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The article discusses a nine-level switching capacitor-based common ground-type boost
inverter for grid-connected photovoltaic applications. The proposed structure’s direct
connection between the negative terminal of the input source and the grid neutral
eliminates leakage current. The proposed topology uses eleven switches, two diodes,
and three switching capacitors to produce a double voltage boost with nine different
voltage levels. Self-balancing switching capacitors eliminate the need for sophisticated
independent control algorithms. The maximum voltage stress on one of the three
capacitors equals the input voltage, while it is equal to half of the input voltage on the
other two switched capacitors. The various modes of operation and capacitance
calculation are discussed in depth. A comprehensive comparison with various nine-
level topologies has been conducted in terms of total component count, total standing
voltage, capacitor voltage, and approximate cost to demonstrate the proposed topology’s
benefits. A 400-W inverter prototype is constructed, and the experimental findings under
various operating situations are reviewed.

Keywords: common ground, leakage current, GRID, transformerless, switched capacitor, photo voltaic, multilevel
inverter

INTRODUCTION

Transformerless inverters (TLIs) for photovoltaic (PV) technology are gaining more popularity due to their
simple structure, absence of a transformer, smaller size, reduced weight, and higher efficiency (Islam et al.,
2015). The absence of a transformer removes the galvanic isolation between the PV array and the grid,
resulting in leakage current through the parasitic capacitance between the PV source and the ground
(Gonzélez et al,, 2008; Li et al, 2015). The undesirable leakage current causes many issues related to
personnel safety, degrading the PV array characteristics, increased current harmonic distortion, and
electromagnetic interference (Sonti et al.,, 2017). Therefore, it is mandatory to address the leakage current
issue in the non-galvanic inverters. Thus, many approaches have been made based on novel topology
derivations, new control algorithms, and different pulse modulation schemes to minimize the leakage
current (Khan et al,, 2020). From the topological point of view, the TLIs mitigate the leakage current using
any one of the following methods: 1) decoupling the source from the grid, 2) connecting the grid neutral to
the midpoint of the DC link, and 3) direct connection of the source negative terminal with the grid neutral,
ie., both connecting points are at ground potential (Kumari et al, 2021c). The TLIs derived from
conventional full bridge (FB) can mitigate the leakage current by decoupling the source and load on the DC
side (DC decoupling) or on the AC side (AC decoupling) during the freewheeling mode. In DC decoupling,
the high switching stress of the H5 topology (Victor et al., 2008) is shared by two power switches employed
on the positive and negative buses, known as the H6 topology (Islam and Mekhilef, 2015). An AC
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decoupling topology with a highly efficient and reliable inverter
concept (HERIC) is presented in Heribert et al. (2003). However,
in DC and AC decoupling methods, the TLIs fail to minimize the
leakage current completely. Other drawbacks of decoupling type TLIs
include increased conduction losses caused by extra power switches
and an inability to meet grid voltage without a boost converter at the
input side. Another approach to confront current is to connect the
mid-point of the DC link capacitor to the grid neutral, known as
neutral point clamped (NPC) or active neutral point clamped (ANPC)
topologies (Zhang et al., 2013; Debnath and Chatterjee, 2016; Kumari
M. et al., 2021). The requirement of an additional front-end DC-DC
boost power processing stage to meet the AC grid amplitude is the
main disadvantage of NPC-type topologies. In both topologies
(Siddique et al., 2020; Siwakoti et al., 2020), an active neutral point
clamped (ANPC) inverter with boosting capability is presented. Since
the output of these topologies is equal to the input, they still need
front-end boost converters when dealing with the low-voltage
paralleled PV string panels. An effective alternative to suppress the
leakage current is common ground (CG)-type topologies, in which the
common ground is shared between the source and the neutral side of
the grid, eliminating the common mode voltage. A CG topology using
switched capacitors as a virtual bus is presented in Gu et al. (2013).
The switched capacitor is charged during the positive half cycle, and it
acts as a virtual source during the negative half cycle to supply load.
Like a conventional full-bridge inverter, the maximum output voltage
of this topology is the same as the input DC-link voltage. Some five-
level inverter topologies (Kadam and Shukla, 2017; Grigoletto, 2020;
Sandeep et al., 2020) are presented based on the common ground type,
but they are incapable of boosting the input voltage. By adding a
switched or flying capacitor to the CG-type structure, the output
voltage can be boosted while generating a multi-level output voltage
waveform. The topologies of Vosoughi et al. (2020), Kumari et al.
(2021b), and Mohamed Ali et al. (2022) overcome the shortcomings
of the preceding topologies by boosting the output voltage to twice the
input voltage with reduced power components. The topologies of
Shaffer et al. (2018) and Sathik et al. (2021) have a CG-type structure
with a voltage gain of 2 and 4, respectively. The main drawback of
these topologies is the utilization of a higher number of power
components to generate five-level output voltage. The topology
Habib Khan et al. (2020) can operate in both buck and boost
modes to provide the same AC output voltage, but it has a large
inrush current. In recent times, a common ground structure with
more output voltage levels and high voltage gain has attained more
focus among researchers. Thus, a seven-level CG structure (Grigoletto,
2021) with triple voltage gain and nine-level CG type (Chen et al,
2022) with quadruple voltage gain is presented. To generate a seven-
level output voltage, the topology (Grigoletto, 2021) requires a total
component count of sixteen, which significantly increases the power
loss. The high voltage stress of three times the input voltage on five
switches and on one capacitor is the main issue with the topology
(Chen et al,, 2022). By keeping all the aforementioned issues in the
literature, this article presents a new common ground type nine-level
inverter (CG9-L) topology with the following features:

