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Abstract: This paper proposed a new voltage-boosting 13-level switched-capacitor (SC) cost-effective inverter. The proposed topology comprises
fourteen transistors, three capacitors and a single DC source to produce a 13-level staircase waveform. The capacitor voltage balancing
problem is inherently solved by the series/parallel technique. Structural description, working principle, calculation of optimum values of
capacitance and modulation scheme are briefly described. The comparative analyses with the existing SC multilevel inverter (MLI) interms
of voltage gain, blocking voltage, total standing voltage (TSV), component per level factor and cost function illustrate the merits of the
proposedtopology. Further, simulation and experimental results at differentloading conditions verify the feasibility of the proposed topology.
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1. Introduction

In recent years, multilevel inverter (MLI) has drawn remarkable attention because of the widespread application in
non-conventional energy sources such as PV, wind, and fuel cells. This is because MLIs have several advantages
over two-level inverters, such as improved waveform, low dv/dt, lower electromagnetic interference and lower total
harmonic distortion (THD). The classical MLIs are can be categorised into Diode clamped, Flying capacitor, and
Cascaded H-Bridge inverter. However, several limitations, such as voltage balancing problems of DC-link capacitors
in case of flying capacitor and diode clamped inverter and for Cascade H-Bridge, require multiple numbers of
isolated DC source for the generation higher level of voltage, limited gain, and more number of active and passive
components (Leon et al., 2017). Therefore, the novel concepts of ‘Reduce device counts’ and ‘Maximize the voltage
level’ overcome the disadvantages of classical MLIs (Gupta et al., 2016; Gupta and Jain, 2012). However, the main
issue of maximising the voltage level articles is characterised by unity gain.

The issues can be overcome by the switched capacitor (SC) technique, which has the following main advantages:
(i) ability to boost the input voltage; (ii) the capacitor voltage is self-balanced; (iii) reduces the uses of multiple DC
sources; and (iv) absence of a magnetic circuit. Therefore, switched capacitor multilevel inverters (SCMLIs) are
very attractive nowadays to the researchers’ community.

Several switched-capacitor topologies using series/parallel techniques to boost the input voltage have been
developed. These topologies are mainly categorised as two-stage topology and single-stage topology. Two-stage
topology has a back-end H-bridge circuit for the generation of the bipolar output voltage. Alternatively, single-stage
topology does not require any back-end H-bridge to synthesised bipolar voltage with reduced voltage stress on the
switches.

The two-stage topologies introduced in Hinago and Koizumi (2012), Khounjahan et al. (2019) and Fong et al.
(2019) experience high voltage stress (i.e. equal to the load voltage) on the switches of the H-bridge circuit that
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limits the high voltage application. Component counts and total standing voltage (TSV) are also significantly high
in these topologies.

Single-stage topologies presented in Taghvaie et al. (2018), Bhatnagar et al. (2019) and Lee et al. (2019)
experience uniform voltage stress across all the switches, but active and passive component counts are quite high.
13-level SC topology presented in Samadaei et al. (2019), Roy et al. (2020) and Samadaei et al. (2016) has multiple
input sources along with high voltage stress on the switches. Single source modular 13-level k-type topologies in
Zeng et al. (2020) have the least voltage gain. Additionally, we mention SC topologies (Barzegarkhoo et al., 2016;
Saeedian et al., 2019) generating 2" output voltage, where n represents the number of the switched-capacitor unit.

Thirteen-level topologies are presented in Lin et al. (2019); however, when the number of levels is increased,
then more individual switches possess high voltage stress. Nine-level topologies that are presented in Siddique et al.
(2019) as well as in Sathik and Vijayakumar (2019) have less boosting factor. However, in topology, Siddique et al.
(2019) capacitor (C, and C,) voltages are not fully utilised. Thirteen-level SC topologies are advocated in Samadaei
et al. (2019), Siddique et al. (2020) and Igbal et al. (2020); herein, each topology is constituted by multiple numbers
of the isolated DC source. For this reason, it can be said that the topologies mentioned in Samadaei et al. (2019),
Siddique et al. (2020) and Igbal et al. (2020) become more complex and costly.

