig. 13 illustrates the impact of
step changes in the load, modulation index, and input voltage

FIGURE 13. Experimental waveform of input current during a step change
in (a) load, (b) modulation index, and (c) source voltage.

on the inverter’s input current. Fig. 13(a) shows the output
current and input current during step change is load from
200 � to 200 � +150 mH at unit modulation index. It can
be observed from Fig. 13(b) that the out voltage and input
current decreases with a decrease in the modulation index.
The inverter’s input current increases in Fig. 13(c) with the
increase in the input voltage from 20 V to 31 V at a constant
load. Most importantly, the input current of the proposed
inverter is continuous under all circumstances, which means
that it has better DC utilization and can be used in solar
photovoltaic applications.

Fig. 14(a) shows the maximum charging current for the
capacitors is approximately ten times the load current at
the starting time. Therefore, some of the switches must
understand the same maximum current. In a steady state
condition, Fig. 14(b)-(e) illustrates the current stress on the
switches, confirming that the maximum current stress is
around 2.5 times the load current for S1, D1, S2, S9 and twice
for S6, D2. Additionally, for S3, S4, S5, S7, S8, the current
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FIGURE 14. Experimental waveforms under the load of Z3 and unity modulation index. (a) Inrush current of the proposed MLI (idc ) and SCs (ic1 & ic2).
(b) Steady-state current through S1, S2, S3, (c) S4, S5, S6, (d) S7, S8, S9 and (e) D1, D2.

FIGURE 15. (a) Measured efficiency. (b) Distribution of losses under the
load of 157.3 W.

FIGURE 16. (a) Capacitor C1’s voltage (Vc1) and current (ic1) at Z1
(b) Capacitor C2’s voltage (Vc2)and current (ic1) at Z1 and (c) Capacitors’
ripple voltage and current at resistive load Z0.

stress equals the load current. The current stress is equally
important as voltage stress for the design consideration and
selection of components for the inverter.

The efficiency of the proposed inverter prototype is
examined across different loads, and the outcomes are
presented in Fig. 15. It is evident from the figure that the
proposed topology exhibits a notable operating efficiency,
with a peak efficiency of 96.2% achieved at 157.3 watts. The
three major components of the inverter losses are conduction
loss, switching loss, and ripple loss. The devices’ total
conduction and switching losses at 157.3 W are measured as
5.41W and 0.43W, respectively. The ripple loss occurred due
to two switched capacitors and was measured as 0.36 W.

Fig. 16 shows the capacitors’ voltage and currents through
it at unity modulation index with 50 � + 275 mH at
0.5 lagging PF loading conditions, which is considered here
as the worst operating condition for the capacitors among
all other discussed conditions. In this case, C1 is getting a
little extra charge at ±Vdc voltage level by the inductive part

of the load. Because of the load’s highly inductive nature,
the load current flows in the same direction (direction at the
previous voltage level) for some moment. Therefore, at Vdc
voltage level, the load current is flowing in the same direction
as it was at zero voltage level, and it occurred through the
path S4’s body diode, S9, C1, S2 and S8’s body diode.
In Fig. 16(a), it can be identified that the capacitor C1’s
current can reach a maximum value that is approximately
2.1 times the load current. Fig. 16(b) depicts C2’s peak
current, which is 1.4 times the load current, and the voltage
across it is around 60.5 V. To conduct a thorough analysis of
the ripple in the capacitor voltages Vc1 and Vc2, Fig. 16(c)
presents the experimental waveforms depicting the ripple
voltage and current for both capacitors at resistive load
Z0 and unity modulation index. It can be observed from the
waveforms that the capacitor voltage is stable, and voltage
ripple is maintained below 5%. Therefore, the capacitors’
peak currents are well within the limit, even at higher loads
and poor PF. Hence, the proposed nine-level quadruple boost
MLI possesses self-balancing capacitors’ voltage under a
wide range of load PF at various modulation indexes.