i) Single phase, nine-level output voltage with integrated boost
operation (voltage gain is 2).

Nine-Level Boost Inverter

ii) The maximum voltage stress on capacitor is equal to the
input voltage.

iii) The maximum voltage stress is equal to the output voltage.

iv) Inherent capacitor voltage balancing.

v) Leakage current is suppressed because of the common
ground structure.

This article is presented as follows: the proposed topology and
its operation followed by capacitance calculation, power loss
calculation, result discussion, comparative analysis with other
existing MLI’s, and conclusion.

PROPOSED CG9-L INVERTER TOPOLOGY

The proposed CG9-L circuit configuration is depicted in Figure 1A.
Structurally, CG-9L is composed of eleven power switches (S; to So
and Sg), three switched capacitors (C,, C,, and Cs), and two diodes (D,
and Dy). The power switch Sy is bidirectional, and all the other
switches are unidirectional. The maximum voltage across the switched
capacitor C; is equal to the input voltage and that across the remaining
two capacitors, C, and Cs, is equal to half of the input voltage. The
proposed CG9-L design has an inherent voltage balancing feature, and
thus, it does not require any additional control circuits or algorithms to
maintain the voltage balance of the capacitors. The neutral of the load
side and the negative terminal of the input DC source are connected to
the ground to establish a common ground feature.

Description of Output Levels

The nine output voltage levels, namely, 0.5 Vyy,, Vi, 1.5 Vi, 2 Vi,
0, =0. 5Viy, —Vin, —1.5 Vyp,, and -2 Vy,, are synthesized, as shown
in Figures 1B-]. Based on the different modes of operation, the
switched capacitors C,;, C,, and C; are charged and discharged
during every switching cycle. The detailed description of all the
operating states is given as follows:

First Positive Voltage Level

The first positive output voltage level of the proposed topology is
generated by turning on switches S, Sy, S¢, So, and S to generate
an output voltage level of 0.5V}, as shown in Figure 1B. The load
current completes its path through Sg, the anti-parallel diode of
switches S¢ and Sy, D,, and the negative terminal of the source.
Here, the output voltage is positive, and the load current is
negative. The capacitors C, and C; get charged during this
mode of operation, and it is expressed as follows:

VC] - Vin:
Ver=Ves = Vi /2, (1)
Vo=Vin-Ve.