The pros and cons elucidated in the preceding paragraph motivated us to design a new cost-effective self-
balanced switched-capacitor inverter with reduced switching components in this paper, which has the following
significant features:

(1) The capacitors’ voltages are inherently self-balanced.
(2) The ability to boost the input voltage is available.

(3) Only a single DC source is utilised.

(4) The number of switching components is reduced.

(5) The voltage stress on the switches is reduced.

This paper is arranged in the following sequence: Section 2 illustrates the description of the proposed circuit
configurations, working principle and determination of optimum values of capacitance. The modulation scheme for
the switching operation is presented in Section 3. Analysis of the power losses of the proposed article is described in
Section 4. Simulation and experimental results are discussed in Section 5 to prove the practicability of the proposed
topology. Comparative analysis with the existing topology is introduced in Section 6 to validate the importance and
superiority of the proposed topology. Finally, Section 7 concludes the paper.

2. Proposed Topology

(a) Circuit description
Figure 1 shows the structural design of the proposed topology. It consists of fourteen power switches (S,, S,...S,,),
three capacitors (C,, C,, C,) and a single DC source. The input DC source may be obtained from a battery, fuel
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Fig. 1. Structural design of the proposed 13-level topology.
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cell or solar cell. Moreover, the switching pairs S,S,, S,S; and S,,S,, are operated in complementary mode during
the different modes of operation. The proposed topology can synthesise 13 levels of voltage viz. 3V, ., +2.5V,.,
2V, 1.5V, 0, £V, 20.5V,. and 0. The voltage gain of this topology is three times the supply voltage (3 V,,.). The
switching combination for a different mode of operation is enlisted in Table 1. Note that, ‘0’ and ‘1’ depict the OFF
and ON states of the switch. The load terminal is depicted as x and y; and v, (¢) and i (?) represent the terminal load
voltage and load current, respectively. The charging path of the capacitors and the direction of the load current are

marked by the blue and red dotted lines.

(b) Working principle
The working principle of the proposed topology is briefly explained with the following modes:
Mode 1. v, (1)=0
In this mode of operation, v, (¢)=0, i,,(t) >0 can be achieved by turning on the switches S,, S, S,, S,, S;, S,,,
S,, and S, simultaneously. The capacitor C, is charged up to a voltage equivalent to the input supply V,,. and C,,
C, is charged to 0.5 V. each, since all the capacitors are brought in parallel with the input supply. The direction of
the charging path of the capacitor and current is as shown in Figure 2(a). Similarly, for the v, (¢) =0,i,,(t) <0 can be

achieved by switching ON S, S,, S, S,, S;, S,,, S,, and S12 simultaneously. The equivalent circuit'diagram is as
shown in Figure 2(b).

10°

Mode 2. v_(f) =+ 0.5V,

In this mode of operation, v () =+ 0.5V,. 0 can be achieved by turningon S,, S, S,, S,, S, S,;, S,; and S,,
simultaneously. During this mode, the capacitors C,, C,, C, are brought in parallel with the input source, and hence
C,is chargedup to V,. and C,, C, are charged up to 0.5 V. each. The equivalent circuit is as shown in Figure 2(c).
Similarly, v, (1) =-0.5V,., can be achieved by turning on S, S;, S,, S, S;, S, S,,and S,, simultaneously. The
equivalent circuit is as shown in Figure 2(d).

10?

Table 1. Switching combination of the proposed topology

Mode Active switch v, (O[V]
S, S, S, S, S, S, S, S, S, S, S, S, S, S,
0 1 1 1 0 0 1 1 0 1 1 0 1 0 0
1 1 0 1 1 0 0 1 1 0 1 1 1 0 0 0
0 1 1 1 0 0 1 1 0 1 1 0 0 1 0.5
? 1 0 1 1 0 0 1 1 0 1 1 0 0 1 -0.5
0 1 1 1 0 0 1 1 0 1 1 1 0 0 1
° 1 0 1 1 0 0 1 1 0 1 1 0 1 0 -1
0 1 1 1 0 0 1 0 1 0 1 0 0 1 1.5
) 1 0 1 1 0 0 0 1 1 1 0 0 0 1 -1.5
0 1 0 0 0 1 1 0 0 1 0 1 0 0 2
° 1 0 0 0 1 0 0 1 1 1 0 0 1 0 -2
0 1 0 0 0 1 1 0 1 0 1 0 0 1 25
° 1 0 0 0 1 0 0 1 1 1 0 0 0 1 —25
; 0 1 0 0 0 1 1 0 1 0 1 1 0 0 3
1 0 0 0 1 0 0 1 1 1 0 0 1 0 -3




