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Abstract

Switched-capacitor multilevel inverters are suitable topologies for renewable and sustain-
able energy due to a low number of dc-link voltages. This article presents two extendable
configurations for switched-capacitor multilevel inverters to be applied to solar photo-
voltaic systems. The first extendable configuration applies only to two DC supplies, and
the number of levels is increased by connecting several capacitors in series, while the
second extendable configuration uses a combination of DC sources and capacitors. The
proposed inverters have a self-voltage balancing capability, and they reduce the voltage
stress of switches, which leads to a reduction in the value of switching losses. The com-
parison indicates that both extendable topologies have advantages over most reported
multilevel inverters, such as a low number of capacitors and semiconductors, low voltage
stress, high boost factors, and a low-cost factor. An efficiency assessment is also presented,
which shows the efficiency of the proposal is higher than recent topologies. The proposed
inverter is tested and simulated for a high-power solar photovoltaic system that shows it
possesses excellent performance with a high-quality output waveform. The functionality
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1 | INTRODUCTION

The benefits of solar photovoltaic (PV) technology are that
there are no existing moving parts, a long lifetime, and no
need for maintenance [I, 2]. The main core of a PV system
is a power inverter, which is the interface between the PV
panel and the load/grid. Multilevel Inverters (MLIs) are suit-
able topologies to operate high-power PV systems because they
overcome the voltage rating constraint of power switches, mak-
ing them more efficient and cheap [3, 4]. Another benefit of
MLIs is that they use several semiconductor components to
generate high voltage levels, which results in low voltage dis-
tortion, low dv/dt, and a low natural point voltage [5, 0].
Generally, classical MLIs are categorized into three inverter
groups, consisting of switched-diode base MLIs (SD-MLlIs),
DC-Source base MLIs (DCS-MLIs), and switched-capacitor
based MLIs (SC-MLI). Switched-diode base MLIs use discrete
diodes instead of switches to decrease the switching device

of the proposal is tested and evaluated by building a laboratory prototype.

count [7, 8]. The second group is dc source base MLIs that
use multiple independent dc voltage sources. Therefore, they
don’t need any capacitors to regulate DC link voltage and can
operate in all resistive and resistive-inductive load ranges [9—11].
The third group is switched-capacitor MLIs that only need a
single or a few DC sources to generate high voltage levels and
other sources are replaced by capacitors. Due to the use of single
or fewer DC power supplies, SC-MLIs have recently attracted
the attention of many academics among all types of multilevel
inverters [12]. These MLIs, like other topologies (SD-MLI and
DCS-MLI), require a significant number of components (power
semiconductors, drivers, and capacitors) to produce high volt-
age levels, resulting in complex control and reduced efficiency
[13]. In addition, several of the SC-MLI topologies provided
require a proper algorithm to manage the capacitor voltages,
making them more expensive [14]. Furthermore, in low input
power supply applications (such as PV systems), a high amount
of current drawn from the DC supplies can reduce the power
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level of SC-MLIs because some power semiconductors must
withstand a high current rating [15]. Recently, numerous MLI
topologies have been presented for renewable energy sources
in literature with an emphasis on element count reduction, low
input DC supplies, low tolerate voltage on power switches,
control approaches, etc [16-21].

Two 25-level MLI topologies have been presented in [16,
17]. Ten switches and three asymmetric DC sources are used
in the first reduced structure in [16] to provide fifteen voltage
levels. Although this topology can create twenty-five voltage
levels with twelve power switches, the stress voltage of the
power switches is high, and the separated DC links cannot be
replaced by capacitors because of the design of the configura-
tion. The second presented 25-level topology in [17] switches
two unequal DC voltage sources through four capacitors and
fourteen IGBTs.

The advantage of this topology is the voltage control of input
capacitors without the use of any extra balancing circuits. A 25-
level MLI structure has been reported in [18, 19] that employs
four DC link voltages and ten switches. By using a low driver cir-
cuit count, [18, 19] reduced control complexity. For PV systems,
the input DC sources of this MLI requite four independent
capacitors, which increases the invertet’s elements, size, and
overall cost. The presented 25-level inverter in [19] has the same
circuit as [18], but the bidirectional switches have been replaced
with one IGBT and four diodes, reducing the number of IGBTs
to ten, but with six extra diodes. The disadvantage of this topol-
ogy is similar to [18] due to the use of four DC sources that
increase the elements. [20] suggested a cascading SC-MLI by
proposing a basic unit that generates five voltage levels (con-
sisting of seven IGBTs, and two capacitors) with the objective
of low blocking voltage on semiconductor devices. It can gen-
erate a 25-level by cascading two basic units (fourteen IGBTSs
and four capacitors), which is still a high IGBT and capaci-
tor count, which makes it have high stored energy and high
cost.

A modified PUC has been presented in [21]. This topology
replaces the capacitors of the PUC by using multiple DC volt-
age sources. This topology reduces the power electronics patts
while increasing the number of levels. It has the problem of
requiring several DC link voltages without the use of capaci-
tors. [22] suggested multiple SC-MLI topologies that remove
the requirement for H-bridge inverters. Instead of two H-bridge
inverters, this topology employs six power switches to reduce
the number of components. [23] introduced a multiple SC-MLI
that uses asymmetric switched-capacitor units to minimize the
number of elements. Two switches, one discrete diode, and one
DC link voltage, along with a capacitor, are included in each
MLI basic unit. As a result, a large number of capacitors and DC
sources are employed to consider a wide range of voltage lev-
els. [24, 25] two switched-capacitor MLI topologies have been
reported. The first MLI [24] reduces the number of switches and
voltage stress, but it is difficult to generate high voltage levels
because it is non-scalable and has a large number of capacitors.
The second SC-MLI [25] has been offered as an enhanced basic
unit that makes use of a small number of power diodes and the
capacitor’s current path. For PV systems, [26] proposed a multi-

source SC-MLI topology. Asymmetric multiple DC sources and
switched capacitors have been used in the described structure,
which is charged in parallel mode at the highest DC-link volt-
age and discharged in series mode. An H-bridge inverter is also
used to produce negative levels. An extendable MS-SCMLI with
the capability of the self-balancing capacitor is introduced in
[27]. The basic topology of this structure uses more than twelve
power switches to generate 25-level, therefore to generate more
voltage levels it requires a large number of elements and capac-
itors. Also, the boosting factor of this topology is low which is
not suitable for solar PV systems.

A hybrid switched-capacitor MLI is introduced in [28]. The
introduced basic topology is using a single dc source and several
capacitors to obtain a high number of levels. The disadvantage
of this topology is using several capacitors and power electron-
ics devices because the capacitors are charged only in the value
of input dc sources. The presented cascaded topologies use #
number of dc sources and # number of capacitors, so they need
more asymmetric dc sources and capacitors to increase voltage
levels. In addition, in the presented cascaded topology the dis-
persed value of dc voltage sources are far (1,5,125,...) making
the control of dc-link voltage more difficult for Solar PV appli-
cations. A symmetric cascaded SC-MLI has been presented for
a high-frequency AC distribution system in [29]. The drawback
of this MLI is using several dc voltage sources and operat-
ing in symmetric operation mode. Therefore, the capacitors are
charged in symmetric values like [28] which requires a lot of
switches and capacitors to create a high number of voltage lev-
els. In addition, the boosting factor of these topologies is low
which is an essential factor for solar PV systems. An extended
high step-up switched-capacitor MLI is reported in [30], which
uses only two dc sources and several switched-capacitor units.
It uses an improved H-bridge circuit (six switches) to change
voltage polarity. The capacitors in this extended topology are
charged in symmetric value at the input dc voltage source, so
its boosting factor is low which is not a good topology for
solar PV systems. In addition, it needs more devices to gen-
erate more voltage levels which reduced the efficiency of the
inverter. Furthermore, since this MLI only uses two dc-link volt-
ages to generate high voltage levels, it is lost flexibility to design
especially when it is applied to PV solar systems.

