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ABSTRACT Various 7-level switched-capacitor (SC) based converters are reported in the literature which
furnishes a voltage gain of 1.5. However, in these topologies, the voltage rating of switches is high and the
switch count is more. Further, the charging and discharging action of the switched capacitors, lead to the
production of spikes having a large magnitude in source current and charging currents supplied to switched
capacitors. Due to this limitation, the SC-based Multilevel Inverter (SC-MLI) cannot be used for high-power
applications. To resolve these issues, an SC-MLI in an Active-Neutral-Point-Clamped (ANPC) configuration
is proposed in this paper which requires switches having reduced value of voltage stresses and the switch
count of the proposed converter is less. Further, to reduce the magnitude of spikes in the source and charging
current supplied to switched capacitors, a soft switching circuit is included in the proposed converter. The
soft charging circuit includes an inductor and a diode in the charging path of the proposed converter which
ensures soft charging of the switched capacitors. The proposed converter can significantly suppress the spikes
appearing in the source current by including a small value of inductance connected to the soft charging circuit.
The proposed topology requires a single dc source, 2 switched capacitors, and 8 switches to generate 7-level
and does not require an auxiliary diode. The absence of an auxiliary diode leads to a further reduction in
losses. If the value of the modulation index is reduced to a low value, the proposed topology can maintain the
self-balancing of the capacitor voltage. To highlight the various key features of the proposed 7-level topology,
its comparison with the recent converter topologies suggested in the literature is carried out. To validate
the efficacy of the proposed 7-level SC-MLI, experimental results are included which are captured using a
laboratory prototype for different values of soft charging inductor.

INDEX TERMS Soft charging, switched capacitors, multilevel inverters.

I. INTRODUCTION
Multilevel Inverters (MLIs) are preferred due to the ease of
integration of photovoltaic (PV) sources based on Renewable
Energy Systems (RESs) to the grid. These converters elim-
inate the need for the front dc-dc converter stage which is
required in conventional inverters for voltage boost-up action.

The associate editor coordinating the review of this manuscript and

approving it for publication was Fengjiang Wu .

The elimination of the first front-end converter increases the
overall efficiency of conversion [1]. Further, the MLIs lead
to improvement in the harmonic profile of the output voltage,
electromagnetic interference is reduced, voltage stress across
the switches included in MLIs is reduced and the operation
of MLIs becomes more fault tolerant as compared to con-
ventional inverters [2]. Due to these key features, the MLIs
find their dominant applications in electric vehicles, unin-
terruptible power supplies, motor drives, microgrids power
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systems requiring power factor corrections, HVDC transmis-
sion, etc. [3].

Over the course of the past few decades, several configura-
tions of MLIs are discussed in the literature. Basic topologies
reported in the literature to produce multilevel output are
based on cascaded H-bridge (CHB), diode clamped, and fly-
ing capacitor-based configurations. For high-voltage applica-
tions, the cascaded H-bridge-based MLIs are considered a
good option due to their modularity. A modified Selective
Harmonic Elimination technique implemented using Pulse
Amplitude Modulation used to improve the harmonic pro-
file of the converter in CHB configuration and furnishing
7-level ac output voltage is suggested in [4]. However, the
CHB-based converter topologies require a large number of
input sources to be connected in the system which may
not be feasible in practical scenarios. Further, the switch
count is more [5]. To resolve this issue, diode clamped
and flying capacitor-based configurations of MLIs are sug-
gested. However, the component count is more in the case
of diode-clamped-based multilevel converters. Further, the
voltage balancing across the capacitor is a major issue in the
case of flying capacitor-based converter topologies, [6], [7].
To balance the voltage across the capacitors in a 7-level
FC-MLI, a wavelet modulation-based technique is suggested
in [8]. Further, to enhance the active voltage balancing across
the capacitors, phase-shift and carrier swapping-based PWM
technique is suggested in [9]. The complexity of the tech-
niques discussed in [8] and [9] increases with an increase in
voltage levels in ac output voltage. Further, the requirement
for a large number of components outweighs the advantages
of FC-MLIs.

To resolve these issues, switched-capacitor-based Multi-
level Inverters (SC-MLIs) are considered the most appropri-
ate candidate to produce multilevel output without requiring
multiple input sources and more component count. Due to
the above-mentioned advantages, the SC-MLI are preferred
choice for the integration of renewable energy sources like
fuel cells, battery storage, solar photovoltaic (PV) sources,
etc. [10]. The SC-MLI offers improved waveforms of multi-
level ac output, lower electromagnetic interference and lower
device stress [11]. However, Active-neutral-point-clamped
(ANPC) based SC-MLIs having voltage-boosting capabilities
are preferred as compared to the other SC-MLIs. It is due
to their requirement for low dc-link voltage. This leads to
improvement in the efficiency, power density and reliability
of the SC-MLI [12].

Due to the above-mentioned advantages offered by
SC-MLI, various recent variants of SC-MLIs are included
in the literature. To produce a 7-level single-phase ac output
voltage, the SC-MLIs are suggested in [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], and [26].
The topologies suggested in [13], [14], and [15] are two-stage
SC-MLI. In these MLIs, the dc voltage is boosted up in the
first stage and finally, the conversion to ac output takes place
in the second stage. However, the voltage stress across the
switches is more in the case of SC-MLIs requiring two-stage

conversion. Due to the requirement of switches having large
voltage ratings, the cost of the converter increases. Further,
the topologies suggested in [13] and [15] require two input
sources which may not be available in certain applications.
The SC-MLI topologies requiring a single dc input source
are suggested in [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], and [26] require only one dc input source. The
SC-MLI with 7-level ac output is suggested in [16], [17],
[18], [19], [20], [21], [22], [23], [24], and [26] while with
5-level ac output voltage is suggested in [25]. The topologies
suggested in [16], [17], [18], and [19] require switches having
reduced value of voltage stresses across them. This leads to
a decrement in losses in the converter and its cost. However,
the switch count of these topologies is high. The topologies
suggested in [20], [21], [22], [23], [24], [25], and [26] require
less number of switches. However, these converter topologies
require switches having high voltage ratings. The topologies
suggested in [22], [24], and [26] require switches having
voltage stress of three times the magnitude of the dc input
source. From the above discussion, a trade-off is observed
between the number of switches and the voltage rating of
switches.