Second Positive Voltage Level

The input source is directly connected to the load through the power
switches Sy, S; and S, as shown in Figure 1C. The switches S, and Sq
are also turned on to charge the capacitors C, and C;, Since all the
three capacitors are connected in parallel with the input source
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during this mode of operation, they get charged. The capacitor
voltage and output voltage are expressed as follows:

VC] = Vin:
Ver=Ves =Vi/2, (2)
Vo = Vin~

Third Positive Voltage Level
The power switches S}, S3, S, and Sg are switched ON, and output
current is conducted. The input source and capacitor C; voltages
are added together to deliver the load, as shown in Figure 1D.
Here, the capacitor C, is charged, and Cj is discharged. Here, the
output voltage is written as follows:
{ Vo = Vi

Vo =V, + Vc3. (3)

Fourth Positive Voltage Level

The proposed topology’s maximum output voltage level is obtained
by turning on the switches S;, S;, S, and S7, as shown in Figure 1E.
During this mode, the input source and capacitor voltages V¢, and
Vs cumulatively deliver the load requirement. The capacitor C; is
connected in parallel with the input source and charged to Vy,. The
respective voltages are expressed as

{ VCI = Vin)

Vo = Vin + ch + ch. (4)

Zero Output Level

In this mode, the power switches S, Sg, and Sg are switched ON to
provide a freewheeling path for the load. As shown in Figure 1F,
the switches S; and Sq are turned ON to charge the capacitors C;,
C,, and C;. The respective voltages are expressed as

VCI = Vim
VCZ = VC3 = Vin/2> (5)
VO =0.

First Negative Voltage Level

The switches S5, Sy, S, and Sp are triggered ON to generate an
output voltage level of —0.5V,, and the respective voltage level is
shown in Figure 1G. Here, the output voltage is negative, and
the load current is positive. The current flows through Sp the
anti-parallel diode of switches S¢, Sy, C1, and S, and the negative
terminal of the source. The output voltage is expressed as
follows:

Vo=~V +V¢3) = —Vin/2~ (6)

Second Negative Voltage Level

Here, the power switches S, Sy, S, and Sg are triggered ON, and the
respective current flow path is shown in Figure 1H. The capacitor C,
is discharged to supply the load and it is written as follows:

Vo=-(Ve) = Vi (7)

Nine-Level Boost Inverter

Third Negative Voltage Level

The power switches S,, Sy, Ss, and Sg are switched ON, and the
load current is conducted. The capacitors C, and C, are
discharging to deliver the load. The respective current flow
path is shown in Figure 1I, and the output voltage is
expressed as follows:

Vo=-(Ve1 +Ve) = _3Vin/2~ (8)

Fourth Negative Voltage Level

This mode of operation generates the negative maximum output
voltage level, and the load current flow path is shown in Figure 1J.
The power switches S,, Sy, Ss, and Sg are triggered ON. Here, all
three capacitors are discharging to supply the load. The output
voltage in this mode is written as

Vo=-(Ve1 + Ve + Ves) = =2V, 9

CAPACITANCE CALCULATION

The three switched capacitors C;, C,, and Cs in the proposed CG9-L
topology are self-balanced using a series-parallel technique (Siddique
etal., 2019). The selection of the capacitance value of these capacitors
is important in switched capacitor topologies to achieve the desired
output voltage waveform. Also, it involves ripple loss, size, and total
cost of the inverter. The longest discharging time of capacitors has
been used to calculate the capacitance value. The capacitances are
estimated by considering the maximum allowable ripple limit of 10%
of its maximum voltage (Liu et al, 2014). The time period to
calculate the capacitance value is written using a typical nine-level
output voltage waveform as follows:

tl = TO/ZO, tz = To/107t3 = 3T0/207t4 = To/S;t5 = To/4
te = 3To/10;t; = 7T 20; tg = 2T [5; to = 9T /20;

where T, is the period of the output voltage waveform. The charge
on the capacitors C;, C,, and C; at the resistive load during its
LDC period is estimated as follows:

ts
Qsc, c1-r = ZJ Iy (t)dt, (10)
ty
ts
Iop (t)dt. (11)
t3

Qsc, c2r = Qs c3r =2 J

The load current value for purely resistive load can be
expressed as follows:

Vin To_, To

2 20 10
Vinr %sts%)o

13v, 3T T (12)

T 0<4<29

2 20 5
T, T,

Wi —<t<=2,
5 4
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FIGURE 1 | Topology and its modes of operation. (A)Proposed CG-9L topology, (B) V, = 0.5V, (C) Vo = Vi, (D) Vo = 1.5V, (E) Vo = 2V, (F) Vo =0, (G) Vo =

From Equations 10 and 12, the charge on the capacitor C,
during resistive load is estimated as

Vinﬂ
. (13)
Rio

QSC, ClI-R =

The optimum value of the capacitance of capacitor C; when
the load is purely resistive is calculated as

T

Cloptm—R 2 (14)

Rio Xk xw

From Equations 11 and 12, the charge on the capacitors C,
and C; during the resistive load is calculated as
7Vm71'
10R;o’

QSC, C2-R = QSC, C3-R = (15)
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The optimum value of the capacitance of capacitors C, and C;,
when the load is purely resistive can be calculated as

7

_— 16
IORLO x kX w ( )

C20ptm—R: C30ptm—R 2

When the load is resistive-inductive (RL), the load current is
expressed as follows:

I (t) = sin(wt — 6). (17)

At resistive-inductive (RL) loading conditions, the charge on
the capacitance of capacitors C;, C,, and Cs is calculated as

Qsc, ci-rL = ZI_m [cos(l - 6) — sin 6], (18)
) 10
21« 3 .
Qsc, ca-re = Qsc, c3-rL = —— [COS<— - 9) —sin 0]. (19)
) 10

The optimum value of the capacitance of capacitors C,, C,, and

C; during resistive-inductive (RL) loading can be written as follows:
2Ly T .

Cloptm—RL > m [COS(l—O - 9) — sin 9] N (20)

21« 3 .
Caoptm-rL = C3optm-rL = m [COS(TO - 9) —sin 9]~ (21)

where I,,,, is the maximum load current.

POWER LOSS CALCULATION

The total power loss of a topology depends on three losses:
switching losses, conducting losses, and ripple losses. The
overall efficiency can be estimated as

Pour Pour

= = ) (22)
Pour + Pr.r Pour + Psir + Pcp_r + Ppr

where Pg;_r, Pcp-r , and Pr_r are the total switching loss, total
conduction loss, and total capacitor ripple loss.

Switching Losses

When a power switch transition happens, i.e., when turn ON to
turn OFF or turn OFF to turn ON, voltage and current
overlapping occurs (Babaei et al, 2014). This causes loss in
the power switch called switching loss. The switching losses of
each power switch during turning ON (Ps_.,) and OFF (Ps_sfy)
are calculated as follows (Mohamed Ali et al., 2019):

VS[’*D}’! X IS[*GVI X TOVl X NGVL
6T

Ton
Pow =Ny | (0 xi(0) - . (23)
0
where Vg on, Ls.on> and Toy are the voltage across the switch
when it is turned ON, current through the power switch during
ON period, and turn ON time of the power switch.

T,

f
Ps,offZNgffJ v(t) xi(t)

_ Viops X Li-ops X Tosy X Nogy
6T ’

0

(24)

Nine-Level Boost Inverter

where V_orr Isi orr and Togg are the open circuit voltage of the
switch when it is turned OFF, current through the power switch
before turning OFF the power switch, and turn OFF time of the
power switch, respectively. The total switching loss can be
expressed as

Py r=fx (PS—on + PS—off)- (25)

Conduction Losses
The internal resistance of a power switch is the source of
conduction losses when it is in conduction (Mohamed Ali
et al.,, 2021). The total conduction loss is calculated using the
equivalent circuit of the proposed CG9-L topology.
The conduction losses are estimated as

