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ABSTRACT This paper suggests a single-input switched-capacitor Nine-level inverter configuration
advantaging from quadruple voltage-boosting ability, natural voltage balancing of capacitors, and reduced
components per level. Also, the single-source character of the proposed topology makes it cheaper and
more compact. The cascaded version of the suggested topology has also been introduced, by which high
boosting factors, as well as large number of steps, can be obtained. The proposed topology can effectively
supply the resistive-inductive or pure inductive load types. The capacitors’ impulsive-charging-current
issue has been solved by simple small-inductance-based inductor-diode (L-D) networks. The comparative
analysis affirms the fewer device-usage in suggested configuration per equal gain or level count than existed
structures, resulting in less size and cost. The usage of Nearest-Level modulation guarantees the low-
frequency operation of semiconductors and reduces the switching losses. The comparative analysis and
experimental outcomes affirm the competitiveness and accurate functionality of suggested configuration.

INDEX TERMS Multilevel inverter, number of levels, self-balanced capacitors, switched-capacitor, voltage
gain.

I. INTRODUCTION
The Multi-Level Inverters (MLI)s are well-known for high-

quality output voltage and low voltage stress on switching
devices [1]. The conventional MLIs are mainly categorized
as: A) Cascaded H-Bridge (CHB), B) Diode-Clamped (DC),
and C) Floating-Capacitor (FC) inverters. The CHB invert-
ers produce many voltage steps but have no voltage boost-
ing ability and usually require numerous DC supplies and
power semiconductors [2]-[4]. Also, the DC and FC invert-
ers demand more clamping-diodes, DC-link, or floating-
capacitors to acquire increased-levels. The requirement of
voltage sensors and complex strategies for balancing the
charge of capacitors is another shortcoming of NPC and FC
inverters [5], [6].
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To increase the number of voltage steps in MLIs, more
DC supplies, semiconductors, and driver circuits are required,
which leads to a bulky, heavy, and costly converter. So,
many studies have focused on presenting reduced-component
structures like [7], [8]. In [9], the authors aimed to decrease
the semiconductors (and gate-driver circuits). As aimed in
[10], [11], reducing the number of DC supplies (as large and
expensive parts) is more beneficial than other components.
The utilization of Switched-Capacitor Cells (SCCs) in MLIs
can provide a higher number of levels without the need to
increase DC sources. This critical feature improves output
voltage quality and simultaneously keeps the converter as
compact/cheap as possible [12], [13]. From viewpoint of
voltage boosting ability, the Switched-Capacitor Multi-Level
Inverters (SCMLIs) are classified into boost (step-up), step-
down or unity-gain categories. The [14], [15] present two
step-down converters, where the peak voltage (V, nax) is
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lower than total inputs. The topologies presented in [16]—[19]
are examples of unity-gain converters with equal peak output
voltage and summation of input sources. Usually, the MLIs
utilizing capacitors only in DC-link(s) produce unity gain.
But, the step-up or boost SCMLIs like [11], [20]-[24] have
voltage boosting ability and can produce larger voltage than
total inputs. The voltage boosting ability becomes very vital
for grid-tied SCMLIs fed by Photovoltaics (PVs) or Fuel
Cells (FCs), where the input voltage(s) is (are) much less than
the grid voltage [25], [26]. The semiconductors’ blocking-
voltage is relatively high in step-up SCMLIs that may impact
the price and efficiency of converter [27]. For the applications
where significant step-up capability is not required, mild or
low-gain structures with low voltage stress are preferred [28].

The SCMLISs usually realize the bipolar waveform through
the conventional or developed H-bridge, two half-bridges,
or inherently. The topologies presented in [29]-[31] apply
an H-bridge unit, whose switches must tolerate V, . The
[32] employs a developed H-bridge for negative voltage level
generation, where two switches tolerate the maximum output
voltage. The generation of a bipolar waveform in [33] is
achieved inherently, but four switches suffer from voltage
stress of V, ax. The [34], [35] use two half-bridges for a neg-
ative voltage-level generation. Accordingly, 2 and 0 switches
tolerate Vj, juqx respectively in [34], [35]. Similar to [29]-[31]
and due to application of the H-bridge in [36], four switches
withstand the V, jqx. The structures with a larger number of
switches tolerating Vj, juqx, suffer from large Total Voltage
Stress (TVS) on semiconductors. The [30], [31], [33]-[36]
outputs nine voltage levels through a single DC source, while
the [32] requires two input sources. The application of more
sources negatively impacts the converter’s overall size, cost
and weight. The [37] presents a double-input two H-bridge-
based switched-capacitor 27-level topology that gives a gain
of 1.3. The TVS of semiconductors in [37] is relatively low,
and none of them tolerate the V, mqx.