The topologies suggested in [13], [14], [15], [19], [20], and
[24] include auxiliary diodes. These diodes produce losses in
the converter and lead to a reduction in converter efficiency.
The converter topology suggested in [19] requires 4 aux-
iliary diodes, thereby furnishing low efficiency. Therefore,
the converter topologies suggested in [13], [14], [15], [19],
[20], and [24] cannot be used in applications requiring high
efficiency.

In the case of SC-MLIs configurations, the switched-
capacitors are connected in parallel with the input dc volt-
age source for their charging and connected in series with
the input dc voltage source while discharging. Due to the
charging action of switched capacitors, spikes of large mag-
nitude appear in the source current and charging current of
switched capacitors. The magnitude of these spikes further
increases with an increase in the power rating of the SC-
MLIs. Excessive spike charging current may damage the
capacitors and reduce the efficiency of the converter [27].
This may hamper the reliability of the electrolytic capacitors
included in SC-MLI. Due to the above-mentioned limitations,
the SC-MLIs cannot be used in high-power applications.
However, some of the solutions are reported in the literature
to resolve this issue. In [28], capacitors of high equivalent
series resistance (ESR) value are used to limit the magnitude
of spikes in the source. However, the high ESR value of
capacitors reduces the effective value of output voltage and
the efficiency of the converter is reduced. To accommodate
the high magnitude of current spikes, the oversizing of the
power switches having an over-current rating is suggested as a
solution in [1]. Further, snubber circuits connected across the
switches may be used to protect the switches. However, these
options increase the cost of the proposed SC-MLI. Therefore,
a trade-off exists between the cost and the performance of
SC-MLIs having high power rating.
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To reduce themagnitude of spikes source and charging cur-
rents, various soft switching-based techniques are discussed
in the literature. These techniques include the connection of
the inductor in the charging path of SC-MLI and ensuring
the soft charging of the capacitors. Soft charging of the
capacitors leads to a significant reduction in the magnitude
of current spikes present in the source current and charging
current supplied to capacitors. In [25], anANPC-based T-type
SC-MLI is discussed in which two identical soft charging
legs are used to limit the magnitude of spikes present in
the source current. Each soft-switching circuit includes two
switches and one inductor. The suggested converter ensures
a reduction in the magnitude of current spikes. However,
the value of the inductance included in the soft charging
circuit is large and the cost of the converter is more due to
the use of two inductors. The inclusion of more inductors
in soft switching circuits may reduce the efficiency of the
converter. Further, the voltage stress across the switches is
more. To reduce the value of soft charging inductance and the
number of inductors used in soft switching circuits and volt-
age stress across the switches, a generalized n-level SC-MLI
is discussed in [19]. The suggested converter includes only
one inductor of reduced value in the soft switching circuit.
The suggested converter requires two identical switched-
capacitor-based legs required for each phase of the suggested
7-level SC-MLI. The inclusion of two legs increases the
cost and size of the converter. Further, the operation of the
converter may become complex. To make the operation of
the converter simple, a modified 7-level switched-capacitor-
based converter topology is suggested in [26]. The topology
included in [26] ensures the reduction in the magnitude of
spikes which appears in the source current. However, the total
number of components required in the suggested converter is
more.

To overcome these limitations, a 7-level SC-MLI inActive-
Neutral-Point-Clamped (ANPC) configuration is proposed in
this paper. The key features of the proposed 7-level MLI
confutation are as follows:

• The total number of components required in the pro-
posed converter is reduced. The proposed converter
requires a single input source, 8 switches, 2 switched
capacitors, 1 inductor, and no additional diode.

• The suggested topology includes switches with
decreased voltage stresses and generates 7-level ac out-
put voltage with a voltage gain of 1.5. The reduction in
the value of voltage stress across the switches leads to a
reduction in TSV across the switch string.

• Adiode and an inductor are included in the charging path
of the proposed converter which ensures soft charging of
the capacitors. The soft-charging circuit leads to a signif-
icant reduction in the magnitude of spikes present in the
source current. However, the low value of inductance is
required to reduce the magnitude of current spikes.

• The proposed converter ensures self-voltage balancing
across the capacitors with variations in the value of the

FIGURE 1. Schematic of the proposed 7-level SC-MLI.

modulation index and the operating frequency of the
converter.

• The key features of the proposed converter are high-
lighted with the help of a comparative analysis of the
proposed converter with state-of-the-art converters dis-
cussed in the literature. To validate the efficacy of the
proposed converter, the lab prototype is fabricated and
the experimental results are included.

II. PROPOSED TOPOLOGY
A. DESCRIPTION OF THE PROPOSED SC-BASED 7-LEVEL
MLI
Fig. 1 shows the proposed switched capacitor-based ANPC 7-
level inverter configuration used to produce a single ac output
voltage. This configuration includes a single input dc source
(Vdc), 8 switches (S1-S5 and S7-S8) including antiparallel
diodes, 1 switch (S6) without antiparallel diode, 2 dc-link
capacitors (C1-C2), and 2 switched-capacitors (C3-C4) to
generate seven levels at the output with a voltage gain of 1.5.
The dc-link capacitors,C1 andC2 are used to split the voltage
of the dc source into two halves and provide the facility for
connection of the neutral terminal of the load. The switched
capacitors,C3 andC4 are charged by the input voltage supply,
Vdc and discharged alternately through the load to produce a
7-level ac output voltage. The ANPC arrangement leads to
a reduction in common mode voltage to a very low value,
which reduces the leakage current in the system. Further, the
ANPC connection leads to a reduction in voltage stresses
across the switches which are limited to source voltage (Vdc).
As illustrated in Fig. 1, the inductor, Lc, is connected in the
charging route of the capacitors, C3 and C4, to reduce the size
of spikes that may arise in the source current during the
charging operation of capacitors. However, the interruption
of inductor current in the charging path may lead to the
production of voltage spikes across the switches, S1 and S2.
This can be avoided by operating the switches under zero
current conditions. However, this condition imposes an upper
bound on the value of the inductor. A freewheeling diode is
connected in parallel to the inductor to alleviate this problem.
Further, the freewheeling diode prevents the overcharging of
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FIGURE 2. Different stages of the proposed single-stage SC-MLI topology, which produces 7-level ac output voltage.