=== —qp—=---1

AT

Sii

Ss

(h)

Sio

IL

IL

JGE G = Y

=

0)]
QU

Jena et al.

| A —— ]

VY
p—— ) suvn—

AT

N

Q

T
)

R
G M.
Su

X

I I

r w_wr.llbmvjr.'_

1 Sy £

U I = S
~ C,
%

g
i

Fi-—--1-

=)

Si

Ss

Fig. 2. (a-n) Operating states for different voltage levels.
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Mode 3. v, (t) =£1V,,

In this mode, v, (¢) =+1V,. can be achieved by turning on the switches S,, S,, S,, S, S, S,;, S,; and S,
simultaneously. The capacitors C,, C,, C, are brought in parallel with the input DC source. The capacitors C, is
charged up to V. and C,, C, is charged up to 0.5 V.. The equivalent circuit diagram is as shown in Figure 2(e).
Similarly, v, () ==y, be achieved by turningon S, S,, §,, S,, S;, S, S,, and S, simultaneously. The equivalent
circuit diagram is as shown in Figure 2(f).

10’

Mode 4. v, (7) =+1.5V,,

In, this mode of operation, the switches S,, S,, S,, S,, S,, S,, and S, are turned on simultaneously to achieve
v, () =+1.5V,.. The capacitor C, is charged up to V,, and C, releases its stored energy to the load along with
the supply input V.. The equivalent circuit diagram is as shown in Figure 2(g). Similarly, v, (¢) =-1.5V,. can be
achieved by turningon S, S, S,, S, S;, S,, and S,, simultaneously. The equivalent circuit diagram is as shown in
Figure 2(h).

Mode 5. v, (¢) = +2V,

In this mode, v, (f) =+2V,,. can be obtained by turning on the switches S,, S, S,, S,, S, S, and S, simultaneously.
The capacitor C, is brought in series with the source and hence it releases its stored energy to the load along with
the supply input source V.. The equivalent circuit diagram is as shown in Figure 2(i). Similarly, v, (¢) = -2V, can
be achieved by turningon S, S, S, S, S, S,  and S, simultaneously. The equivalent circuit diagram is as shown
in Figure 2(j).

Mode 6. v, (t) = 2.5V,

In this mode of operation, v, (£) =+2.5V,.can be achieved by switchingon S, S, S, S, S,, and S, simultaneously.
During this mode, the capacitors C, and C, are in series with the source and release their stored energy along with
the input supply source V. to the load. The equivalent circuit configuration is as shown in Figure 2(k). Similarly,
v, (8)=-2.5V,. can be achieved by switching on S,, S, S, S;, S, and S, simultaneously. The equivalent circuit
configuration is as shown in Figure 2(1).

Mode 7. v (1) =13V,

In this mode of operation, v, (t) = 3V,,. can be achieved by switchingon S, S, S,, S, S, and S,, simultaneously.
During this mode, the capacitors C,, C, and C, are connected in series with the supply source, and hence, capacitors
release their stored energy to the load along with the DC source. The equivalent circuit diagram is as shown in
Figure 2(m). Similarly,v, (¢) =3V, can be achieved by switching on S, S, S, S;, S,, and S,; simultaneously. The
equivalent circuit diagram is as shown in Figure 2(n).

(c) Self-balancing mechanism

The capacitors are self-balanced due to the series/parallel technique (Babaei and Gowgani, 2014). The details
of the charging and discharging of capacitors are explained in Figure 2, which shows that the capacitors are
automatically charged to their respective voltage i.e. C, is charged to V. and C,, C,, are charged to 0.5 V. in every
fundamental cycle of the load voltage. This repeatedly charging and discharging over every fundamental cycle
makes the capacitors self-balanced.

(D) Determination of optimum values of capacitance
The value of capacitance plays a crucial role in the SC inverter design. This is because the values of capacitance
will decide the ripple loss, size and cost (Taghvaie et al., 2018).