This article suggests a single-source 9-level switched-
capacitor inverter that is capable of providing quadruple
voltage-gain. The large boosting capability, capacitors’ nat-
ural charge balancing as well as fundamental frequency
operation of H-bridge switches are distinguished features
of suggested inverter. In the following, the suggested basic
and cascaded topologies are introduced and explained in
Sections II and III. The design consideration of capacitors,
suppression of capacitors’ charging current, and modula-
tion strategy are presented in Sections IV-VI. Section VII
provides the comparative analysis. The loss analysis is done
in Section VIII. Finally, implemented set-up results and con-
clusion are given in Sections IX and X, respectively.

Il. PROPOSED 9-LEVEL INVERTER

The proposed switched-capacitor-based inverter (shown in
Fig. 1) is composed of level generation and polarity gen-
eration units. The level generation unit is formed of a
single DC source, single-diode, two capacitors, and seven
switches (MOSFETs), as (1). The S| - S, are bidirectional
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TABLE 1. Switching pattern and charge/discharge of C;-C,.

818528384858 S HiH Hs HsDy V, G G
000100001011 0 A -
000100010101 0 A -
100100010011 e A -
100100001101 Ve A -
011001110010 2. VA
011001101100 20 VA
000110110011 +3V. A Y
000110101101 3. A Y
001010110010 +av,. ¥V
001010101100 4v, V'V

FIGURE 1. Proposed 9-level inverter.

common-source switches. The others are unidirectional
switches. The end-side H-bridge plays the role of the polarity
generation unit.

Nswitch = Npriver = 11, Nyosrer = 13,
Npiode =1, NComponent =26 (D

Table 1 shows different switching states of switches, for-
ward/reverse bias of D; diode, and charge/discharge mode
of C1-C; capacitors. The green up and red down symbols
represent the charging and discharging modes, respectively.
Fig. 2 displays various operational modes of the suggested
circuit. As seen, the positive and negative voltage steps are
generated respectively by turning on the (H, Hs) and (H>,
H3) switch pairs. Also, there is only one redundant state,
which leads to zero voltage level.

States 1-2 (Figs. 2(a) and 2(b)): During zero voltage level
generation (V,, = 0), the input-source charges the C| (v¢1 =
V4c) through Dy and Sy.

States 3-4 (Figs. 2(c) and 2(d)): The V, = £V, voltage
levels are produced by the input DC source. Simultaneously
the C; capacitor keeps on being charged by the input DC
source.

States 5-6 (Figs. 2(e) and 2(f)): The V, = £2V;, voltage
steps are generated by a series connection of input source and
C capacitor. At the same time, The C> capacitor is paralleled
with the cascaded input source and C; capacitor. So, the Cy
capacitor is charged to vea = V. +ver = 2V,

States 7-8 (Figs. 2(g) and 2(h)): In order to synthesize the
V, = %3V, on the load, the input source is cascaded with
C; capacitor. Meanwhile, the parallel connection of the input
source and C capacitor keeps its voltage on ve1 = V.

NSource =1 y

NCapacitor =2,
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FIGURE 2. Operational-modes of suggested 9-level inverter. (a) State 1:
Vo = 0, (b) State 2: Vo, = 0, (c) State 3: Vo = V4, (d) State 4: Vo = -V,

(e) State 5: Vo = 2V, (f) State 6: Vo = -2V, (g) State 7: Vo = 3V,
(h) State 8: Vo = —3V, (i) State 9: Vo = 4V, (j) State 10: Vo = —4V4,.

State 10:V, =—4V,,

States 9-10 (Figs. 2(i) and 2(j)): Finally, the V,, = +4V,,
voltage steps are provided by cascading the input DC source,
C1 and C; capacitors.