the capacitors, C3 and C4 to safeguard the switches S1 and S2
during the fault occurrence. The inclusion of a diode enhances
the fault-tolerant capability of the proposed SC-MLI. In the
next subsection, the operation of the proposed 7-level SC-
MLI is discussed.

B. OPERATION OF THE PROPOSED CONVERTER
The voltage gain of 7-level SC-MLI is decided by the volt-
age gain of the switched capacitors, C3 and C4 included
in the proposed converter. The voltage appearing across the
capacitors, C3 and C4 is 0.5Vdc. Here, Vdc is the magnitude
of the input voltage. These capacitors are charged to 0.5
Vdc by using the switches, S1, S2 and S6. The red colour
is used to indicate the direction of current flow during dis-
charging of capacitors in various switching states as shown
in Fig. 2. The charging operation of capacitors is depicted in
blue, and the capacitors taking part in voltage boost action
are depicted in red. The proposed converter can generate
7 levels, with the levels that can be produced being 0Vdc,
±0.5Vdc, ±1.0Vdc, and ±1.5Vdc. There are eight different
ways the proposed converter can operate to produce these
levels. Various switching states during these operating condi-
tions are shown in Fig. 2. The voltage stress across switches
S1-S3 and S5-S8 is Vdc while the voltage stress across switch
S4 is 0.5Vdc.

FIGURE 3. Voltage stress across the switches.

Fig. 3 depicts the voltage stress that develops across each
switch at various ac output voltage levels. From Fig. 3, it is
noted that the total PIV (Peak Inverse Voltage) spanning
switches S1 through S3, S5 through S8, and S4 is 66% of
the peak value of output ac voltage and 34% of the peak
value of ac output voltage, respectively. This leads to the
value of Total Standing Voltage for the proposed 7-level SC-
MLI being equal to 5.33. Here TSV is defined as the sum of
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FIGURE 4. Output voltage of the proposed 7-level SC-MLI as well as the
capacitors’ charging and discharging patterns.

voltages appearing across the switches divided by the peak
value of output ac voltage.

C. SELECTION OF SWITCHED CAPACITORS, C3 AND C4
In the case of SC-MLI, the capacitors are connected in par-
allel during charging and in series during discharging with
the dc input source. This charging and discharging action
in the case of SC-MLI leads to the production of ripples in
capacitor voltages. The value of flying capacitors, C3 and
C4 connected across the load is evaluated using the value of,
1Qc charge supplied by the capacitors C3 and C4 during the
discharge period. From the discharge pattern of capacitors,C3
and C4 shown in Fig. 4, the capacitor,C3 is discharged during
the time interval t3 to t ′3. The magnitude of ripple voltage,
1vc3 appearing across the capacitor, C3 during this the time
interval t ′3- t3 is

1vc3 =
1Qc3
C3

=
1
C3

t ′3∫
t3

iodt (1)

The discharge period of the capacitor C3 is t ′3- t3, which
corresponds to θ3 to π -θ3. The desired value of C3 selected
using (1) for a specific range of 1vc3, is given by

C3 >
1

2π fs1vc1

π−θ3∫
θ3

Io sin(ωt − φ)d(ωt) =
Io cos θ3 cosφ

π fs1vc3

(2)

where Io is the peak value of the fundamental load current
component, φ is the phase angle and fs is the frequency of the
MLI output voltage. The value of the capacitance of C4 is

C4 >
Io cos θ3 cosφ

π fs1vc4
(3)

As per the standards discussed in the literature [29], 5–10%
of the nominal capacitor voltage is considered the allowable
range of ripple voltage in the case of MLI.

D. SELECTION OF SOFT CHARGING INDUCTOR, Lc
After including the soft charging inductor Lc, the capacitor
is charged during each half cycle of ac output voltage. The
equivalent circuit formed by the source, Vdc and inductor,

FIGURE 5. (a) Charging path of the capacitors, C3 and C4. (b) Equivalent
circuit of charging path of C3 and C4.

Lc during charging of switched-capacitors, C3 and C4 is
shown in Fig. 5. The equivalent series resistance of the
inductor (RL), ON-state resistance of the switch (Rs), inter-
nal resistance (Rc) of the capacitor, forward voltage drop
(Vd ) of the diode, and internal resistance of the diode (Rd )
are examples of parasitic elements that the charging current
encounters along its path. If Req is the equivalent resistance
andCeq (=(C3C4)/(C3+C4)) is the equivalent capacitance of
C3 and C4 of the charging circuit shown in Fig.5(b), the first-
order differential equations describing the states of capacitor
voltage vceq and inductor current, iLc are

iLC = Ceq
dvceq
dt

Vdc = Lc
diLC
dt

+ vveq (4)

From Figs. 2 and 3, it is noted that corresponding to t3 to t ′3, θ3
to π -θ3, the capacitors are discharged to the load. Assuming
that a resistive load, Ro is connected across the output of the
proposed converter, integration of both sides of (4) for the
discharging period θ3 to π -θ3 gives

1iLC =
ωrVdc
ωRo

(θ2 − θ1) sin(ωt − θ3)

1vceq = Vdc −
ω2
rLcVdc
ωRo

(θ2 − θ1) cos(ωt − θ3) (5)