The discharging amount of capacitor depends upon the following factors viz. longest period of discharging,
maximum load current and power factor. Thus, the selection of optimum values of capacitance is vital. The maximum
amount of charge released in the capacitor can be expressed as displayed in Figure 2.
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4
QC,,=J.9 Imsin(a)t—Q)dt (1

where 6, and 7 — 6, are the initial and final time value of discharging period, & is the load power factor angle and

1 is the maximum load current. f; represents fundamental frequency. Therefore, the values of capacitance should
satisfy the following condition:

AQq;
C>—=4 2
2 @)

For a purely resistive load, the maximum voltage ripple can be expressed as

Yo}
AV, =25 3
=7 (3)
1 -6 i 1 -6, d
AV:—j 2.5V cdt + J 3Vt 4
=R g DC R e PC 4)
AV, = Ve [5.57-56,-66,] (5)
@CR,
AV, =— _[Mlsr/ dt+— J'szr/ di + _[”793251/ dt+— J.H%V dt )
2T wcr g TP T acr e TP T wcr e TP acr e, TP
AV, = Vnc [97-36-46,-56,-66, ] (7
@CR,

Similarly, AV, can be calculated.
The time instance for discharging of the capacitor from Figure 3(b) would be as follows (Taghvaie et al., 2018).

(25
Sin —_—
B 3

0, = ®)
27ty
sin”! (2)
6, = _\3) )
2xfy

Similarly, others can be calculated.
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Fig. 3. Generalised SC topology. SC, switched capacitor.
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(E) Generalised structure of the proposed topology

The generalised structure to reach higher voltage level, based on the primary circuit (displayed in Figure 1), is
shown in Figure 3. According to the generalised structure, high gain and higher voltage levels can be achieved
by connecting m basic unit in series. The basic unit consists of one capacitor and five power switches. If n be the
number of the basic unit, then the number of capacitors, number of power switches, number of voltage level and
maximum output voltage are as follows:

N, =2n+11 (10)
N,,=5n+10 (11)
Vipar = (n+ 2V e (12)
TSV =2n+12 (13)

3. Control Scheme

Several switching schemes are used for generating the switching pulse of the inverters. In this proposed topology, a
high switching frequency simple level-shift pulse width modulation strategy is employed, and the same is displayed
in Figure 4. In this technique, 12 triangular carrier waves (e, ~ ¢,,) of high frequencies (expressed in KHz) each of
magnitude 1/6 are continuously compared with a reference frequency (f,,) of 50 Hz. Out of 12 carrier signals, 6
(e, ~ ¢,) are taken as positive signals and (e, ~ ¢,,) the remaining as negative carrier signals, as shown in Figure 3(b).
The switching pulses for the positive half cycle with a few switches are shown in Figure 4(a). Similarly, negative
half-cycle can be represented as shown in Figure 4(a).

The switching functions are expressed by the simple logical OR operation, which is expressed by Egs (10)-(23)

Sy =y + X F X0y + Yoy + X0 + V33 F X33+ Yag + Xgg + Vss + Xs5 + Ve + Xes (14)
Sy =y +x+xX+ Yy X+ Y3+ X3+ Yy X4+ Y5+ X5+ Ve + X (15)
S3= ittt Yt Y3ttt X3t Yt gt vy (16)
Sa= AN T F Y X F Yt Xt 3 F Xy F 33X Yyt X3 Yy (17)
S5 = X4q + ys55 + Xs5+ Ve + X6 (18)
Se=Ya4t x4+ s+ x5+ Y + X (19)
S7=E AN T F Yy F X Yt X F Y3 F Xy F Y33 X3+ Yyt Xy s + X5+ Ve + X (20)
Sg =Yt i TX F Yy X F Yy F Xy F Y3+ Xy + V33 F X33+ Yag + Xgg + Vss + Xss + Ve + Xes 21
So = X3+ 3+ X33+ Yaq + Xgq + Y55+ X5+ Vg + X55+ Vg + Xg + X (22)

Sjo=ynt i Tx F Yy tx T Y X+ Y3+ X+ Y33 F X33+ Yag + X4+ Vs Xy Yss + Xss + Vg +Xgs (23)

Su=yntntxtytxtynt Xyt ty; a3ty txs+ e +x (24)
Sp= it +y3+x4+ys +x6 (25)
S13 =1+ Xy + Y33+ Xg4 + Vss + Xeg (26)
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4. Analysis of Power Losses

The power losses of the proposed inverter are broadly categorised as (i) switching losses, (ii) conduction losses
and (iii) capacitor ripple losses.
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(i) Switching losses
This loss occurs due to the transition of switching states. The transition of the state refers to the turn-on, followed
by the turn-off, of the switches, or vice versa. The power losses for a practical switch during turn-on and turn-off can
be explained as follows (Bhatnagar et al., 2019).