Table 1 and Fig. 2 show that the suggested converter can
produce 9 voltage steps (including 0, £V, 2V, £3V,4,
and £4V,.) with a maximum output voltage of V, nux =
4Vy.. So, the voltage gain (G) of the suggested topology is
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TABLE 2. Voltage stress on semiconductors.

Semiconductor Voltage Semiconductor Voltage
Stress Stress
Si 3Vae S; W
SZ 2 Vac H, 4 Ve
S3 V’I" HZ 4 Vdc
s Vie H; 4V,
Ss 2V H, 4V,
Ss 2Vae D, Ve

FIGURE 3. Suggested extended configurations: (a) First version (T;),
(b) Second version (7).

equal to 4. Also, as shown in (2), the C; and C; capacitors
are charged to V. and 2V, respectively.

VC] = VdCa VCZ =2 Vd(,‘a Vo,max = 4VdCa
G = (Vo,max/vdc) =4 (2)

The Voltage Stress (VS) on the semiconductors has been
shown in Table 2. The H-bridge switches tolerate the V,, ,4x,
but operate at low-frequencies, leading to limited switching
losses.

1Il. PROPOSED CASCADED STRUCTURES

According to Fig. 3, the suggested basic 9-level inverter can
be extended in two forms to achieve an increased number of
levels: First extended topology (T), which employs multiple
H-bridges (Fig. 3(a)), and Second extended topology (72)
that applies single H-bridge (Fig. 3(b)). These structures are
explained in the following.

A. 15T EXTENDED TOPOLOGY (T;)
As evident from Fig. 3(a), the number of required devices in

proposed first extended topology are as (3):
Nsource =1, Nswitch=Npriver =11n, Nyosrer =13n,
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NCapacilar =2n, Npiode=n, NComponem =26n 3)

For level-count maximization, the DC-sources’ voltage is
decided as (4). The DC-sources’ variety is n.

Vi=Vi, Vi=9"1V, @

where, the V, 14, j denotes the maximum output voltage of jth
cascaded unit. Also, the V; represents the input source of i
cascadedunit (i = 1,2, --- ,n).

The maximum output voltage of each unit, as well as the
whole cascaded structure, are computed as (5).

Vomax, =4 Vi = 4(9)i_1 Vic,

n
9" — 1)V,

Vu,max - § Vo,max,- = TC (5)

i=1

The voltage-levels and gain are as (6)-(7), respectively.

Niever = 9" (6)

G= (Vo,max/ Z Vi) =4 (7)

i=1

The TVS for first extended topology is calculated from (8).

30
TVS =) VSsup="20"=1) Va ®)

The Average Voltage Stress (AVS) on switches/diodes of
first extended topology is as (9).
TVS 30

AVS = ———— =

= 9" -1 Vy 9)
Nswiteh + Npiode ~ 96n ¢

B. 2NP EXTENDED TOPOLOGY (T,)
The 2™ extended structure is shown in Fig. 3(b). The number
of different components has been presented in (10).

Nsource =1,  Nswitch =Npriver =Tn + 4, Npjoge =n,
Nuosrer =9n + 4, NCamponent =18n+8

(10)

NCapacitor =2n,

For level-count maximization in 2" extended structure, the

size of DC-sources is decided as (11).
Vi=Vae. Vi=5""Vg (11)

The peak output voltage of each unit and the total output
voltage are shown in (12).

Vomay = 4 Vi =405y,

n
Vo,max = Z Vo,max,- = (5n - 1) Vdc (12)
i=1

According to (12), the level-count and gain of 2" extended
structure is computed respectively from (13) and (14).

Nirever = 2(5)" — 1 13)

G=Vomn/ Y VD=4 (14)

i=1
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+4V,

“ Charging
+3V,, \

de Discharging
+2V,,

Constant

v,

0 z
Wy LDIof C
v, s
=3V,

LDI of C

-4V, P > ;

C = P TR /L i

C,l { TR, — RN

66,6, 6, 90°

FIGURE 4. Charge/discharge intervals of C1-C2 capacitors.

The TVS and AVS of the second extended topology are
obtained respectively from (15) and (16).