VI. CONCLUSION
A novel quadruple boost reduced component nine-level
inverter with continuous input current is proposed in this
paper. The preeminence of the proposed inverter over the
standard nine-level switched-capacitor inverters has been
discussed through comparative analysis. The multi-carrier
PDPWM method is implemented to generate the desired
switching pulses for the proposed nine-level inverter, and
responses are analyzed in the MATLAB/Simulink platform,
which is further validated by experimental prototype hard-
ware results. The proposed inverter operates satisfactorily
under modulation index (ma) ranging from 1 to 0.2 as well
as load of unity power factor (UPF) to 0.5 lagging power
factor. The stable dynamic response observed in the proposed
inverter affirms the self-voltage balancing characteristics
of the capacitors utilized. This performance is sustained
across an output power range of 37 W to 264 W, with
a measured maximum efficiency of 96.2%. These findings
underscore the reliability and efficiency of the proposed
inverter, establishing it as a promising advancement in power
electronics.

VOLUME 12, 2024 52931



D. Kumar et al.: Single Source Quadruple Boost Nine-Level Switched-Capacitor Inverter

ACKNOWLEDGMENT
(Devanand Kumar, Ravi Raushan, and Suprava Chakraborty
contributed equally to this work.)

REFERENCES
[1] H. Abu-Rub, J. Holtz, J. Rodriguez, and G. Baoming, ‘‘Medium-voltage

multilevel converters—State of the art, challenges, and requirements
in industrial applications,’’ IEEE Trans. Ind. Electron., vol. 57, no. 8,
pp. 2581–2596, Aug. 2010.

[2] N. Sandeep, J. S. M. Ali, U. R. Yaragatti, and K. Vijayakumar,
‘‘A self-balancing five-level boosting inverter with reduced compo-
nents,’’ IEEE Trans. Power Electron., vol. 34, no. 7, pp. 6020–6024,
Jul. 2019.

[3] M.-K. Nguyen, V.-T. Tran, D.-T. Do, and C. Wang, ‘‘A single-stage
boost-derived T-type inverter with self-balanced capacitor voltage,’’
IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 3, no. 3, pp. 715–724,
Jul. 2022.

[4] X. Zhu, K. Ye, L. Jiang, K. Jin, W. Zhou, and B. Zhang,
‘‘Nonisolated single-phase quadratic switched-boost inverter with
continuous input current and step-up inversion capability,’’ IEEE
J. Emerg. Sel. Topics Ind. Electron., vol. 4, no. 1, pp. 276–287,
Jan. 2023.

[5] X. Sun, B. Wang, Y. Zhou, W. Wang, H. Du, and Z. Lu, ‘‘A single
DC source cascaded seven-level inverter integrating switched-capacitor
techniques,’’ IEEE Trans. Ind. Electron., vol. 63, no. 11, pp. 7184–7194,
Nov. 2016.

[6] A. K. Yadav, K. Gopakumar, L. Umanand, S. Bhattacharya, and W.
Jarzyna, ‘‘A hybrid 7-level inverter using low-voltage devices and
operation with single DC-link,’’ IEEE Trans. Power Electron., vol. 34,
no. 10, pp. 9844–9853, Oct. 2019.

[7] J. Liu, J. Wu, and J. Zeng, ‘‘Symmetric/asymmetric hybrid mul-
tilevel inverters integrating switched-capacitor techniques,’’ IEEE J.
Emerg. Sel. Topics Power Electron., vol. 6, no. 3, pp. 1616–1626,
Sep. 2018.

[8] J. Zeng, W. Lin, and J. Liu, ‘‘Switched-capacitor-based active-neutral-
point-clamped seven-level inverter with natural balance and boost ability,’’
IEEE Access, vol. 7, pp. 126889–126896, 2019.

[9] S. Kumari and N. Sandeep, ‘‘Switched-capacitor-based seven-
level inverter with reduced component count and current stress,’’
IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 5, no. 1, pp. 2–7,
Jan. 2024.

[10] H. Khoun Jahan, M. Abapour, and K. Zare, ‘‘Switched-capacitor-based
single-source cascaded H-bridge multilevel inverter featuring boosting
ability,’’ IEEE Trans. Power Electron., vol. 34, no. 2, pp. 1113–1124,
Feb. 2019.

[11] M. Saeedian, M. E. Adabi, S. M. Hosseini, J. Adabi, and E. Pouresmaeil,
‘‘A novel step-up single source multilevel inverter: Topology, operating
principle, and modulation,’’ IEEE Trans. Power Electron., vol. 34, no. 4,
pp. 3269–3282, Apr. 2019.