Pcd,l = (lc + iLl )2 (Rn—s + REsr + Rn—D) + (iLl)2 (Rn—s + REsr

+ Rn—D) + (iLll)2 (ZRn—s + REsr) + (Rn—s + RLO)’
Pcd,Z = (lc + iLZ)z (Rn—s + REsr + Rn—D) + (iLZ)2 (Rn—s + Rn—D)

+ (iLZI)2 (ZRn—s + ZRESV) + (iLZZ)2 (Rn—s + RL0)>
Pcd,3 = (lc + iL3)2 (Rn—s + REsr + Rn—D) + (iLS)Z (4Rn—s + REsr

+ RLo)s Pcd,4 = (lc + iL4)2 (Rn—s + REsr + Rn—D) + (iL4)2 (4Rn—s

+ ZREsr + RLD)> Pcd,fl = (iLS)2 (4Rnfs + 2REsr + RLO)’
Pcd,—z = (iLG)2 (4Rn—s + REsr + RLo): Pcd,—3 = (1.L7)2 (4Rn—s

+ 2REsr + RLO)’ Pcd,f4 = (iL8)2 (4Rnfs + 3IzEsr + RL0)>

(26)

where R,_s,R,_p,andRg, are the on-state resistance of the
switch, diode, and equivalent series resistance of capacitors.
AlSO, iC) iLl_iLS’ iLll) ile, iLZl’ and iL22 are Charging current

and load currents during different output voltage levels. The
average conduction loss for one complete cycle is calculated as

1 _ tz_tl .
Pcd,l =2 XPcd,l T—O H

t; -1t ty—t3
Pgd,zzzxpch( To >;Pld,3:2XPcd,3< To )7

t5 — 1y ty —tho
PidA:ZXPCdA( TO >; Pid,—l :ZXPcd,—l< TO ),

tn—tn ti3 — 1t
cd,~2 :2><Pcd,—2< To ); Pid,—S :2><Pcd,—3< T >§

p!
o
tiy —t3
Pl =2xPy_ .
cd,—4 d, 4< To )

The total conduction loss is estimated as

_ pl 1 1 1 1 1 1
PCD*T - Pcd,l + Pcd,z + Pcd,3 + Pcd,4 + Pcd,fl + Pcer + Pcd,f3

+Pl, . (27)

Capacitor Losses

The difference in voltage between the input DC source and the
voltage across the capacitor causes capacitor ripple loss. The
ripple voltage can be estimated as follows:

Frontiers in Energy Research | www.frontiersin.org

June 2022 | Volume 10 | Article 922786


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Gopinath and Vijayakumar

Nine-Level Boost Inverter

5.000ms/  4.700ms Stop £ 1 oov

i 200V 20,047
v

A T = A .
/A#F m‘m :,{rﬁ"m ‘wﬂh ‘ 10—42A“I. h JTh#
bt

LT,

|

- Ver=100V,

4 ""\'ia:lOA

| ”‘-‘er
A Lk L SRR a7

= B Bt wov 2 20w 50.0v/ 2004/

4
o V=50V e SN
Iy in || See® ' 1=142 A
ikl iy e = In N\ Ih N
iy PO & o S —] )~ B Moy N N
! G ' K i % oL TYIRTC L ) R S R TS ) A———
4
CA E\1 00v/ 2 2004 3 500V 4 2004/ 4100ms/ 2025ms  Stop £ 1 00V LG D I 1 100V 2 200v 3 100V/ 1504/ 7.000ms/ 2694s Stop & 1 00V D
Meas i El‘
Freg(1):
50.000Hz
Ph-PK(1):
400V
Pk-PK(2):
40A
+

4.100ms/  20.25ms Stop £ 1 0ov

VOTZOO A%

.
A

Ph-PK(1):

T Pt . e 40A
:;.m'# JWH #M.ITLH' ‘m% st A
gy Ml ¥

Meas '“@

Freg(1):

1o
Cd
o

50.00Hz

AC RMS - FS(1):
1408V
ACRMS-FS():
1.26A

’
’

=

+

aee V=100V

Tt i

Al

capacitors Cy, and C, at Z, = 100 + j100 Q.