From (5), themaximumvalue of ripple present in the charging
current, 1iLC is

1iLC =
ωrVdc
ωRo

(θ2 − θ1) (6)

where, ωr = 1
/√

LcCeq is the resonant frequency of the
equivalent circuit shown in Fig.5(b). Substituting the ωr in
(6) and simplifying, the desired value of Lc required to limit
the spikes in source and capacitor current is given by

Lc =

(
Vdc

ωRo1ILC
√
Ceq

(θ2 − θ1)

)2

(7)

Form (7), it is noted that the magnitude of ripple present
in the charging current is inversely proportional to the value
of soft charging inductance, Lc. The inclusion of Lc in the
proposed converter leads to a reduction in charging current

74726 VOLUME 11, 2023



S. Islam et al.: Reduced Voltage Stress and Spikes in Source Current of 7-Level SC-MLI

FIGURE 6. (a) Switching scheme of the proposed 7-level inverter. (b) OR
logic is used to generate gating pulses to switches.

ripples. The reduction in 1ILC leads to a reduction in ripple
losses occurring in the capacitors.

From the equivalent circuit shown in Fig. 5(b), it is
observed that the series combination of elements, Lr , Req
and Ceq forms a second-order L-C circuit. For the value of
Req < 2

√
Ceq/Lc, the soft switching-based charging circuit

behaves as a second-order underdamped circuit. For this
underdamped circuit, the value of the damping factor is ξ =

Req
/
2
√
Ceq/Lc. Therefore, in the case of the second-order

L-C circuit, the damping factor, ξ is adjusted using the value
of inductance, Lc determined from (7).

E. MODULATION TECHNIQUE
To generate a 7-level single-phase ac output voltage, level
shifted multicarrier sinusoidal pulse width modulation tech-
nique shown in Fig. 6 is used. In this technique, a sinusoidal
signal is compared with level shifted triangular carrier sig-
nal. In the proposed converter, a sinusoidal signal having
a peak amplitude of 3 is compared with six equally level-
shifted carrier signals distributed between the peak values
of −3 and +3. The peak amplitude of each carrier signal
is unity. The switching scheme of the converter to generate
the various switching states (A1− A4, B1− B4) is shown in
Fig. 6(a). Now these switching states are combined through
the OR logic to generate gate pulses required for the switches
(S1− S8) to generate the 7-level ac output voltage. The gating
operation of switching states is shown in Fig. 6(b).

III. LOSS ANALYSIS OF THE CONVERTER
In this section, the losses occurring in the converter are
calculated for evaluation of the efficiency of the converter.
The losses which occur in a multilevel converter are mainly
the conduction losses, Pc, switching losses, Psw and ripple

losses, Pr and the total losses in the converter are equal to the
algebraic sum of Pc, Psw and Pr .

A. CONDUCTION LOSSES
A multilevel converter’s conduction losses are caused by
the switch’s ON-state resistance, the diodes’ internal resis-
tance, and the diode’s forward voltage drop. These losses
occur in the passive components like switched- capacitors
and inductors included in the soft switching circuit due to the
equivalent series resistance (ESR) of capacitors and induc-
tors. To evaluate conduction losses in a given converter, the
values of charging current and load current are evaluated
which is further used to evaluate the instantaneous value of
the conduction losses,Pci which occur in the power electronic
switches, diodes, inductors and capacitors. The instantaneous
values of conduction losses are evaluated for all possible
levels of single-phase ac output voltage. The average value
of conduction losses happening in various converter compo-
nents throughout a particular level is calculated using the time
ratio factor. The average conduction loss, Pc is

Pc =

n∑
i=1

Pci (8)

where the element n refers to the total number of voltage
levels.

B. SWITCHING LOSSES
The voltage across the switch and the current flowing through
it remains nonzero when the switch turns on and turns off.
These nonzero values of switch voltage and currents give rise
to nonzero switching losses which occur in the switch during
the turn-on and turn-off process. These losses are calculated
for the semiconductor switch during turn-on time, ton and
turn-off time toff . While evaluating these losses, the variation
of switch voltage (vsw) and switch current during turn-on and
turn-off periods (Ion and Ioff ) is assumed to be linear. The
switching loss, Ei occurring in an ith semiconductor switch
during a given cycle is

Ei=

ton∫
0

v(t)i(t)dt +

toff∫
0

v(t)i(t)dt =
1
6
Vsw,i(Ion,iton + Ioff ,itoff )

(9)

where, Ei are the switching losses of the ith switch, the
element, ton indicates the turn-on time of the switch, Ion,i is
the current through the switch before turning-on, toff is the
switch turn-off time, Ioff is the switch current flowing before
being turning-off, Vsw,i is the voltage drop during on-state
across the ith switch. The switching loss, Esw,i is given by,

Esw,i = Non,iEon,i + Noff ,iEoff ,i

Psw,i =
Non,iEon,i + Noff ,iEoff ,i

T

=
Vsw,i(Ion,iNon,iton + Ioff ,iNoff ,itoff )

6T
(10)
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where, the elements, Non,i and Noff ,I indicates the total num-
ber of switch-on and off cycles for an ith switch during a given
cycle. Now, the overall switching loss, Psw which occurs in
the SC-MLI are

Psw = fs
13∑
i=1

Vsw,i(Ion,iNon,iton + Ioff ,iNoff ,itoff )
6T

(11)

where the element fs refers to the switching frequency of the
converter.

C. RIPPLE LOSSES
These losses occur mainly in the capacitor during the charg-
ing and discharging process of the capacitor. The unequal
value of the capacitor across the capacitor during the charging
and discharging process gives rise to a voltage ripple appear-
ing across the capacitor voltage. The nonzero magnitude of
voltage ripple leads to ripple loss, Pr taking place in switched
capacitors. The ripple loss, Pr taking place in a switched
capacitor included in SC-MLI is

Pr =
1
2
fs

Nk∑
i=1

Ci1vci2 (12)

where Nk is the total number of capacitors’ charging cycles.
The voltage ripple during the ith charging interval is denoted
by 1Vci. The overall ripple loss, Pr that occurs in the
capacitors if total Nc capacitors are going through charging
transitions is

Pr =

Nc∑
i=1

(
1
2
fs

Nk∑
i=1

Ci1vci2) (13)

For practical consideration, the magnitude of 1vc recom-
mended for the selection of switched-capacitor, Ci is in the
range of 5-10% of the nominal value of source voltage, Vdc.