30
VS = (5" = 1) Ve (15)
30
AVS = —— (5" — 1)V, 16
4(8n+4)( ) Vac (16)

IV. DESIGN OF CAPACITORS

The proper determination of capacitances leads to low volt-
age ripple and power loss in capacitors. The capacitors are
designed such that their voltage ripple during Longest Dis-
charge Interval (LDI) be limited to the desired value (AVc¢).
According to Fig. 4, the LDI of C; capacitor occurs during the
generation of +4V,.. Also, the LDI of C; capacitor happens
at 3V, and £4V,,. The beginning and ending of LDI of C;
capacitor are 64 and 1 - 64, respectively. Also, the LDI of C;
capacitor starts at 83 and finishes at w-63. So, the duration of
LDIof Cy - C; capacitors are ¢ = m-2604 and ¢y = 7 - 263,
respectively.

From (17), the capacitances are determined to limit their
voltage-ripple to AVc. Note that I, e maximum load
current, O¢c: duration of LDI of C capacitor, cos¢: load
power-factor, f: fundamental-frequency, AVc¢: capacitor’s
voltage-ripple.

C> Iy max cos ¢ sin(6¢ /2)

> N a7

V. SUPPRESSION OF CAPACITORS’ CHARGING CURRENT
The capacitors’ impulse charging current is one of the main
challenges associated with switched-capacitor-based multi-
level inverters, which subject the semiconductors to large
current stress and increase the losses. In this study, the C;’s
charging-current is restricted by inductor-diode (L; - D;’)
cells, as Fig. 5. The presented equivalent circuits show that
the limiting inductors (L;)s are place on the charging path
of capacitors, leading to lower charging currents. But, at dis-
charging modes, these charge-limiting inductors are bypassed
by the reverse diodes (D;)s.
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FIGURE 5. Proposed inverter and its operational modes in presence of inrush-current limiting cells.
(a) Proposed configuration. (b) State 1: Vo = 0, (c) State 2: V, = 0, (d) State 3: Vo = Vg4, (e) State 4:
Vo = =V, (f) State 5: Vo, = 2V, (g) State 6: Vo = —2V4, (h) State 7: Vo = 3V, (i) State 8: Vo = -3V,

(j) State 9: Vo = 4V, (k) State 10: Vo = —4V .

VI. NEAREST LEVEL MODULATION (NLM)

In recent years many different modulation techniques
have been presented for MLIs. This paper employs the
“Fundamental Frequency” or “Nearest Level” modulation
technique, which profits from generality, simplicity, ease
of implementation, fast operation speed and low-frequency
operation of semiconductors, and reduced switching losses
[9]. A sinusoidal reference (Vi A, sin(wt)) wave-
form with an amplitude of A, and frequency of f
w/2r = 50[Hz] is compared with producible levels (0,
+Vae, 22Vye, - -+, £NpVy.), where 0 < A, < Np and the
Np denotes the maximum positive level. The control block
diagram of “Nearest Leve’” modulation techniques as well as
resulted switching pulses have been shown in Fig. 6. It is seen
that the H-bridge switches (H; - H4) operate at fundamental
frequency. The other remaining semiconductors also operate
at low frequencies.

Vil. COMPARISONS
This part compares the suggested topologies with existed

SCMLIs from viewpoints of level and device count, voltage-
stress on semiconductors, voltage-boosting capability and
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efficiency. In Table 3, the suggested basic 9-level inverter is
compared with similar 9-level inverters.

As seen, the proposed basic topology requires fewer total
switches and diodes than other counterparts for producing
9 levels. Among selected topologies, the [32] utilizes two
DC-sources, while the others and suggested basic configura-
tion use on a single DC source. Table 3 confirms that the pro-
posed basic topology employs only two capacitors (the same
as [32], [35]), while the others use 3 capacitors. According
to Table 3, the proposed basic topology and [31], [32], [34]
use minimum total devices, where the [22] utilize maximum
devices. As seen from Table 3, the TVS on semiconductors
of suggested basic inverter is higher than other counterparts,
which is considered as its main drawback. Among selected
topologies, the [22] has the least maximum voltage stress
(= 0.25V, max) on its semiconductors than other structures.
The maximum voltage gain (quadruple gain) belongs to pro-
posed basic inverter and [22], [30], [31], [34], [35], where the
[32] has the least gain (double gain).