FIGURE 2 | Steady-state operating condition. (A) Experimental results of output voltage, load current, voltage across capacitors C4, and capacitor current iy at R =
100 Q. (B) Experimental results of the output voltage, load current, voltage across capacitors C,, and capacitor current i at R = 100 Q. (C) Experimental results of
output voltage, load current, voltage across capacitors Cz, and capacitor current icz at R = 100 Q. (D) Experimental results of output voltage, load current, voltage across

1 [t
AVe = — J i(t)dt, (28)
C ).
where t,-t. is the start and end time duration of the longest
discharge of the capacitor.
The ripple loss can be calculated (Ponnusamy et al., 2020) as

Iinx s .
AV = —2  lcos(—-0) - ) 2
Ve X fxCr [COS<10 0) sin 9} (29)
AV = AV = # [cos<3—n - 9) - sin 6] (30)
- e ﬂXfXCz/(3) 10 ’

The total capacitor ripple loss can be calculated as follows:

PR*T = AVCI + AVCZ + AVC3. (31)

The total loss of the proposed CG9-L can be calculated as

follows:

Py r=Psg v+ Pcpr+Prr. (32)

RESULT DISCUSSION

The 400-W experimental prototype of the proposed CG-9L
inverter is built in the laboratory using G60N100 IGBT
switches, HCPL-3120 drivers, 1000 uF capacitors, Texas

Instrument TMS320F28379D digital controller launchpad,
and RL load, and its performance is analyzed under various
steady-state and dynamic conditions. The switching frequency
of the proposed inverter topology is 2.5 kHz. An input voltage
of 100 V and load combinations of 100 Q, 50 + j100 Q, and
100 + j100 Q were chosen while analyzing the performance of
the proposed topology. The steady-state performance of a
proposed topology has been analyzed by using a resistive
load of 100 Q, and the obtained experimental results of the
output voltage, output current, and voltage across the
capacitors are shown in Figures 2A-C. It is observed that
the output voltage is 200 V while applying a 100 V input, which
verifies the boosting ability of the proposed topology. The
steady-state operating condition at a series resistive-inductive
load of R = 100 and L = 100 mH with a power factor of 0.95 is
also tested, and the results are shown in Figure 2D. The rms
value of load current is 1.26 A, and the voltage across
capacitors C; and C, is 100 and 50V, respectively. The
dynamic operating conditions such as input change, load
change period, and variations in modulation index values
have been checked. The experimental results of an output
voltage that varies from 160 to 200 V and an output current
that varies from 1.5 to 1.85A when the input voltage is
changed from 80 to 100V are shown in Figure 3A. The
load is changed from Z; = 50 + j100Q to Z, = 100 + j100Q
to test the dynamic behavior. The output voltage is maintained
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change period Z1= 50 + j100 Q to Z,= 100 + j100 Q. (D) Experimental results of output voltage, load current, voltage, and current of capacitors C,, during the load
change period R = 100 Q to at Z, = 100 + 100 Q. (E) Experimental results of the output voltage and load current during modulation index variations 1.0 to 0.7. (F)
Experimental results of the output voltage and load current during modulation index variations 0.7 to 0.5.

at 200 V constantly, and the load current changes from 3.3 to
1.85 A. The corresponding results are shown in Figure 3C.
Figure 3D shows the output voltage, current, capacitor voltage
V2, and capacitor current ic, as the load is changed from R =
100 Q) to Z, = 100 + j100 Q. The waveform shows that the
capacitor voltage remains stable when the load changes,
verifying the capacitor’s self-voltage balancing ability.
Furthermore, the change in modulation index values has
also been analyzed, and the respective waveforms are shown
in Figures 3E,F. The modulation index values are changed
from 1 to 0.7 to 0.5. When the modulation index is 1, all nine
voltage levels have been obtained. But when it is 0.7 and 0.5,
the levels of output voltage are decreased to seven levels and
five levels, respectively. During all these dynamic analyses, the