In this paper, first is a basic switched-capacitor multilevel
inverters topology with the capability of balancing capacitor
voltage automatically. Then the basic topology is extended into
two different configurations. The extended topologies are pro-
posed for multilevel inverters. For each extended topology, the
magnitude of dc sources is presented so that they can generate
all voltage levels (even and odd). One of the features of the pro-
posed structures is the self-balancing voltage of the capacitors,
so they do not need any sensor ot special control algorithm. To
determine the benefits and drawbacks of the proposed topology
with other MLIs the performance parameters such as the num-
ber of elements and voltage stress of the switches are extracted
and compared with the state-of-art MLI topologies.

In addition, the optimal design of the proposed topolo-
gies for different objectives like minimizing the number of dc
sources, power switches, and voltage stress of the switches are
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P Part a . Part b - TABLE 1  Selection of DC link voltage to create voltage levels differently
‘_{.I—l @::@j—‘_w_ within the Suggested MC-SCML

7;_' J_ 3 [ __I/” 3 Via Vig Vomax = 2(V1a + V1) Nievet = 2Vomax +1
T, 1, . 1,
2a a
o|/&D, TC, 3 i S S 1 1 v, 21, 61 13
— !217 !lb
T - 2 Vi a8 17
] =
9]
53 s3 3 3 Ve 4 101 21
T, 1 T, T, YD, =~C, T, 4 Vs 517, 1217, 25
t T Va ] [ 2
_,i"' TABLE 2  All possible switching states of the suggested MC-SCMLI
— structure
FIGURE 1 Proposed basic MC-SCMLI topology States On switches Cia Ci Output voltage
1 B> Tags Tipy Ty - - 0
i i 2 T Tag» Ty T3 - -

presented. The efficiency of the proposed basic topology for > M 3

different output power is obtained and compared with four 3 B> B Tis Ta - -

recently switched-capacitor MLI topologies, which confirm effi- 4 Dogs Tgs Ty T3y - -

ciency improvement. In the following, the application of the 5 i Ty S Tops Ty 1 _ +1,

proposed topology for a solar system is investigated in two 6 T T S T Ty " B

cases: stand-alone and grid-connected with the necessary con- o .

: 7 Dos Taas S5 T 1) 1 - Vi
trol scheme. Lastly, the hardware and software findings are

presented to demonstrate the functionality of the proposal. 8 D20 Taar St T Tay ! -

9 T s $205 T ) 1 - +217,
10 7111’ Z;m’ ‘Sézl’ 7]/:’ I:U) l -
2 | PROPOSED BASIC MULTICELL i TS T T L
SWITCHED-CAPACITOR MLI ,
12 Em 71:1’52117 7;/1, 71/7 l« -
. P : . 13 Do Taar S200 Tiis T3 S1 T +31;

The schematic power circuit of the suggested basic multi- 2ar T2 Tl 2L ! g

cell SC-MLI (MC-SCMLI) structure is exhibited in Figure 1. 1 o> B2 Top T S0 L ! =3V

According to the switched-capacitor idea, the suggested topol- 15 D> Taas S1as T T3 St 1 T +415

ogy is made up of two parts (part-a and part-b). It means 16 Lias By S1a> B Tip St 1 T —417,

that two capacitors (C,, C};) can be charged in parallel mode 17 Taus Bogs Ty Tops 11 _ 1 +51,

(without any extra balanc.lng. circuit) througb input dc-links 18 T T T T S B 1

(Ma» V1), respectively, which is one of the main advantages of

oo ; . . . 19 Bos s oo Lo 1, ) =51
the suggested structure. Therefore, it comprises two DC link )

voltages, two capacitors, and two diodes that are connected 20 Tia> Taar Top Tass 10 - T

by twelve uniditectional switches. The proposed MC-SCMLI 21 T4 B> S5 T T St 1 1 +617

has several benefits, including the ability to create both pos- 22 D Tas S1a> B Ti St 1 1 —617

itive and negative voltage levels, eliminating the requirement 23 B> Bas S200 Tios T30 S1 | ) +7V

forl an h-bridge inverter to shift polarity, and reducing switch 4 T Too S o Tis Sty ! 1 -,
voltage stress.

. . . 25 Daas Taas Spas Tips T35 Sopy l +817,

In the suggested basic structure, all switches operate in com- R ! 5

plementary modes, which provide paths that produce positive 2 s Baas S2a> Top Tais S20 ! ! —8Va

and negative voltage levels. The suggested basic MLI creates 9 27 D> Taas S5 T B S2p T i 9V

levels if the number of two dc-links is selected equally (1], = 28 Tios By S1as B Tapn S ) l —917,

11, = 1,). It is possible to achieve various voltage levels with 29 Bys oy Tips T S _ 1 +1017,

the same numbe'r of elements if the magnitudes of the two DC- 30 Ton Tow Tips T Sa B !

links are determined unequally. As a consequence, the suggested 31 T L o1

basic MLI produces distinct voltage levels by choosing values of ~ ~ 2 an T2 T4 N .

11, different amounts of 1], as shown in Table 1. Table 2 sum- 32 Tias Taas Top Tass S0 !

marizes all the possible switching states of the used switches for 33 Tias Bas Stas Tis T3s S20 1 1 +11V

making each voltage level. 34 Dys Tags Sias o Tagr So ) 1 —1117,

The type ?md rating of power semicondl.lctors are determine'd 35 Tims Tons Sous Tips Ty Sai 1 1 +1217,

by the standing voltage (SV) factor. Thus, in the suggested basic 36 T T S Tops Tips S2p ! ! —121,,

MC-SCMLI, the highest stress voltage of each power switch can
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be estimated as:

SV =SV =SV =SV, =214, M
SV = SV, = SV, = SV, = 217, @)
Vg, =515, = M, ©)
SV, =SV, = My #

Therefore, the total standing voltage of basic structure 7317,
is:

5
ZST/BMZ'[ = 1O<I/la + I/lla) = 5(1\]/31@/ - 1)T/la' (5)

3 | PROPOSED EXTENDED MC-SCMLI
TOPOLOGIES

As the number of levels in multilevel inverters increases, they
need more power switches to approach the sinusoidal waveform
with less harmonic content. Therefore, MLIs require more gate
driver circuits which control of them will be more complex. Fur-
thermore, by increasing the number of levels the conduction
losses of MLIs ate increased which causes the efficiency to be
decreased. An extended switched-capacitor MLI is introduced
in [30]. This topology has drawbacks such as only using two dc
sources (low design flexibility), a low boosting factor (capaci-
tors have symmetric values), and a high number of capacitors
and power semiconductors to generate a large number of levels.
The proposed extended structures are designed in such a way
that it has higher flexibility to design (due to using two or more
dc sources) and they provide a high boosting factor (capacitors
have asymmetric value). Since they operate asymmetrically the
need for power electronics components is reduced. In addition,
they have a low dispersed dc-link voltage ratio than previously
published SC-MLIs [28, 29] which causes their control simpler
for solar PV applications.

3.1 | Suggested first configuration

The first suggested extendable topology can be configured into
two shapes. In the first shape, the capacitors of each cell in each
part are charged in a symmetric pattern in the magnitude of the
input dc-links. In the second shape, the capacitors of each cell
in each part are charged in an asymmetric pattern.

3.1.1 | Symmetric shape

Figure 2 shows the symmetric shape of the first suggested MLI
(FS-MLI). It comprises of two parts, part-a, and part-b. Each
cell is comprised of two switches, one capacitor, and one diode.

Part a Part b

“ - -
o ] il ? il
3 3 :z I v, ;
Tzug iD, =C T, Ty ' T,

% SZ.lh ‘gl.lh
o

.....