[12] S. S. Lee, ‘‘Single-stage switched-capacitor module (S3CM) topology for
cascadedmultilevel inverter,’’ IEEE Trans. Power Electron., vol. 33, no. 10,
pp. 8204–8207, Oct. 2018.

[13] Y. Nakagawa and H. Koizumi, ‘‘A boost-type nine-level switched capacitor
inverter,’’ IEEE Trans. Power Electron., vol. 34, no. 7, pp. 6522–6532,
Jul. 2019.

[14] P. Bhatnagar, R. Agrawal, N. K. Dewangan, S. K. Jain, and K. K. Gupta,
‘‘Switched capacitors 9-level module (SC9LM) with reduced device count
for multilevel DC to AC power conversion,’’ IET Electric Power Appl.,
vol. 13, no. 10, pp. 1544–1552, Oct. 2019.

[15] Y. Wang, J. Ye, C. Zhou, Y. Shen, W. Liu, and J. Liang, ‘‘A switched-
capacitor multilevel inverter using series-parallel conversion with reduced
components,’’ CPSS Trans. Power Electron. Appl., vol. 7, no. 3,
pp. 335–346, Sep. 2022.

[16] M. Ali, M. Tariq, A. Sarwar, and B. Alamri, ‘‘A 13-, 11-, and 9-
Level boosted operation of a single-source asymmetrical inverter with
hybrid PWM scheme,’’ IEEE Trans. Ind. Electron., vol. 69, no. 12,
pp. 12817–12828, Dec. 2022.

[17] J. S. Mohamed Ali and V. Krishnasamy, ‘‘Compact switched capacitor
multilevel inverter (CSCMLI) with self-voltage balancing and boosting
ability,’’ IEEE Trans. Power Electron., vol. 34, no. 5, pp. 4009–4013,
May 2019.

[18] M. D. Siddique, S. Mekhilef, N. M. Shah, J. S. Mohamed Ali, M. Meraj,
A. Iqbal, and M. A. Al-Hitmi, ‘‘A new single phase single switched-
capacitor based nine-level boost inverter topology with reduced switch
count and voltage stress,’’ IEEE Access, vol. 7, pp. 174178–174188,
2019.

[19] C. Phanikumar, J. Roy, and V. Agarwal, ‘‘A hybrid nine-level, 1-φ grid
connected multilevel inverter with low switch count and innovative voltage
regulation techniques across auxiliary capacitor,’’ IEEE Trans. Power
Electron., vol. 34, no. 3, pp. 2159–2170, Mar. 2019.

[20] M. N. Hamidi, D. Ishak, M. A. A. M. Zainuri, and C. A. Ooi, ‘‘Multilevel
inverter with improved basic unit structure for symmetric and asymmetric
source configuration,’’ IET Power Electron., vol. 13, no. 7, pp. 1445–1455,
May 2020.

[21] M. D. Siddique, A. Iqbal, J. S. M. Ali, S. Mekhilef, and D. J. Almakhles,
‘‘Design and implementation of a new unity gain nine-level active neutral
point clamped multilevel inverter topology,’’ IET Power Electron., vol. 13,
no. 14, pp. 3204–3208, Nov. 2020.

[22] M. Chen, Y. Yang, P. C. Loh, and F. Blaabjerg, ‘‘A single-source nine-level
boost inverter with a low switch count,’’ IEEE Trans. Ind. Electron., vol. 69,
no. 3, pp. 2644–2658, Mar. 2022.

[23] A. Jakhar, N. Sandeep, and A. K. Verma, ‘‘A nine-level common-ground-
type boost inverter for PV applications,’’ IEEE J. Emerg. Sel. Topics Ind.
Electron., pp. 1–9, 2024, doi: 10.1109/JESTIE.2023.3307000.

[24] B. S. Naik, Y. Suresh, J. Venkataramanaiah, and A. K. Panda, ‘‘A
hybrid nine-level inverter topology with boosting capability and reduced
component count,’’ IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 68, no. 1,
pp. 316–320, Jan. 2021.

[25] W. Lin, J. Zeng, J. Hu, and J. Liu, ‘‘Hybrid nine-level boost
inverter with simplified control and reduced active devices,’’ IEEE
J. Emerg. Sel. Topics Power Electron., vol. 9, no. 2, pp. 2038–2050,
Apr. 2021.