capacitor voltages are maintained constantly with allowable
ripple, confirming the self-balancing of capacitors. The inrush
current that arises due to the direct parallel connection
between the input source and the switched capacitor is
reduced by the high impedance path due to the
incorporation of an inductor of 33 uH during
experimentation. In the MATLAB/Simulink, a power loss of
~10.9 W is obtained, whereas in the experiment, it is 15.4 W.
The experimental efficiency is 96.2 % at ~400 W, which is close
enough to the simulation efficiency (97.3 %). Table 1 shows the
power loss and efficiency during different loading conditions.
The maximum simulation efficiency of 98.4% is achieved at
~200 W with unity power factor, as shown in the simulation
and experimental efficiency comparison in Figure 4.
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TABLE 1 | Power loss and efficiency of the proposed topology.

Power loss CG-9L topology
@ 0.85 Power factor @ 0.95 Power factor

Switch Sy 0.777 0.441
Switch S, 0.24 0.138
Switch S3 0.233 0.135
Switch S, 0.652 0.338
Switch Ss 0.131 0.075
Switch Sg 0.569 0.33
Switch S; 0.281 0.153
Switch Sg 0.113 0.075
Switch Sg 0.312 0.161
Switch Sg 0.593 0.323
Diode D, 0.758 0.413
Diode Dy, 0.461 0.237
Capacitor C4 1.35 0.671
Capacitor C, 0.28 0.171
Capacitor Cg 0.28 0.171
Total losses (W) 7.03 3.83
Output power (W) 288 W 181 W
Efficiency (%) 97.6 97.9

COMPARATIVE ANALYSIS WITH OTHER
EXISTING MLI’'S

The merits of the proposed CG9-L topology in comparison with
other recent 9-L topologies are listed in Table 2. The comparison
is carried out on the basis of the number of components, Ng,—no.
of switches, Ng,—no. of drivers, Ngq—no. of diodes, N,,—no. of
capacitors, T..—total component count, T.;—number of
components counts per level, total standing voltage (TSV,,,),
cost function, negative level generation, efficiency, and
approximate total cost.

i) The total component utilization ratio of the proposed topology
is 2.9, which is less than all remaining topologies except the
topologies presented in Igbal et al. (2021) and Chen et al.
(2022). It shows that the CG9-L topology uses minimum
power components to produce higher output voltage levels.
Despite having a lower component utilization ratio, the voltage
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ii)

iii)

stress on some of the switches is high, which is equal to four
times the input voltage in topologies (Igbal et al., 2021; Chen
etal., 2022). The total component utilization ratio is calculated
as follows:

Teop= (Na+Nay+Ng+Ng,) /Ny (33)

Even though the topologies presented in Taghvaie and Adabi
(2018) and Mohamed Ali et al. (2021) have a lower total
standing voltage per unit, it employs more power
components than the proposed topology, which increases
the total power losses and reduces its efficiency.

Next, the ratio of the total capacitor voltage to the maximum
output voltage V. ._r/Vo_,x is compared. The proposed
topology uses three switched capacitors with a total
capacitor voltage of Vg, which is less than the
topologies presented in Nakagawa and Koizumi (2019),
Dhara and Somasekhar (2021), Sathik et al. (2021), and
Chen et al. (2022) and equals the topologies presented in
Zeng et al. (2017) and Mohamed Ali et al. (2021). Despite the
low capacitor voltage ratio of the topologies in (Hinago and
Koizumi, 2012; Taghvaie and Adabi, 2018; Sandeep, 2019;
Igbal et al., 2021; Jakkula et al., 2022), the common ground
feature is absent. Furthermore, the component counts are

TABLE 2 | Comparison with other recent 9L topologies.