%
i)
o

Cell 1b

7
Cell 2a
o §
Sy
o
Cell 2b
*

2 la 1. S 5
5 ot gl
&)
e,
e S =
YD, = o}
L, =V T, L, . Car 87'”7
? la 2 5 ?
L AL A s
Ly v Ly
= e

FIGURE 2  Symmetric shape of proposed first MLI configuration

All capacitors in part-a are charged at the magnitude of 17, by
ON-state switches (8] 1,5 ..., 51 ). Similarly, all capacitors part-
b are charged at the magnitude of the dc voltage of 17, by
turning on the switches (8 15, ..., 51 ;). Hence, the magnitude
of DC link voltage can be considered as follows in order to
achieve a large number of levels:

Me=Vg, ==V, =Va ©)

“na

y="vg,==1¢

b

= CNeita + 3) Ve ¥

Therefore, the symmetric shape of the first suggested config-
uration requires only two dc link voltages, the quantity of cells
(Me//,FS')’ capacitors (NCap,FS')’ IGBTs (N[GBT,]“T)’ driver circuits
(NDriver 5)» discrete diodes (Npj,4. 75), and voltage levels (Vg ry)
can be calculated as follows:

Neir,rs = Notta + Near 5 ®)
Neaprs = Neirs = Neairs @)
Nicer,rs = Npriver,rs = 2Ny + 8, (10)
Npide,rs = 2Ny + 10, )
N = Ny +3)°. (12)

It should be noted that the above equations are derived from the
assumption that N, =N,

- The stress voltage of switches

involving part-a capacitors (5 1,555,145 «++ » $1,1a> $2,14) €quals the
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FIGURE 3  Asymmetric shape of first proposed configuration

capacitor voltages, which can be expressed as follows:
T/jl,/a = T/jz,/ﬂ = ]Va'//,a T/ia- (13)

The stress voltage four switches of (71, 15, 13,, 1,,) for part-
ais equal to:

Vi, = Vg, =17,

3

=V, = N, + D (14

As a result, the maximum standing voltage for part-a 175 ,
can be obtained based on egs. (13) and (14) as:

SV}:,a = [6Me//,a + 4]1/141' (15)
Similarly, the standing voltage of part-b (ST ) is:
SVisp = (6N + 4V (16)

Therefore, the total SV of the suggested first symmetric
structure, 751 y_ 4177 can be expressed as:

ISV s = SViso + SVEp = BNy + 41(V1, + 14,). (17)

3.1.2 | Asymmetric shape

Figure 3 displays the asymmetric shape of the first MLI (FA-
MLI). In this configuration, we replaced the diodes with IGBTs,
so each capacitor is connected by three switches. Hence, the
capacitors of part-a and part-b are charged in an asymmetric
pattern, as follows:

Ve, =2, (18)

Ve, = 2714, (19

Here j is the number of cells. The DC voltage source amplitudes
to achieve a high quantity of levels are chosen as follows:

Vi =V (20)

Vi, = @Neratl + 14, )

As a result, the quantity of DC link voltage is two for the asym-
metric shape, and the quantities of cells (/V,; p4), capacitors
(Neip,r1)> diodes (Npjy4,, 1) are obtained from egs. (8), (9) and
(11), respectively. The number of IGBTs (Njpr ), drivers
(NDriner,£4) and levels (N7, g4) are obtained as:

Niesr,z1 = Npyiver,p1 = 3Ny + 6, (22)

DNl 44 2
Nyppr=1|2 2 +1) . (23)

The total SV of asymmetric shape (7314_,;; ;) can be cal-
culated within eqs. (13)-(106), therefore, it can be expressed as:

Neelt

Ve =7 <ZT> — 411, + 11,). (24)

It is worth mentioning since the switched-capacitor cells in
both parts of Figures 2 and 3 are located inside of the power
switches of two H-bridge circuits. Therefore, vertical or hori-
zontal expansion does not make a difference in the advantages
of the proposed extended structures, and the same results are
obtained in both cases.

3.2 | Suggested second configuration

Figure 4 illustrates the power circuit of the second suggested
MLI (S-MLI). As it is obvious, the second MLI uses multiple
asymmetric DC voltage sources and capacitors. Each cell com-
prises one DC source, one capacitor, four switches, and one
diode. The capacitors in each cell are charged with the value of
the DC link voltage involved. Therefore, the amplitude of the
DC-link voltage will be:

T/ld = I/CL, = V;/L" T/211 = VCza = ZT/iﬂ’
(25)
V3ﬂ = VC3,, = 3%51’ ety sz = VC = ”T/iﬂ'

“na

And for part-b are considered as:

W=, = (N2

cell ,a

+ ZMe//,a + 1> T/lm

Vo, =Tg, =21, V3, = Ve, =3V1ps o, Vi =T, =117,
(26)
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Part a » < Part b
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FIGURE 4  Second proposed MLI configuration
The number of components and voltage levels (/V; ) for this
. P ge levels (NL.s) Nt aus = #No (34
configuration are obtained as:
Neaps = Npcs = Ney = Neipa + Neoig 1 27) NDC,Feas = 24, (35)
N, = Npir.s = 4N,y + 4 (28) Sl %
IGBT ,S — +VDriver,§ — cell > NL,F,[d.Y — <2 2 + 1) , (36)
Npivdes = 5N,y + 4, 29 Noar
Diode,S ell ( ) 7(2 5 ) —4
YST/}T,[HI = I/r/[ X T (NL,E‘I,MJ - 1) (37)
N? ’
N = <7” + Ny + 1) : (30)
Also, for the second suggested cascaded structure, they will be

In this configuration, the total standing voltage of the
switches is:

6N,
BV _yrr = 7 T 2Ny | Vi, + 1), (B1)

4 | OPTIMAL DESIGN
CONFIGURATIONS

In cascaded MLI structures, the aim of obtaining an optimum
design is to minimize component count to achieve the desired
voltage levels. Two factors, (&) and (IV,;), influence the peak
amplitudes of the output voltage when determining an opti-
mal topology. The quantity of cascaded basic units is £ We
use the variable (/V,;) to determine the best design and (£)
to determine the output voltage peak. By considering the fol-
lowing relationship to obtain the maximum voltage levels in the
cascaded configurations:

Ny = N = =+ = Nop g = Ny 32)
So, the components and levels counts, and TSV for the first
suggested configuration will be obtained as:

N]CBT Foas = NDﬁ'z»er,E/l,mx = 3’é(1\]¢'e// + 2)’ (33)

obtained as:

ZV[GBT,_Y,MI = j\/vl)rz’ﬂer,&,my = 2’%(2]\][6// + 2)’ (38)
NCa]),S,m: = NDC,.T,MJ = ’éZV[e//’ (39)
> 2k
]\][e//,[
NL,S,MJ = 2 + Me//,[ +1 ) (40)
IV = 1V x (DB 1 41
Syeas — Vde 2]\]”// +4 ( 1,8, cas ) ( )

To obtain optimal configurations, there ate two approaches.
In the first approach, the quantity of components and TSV
are constant. Through the second approach to providing the
desired levels, the component counts and the TSV value are
optimized. Table 3 shows the outcomes of the two proposed
approaches for obtaining optimal topologies for both cascaded
configurations. In order to make a large number of levels,
in the first approach, all indexes (A1, B1, C1), (A2, B2, C2),
and (A3, B3, C3) should have a maximum value. Figures 1-3
inside Table 3 ate labeled V,;, > 2. All indexes, as shown in
these figures, reach their maximum at N,;=2. The second
approach is to optimize the component counts and TSV’s value
to have a fixed number of levels. As can be seen from Table 3
and Figures 4-6, the number of cells for the first and second
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TABLE 3  Optimal design of the suggested first and second cascaded configurations