Power losses due to turn-on:

1
Pon,sw:gﬁ)(Von[onTon) (28)

Power losses due to turn-off:

|
B sw=5to (Voff] offToff) (29)

v, are the voltage across the switches before the turn-on and after the turn-off, respectively.

1,.1, are the current flowing through the switches after turn-on and before the turn-off, respectively. 7,, and 7,
are the turn-on and turn-off time of the switch. Thus, overall switching power losses (P,) of the proposed topology
are expressed in Eq. (26).

13 14

Psw = 22 (Pon,sw,m +P0f ,SW,m ) (30)

n=1m=1

where V.

where n and m represent the number of levels and the number of switches, respectively.

(ii) Conduction losses
Conduction losses are caused due to power dissipation in the internal resistance of power semiconductor switches
and diodes when the current is flowing through it (Hinago and Koizumi, 2012).

(a) Conduction losses for the power switch

P =Von solowave + 120 rmsR (31)

C,sw on,swesw,avg SW,rms " \on,sw
(b) Conduction losses for diode

P

[

2
d= Vun,dld,avg + Id,rmsRon,d (32)

where v, .V, ,are the on-state voltage of switch and diode, respectively.
1

and / I, _arethe average and root mean square (RMS) current of switch and diode, respectively.

sw,avg ? Id.avg swyoms 2 ©d,rms

Hence, overall conduction losses (F.) of switches and diodes are given by:

k n

PC =2 Z(PC,sw'i'Pc,d) (33)

i=1 \_j=1
where n = Number of switches and £ = Number of the conduction path.

(c) Capacitor ripple losses (Pmp)
This loss is caused due to the charging of capacitors when the current is flowing through the capacitor. So the
capacitor ripple voltage can be written according to Babaei and Gowgani (2014).

V —1 e di 34
AV = J- 1, \¢t)tdt
Ci Ci () ( )

i
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where AV, I, (¢) is the ripple voltage and discharging current (i.e. load current), respectively. Therefore, the capacitor
ripple loss can be expressed as: capacitor’s ripple loss (PCap)'

[~

3
PCap = 2 Z(CIAVCZ'I) (35)
i=1

Therefore, the overall losses (P,

o) @re the sum of switching losses, conduction losses and capacitor ripple
losses.

P

overall

=P, ,+P.+P (36)

cap

At last, the efficiency (77) can be calculated as:

Yorj= [”—j X100 (37)
B

Yon=| —Tow___ 5100 (38)
Pout + E)verall

5. Performance Verification

To investigate the performance and operation, the proposed topology is simulated in MATLAB/Simulink environment
and experimentally in the hardware set-up. The parameters for the experimental set-up (i.e. laboratory prototype)
and simulation are listed in Table 2.

(a) Simulation results

The proposed novel work is simulated in the MATLAB/Simulink platform to verify the theoretical concept. The
simulation results are displayed in Figure 5 under steady-state and step change in loading condition. The
output voltages, load current, and the voltage across capacitors for RL-load are as shown in Figure 5(a—g). It
is evident from the waveform that the voltage level remains intact under steady and step change in load. The
proposed topology generates 13 levels of voltage with a maximum peak value of 3 V.. Also, the capacitor’s
voltages, under any sudden change in load condition, maintained their self-voltage balancing properties of

Table 2. Parameters for the simulation and experimental model

Parameter Specification

Input DC source (V,,.) 100 V

Fundamental frequency (f) 50 Hz

Carrier frequency (c,(t)) 2 kHz

RL-Load R=100Q,L=80mH
R-Load 100 Q

Capacitor (C,=C,=C,) 4,700uF

Power switches (IGBTs) GW30NC120HD

dSPACE DS 1104
Modulation index (M) 0.95,0.2and 0.75
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Fig. 5. Simulation results (a) load voltage, (b) load current, (c—e) capacitors voltage, (f, g) output voltage, current, voltage across capacitors for the
modulation index of M = 0.95, M = 0.2 and M = 0.75
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capacitors, which are shown in Figure 5(c—e). Simulation results for different modulation indexes are shown
in Figure 5(f, g).
Figure 5(f, g) shows the simulation results for the modulation index M = 0.95, M = 0.2 and M = 0.75, respectively.