[26] J. Zhao, Y. Chen, J. Zeng, and J. Liu, ‘‘A hybrid nine-level
inverter with reduced components and simplified control,’’ IEEE J.
Emerg. Sel. Topics Power Electron., vol. 10, no. 4, pp. 4498–4508,
Aug. 2022.

[27] R. Barzegarkhoo, M. Moradzadeh, E. Zamiri, H. Madadi Kojabadi, and
F. Blaabjerg, ‘‘A new boost switched-capacitor multilevel converter with
reduced circuit devices,’’ IEEE Trans. Power Electron., vol. 33, no. 8,
pp. 6738–6754, Aug. 2018.

[28] J. Liu, W. Lin, J. Wu, and J. Zeng, ‘‘A novel nine-level quadruple boost
inverter with inductive-load ability,’’ IEEE Trans. Power Electron., vol. 34,
no. 5, pp. 4014–4018, May 2019.

[29] A. Iqbal, M. D. Siddique, B. P. Reddy, and P. K. Maroti, ‘‘Quadruple
boost multilevel inverter (QB-MLI) topology with reduced switch
count,’’ IEEE Trans. Power Electron., vol. 36, no. 7, pp. 7372–7377,
Jul. 2021.

[30] P. K. Pal, K. C. Jana, Y. P. Siwakoti, S. Majumdar, and F. Blaabjerg, ‘‘An
active-neutral-point-clamped switched-capacitor multilevel inverter with
quasi-resonant capacitor charging,’’ IEEE Trans. Power Electron., vol. 37,
no. 12, pp. 14888–14901, Dec. 2022.

DEVANAND KUMAR (Graduate Student Mem-
ber, IEEE) was born in Patna, Bihar, India, in 1994.
He received the B.Tech. degree in electrical
engineering from the Biju Patnaik University of
Technology Rourkela, Odisha, India, in 2016,
and the M.Tech. degree in power electronics and
power system from the Department of Electrical
and Electronics Engineering, National Institute of
Technology Goa, Ponda, Goa, India, in 2020. He is
currently pursuing the Ph.D. degree in electrical

and electronics engineering with the National Institute of Technology
Karnataka (NITK), Surathkal, India. His research interests include power
electronic converters and solar photovoltaic systems.

52932 VOLUME 12, 2024

http://dx.doi.org/10.1109/JESTIE.2023.3307000


D. Kumar et al.: Single Source Quadruple Boost Nine-Level Switched-Capacitor Inverter

RAVI RAUSHAN (Senior Member, IEEE)
received the B.Tech. degree in electrical engi-
neering and the M.Tech. degree in mechatronics
from the Maulana Abul Kalam Azad University
of Technology, Kolkata, India, in 2010 and 2012,
respectively, and the Ph.D. degree from Indian
Institute of Technology (Indian School of Mines)
Dhanbad, Dhanbad, India, in 2018. He was
with the Department of Electrical Engineering,
National Institute of Technology Patna, Patna,

India. He is currently an Assistant Professor with the Department of
Electrical and Electronics Engineering, National Institute of Technology
Karnataka (NITK), Surathkal, India. His research interests include converters
and its application in renewable energy.

SUPRAVA CHAKRABORTY (Member, IEEE)
received the Ph.D. degree from IIT (ISM) Dhan-
bad. Her expertise lies in solar photovoltaic (PV)
technology and renewable energy. Previously, she
was an Associate Professor with the Madana-
palle Institute of Technology and Science and a
Research Scientist with the National Institute of
Solar Energy. In these roles, she led solar PV
test facilities, conducted performance tests, and
guided industry stakeholders in PV system design.

She is currently an Associate Professor with the TIFAC Research Center,
Vellore Institute of Technology, India. Her research interests include PV
technology analysis, hydrogen production, and sustainable mobility. She has
contributed significantly to the field with numerous patents, international
journal publications, conference papers, and book chapters. Notably, her
work includes projects funded by grants, such as designing solar-powered
unmanned vehicles for agricultural applications. Her commitment to
advancing renewable energy is evident through her teaching, research, and
industry collaborations. She remains actively engaged in training programs
and workshops aimed at enhancing skills in PV systems and renewable
energy technologies.

VOLUME 12, 2024 52933