Second approach: Minimizing

First approach: Maximizing Ny, Niomp With constant Ny, and
Configurations with constant N,,,, and TSV N, TSV
1 Niesr \
. y N, Ny +4
First MLI (Sym Ni15ias = [Ny + 3) Nt 6 2 L = T = 6
(Sym) L5505 = [Neet ) ] aN_A, B InNLFS cas (N +3) 1 N A,B, c,
A 2 g 2
L S
0 [}
2 4 N6, 8 10 2 4 N6, 8 10
cell cell
2 ‘\?,hp N
Ny NCap Neelt
Ny pe = [(N., + 3) Nt 2 = ——=F
e G WL AN #3]
By
NI S as—1 4 . ISV, 3N, +4 .
NLES cas L= — =q Figure 1 2 LTI 1\ 5 Figure 4
BVS,cas | Vite 3Ny +4 N Ve (NLF cas—1) 4
2 Nicsr
Neelf 3N +6 NG 3N, +6
First MLI (Asym N, =22 +1) 6 2 ICBT | Wt  _p 8¢
Y L,FA cas B N 2 D
o 4l 3 N4 cas R 6% 2
—_— X - 20272 +1)] 4
Ay 2 i 3 2
o 0
2 4 N, 8 10 2 4 N5 B 10
2 ‘\TC;IP
Neelf Neety Nca
— - ap
]\ZL,FA,MJ - [(2 2+ 1) ] 2 N -
N — nINL,F cas
By
N =1 4 - Bl 3
Ll — = — = (, Figure 2 2 Lo — =5 Figure 5
ISV as | Ve e 3 V=4 Vae(INL,F cas—1) 4
NDyive 2N, 42
Second MLI Ny s = 6 2 - \?"W =— al =Ds 6
"’ _— NS cas ! ; 3
Topology 1 Nicsr 4 ; LA ; D, s /n(T” + N, +1) : E
I\73// 2Ny +2 s [ N— :
(= + Ny + 1) | 2 4 N6 8 10 2 4 N5 8 10
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FIGURE 5  {R4-4} Simulation results of power losses and efficiency in PLECS software; (a) output waveform and capacitor voltages of proposed topology
based on PSC-PWM; (b) power semiconductors and capacitor losses of proposed 25-level MS-SCMLI; (c) power loss distribution of the proposed topology at
different power range; (d) efficiency comparison of proposed topology and presented 25-level MS-SCMLIs in [26,27] and [29,30]; (e) efficiency of the proposed
topology with and without using boost converter in the input
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suggested cascaded topologies in all indexes (D1, E1, F1), (D2,
E2, F2), and (D3, E3, F3) is a minimum at V,,;=2.

5 | COMPARISON STUDIES

A fair comparison is set up between the suggested multilevel
inverter configurations and other similar structures [8-30] to
demonstrate the pros and cons of the proposal. The compar-
ative study was performed on aspects of DC-link voltage count,
capacitors, IGBTSs, driving circuits, power diodes, the maximum
on-state IGBTS, and the TSV magnitude. In addition, the sug-
gested topologies are compared in terms of cost by defining a
cost function (CF). The biggest part of the cost of multilevel
inverters depends on components count and voltage stress, so
CF can be expressed as:

CF = Npc X (Neup + Nicsr + Npgiver + Npjgge + 2 1317,,),
(“42)
where a is TSV’s weighting factor. The comparison outcomes
are shown in Table 4. As can see from this table, the number
of levels is set from low-level (13) to high-level generation (289)
based on the capability level generation of MLI topologies.

5.1 | 25-Level

to compare low levels, both proposed MLIs and [16-20], [26]
and [28, 29] can generate 25 voltage levels, while other MLIs
generate 17-level except for [21] and [24, 25], [29] which can
generate 31-level. Most of the topologies to generate 25-level
need more than 12 IGBT, except for [19] and [28], which uses
a low number of 10 IGBT. Although the proposed topology
requires the same or two more IGBTs than [19], it reduces
the number of DC sources by 50% which leads to reducing

Block diagram of the proposed fundamental frequency modulation technique for the suggested 25-level multilevel inverter

the (CF/IV;,,,) significantly. Furthermore, in comparing the
topologies that the 17-level generates except for [30], the pro-
posed topology with the same component count can produce
a 25-level that leads to high power quality and a small output
filter size.

5.2 | 49-level and 81-level

the first proposed MLI (symmetric shape) and presented MLIs
in [21-23], [25, 20] and [30] can generate 49-level. The pro-
posed topology (CF/IN; evel) has a lower value than other MLIs.
The first proposed MLI (asymmetric shape) can produce an
81-level with 18 IGBTs at (CF/N;,,,) 1.65, while MLI [25]
produces a 71-level with 22 IGBTs at (CF/N;,,,) 2.09. In
addition [30] generate a 49-level with the same number of
IGBTs as the proposal but it uses a high number of capaci-
tors than the proposal. As a result, the proposed MLI reduces
the number of components and cost factors for this level of
generation.

5.3 | 169-level and 289-level

with the use of four DC sources, the second suggested MLI
and [25] generate 169-level, and [22] produces 137-level. For
this level, the second suggested MLI reduces the quantity of
components more than [25] and needs two more IGBTs than
[22], but it has a lower value in terms of (CF/N,,,/) than other
MLIs. The first proposed MLI (asymmetric shape) and [23] can
generate 289-level. The proposed MLI requires two dc sources,
six capacitors, and 24 IGBTs, and [23] needs four dc sources,
four capacitors, and 20 IGBTs, so the dc link voltage count

reduces considerably, which leads to having a low (CF/IV, /)
as compared to [23].
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(a) Grid-connected of the proposed topology with

considering parasitic capacitors; (a) equivalent circuit of the common mode

voltage, differential mode voltage and leakage current of each part

FIGURE 8 Grid-connected PV applications of the
suggested inverter

6 | POWER LOSSES AND EFFICIENCY
ASSESSMENT

A piece-wise linear electrical circuit simulation (PLECS) envi-
ronment is used for the thermal loss study of the suggested
structure. For the power switches of the proposed 25-level MS-
SCMLI, we used IGBT IKFW60N60DH3E. The value of the
DC link voltage is set to 1; = 50[17], I, = 250[1”]. To obtain
5[KW] output power, the proposed invertet’s output is cou-
pled to a pure R-load. The value of R, for the IGBTs and
discrete diodes in thermal modeling is determined from the
voltage-current curve in the datasheet of the used IGBT and
diode. To show the switching losses of the power semicon-
ductors, a high-frequency phase-shift carrier PWM (PSC-PWM)
approach is adjusted for the control of the proposed topology.

on

The output waveform and capacitor voltages that correspond
to the PSC-PWM are shown in Figure 5a. Figure 5b depicts
the loss distribution across power semiconductors and capac-
itors. From this figure, switches S),,5,, have higher power
losses than other components because they switch to charge
and discharge the capacitor Cj,. Moreover, the comparison
of the efficiency of the proposed 25-level MS-SCMLI, the
thermal model, and the loss analysis of two recent 25-level
MS-SCMLIs was conducted in the PLECS environment in
which they ate controlled by PSC-PWM. For these topologies,
the same IGBTs and thermal models as in the proposal are
employed.
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Simulation results of the dynamic state of a proposed 25-level multilevel inverter in standalone PV mode; (a) low voltage PV panel; (b) low current

PV panel; (c) low power PV panel; (d) high voltage PV panel; () high current PV panel; (f) high power PV panel; (g) load voltage and current; (h) capacitor voltage;
(i) zoomed view of load voltage, load current and capacitor voltages at t=0.705(s|; (j) at t=1.405]s]; (k) at t=2.105]s]

The power loss distribution of the proposed topology for
different power (0-5[Kw]) is shown in Figure 5c. The power
losses of the proposed switched capacitor topology ate conduc-
tion losses, switching losses, and capacitor ripple losses. As can
see from this figure, by increasing the output power the power
losses of the proposed topology are increased which makes
efficiency is decreased. It is also observed that the conduc-
tion losses of the proposed topology constitute the major part
of power losses which is normal in MLI topologies. Because
MLIs require more switches in the current path to generate high
number of levels.