D. CORE LOSS
The loss occurring in the magnetic material of the core
included in the inductor is termed core loss. The core loss
includedmainly two losses which are hysteresis loss and eddy
current loss.

1) HYSTERESIS LOSS
When a magnetic core is subjected to the magnetic field,
the losses occurring in the core due to magnetization and
demagnetization of the core is termed hysteresis loss and
evaluated as

Ph = khf αBβ (14)

where f is the frequency of flux density, B is the maxi-
mum flux density, kh is a coefficient, α and β are Steinmetz
constants.

2) EDDY’S CURRENT LOSS
The loss produced in the magnetic material of the core due
to the production of eddy current in the core is attributed as
eddy current loss and evaluated as

Pe = kef 2B2 (15)

where ke is a constant. Now from (14) and (15), the core loss
occurring in the magnetic material of the inductor is given by

Pir = Ph + Pe = khf βBβ
+ kef 2B2 (16)

Relation (16) can also be approximated as

Pir = kf βBβ (17)

where P is the core loss, which is expressed in watts per
volume. For this particular core material, the data sheet pro-
vided by the manufacturer gives the values of k, α and β

respectively. The relation given by (17) is called the Stein-
metz relation to calculate the value of core loss in the inductor.
There are various other models used to calculate the core
loss in the magnetic material of the inductor. The procedure
for core loss measurement in an inductor coil is sufficiently
discussed in [30] and [31]. The magnitude of the core loss is
very small. Therefore, the core loss is not considered in this
study.

Using (8), (11) and (13), the following relation is used to
evaluate the efficiency of the proposed converter:

η =
Pout

Pout + Pc + Psw + Pr
(18)

To evaluate the efficiency of the converter analytically, the
PLECs software is used to evaluate the losses which occur
in the switches, diodes, capacitors and inductors included in
the soft switching circuit. The software facilitates the thermal
modelling of the power semiconductor devices. To show the
efficacy of the soft switching circuit on the performance
of the converter, the efficiency of the proposed converter
is evaluated with and without including the soft switching
circuit. Fig. 7 shows the variation of the efficiency of the
converter concerning the power supplied to the load for
the proposed converter with various values of soft charging
inductor. The parameters required to evaluate the efficiency
of the proposed converter are listed in Table 3. From these
curves, it is observed that with an increase in the value
of the soft charging inductor, Lc the effective value of the
damping factor, ξ decreases. For the value of Lc increasing
from 200µH to 350 µH, the effective value of ξ decreases
from 0.57 to 0.40. From (7), the increment in Lc leads to a
reduction in the magnitude of spikes present in the source and
capacitor charging current which decreases the losses in the
switches and capacitors. The reduction in losses takes place
due to a reduction in conduction losses in switches and ripples
losses in capacitors. This leads to an increment in converter
efficiency. From Fig.7, it is observed that for a low value of
power demanded by the load, the efficiency of the proposed
converter with and without soft charging circuits is nearly
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FIGURE 7. Efficiency of the proposed converter with the hard-charging
and soft-charging inductor.

FIGURE 8. Distribution of losses across power semiconductor switches,
soft charging inductor and capacitors of the proposed 7-level converter.

equal. However, for the rated load of 1000 W, the efficiency
of the converter with Lc = 0µH is 94.3%, while for Lc =

200µH, the efficiency of the converter is 96.2% and for Lc =

350µH, the efficiency of the proposed 7-level converter is
evaluated as 97.5%.

Fig. 8 shows the loss distribution on various components
included in the proposed 7-level SC-MLI. From Fig. 8(a), it is
noted that the losses which occur in the switches, S1, S2 and
S6 included in the charging path of the switched capacitors
are more as compared to the other switches. However, the
losses in switches S1, S2 and S6 are significantly reduced
by including a soft charging inductor, Lc = 350µH in the
proposed converter as shown in Fig 8(b).

E. THERMAL ANALYSIS OF THE SWITCHES
The switches connected in the charging loop of the converter
are severely affected by the ripples present in the source
current. Therefore, the switches connected in the charging
path of the proposed converter are considered for thermal
analysis. The thermal model of the IGBT switch and diode
presented in [32] is taken into consideration for this rea-
son. A thermal investigation is done on the IGBT switch
G60N100 IGBT [32] and its antiparallel diode. For accurate
modelling of losses taking place in the IGBT and diode,
the PLECS software approach is used. Using PLECS, the
junction temperature of the IGBT can be measured with and
without a soft charging inductor. The initial value of junction

FIGURE 9. Junction temperature profile of IGBT switches S1, S2 and S6
with (a) Lc = 0 µH and (b) Lc = 350 µH.

temperature across the switches, S1, S2 and S6 is considered
to be 25OC. The Fig. 9(a) shows the junction temperature of
the switches S1, S2 and S6 for Lc = 0µH with load power
demand of 1kW imposed on the proposed 7-level SC-MLI.
The maximum value of junction temperature of switch S6 is
observed which is 127oC. The Fig. 9(b) shows the profile of
junction temperature of the switches S1, S2 and S6 for Lc =

350µH. From Fig. 9(b), it is noted that due to inclusion of soft
charging inductor, Lc the junction temperature of switches S1,
S2 and S6 decreases. A decrement in junction temperature of
switch S6 is observed from 127OC to 97.5 OC.