(b) Experimental results
The experimental work has been carried out with the help of a laboratory prototype to prove the performance
and feasibility of the proposed topology. The experimental results under steady-state and step change in loading

conditions are shown in Figure 6(a—d). It is observed that the output voltage levels, as well as the voltage across the
capacitors, remain intact during the sudden load change and validate the self-balancing mechanism of capacitors’

(a)
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Fig. 6. (Continued).
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Fig. 6. Experimental outcomes (a) load voltage, load current (b) capacitors voltage (c) voltage stresses on few switches and (d) steady-state voltage
and current.

voltage. Note that the voltage developed at the output voltage level has an equal step of voltage i.e., 50 V. The voltage
boosting ability is three times the supply voltage. The voltage across few switches is shown in Figure 6(c). Finally,
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experimental results are well matched with the simulation results; therefore, it proves the superior performance and
feasibility of the proposed topology.

6. Comparative Analysis

To evaluate the advantages of the proposed 13-level SC topology, a brief comparative analysis has been
accomplished with the existing well-known topologies, in terms of TSV, components count per level factor (F,,),
gain, maximum blocking voltage, and cost function. The comparative studies are summarised in Tables 3, 4 and 5.
The component per level factor can be expressed as available in Eq. (39).

Ng+Ngy+N-+Np+ Nppy

Fep = N, (39)
And cost function may be defined as:
Ng(Ngy +No+ Np+ Npgp + 0*TSV
cp = Ns(Nsw + N+ Np + Nopy ) (40)

N,

where, N,,Ng,,Ns,N.,N,,N,,, N,, 6 are the number of levels, number of switches, number of sources, number of
capacitors, number of diodes, number of levels, number of the driver unit and weight factor, respectively. The weight
factor can be considered as either less than, greater than or equal to one according to the importance of switching
components or TSV (Zeng et al., 2020). For the proposed topology, weight factor has been taken as one (d=1)
because both the switching components and TSV are given equal importance.

(a) Based on TSV value: TSV is defined by the sum of voltage stress on the individual switches. According to the
TSV comparisons with the different 13-level topologies (Hinago and Koizumi, 2012; Ye et al., 2014; Samadaei
etal., 2019; Roy et al., 2020; Samadaei et al., 2016; Zeng et al., 2020; Lin et al., 2019; Siddique et al., 2020; Igbal
et al., 2020) the proposed one has the least TSV value. However, topologies mentioned in Hinago and Koizumi
(2012) and Ye et al. (2014) have back-end H-bridge, the voltage stresses on the switches of the H-bridge are

Table 3. Comparative analysis with the recent SC topologies

Ref. N, N Ny, N, N, N Gain BV TSV(xV,) F., CF

Siddique et al. (2020) 7 1 12 2 - 11 3 2 16 3.57 5.87
Bhatnagar et al. (2019) 9 1 1 2 - 10 2 1 11 2.55 3.77
Peng et al. (2019) 7 1 8 2 2 8 3 3 18 2.85 5.42
Ye et al. (2014) 13 1 10 5 10 10 6 6 59 2.69 7.23
Hinago and Koizumi (2012) 13 1 19 5 - 19 6 6 39 3.07 6.30
Samadaei et al. (2016) 13 4 10 - - 8 1.5 6 32 1.38 15.38
Samadaei et al. (2019) 13 2 14 2 - 1 3 6 39 2.23 20.30
Roy et al. (2020) 13 2 16 3 2 16 3 6 34 3 10.92
Zeng et al. (2020) 13 1 14 4 - 14 15 2 40 2.46 5.53
Lin et al. (2019) 13 1 14 4 - 13 3 2 18 2.46 3.76
Samadaei et al. (2019) 13 2 1 2 - 10 3 6 32 1.92 8.46
Siddique et al. (2020) 13 2 1 2 - 10 3 6 34 1.85 8.61