Figure 5d shows the efficiency assessment for the proposal
and [26], [27]. The proposed topology, as shown in this diagram,

is more efficient than [26,27] and [29,30]. The proposal, [20],
[29] achieve maximum efficiency at a power of 500[W], whereas
[27] achieves maximum efficiency at a power of 200[W] and [30]
achieves it at a power of 100[W]. The efficiency of multilevel
inverters falls as power increases because of semiconductor con-
duction loss, which is a function of output current and produces
the majority of power losses. Furthermore, due to the consider-
able voltage difference between the DC link and the capacitor
voltages, capacitor ripple losses increase as output power rises,
affecting the decreasing efficiency. The proposed twenty-five-
level MS-SCMLI has a total loss of 234[W] at a power output
of 5[KW], with an efficiency of 95.52%, which is better than
[26,27] and [29,30].

85U80| 7 SUOWIWOD BAITe8ID 8|aedl(dde sy Aq peussnob afe sajoie YO 8N Jo Sa|nJ Joj AiqiT aUlUO 481 UO (SUOTIPUOO-PUe-SWB)AL0Y A3 | 1M Alelq1Buljuo//:Sd1y) SUONIPUOD pue SWid 18Ul 89S *[520z/20/52] uo Akeiqiauliuo A8|IM ‘S.70FHONNIN-USYIUN N BISIBAIIN 8YosIuyde L Aq 2T6ZT Z6d)/670T 0T/1I0p/w0d A8 1M ARg Ul U0 yoessa.ie 1//:sdny woly pspeojumod ‘TT ‘2202 ‘ZyTesLT



HOSSEINZADEH ET AL.

'\
40x1 (A)
- (a)
|
1.8 2
R=900), L=90mH Ra600, La150mH M=0.7, F=50Hz M=1.0, F=100Hz
500 o 500 )
0 (b) ° (d)
500 40x1,( 500 40x 1 (V)
0.46 0.48 Time [s] 0.52 0.54 0.96 0.98 Time [s] 1.02 1.04 1.46 1.48 Time [s] 1.52 1.54
I I I I I
S 0 PR " P -
N A AL PP
ot — WIS M SRR b v v =
5160 cacb (V) “I(e)
S _
g
8 sof L Verera V) —
""" I \ | I | | \ \
I I T T T | T T P 110
Z 40 py1/10 W]
s Ve
Z 0} oy a1
3
> _P\ lgo (Al
0 L T T T T 1 1 T T |
2002 I T T T T T
Poys/50 (W]
z" 100 Veye V] ©
& Ipay [A] 9
o } : . b ! 4 ' + e 1A
0 0.2 0.4 0.6 0.8 Timel[s] 1.2 1.4 1.6 1.8 2
FIGURE 11 Simulation results of the dynamic response of the proposed 25-level multilevel inverter in standalone PV mode for different step changes; (a) load

voltage and load currents; (b) zoomed view of load voltage and load current for sudden load change at t=0.5[s]; (c) for decreasing modulation index at t=1.0[s]; (d)

for increasing modulation index and the frequency at t=1.5[s]; (¢) capacitor voltages; (f) voltage, current and power of PV-1 and dc current of PV-1 ; (g) voltage,

current and power of PV-2 and dc current of PV-2

Q
=]
[S]

o

<]

S
I

o

250 T T T

)

T

g
T

100 —

o
<)
I

Vez,c1p V) —

X
o o Jw

C1,C1a

DC-link Voltage [V] Irradiance [Kw/m2]

0

500

W (c)

Vinw (V)
25x ig (A)

-500 . N N s
0.95 1 1.05 1.1 1.15 12
Time [s]
(e)
FIGURE 12

Time [s]

®

3.45 3.5 3.56
Time [s]

()]

Simulation study of grid-connected PV application for irradiance variations; (a) PV irradiance; (b) DC-link voltages; (c) grid voltage; (d) inverter

voltage and grid current; (e) zoomed inverter voltage and grid waveform at decreasing irradiance from 1000 to 700[Kw/#7]; (f) zoomed inverter voltage and grid
waveform at decreasing irradiance from 700 to 500[Kw,/#”]; (g) zoomed inverter voltage and grid waveform at increasing irradiance from 500 to 1000[Kw,/ 7]

85UB0 |1 SUOWILLIOD 3ATeRID) |qed![dde 8L Aq peusenob a1e Sap1e VO '8N JO S9N 104 Ariq1T 8UIIUO AB]IM UO (SUORPUD-PUR-SWLBILIOD"A8 | IM"ATeIq 1 [Bu1|UO//SdIY) SUORIPUOD PUe SWLR L 8U3 89S *[5202/20/52] U0 AriqI8uliuO ABIIM ‘SLFOFHONNIN-UBUAUN N IS IeAIIN BUIsIuYoe L Aq 2TSZT Z6d./610T 0T/10p/ w0 As| 1M AReiq Ul lUo Yo Jeesaie //Sdny o1y papeolumod ‘TT ‘2202 ‘¥ZyT2aLT



HOSSEINZADEH ET AL.

2259

50
40H
30

20
1 Vemi V] . ‘ Time [s]
0.1 0.11 012 013 0.14 0.15

(a)

b i

loms [Vl ) ‘ Time [s]
0.1 011 012 013 014 0.15

()

0.1

o

2001

100

omz LV . . ]'ime [s]
0.1 0.11 0.12 0.13 0.14 0.15

0.2

icmz 1Y] Time [

0.1 011 012 0143 0.14 0.15

(d)

0.2 ,'
iy [A

-0.2t

iCM,RMS (Al

01 011 012
(e)

FIGURE 13

0.13 014 0.15

Simulation studies of the proposed grid-connected inverter considering stray capacitors; (a) CM voltage of low power PV panel (I'cy); (b) CM

voltage of high power PV panel (I'¢y,); () leakage current of low power PV panel (/ry71); (d) leakage current of high power PV panel (/,); (e) total leakage

current (/¢yy) and its RMS value (Zeyr gass)

apacitor (C1) [fCapacitor (C2)

T e

FIGURE 14
topology

Laboratory prototype of suggested twenty-five level

Since the proposed topology is proposed for the solar sys-
tem, the efficiency is also assessed when a DC-DC converter
is used between PV panel and inverter to control MPPT and
dc-link voltage. The type of switches and diodes of the boost
converters are similar to the switch type of proposed topology,
the switching frequency is 10[kHz] with a duty cycle of 0.3, and
the values of inductors are 0.1[mH]. The voltage of PV pan-
els is set at 30[V] and 150[V]. As can see from Figure 5e, the
efficiency of the proposed inverter is shown in both cases: with

and without a de-dc converter. The overall efficiency is reduced
when a dc-dc converter is used due to the power loss of boost
converter semiconductors.

7 | CONTROL SCHEME OF SUGGESTED
MLI IN PV APPLICATIONS

One of the applications of the suggested MLIs is in PV
applications (stand-alone or grid-connected). In standalone PV
applications, the main concern of multilevel inverters is deliv-
ering high-quality electricity to the load while maintaining good
inverter efficiency [31]. Nevertheless, the proposed topologies
enhance the power quality due to creating a high quantity
of levels that make a pure sinusoidal current shape and also
enhance the efficiency due to the use of small numbers of power
electronics devices.