F. SELECTION OF SWITCHED-CAPACITORS AND SOFT
CHARGING INDUCTOR
In this subsection, the process of selection of the values of
switched capacitors required in the proposed 7-level SC-MLI
to generate single-phase ac output voltage is discussed. The
relation required to select the values of capacitanceC3 andC4
are given by (2) and (3) discussed in section II. The peak value
of the output voltage of the converter is Vo = 150V having
a frequency of 50 Hz, and its power rating is 1000W. The
value of load current, Io is 14 A. The voltage appearing across
the capacitor, C3 is Vdc/2 = 50 V. The maximum permissible
value of 1Vc3 is taken as 10% of Vdc. Using these values, the
value of C1 is

C3 =
Io cos θ3 cosφ

π fs1vc3
=

9.43 × cos 46 × cos 22
π × 50 × 0.1 × 100

≈ 3867µF

(19)

To satisfy (14), the value of C3 = 3900uF (ESR, Rc3 =

50m�) and voltage rating 450V as supplied by the manu-
facturer is selected as the desired value of C3. However, the
discharging patterns of capacitors, C3 and C4 are identical.
Therefore, the value of the capacitor, C4 = C3 = 3900µF.
The systematic procedure for the selection of switched

capacitors in the case of multilevel inverter is discussed in
detail in [33]. For a given multilevel inverter, the quantities
which decide the selection of the capacitor for SC-MLI are
the capacitance value and the rated voltage. The selected
value of the capacitor should be large enough to block the
required voltage level and to limit the ripple voltage magni-
tude within the defined limit. The capacitor voltage should be
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higher than themaximumvalue of the instantaneous capacitor
voltage.

Three types of capacitors are normally used for multi-
level inverters which are Aluminum Electrolytic Capaci-
tors (Al-Caps), Metallized Polypropylene Film Capacitors
(MPPF Caps) and high capacitance Multi-Layer Ceramic
Capacitors (MLC-Caps) [34]. Due to low cost, low heat
dissipation, and good stability in various frequency and tem-
perature ranges, MPPF capacitors are considered to be a
good choice for MLI [33]. However, in the prototype of the
proposed 7-level SC-MLI, Al-Caps are used as C3 and C4.
The value of the inductor, Lc to be included in the soft

charging circuit is selected using the relation (7). For the
value of the input voltage Vdc = 100 V, load resistance,
Ro = 11.25�, the peak value of charging current load current,
1Ic = 9.43A, θ2 = 20.4o and θ1 = 3.6o, the desired value of
Lc is

Lc =

(
100

2 × π × 50 × 11.25 × 10 ×
√
1950 × 10−6

× (
π

180
)(20.4 − 3.6)

)2
≈ 350µH (20)

To suppress the spikes in the capacitor and source current,
the desired value of the soft charging inductor is selected to
be 350µH ((ESR, RL = 0.11�). Now for the value of Lc =

350µH, the value of the damping factor, ξ is

ξ =
Req
2

√
Ceq
Lc

=
(0.11 + 2 × 0.05 + 3 × 0.042)

2

√
1950 × 10−6

350 × 10−6

≈ 0.4 (21)

IV. COMPARATIVE STUDY
In this section, the comparative study of the proposed
SC-MLI is carried out with recently reported topologies in
reference to parameters such as NL = Number of levels, G
= voltage gain, NIS = the number of input dc sources, Nd =

number of diodes in parallel with switches, Nc = the number
of capacitors, Nsw = Number of switches, Nad = number
of auxiliary diodes, Ngd = number of the gate driver circuit,
PIV= Peak inverse voltage in per unit,VRC= voltage rating
of capacitors, TSVpu = Total standing voltage in per unit,
η = Efficiency and power density = D, SW=soft switching
circuits and Lc = number of inductors included in the soft
charging circuit. The PIV appearing across the power semi-
conductor device is expressed as the normalized value of the
dc input voltage source, Vdc. The TSV is equal to the algebraic
sum of the PIV of the various power semiconductor devices
and represented as the normalized value of the peak of the
output voltage, Vo of the proposed converter. These param-
eters are used to validate the effectiveness of the proposed
7-level topology. The comparison of the proposed converter
is carried out concerning 7-level converters with and without

TABLE 1. Switching states for the proposed 7-level architecture.

requiring soft switching circuits and salient features of the
proposed converters are highlighted.

Based on voltage gains of 7-level converters, the topologies
suggested in [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24], and [26] can be divided into two categories.
The converters which furnish a voltage gain of 1.5 are dis-
cussed in [14], [16], [17], [18], [20], [21], [22], and [23]while
the converters suggested in [19], [24], and [26] give ac output
voltage having a voltage gain of 3. The converters suggested
in [13] and [15] give a voltage gain of unity. The converter
configurations discussed in [19], [24], and [26] ensure high
voltage gain. However, the converter topologies suggested
in [24] and [26] require switches having large voltage stress
as compared to the converters discussed in [13], [14], [16],
[17], and [18]. The converters included in [13], [14], and [15]
are less preferred due to two-stage conversion. The converter
topologies suggested in [16], [17], [18], [19], [23], and [26]
require more switches to produce a 7-level ac output voltage.
The converter topologies suggested in [20], [21], [22], and
[24] require fewer switches as compared to the converter
topologies suggested in [16], [17], [18], [19], [23], and [26].
However, the converter topologies suggested in [20] and [24]
require two auxiliary diodes which reduce the efficiency of
the converter at a high power rating. The converter suggested
in [22] require 8 switches. However, the voltage stress and
the TSV across the switch string are more. The converter
discussed in [21] requires 9 switches. However, the proposed
converter, [P] requires only 8 switches to generate 7-level ac
output voltage and does not require any auxiliary diode. Fur-
ther, the PIV of the switch included in the proposed converter
[P] is less as compared to the converter suggested in [21].
From Table 2, it is observed that the converter topolo-

gies with soft charging circuits discussed in [19], [25], and
[26], [P] offer high efficiency as compared to the converter
topologies without soft charging circuits discussed in [13],
[14], [15], [16], [17], [18], [20], [21], [22], [23], and [24].
The SC-MLI discussed in [13], [14], [15], [16], [17], [18],
[20], [21], [22], [23], and [24] suffers from the limitation that
the magnitude of the spikes in source current and charging
current of switched capacitors is very high which appears
during the charging of the capacitors. There is no arrangement
used in these converter topologies to limit the magnitude of
spikes appearing in the source current. These spikes may
become more pronounced in the case of high-power rating
converters. However, a soft charging circuit is used in the
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TABLE 2. Comparison of different 7-level SC-MLI topologies with the proposed topology.

proposed converter [P] and the converters suggested in [19],
[25], and [26]. Therefore, for comparison, the emphasis is
given to the topologies discussed in [21], [22], and [23]
and a detailed comparison of these topologies is carried out
concerning the proposed converter [P].