Reference Neh Nayv Ng Nep Tee Teo TSVpu
Hinago and Koizumi, (2012) 13 13 0 3 29 3.2 6.25
Zeng et al. (2017) 10 10 4 4 28 3.1 7.75
Taghvaie and Adabi, (2018) 19 19 0 3 41 4.9 4.55
Nakagawa and Koizumi, (2019) 12 11 0 3 26 2.9 6
Sandeep et al. (2019) 12 12 0 2 26 2.9 5.25
Igbal et al. (2021) 10 10 1 2 23 2.6 5.75
Mohamed Ali et al. (2021) 10 10 4 3 27 3 4.75
Sathik et al. (2021) Ihl 9 8 4 32 3.5 5.5
Dhara and Somasekhar, (2021) 12 11 2 4 29 3.2 8
Chen et al. (2022) 9 9 3 4 25 2.8 5.25
Jakkula et al. (2022) 15 13 0 3 31 3.4 5.75
Proposed 11 10 2 3 26 2.9 5.5

Ve-1/Vo-mx C; with a= 0.5, 1, CGT HB n (%)
and 1.5

0.5 1 1.5

0.75 321 3583 384 No Yes  Not available
1 319 358 396 No Yes  93%@500W
0.75 433 455 478 No No 91.7%, not available
1.25 29 32 35 No No 96%@50W
0.75 286 313 339 No No Not available
0.75 259 289 316 No No 94.4 %@500W
1 294 318 341 No No 97%@500W
1.5 348 375 403 No No 94.7%@500W
1.5 33 37 41 No Yes  95%@500W
1.25 276 303 329 Yes No 95.2%@1kW
0.75 339 368 396 No No 96%@500kW
1 288 315 343 Yes No 96.2%@400W
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TABLE 3 | Cost comparison of the proposed topology with other recent topologies.

Device

MOSFETs

Gate driver
Diode

Capacitors

Part number

STP30NF20

IRFB4137PBF

RB-IRG6I330UPBF

RB-IRG4BC30KPBF

IPWB0R099

HCPL-3120
FFPF30UP20STU

ESMQ161VSN102MQ30S

B43416C3108A000

ALF20G102EP500

Rating

200V,
30A
300V,
40A
300V,
28 A
600V,
28 A
600V,
38 A
200V,
30A
160V,
1000 uF
300V,
1000 uF
500V,
1000 uF

Unit
price
a

@)
2.82
4.50
3.28
3.62
7.06

4.98
1.99

3.12
7.35
13.84

Total

cost

©®

aThe prices may vary based on market growth and availabilty.

Hinago
and
Koizumi,
(2012)

9

128

Zeng
et al.
(2017)

133

Taghvaie
and
Adabi,
(2018)

16

159

Nakagawa
and
Koizumi,
(2019)

4

6

125

Sandeep
et al.
(2019)

119

Igbal
et al.
(2021)

106

Mohamed
Ali et al.
(2021)

115

Sathik
et al.
(2021)

133

Dhara
and
Somasekhar,
(2021)

144

Chen
et al.
(2022)

120

Jakkula
et al.
(2022)

11

133

Proposed

112
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high for topologies (Hinago and Koizumi, 2012; Taghvaie
and Adabi, 2018; Jakkula et al., 2022), resulting in higher
power losses.

iv) Furthermore, the cost function (C¢) is formulated as follows.

Cf:(Nsh+NdV+Nd+Ncp)+‘xXTSVP~“‘ (34)

and compared with all other topologies. The cost function is
calculated with weight factors @ = 0.5, 1, and 1.5, and the
respective values are listed in Table 2. The cost function of
the proposed topology is slightly higher than the topologies
presented in (Igbal et al., 2021; Chen et al., 2022) and less
than all other topologies.

v) The approximate cost of the topologies in USD has been
calculated and is listed in Table 3. To ensure a fair
comparison, all topologies were considered with the goal of
producing an output voltage of 400 V, and component ratings
were chosen as shown in Table 3. From Table 3, it is clear that
the cost of the proposed topology is the least, except for the
topology presented in Igbal et al. (2021).

The main advantage of the proposed topology is the
suppression of leakage current due to its direct connection
between the negative terminal of the source side and the
neutral of the load side. This common ground connection
feature is absent in all other structures except (Chen et al,
2022) listed in Table 2.

CONCLUSION

This study presented a nine-level inverter with leakage current
suppression, voltage boosting, self-voltage balancing, and low
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