7.1 | Modulation technique

to generate pulses of the suggested structure, fundamental fre-
quency modulation (FFM) is employed. The block diagram
of FMM technique for the suggested 25-level structure is
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TABLE 4  Comparison of proposed MLIs with other MLIs for producing KEYSIGHT DS0-X 30247, HYST251720, 07
different levels 3 120v 4 3004 10.00ms/ 00s  Stop
- VL [120V/div]
Topologies Ni Npc N¢ Ny Np, Np No, TSV, CF/Np CE/Np iL [3A/div]
a=0.5 a=1.5
8] 13 6 0 14 14 14 8 4.5 20.423 225
[9] 17 4 0 12 10 12 5 5 8.588 9.764
[10] 17 4 0 12 9 12 5 5 8.352  9.529
[11] 17 4 0 10 10 10 5 4.5 7.588 8.647
[12] 17 2 3 12 12 13 7 6.6 5.094  5.87
[13] 19 2 4 18 18 18 9 4.9 6.363 6.878
[14] 17 1 4 16 16 16 8 5.75 3.227 3.566 (@
(15] 13 2 2 14 1 146 53 1343 15.061 w REonT DS0-X 3024T, MY57251720, 07
[16] 25 4 0 12 10 12 6 5 584 6.64 RS 3 muwvv 4 2004/ 2000ms/ 4000us  Detener
VL [80V/div
[17] 25 2 4 14 12 14 6 5.8 3752 4.216 [ B ]
IL [2A/div]
[18] 25 4 0 12 10 12 6 4.5 5.8 6.52
[19] 25 4 0 10 10 16 6 4.5 6.12 6.48
[20] 25 2 4 14 14 22 6 4.5 4.5 4.86 B
[21] 31 6 0 18 14 18 ¢ 1.8 9.851 10.2
49 8 0 22 16 22 8 1.5 9.918 10.163
[22] 17 2 2 10 10 12 5 5.5 4.323 4.97
49 3 3 14 14 17 7 5 3.091 3.397
137 4 4 18 18 22 9 6 1.897 2.072 (b)
23 17 2 2 10 10 12 5 5 4294  4.882
3] A KEYSIGHT 00X 08T, WYSTEL7I0, 07
49 2 4 16 16 20 8 6.25 2413 2.668 BEL 3120w 4 400/ 1000ms/  00s Detener
289 4 4 20 20 24 8 5.25 0.977 1.05 YL [ 20\{Id|v]
iL [4A/div]
[24] 31 2 4 16 16 18 13 56 3.664  4.025
103 2 4 16 16 18 13 566 2354 2519
199 2 8 26 26 30 16 622 0935 0.998
[25] 31 2 4 14 14 12 5 7.2 2.903 3.29
49 2 4 14 14 12 5 7.2 2.27 2.566
71 2 8 22 22 8 7 8.2 1.863 2.096
169 4 8 28 28 20 10 6 2.059 2.201
[26] 25 2 2 16 14 14 7 8.9 4.036 4.748 ©
C
49 2 3 19 14 21 10 6.67 2462 2734 —
TEGHNOLOGIES DSO-X 3024T, MY57251720, 07
113 3 3 24 21 26 14 0694 2.056 2.24 3 500V 4 200Y/ 2000me/ 1780ms _ Stop
[27] 25 2 2 13 12 13 6 1.7 3.268 3.404
49 2 4 17 16 20 8 1.6 2359 2424 Vez [50V/div]
141 4 5 25 22 25 13 156 2206 2.25
[28]-Figure 4a 25 2 2 12 12 14 6 5 3.24 3.64
o :
125 3 3 18 18 20 9 5 1.74 1.59 Ve [20V/div]
Figure 4b 25 2 2 14 14 18 8 5.5 4.06 4.5 TR A T AT A T M T AN TS T NPT AT T per s T per
125 3 3 2121 23 11 711 1.71 1.88 B
[29] 25 4 8 28 28 40 16 256 15.88 16.29
125 3 3 18 18 20 9 5 1.74 1.59
[30] 17 2 2 10 10 12 7 5.3 4.311 4.93 @
312 4 1212 16 9 5.6 3.019 3.38 FIGURE 15  (a) the experimental output waveform of the suggested
49 2 6 18 18 22 11 5.7 2.728 2.95 25-level structure for a pure resistance load; (b) output waveform in zoomed
F&S-MLIs 25 2 2 12 12 12 6 5 3.08 3.48 view 2[ms]; (c) for R-L load; (d) the voltage of the capacitors
(Continues)
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LA DS0-X 3024T, MY57251720, 07
3 120/ 4 400 10.00ms/ 00s Stop
VL [120V/div] iL [4A/div]
Load
Change!
R=90Q,L=90 mH R=60Q,L=150 mH

(a)
TKEENYN%lL?C"I‘E.IS- DSO-X 30247, MY57251720, 07

500v/ 4 200v/ 2000ms/ 1128ms Stop

L

Ve2 [50V/div]
e e e e e e N P P e P e e e ey

By
Vet [20V/div]
B
(b)
S DSO-X 3024T, MY57251720, 07
j= 3120V 43004 1000ms/ 00s Stop
VL [120V/div] IL [3A/div]
M=1.0 M=0.7
(c)
EsnT DS0-X 3024T, MY57251720, 07
=] ER -\ 3004/ 10.00ms/ 00s Stop
VL [120V/div] IL [3A/div]
F=50Hz F=100Hz
(d)

FIGURE 16 Suggested topology response (a) for unexpected load

change; (b) voltage of capacitors; (c) for step modulation index variation; (d)

for step frequency change

TABLE 4 (Continued)

Topologies Np Npc N¢ Ny Np, Np No, 18V,, CF/Np CF/Np
a=0.5 a=1.5

FS-MLI 49 2 16 16 16 8 5.3 2.230  2.446

FA-MLI 289 2

4

FA-MLI 81 2 4 18 18 16 10 6 1.308 1.456
6 24 24 20 10 6.8 0.535 0.557
4

S-MLI 169 4 20 20 20 14 5.3 1.577  1.702

TABLE 5 Simulation study parameters

Parameter Value Unit
Irradiation & Temperature (Ir & Tr) 1000,25 [KW/#2], [°C]
Total PV power (£;,) 11.1 [KW]
No. of parallel modules (IV,1, INy) 2,10 -

No. of series modules (N1, IV;5) 1,5 -
Short-circuit current (/) 7.84 [A]
Open circuit voltage (17,) 36.3 V]
Maximum current (/,) 7.35 [A]
Maximum voltage (17,) 29 V]
Maximum power (5,) 213.15 W]
Boost inductors (L, L) 0.2,0.8 [mH]
Boost converter switching frequency (f;) 5 [KHz]
DC-link Voltage (I;,1 = 1) 40 V]
DC-link Voltage (I, = 517) 200 V]
Inverter output frequency (f,) 50 [Hz]
Low voltage capacitors (Ci, Cj,) 2200 [uF]
High voltage capacitors (C;, Cy;) 1200 [uF]
Load (R,L) 90,90 [Q],[mH]
PI-VCI (1, 4i1) 0.007,0.01 -
PL-VC2 (£, £2) 0.003,0.01 -

PI Current Control (&, £;) 0.01,0.08 -

Grid Voltage (1) 311 V]

Grid frequency () 50 [Hz]
Output filter (R, L) 3,10 [mQ],[mH]
PI-VCI+VC2 (3, £3) 0.89,0.08 -
PI-VC2 (kp4, £4) 0.52,0.07 -
Parasitic capacitance (Cpy-q) 50 [nF]
Parasitic capacitance (Cpy5) 100 [nF]

exhibited in Figure 6. In this method, the reference voltage
of the suggested multilevel inverter is compared with the con-
stant dc input voltage, and then, in a logic-based function [7,
9], the pulses of the power switches are generated accord-
ing to the switching table (Table 2). This control technique
can be easily applied to the proposed extended and cascading
MLIs.
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Peak Voltage Stress of Power Switches

-
n

-
o

Maximum Output Voltage (12x Vo)
(o))

0 T1a T2a TSa T4a S1a Sza T1b T2b st T4b S1b S2b

(a)

TKEEO:{\IS')IL(O%;{::IE- DSO-X 30247, MY57251782, 07

B 200V/ 00V 3 200 4 200¥ 1000ms/  00s Detener

VT1a [40V/diV]

A A A
VT2a [40V/div]

(PO A LI IR AL

Vsi1a [20V/div]