To produce a 5-level single-phase ac output voltage, the
converter suggested in [25] requires two inductors each of
value 3mH to limit the spikes in the source current. Further,
the switch count of the converter is more which increases the
value of TSV appearing across the switch string and decreases
its power density. The soft charging inductor is reduced to one
in [19] and the value of the inductor is 5µH. The switches
included in the suggested converter have reduced values of
PIV. Due to the reduction in PIV, the TSV across the switch
string is reduced. However, the switch count of the suggested
converters is more which decreases its power density and
increases cost. To reduce switch count, a 7-level converter
topology is suggested in [26]. The value of the inductor
included in the soft switching circuit is 33µH. A reduction of
50% in the peak value of source current is achieved during the
charging of capacitors. However, to produce a 7-level single-
phase ac output voltage, the converter suggested in [26] con-
verter still requires 11 switches. To further reduce the switch
count, the proposed converter [P] requires only 8 switches to
produce a 7-level single-phase ac output voltage. The value of
the inductor included in the soft-switching circuit is 350µH,
which can achieve a reduction of 60% in the magnitudes of
current spikes appearing in the source current.

Due to the use of a reduced number of switches, a lower
number of gate drivers are required to produce to provide
the gate pulses. This signifies an appreciable improvement
in the power density of the converter. The proposed converter
[P] requires reduced switches as compared to the converter
topologies discussed in [19], [25], and [26]. Therefore, the
proposed converter has a high power density as compared to
converters discussed in [25] and [26].

The validation for the performance of the converters sug-
gested in the literature is carried out with the help of experi-
mental results. The power rating of the converter suggested
in [25] is 160W, while almost identical power ratings of
converters equal to 1kW are used in [19] and [26] and the pro-
posed converter [P]. The converter discussed in [25] and [26]
are operated at a switching frequency of 20kHz and 10kHz
while the proposed converter [P] is operated at a switching
frequency of 50Hz. The efficiencies of the converter sug-
gested in [19], [25], and [26] and the proposed converter [P]
are high as compared to the converters suggested in [13],
[14], [15], [16], [17], [18], [20], [21], [22], [23] and [24] due
to the use of a soft charging circuit. The converter suggested
in [25] offers the highest efficiency of 97.6% at a rated load
of 160 W, while the efficiency of the proposed converter [P]
is 97.5% at a rated load of 1 kW.

V. EXPERIMENTAL RESULTS
To validate the operation of the proposed 7-level SC-MLI
configuration with soft charging operation, a laboratory pro-
totype having a power of 1kW shown in Fig. 10 is used.
Fig. 10(a) shows the various elements of the experimental
setup while Fig. 10(b) shows the actual view of the exper-
imental setup. The level-shifted PWM technique is used to
generate gate pulses required for firing the switches. The
digital signal processor (DSP) 28379D Launchpad is used for
pulse generation. The switching frequency of the converter is
maintained at 5kHz. The parameters of various components
of the proposed converter like capacitors, switches and soft
charging inductors are included in the experimental setup
and are listed in Table 3. To ensure the soft charging of
the capacitors included in the proposed 7-level SC-MLI, the
waveforms for different conditions are included in the exper-
imental results.

Fig.11 shows the waveforms of the proposed 7-level con-
verter with resistive plus inductive (R-L) load connected at
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FIGURE 10. Laboratory prototype of the proposed 7-level SC-MLI.
(a) Elements of the experimental setup. (b) Actual view of the
experimental setup.

TABLE 3. Details of experimental prototype.

the output of the converter. The effect of the soft charging
inductor is not considered i.e. Lc = 0µH. From this figure,
it is observed that for the dc input is 100 V, the measured
output voltage is included in seven voltage levels, with the
magnitude of each level being equal to 0.5 times the voltage
input (100 V). The results are captured for the modulation

FIGURE 11. Waveforms of (a) Capacitor currents (ic1 and ic2), source
current (is), and load voltage (vo). (b) Capacitor currents (ic1 and ic2),
load current (io), and load voltage (vo). (a) Capacitor voltages (vc1 and
vc2), source current (is), and Output voltage (vo). (a) Capacitor voltages
(ic1 and ic2), load current (is), and Output voltage (vo) for R-L load with
Lc = 0µH.

index, m = 1. The peak value of the output voltage of the 7-
level SC-MLI is 150 V which validates the voltage gain of
1.5.

Fig. 11 also shows the waveforms of capacitor currents (ic1
and ic2), capacitor voltages (vc1 and vc2), source current (is),
load current (io), and output ac voltage (vo). These results
are captured for R-L load and the effect of the soft charging
circuit is not considered. At time instant, t=0s, the R-L load
connected across the output of the SC-MLI with RLoad =

100� and LLoad = 200mH. The magnitude of current spikes
in ic1, ic2 and is is 15A, 16A and 30A, respectively which can
be noted from Fig.11(a). At time instant, t = 0.5, the step
variation in power demanded by load takes place and R-L
load is changed to RLoad = 50 � and LLoad = 100 mH. The
magnitude of current spikes in ic1 and ic2 and becomes 26A,
29A and 57A, respectively. Fig. 10(b) shows the waveforms
of Capacitor currents (ic1 and ic2), load current (io), and
output ac voltage (vo). The rms value of load current at time
t = 0 is 5 A. At time t = 0.5 s, the magnitude output current
of SC-MLI becomes 10A. Fig. 11(c) shows the waveforms
of capacitor voltages, vc1 and vc2, output voltage, vo along
with source current, is. The maximum voltage appearing
across each capacitor, C3 and C4 is 50V. Fig. 11(d) shows the
waveforms of capacitor voltages, vc1 and vc2, output voltage,
vo along with source current, and output current of SC-MLI.