Igbal et al. (2020) 13 2 13 2 - 12 15 3 42 2.23 10.61
[P] 13 1 15 3 - 14 3 2 17 2.53 3.76

BV, blocking voltage; CF, cost function; SC, switched capacitor; TSV, total standing voltage.
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Table 4. Comparison of the proposed topology with SCs-based topologies presented in Siddique et al. (2019), Sathik et al. (2019)

Ref. N, N N, N, N, N,,  Gain BV TSV(xV,) F,,/ gain CF/gain
Siddique et al. (2019) 9 1 10 2 - 9 2 2 " 1.22 1.77
Sathik et al. (2019) 9 1 " 2 - 10 2 1 " 1.22 1.77
[P] 13 1 15 3 - 14 3 2 17 0.84 1.25

BV, maximum blocking voltage; CF, cost function; SCs, switched capacitors; TSV, total standing voltage.

Table 5. Comparison of the proposed topology with conventional topologies (NPC, FC and CHB)

N, N, N, N, N, TSV(xV,) Gain F., CF
NPC 13 12 24 - - 24 1 63 8.15
FC 13 12 24 12 12 24 1 553 7.38
CHB 13 6 24 - - 24 1 415 592
iz 13 1 15 3 - 16 3 254 5.31

TSV, total standing voltage; CF, cost function; NPC, neutral point clamped inverter; FC, flying capacitor inverter; CHB, cascaded H-bridge inverter.

(b)

equal to the peak value of the output voltage, and hence total voltage stresses increase. Additionally, these
topologies withstand high voltage stresses. Moreover, the single-stage topologies advocated in Samadaei et al.
(2019), Roy et al. (2020), Samadaei et al. (2016), Siddique et al. (2020) and Igbal et al. (2020) have high voltage
stresses on the switches. These characteristics limit its application for high and medium power. Moreover, from
Table 5 it can be judged that the conventional topologies have more TSVs that will lead to the degradation of
efficiency.

Component count per level factor: This factor plays a significant role because of all the switching components
associated with the heat sink, driver unit, protection unit etc. The proposed topology has the least switching
components per level as listed in Table 3 except for the topology (Samadaei et al., 2019, 2016). This indicates
the proposed topology has less volume. Although topologies mentioned in Samadaei et al. (2019, 2016);
Siddique et al. (2020) and Igbal et al. (2020) have the least component count, the number of source units is
more, which makes it more complex and completed. Moreover, topologies mentioned in Zeng et al. (2020) and
Lin et al. (2019) have less number of component counts but use more number of capacitors that increase the
inrush current and stress, which is a major issue in the SC topologies. From Table 4, it can be observed that the
component count per level per gain for the topologies mentioned in Siddique et al. (2019) as well as in Sathik
and Vijayakumar (2019)are high as compared to the proposed topology. Conventional topologies have a larger
switching component count per level, as shown in Table 5, when compared with the suggested paper.

Cost function: This section includes the overall cost per level generation to assess the design effectiveness.
It can be seen from the comparative Tables 3 and 4 that the proposed novel topology has the least cost
function among all the 13-level topologies, excluding Lin et al. (2019). Additionally, when the levels of voltage
are increased in Lin et al. (2019) as compared to the suggested novel topology, the cost function is increased.
Nine-level topologies presented in Siddique et al. (2019) as well as in Sathik and Vijayakumar (2019) have the
least voltage gain, and hence they require additional boosting circuit to increase the gain. It has been seen from
Table 5 that the cost functions of the NPC, FC and CHB are quite high as compared to the proposed topology.
These features prove the structural design is more advanced and cost-effective.

7. Conclusion

This paper presents a novel self-balanced 13-level SC inverter. The special features of the suggested topology
are boosting ability, reduced device count, and the advantage of the maximum blocking voltage of all the switching
components being restricted below the peak load voltage. A brief comparative analysis with the recent SC topologies

and

conventional topologies in terms of the cost function, gain, and component count per level has been presented

to prove the merits of the proposed topology. Finally, the simulation and experimental results under steady-state and
dynamic conditions prove the performance and usefulness of the proposed topology.
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