Vs2a [20V/div]

AR ARG AN AR TARATARATARY

(b)

1KEEHY\JSAI[§EET DSO-X 30247, MY57251782, 07

== 200V/ 200V 3 100V/ 4 100V/  2000ms/  00s Detener
VT1b [200V/div]

e ey
1 e
VTib [200V/div]

ANENINENINANINLINNIN

Vs1b [100V/div]

Vs2b [100V/div]

SO

(©)

FIGURE 17  Voltage stress of IGBTs; (a) steers voltage distribution; (b)
stress voltage of power switches 7, 75,, 51,4, $p45 (€) SV of 114, 13, 814, 525

|I|! ‘l'll ‘l'|‘ |\|| l\'|

7.2 | Standalone PV application

Figure 7 exhibits the control scheme to control the suggested
25-level structure in PV systems. The DC-link voltage of the
suggested topology uses two PV panels with different powers,
which use two independent boost converters to achieve high
power efficiency. The type of boost converters used is stan-
dard DC-DC converters. The duty cycles of two switches of
the dc-dc converters (S, Sj,) regulate the voltage of capaci-
tors (I, Vep). Therefore, the magnitude of DC-link voltages
(Vo1 Vo) based on the duty cycle of switches (D, ;) and PV

panel voltages (Ip-1, 1/p») are calculated as follows:

7 |’
Ver= % Ver =7 _Plgz- (43)

The input DC-link voltages are adjusted to desired magni-
tudes by changing the number of series PV modules and the
pulse width of DC-DC converter switches. By monitoring the
voltage and current of PV panels and applying a good MPPT
algorithm, the maximum power can be derived. In order to
generate switching pulses for DC-DC converter switches, the
output of MPPT is compared with the PWM signals.

The load voltage must be managed by the suggested inverter
in order to give energy to the load at a constant nominal voltage.
Hence, to have a constant voltage at the output of the inverter,
the input capacitor voltages should be adjusted to their refer-
ence values. By using independent PI controllers, the capacitor
voltages can be balanced and fixed to their references. In order
to prevent the voltage drop caused by the filter and series
impedance, an extra PI controller is incorporated into the sug-
gested control scheme. The output of this PI controller gives the
proper modulation index and the switching pulses of the pro-
posed inverter are produced by the proposed FFM technique
(see Figure 0).

7.3 | Grid-connected PV application

the control scheme to control the suggested 25-level struc-
ture in grid-connected PV systems is shown in Figure 8.
The DC-link voltage of the suggested topology is obtained
similar the stand-alone case. The overall DC-link voltage is
monitored by comparing the DC-link voltage reference (17, /)
with two inputs measured capacitor voltage (I + 15). At
this point, by tune-up a Proportional-Integral (PI) controller,
the highest current is generated. A typical phase-locked loop
(PLL) control is employed to produce a sinusoidal refer-
ence current and follow the grid frequency, as appeared in
Figure 8.

A Proportional Resonance (PR) current control technique is
used to handle grid current. The reference current is made by
reproducing the output of PLL (%), then it is compared with
the measured grid current (7). The output of the PR controller
maximizes the current and sums it up with the grid voltage to
generate a proper reference signal under grid voltage variations.
Finally, since the magnitude (I7") is inappropriate to apply to
the proposed inverter, it is scaled down to produce the part of
the reference voltage (1]%) of the proposed inverter.

In order to produce 25-level with the proposed inverter, the
ratio of DC-link voltages is kept at ratio 1:5. The overall DC-
link voltage controller is controlled at the total DC link voltage
of the inverter equal to 61 . To maintain the second DC-link
voltage (I/¢»), which should have amplitudes equal to 517, an
individual voltage controller is added to the control system, as
shown in Figure 8. Therefore, by using these three independent
(PI) controllers, the DC-link voltages are balanced and set in
their references.
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The capacitor sizes (Cj, () are calculated using well-known

formulate: C=1; .2/ /\ Ve X f.. Here, ]L’pm/c,AVC,fr are
the load peak current, the ripple voltage of the capacitor, and
the switching frequency of the voltage, respectively.

74 |
current

Common-mode voltage and leakage

In the proposed transformerless PV inverter, due to no direct
connection of negative terminals of PV panels and grid exist a
stray capacitance which causes a varying voltage which is known
as common-mode voltage (CMV). The stray parasitic capacitor
with the inductor of the output filter of the inverter forms a
resonant circuit that is excited by this CM voltage, thus produc-
ing a high common-mode current (leakage current) iy, [32].
Figure 9a shows the grid-connected of the proposed topol-
ogy considering parasitic capacitors and Figure 9b indicates an
equivalent circuit of the common-mode voltage (CMV), differ-
ential mode voltage (DMV), and leakage current of each part
of the proposed topology. From Figure 9, the common-mode
voltage and differential-mode voltage (DMV) corresponding to
the phase voltages in each part of the proposed topology can be
obtained as follows [33]:
For the first part:

Vot + Vping

> s Vot = Vaant — Vainve: - (44

Van =

For the second part:

Vione + Voo
— 5 Voarz = Vaone — Vone.  (45)

Vo =
Therefore, the common mode current or leakage current of
the proposed topology can be obtained as:

iy = o + icn- (46)

8 | SIMULATION STUDIES

MATLAB/Simulink software is used to evaluate the suggested
twenty-five level inverter for both 11.1[Kw] standalone and
grid-connected solar photovoltaic applications. Table 5 gives the
list of single-phase system parameters.For both evaluations the
input dc-link voltage of the suggested inverter is set through
two DC-DC converters (see Figure 7) which are controlled by
(P & O) MPPT [34]. The boost converters duty cycles are set
by eq. (43). The capacitor voltage balancing and the control of
the system are based on the presented control system that is
depicted in Figure 7. The values of capacitors atre calculated for
5% ripple, 2200[uF] for (C}, C},) and 1200[uF] for (C3, Cyy).

The lower dc-link voltage associated with (C}) is kept at
40[V], while the higher dc-link voltage associated with (C5) is
kept at 200[V].

8.0.1 |

Standalone evaluations

for standalone evaluation the suggested inverter is verified to
feed an AC load of 90[Q]-90[mH] under various PV panel envi-
ronmental conditions. The results are shown in Figure 10. The
irradiance of PV modules at t=0.705[s] decteases from 1000
to 700[W /). It then returns to 1000[W /#°] at t = 1.405[s].
The temperatute of PV panels is increased from 25[°C] to
45[°C] at t=2.105[s] and then returns to 25[°C] at t=2.705[s].
Figures 10a—f show the voltage, current, and power for both PV
panels. These figures confirm that the MPPT operates propetly
during environmental changes and that the maximum power of
PV panels is always extracted. The voltage and current shapes
of the load are shown in Figure 10g, and the voltage of the
capacitors is shown in Figure 10h. The proposed inverter deliv-
ers power to the load by generating twenty-five levels of voltage
with a maximum output voltage of 480[V] and a pure sinusoidal
output current, as shown in Figure 10g. Figure 10h confirms
that the proposed capacitor voltage balancing controllers work
propetly during irradiance and temperature changes with rapid
responses and low voltage ripples.

Figures 10i—k show the zoom view of load voltage, load cur-
rent, and capacitor voltages at the different step-change times.
These figures reveal that during irradiance and temperature vati-
ations, a steady voltage is supplied to the load, and the voltage of
the capacitors is quickly adjusted to their references, confirming
the suggested control scheme.