Fig. 12 shows the effect of connecting the soft charging
inductor, Lc in the charging path of capacitors,C3 andC4. The
value of Lc connected in the charging path is Lc = 200µH.
From Fig. 12(a), it is observed that magnitudes of current
spikes in ic1, ic2 and is are 8 A, 9 A and 17 A, respectively.
At time instant, t = 0.5s, the magnitude of current spikes in
ic1, ic2 and is becomes 13 A, 15 A and 29 A, respectively.
The effect of connecting the soft charging inductor, Lc on the
waveforms of vc1 and vc2, and load current (io) is shown in
Fig. 12(b), 12(c) and 12(d), respectively.
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FIGURE 12. Waveforms of (a) Capacitor currents (ic1 and ic2), source
current (is), and load voltage (vo). (b) Capacitor currents (ic1 and ic2),
load current (io), and load voltage (vo). (a) Capacitor voltages (vc1 and
vc2), source current (is), and Output voltage (vo). (a) Capacitor voltages
(ic1 and ic2), load current (is), and Output voltage (vo) for R-L load
including soft charging circuit, Lc = 200µH.

FIGURE 13. Waveforms of (a) Capacitor currents (ic1 and ic2), source
current (is), and load voltage (vo). (b) Capacitor currents (ic1 and ic2),
load current (io), and load voltage (vo). (a) Capacitor voltages (vc1 and
vc2), source current (is), and Output voltage (vo). (a) Capacitor voltages
(ic1 and ic2), load current (is), and Output voltage (vo) for R-L load
including soft charging circuit, Lc = 350µH.

Fig. 13 shows the effect of connecting the soft charging
inductor in the charging path of capacitors, C3 and C4. The
value of Lc connected in the charging path is Lc = 350µH.
From Fig. 13(a), it is observed that magnitudes of current
spikes in ic1, ic2 and is are 5 A, 6 A and 12 A, respectively.
At time instant, t = 0.5s, the magnitude of current spikes in
ic1, ic2 and is becomes 9 A, 10 A and 23 A, respectively.
The effect of connecting the soft charging inductor, Lc on the
waveforms of vc1 and vc2, and load current (io) is shown in
Fig. 13(b), 13(c) and 13(d), respectively.
From the waveforms shown in Figs. 12 and 13, it is

observed that a significant reduction occurs in themagnitudes
of spikes appearing in source and capacitor current on
the addition of soft charging inductor, Lc. This leads to
a reduction of ripple losses appearing in the capacitors.

FIGURE 14. Effect of variation in the value of soft charging inductance, Lc
on (a) Experimental efficiency.

This overshadows the cost of the addition of a soft charging
circuit in the charging path. This feature makes the proposed
SC-MLI a viable option to be used in high-power applications
compared to the conventional 7-level SC-MLI reported in the
literature.

The experimental efficiency of the proposed ANPC-based
7-level SC-MLI is plotted with the help of experimental
results. The experimental and theoretical efficiency of the
proposed converter with and without a soft charging inductor,
Lc is shown in Fig. 14. From Fig.14, it is observed that for the
low value of power demanded by the load, the experimental
efficiency similar to the efficiency evaluated using simulation
approach of the proposed converter with and without soft
charging circuits are nearly equal. However, for a rated load
of 1000 W, the experimental efficiency of the converter with
Lc = 0µH is 93%, while for Lc = 200µH, the efficiency of
the converter is 94.5% and for Lc = 350µH, the efficiency
of the proposed 7-level converter is evaluated as 95.8%. The
experimental efficiency shown in Fig.14 is observed to be
slightly lesser than the simulation efficiency shown in Fig.7.
This discrepancy in the two efficiencies occurs due to (i)
nonideal behaviour of active and passive components, (ii)
mismatch in effective internal resistance of semiconductor
devices in experimental study. Themismatch in internal resis-
tance occurs due to internal and parasitic components of
semiconductor devices.

VI. CONCLUSION
In this paper, an Active-neutral-point-clamped (ANPC) based
SC-MLI converter topology is proposed. The proposed con-
verter produces a 7-level single-phase ac output voltage with
a voltage gain of 1.5. A detailed comparison of the proposed
and the state-of-the-art 7-level SC-MLIs is carried out. From
this comparison, it is concluded that the proposed converter
requires switches having less value of voltage stresses and the
switch count of the proposed converter is less. Further, a soft
charging circuit including a parallel combination of inductor
and diode is used in the charging path of switched capacitors
in the proposed 7-level SC-MLI. This circuit ensures the
reduction in magnitudes of spikes appearing in the source
and capacitor currents. The effectiveness of the soft charging
method is tested on a laboratory prototype having a power
rating of 1 kW. For the value of an inductor, Lc = 200µH, the
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magnitude of spikes in the source reduces from 57 A to 29 A
(around 50% reduction), while for the value of Lc = 350µH,
the magnitude of current spikes further reduces from 57A to
23A (around 60% reduction). This shows the effectiveness of
the soft charging method used in the proposed 7-level SC-
MLI. This feature reduces the ripple losses in the capacitors
and outweighs the extra cost of a soft charging circuit. For
Lc = 350µH, the efficiency of the converter evaluated at a
rated load demand of 1kW is observed to be η = 97.5%while
for Lc = 0 µH, the efficiency of the converter is η = 94.6%.
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