The simulation of the proposed inverter is also performed
on sudden load change, modulation index, and frequency
changes. Figure 11 depicts the output voltage and current wave-
forms. In this case, in the first, the inverter feeds an R-L
load 90[€2]-90[mH] then at t=0.5[s] the load’s value changes
to 60[Q]-150[mH]. After that, at t=1.0[s] the modulation index
reduces from 1.0 to 0.7, and finally, at t=1.5[s] the modulation
index increases to 1.0, and at the same time, the frequency is
increased from 50[Hz| to 100[Hz]. A zoomed view of the load
voltage and currents is shown in Figures 11a—c to see the better
performance of the proposed inverter in different step changes.
Figure 11a shows that the sudden load change does not affect
the load voltage shape. The output voltage levels are reduced
from 25 to 17 in Figure 11b. Figure 11c indicates that the mod-
ulation index increased to 1.0 and the frequency increased from
50[Hz] to 100[Hz]. This figure demonstrates that the new topol-
ogy works at various frequencies with no changes in the shape
of the output waveforms.

Figure 11e shows the capacitor voltages of the proposed
topology. It can see that the voltage of capacitors is charged
and kept balanced with a little variation when the step changes
happen. The voltage, current, and power of low and high
power PV panels are shown in Figures 11f and 11g, respec-
tively. In addition, the dc currents of both PV panels 7,4, 7,
(they are average values) are indicated inside these figures. As
can see from Figures 11(e)-(g) low and high power PV pan-
els operate in maximum power point properly when a sudden
load change, modulation change, and output frequency change

happen.
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8.0.2 |

Grid-connected evaluations

for grid-connected evaluation under different solar panel con-
ditions, the proposed inverter is connected to the grid through
a low R-L filter. The evaluations are done based on the sug-
gested closed-loop control scheme that appeated in Figure 8.
Figure 12 is indicated the results. Figure 12a shows the vari-
ations of the PV modules irradiance which are decreased at
t=1.0[s] and 2.2[s] from 1000 to 700 and 500[W /7], and finally
it returns to 1000[W /] at t = 3.4[s]. The temperature of PV
panels is set to 25[°C].

Figure 12b shows the DC-link voltage which are capacitor’s
voltages (C}, (). In addition the voltage of capacitors (Cj,, Cy;)
are shown in this figure which has the same value as DC-link
capacitor voltages. These figures confirm that voltages of input
DC-links and both internal capacitors are kept balanced in their
references 40[V] and 200[V] in various PV panel conditions.
Figure 12¢ shows the grid voltage and Figure 12d shows the
inverter voltage in grid current. As can see from Figure 12d,
the voltage of the inverter is constant and the grid current is
changed with the irradiance of PV panels. Figures 12¢—¢ indi-
cated zoomed view of grid waveforms and inverter voltage at
different irradiance change points. These figures confirm the
inverter voltage, grid voltage and current are in phase together
in different environmental conditions of PV panels and inject
maximum power to the grid.

The simulation results of common-mode voltage and leakage
current of the proposed topology based on Figures 8 and 9 atre
illustrated in Figure 13. Figures 13a and 13b show common-
mode voltage PV-1 and PV-2. Normally, the peak value of
common-mode voltage should be less than the rated maximum
system voltage (600/800,/1000 V) of the PV panels. Therefore,
Figures 13a and 13b confirm that the peak of CMV in both
PV panels is lower than the rated voltages. As we presented
in Figure 9, we split the output fitter sizes to reduce the leak-
age current which is a common method for grid-connected PV
inverters. Thus, the leakage current of both PV panels is very
low, which causes a reduction in the total leakage current of the
proposed system.

9 | EXPERIMENTAL VALIDATION

The hardware results of a suggested 25-level MLI are used
to validate the performance of the proposal. The utilized
components in the experimental set-up are listed in Table 6.

To provide switching pulses for the inverter, the suggested
control modulation technique described in section VII is used.
Figure 14 shows the experimental prototype of the proposed
25-level MLI. Two laboratory DC power supplies are utilized
for the DC-link voltage. To produce pulses for the switches,
digital signal processing TMS320F28375 is used. Through the
optic wires, the gating signals are sent to the IGBTs. The mag-
nitudes of the input DC power supplies are 11]=20[V], I, =
511=100[V]. As a result, the suggested topology provides a
25-level output with a 240[V] peak.

The hardware findings of the suggested 25-level MS-SCMLI
are shown in Figure 15. Figures 15a and 15b display the
load voltage and current for a pure resistance load 90[Q)].
The output waveform and the voltage of capacitors are dis-
played in Figure 15¢,d for an AC load of 60[€Q], 150[mH].
Due to the existing inductive load, in this case, the load cur-
rent has a sin shape. Additionally, both capacitors are regulated
in their references (dc voltage magnitudes), I'1=20[V] and
',=100[V]. The hardware findings prove that the suggested
structure can provide all 25 levels using the presented modula-
tion approach, and the capacitor’s voltage is regulated propetly
at the magnitude of the DC-link voltages.

Furthermore, the performance of the proposed MLI is ver-
ified with different step variations such as load, modulation
index, and frequency. The results of the experiment are depicted
in Figure 16. The suggested topology first powers an AC
load of 90[Q], 90[mH], then the load switches to other AC
load of 60[Q], 150[mH]. The suggested inverter, as shown in
Figure 106a, has a valid response to rapid changes in load and
it can also control the load current without varying the phase
of output voltage. Figure 16b indicates the voltage of capacitors
for load variations. During this shift, the voltages of capacitors
(Ci,> C)) are regulated near the input de-link magnitudes.

The evaluations for modulation and frequency fluctuations
are then performed. The modulation index reduces from 1.0 to
0.7. As indicated in Figure 16c, the hardware findings are consis-
tent with the software findings in that the voltage levels dropped
from twenty-five levels to seventeen levels. Figure 16d depicts
the response of the suggested inverter to frequency fluctuations
ranging from 50 to 100 [Hz]. The suggested inverter can run at
100[Hz] without creating any changes in the output waveform’s
shape, as seen in this diagram.

Figure 17a depicts the peak voltage of each switch in the pro-
posed topology versus the maximum output voltage levels. This
graph illustrates that none of the switches tolerate the maxi-
mum output voltage. Figures 17b and 17c¢ depict the experiment
findings of the stress voltage for some IGBTs of the suggested
inverter. Figure 17b displays the voltage stress on IGBTs of
part-a (71, B, 81, $,). IGBTs of (85,,5,,) withstand a low
voltage of 20[V] and IGBTS of (714, T 2a) withstand twice that,
which is 40[V]. Figure 17c depicts the IGBTs stress voltage for
part-b. (51,,55,) tolerate high dc-link voltage of 100[V] while

TABLE 6 Experimental parameters

Parameters Value Unit
Laboratory DC Soutces 11 =20,1%5 =100 V]
IGBT FGHB80NGOFDTU, 600, 40 [VI,[A]
Diode SKKD 100/12 1.2k,100 [VI,[A]
DSp TMS320F28375 -
Inverter output frequency (f;) 50 [Hz]
capacitors (Cy,, Cjp) 2200 [4F]
Load (R,L) 90,90 and 60,150 [Q], [#H]
Dead time 2 [ns]
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others withstand twice that, namely 200[V]. The efficiency of
the suggested MS-SCMLI is 96.1% for an output power of

250[W].

10 | CONCLUSION

In this paper, we present a simple multicell switched-capacitor
MLI architecture appropriate for PV applications with fewer
power electronics devices. The main topology was expanded
to three other circuits, and their cascading topologies were
investigated in order to reach a wide range of voltage levels.
Furthermore, the optimal topologies were extracted using dif-
ferent criteria to increase the number of levels and minimize
component counts. Comparing the suggested topologies to pre-
vious MLIs yielded thorough findings, demonstrating that the
proposed structures needed minimal power electronics devices,
DC link voltages, and capacitors. Furthermore, we have shown
that the suggested MC-SCMLI topologies have a lower cost fac-
tor (CF) than previously published MLIs, making them more
affordable. The simulation results of the suggested basic topol-
ogy for stand-alone and grid-connected PV applications were
also given, proving that it offers great performance in these
applications while lowering the cost. Finally, the practical find-
ings were presented in order to validate the proper operation of
the proposed topologies through several evaluations.
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