Based on Table 3, none of semiconductors in [22], [35] tol-
erate Vo, max. In [32], [34] two semiconductors tolerate V, pax,
while this amount in proposed basic inverter and [30], [31]

VOLUME 10, 2022
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TABLE 3. Comparison results of basic 9-level topologies.

Topology Nirevee NswtNp Noc Nc Nrc TVS TVS,u MVS  Vowee Gain NMB Efficiency Negative level generation
[22] 9 22 1 3 45 19Ve 475 025V, 4Vie 4 0 88.9% @74W Inherent
[30] 9 13 1 3 27 25V. 625 Vs 4V, 4 4 91.5% @138W H-Bridge
[31] 9 14 1 3 26 206V, 65 Vo max 4V, 4 4 91.6% @60W H-Bridge
[32] 9 12 2 2 26 22V, 55 Vs 4V 2 2 90-94.5% @50-500W Developed H-Bridge
[34] 9 11 1 3 26 24V 6 Ve max 4V 4 2 96-97.7% @5-50W 2 Half-Bridges
[35] 9 12 1 2 27 214 525 O05Vomex 4Vae 4 0 97.9% @160W 2 Half-Bridges
Proposed 9 12 I 2 26 31Ve 1775 Vo max 4V, 4 4 87-95.5% @10-390W H-Bridge

Nreve: Number of levels, Nsw: Number of switches, Np: Number of diodes, Npc: Number of sources, Nc: Number of capacitors, Ntc: Number of total
components, TVS: Total voltage stress, Nvar: Number of DC sources variety, Vo,ma: Maximum output voltage, G: voltage gain, NMB: Number of switches
tolerating ¥V, ax

TABLE 4. Comparison results of extended topologies.

Type Topology Nievel Nsw Nep Nc TVS/Vac Np Nbnc Vo,max Nrc Nvar G NMB
[38] (2n+3)? 4n+8  4nt8 2n 20n*+44n+16 2n 2 2n*6nt4  12n+18 2 n+l 2
13(3")-5

[39] 23")(3™+2)+1  10n+8 10n+8 4n (3 +2)(%} 21 2 3342)  26m+18 2 0
Asymmetric [36] 27141 3n+3  3n+3 7(2")-3 1 1 2" Tn+8 1 2" 4
[30] 5" 6n 6n 5(5"-1)2 n n (5"-1)/2 15n n 2 0
Proposed T 9" 11n Iln 2n 30(9"-1)/8 n n 9"-1)/2 26n n 4 0
Proposed T: 2(5)"-1 Tn+4  Tntd  2n 30(5"-1)/4 n n 5"-1 18n+8 n 4 4
[33] 8n+1 6nt2  6nt2  2n 16n+8 n n 4n 16n+4 1 2 2
[10] 1SC 4ntl 28 28 1 12n -2 - 2n 5417 1 20

n

18n -2

. [10] 2SC 6n+1 2nt+14  2nt14 2 - n 3n 5n+30 1 3 0

Symmetric n
[40] 6n+1 11n 1ln  2n 16n 0 n 3n 25n 1 3 0
[28] 8n+1 10n 10n  2n 11n 0 n 4n 23n 1 2 0
[41] 4n+1 9n 9n n 9n 0 n 2n 20n 1 2 0
Proposed P, 8n+1 11n 1ln  2n 31n n n 4n 26n 1 4 0

Nreve: Number of levels, Nsw: Number of switches, Np: Number of diodes, Npc: Number of sources, Nc: Number of capacitors, Ntc: Number of total
components, TVS: Total voltage stress, Nvar: Number of DC sources variety, Vo,mer: Maximum output voltage, G: voltage gain, NMB: Number of switches
tolerating ¥, nax

is four. Based on Table 3, none of semiconductors in [22],
[35] tolerate V, jnqx. In [32], [34] two semiconductors tolerate
Vo.max, while this amount in proposed basic inverter and [30],
[31] is four.

Table 3 presents and compares the efficiency of proposed
converter with that of [22], [30]-[35]. As seen, the effi-
ciency of topologies presented in [22], [30] and [31] are
88.9%, 91.5%, and 91.6%, respectively at 74[W], 138[W],
and 60[W]. The efficiency of proposed converter in this range
of output power is about 90.9% to 93.5%, which is higher
than the reported efficiency of [22], [30], [31]. The reported
efficiency range of [32] across output power range of SO[W]
to S00[W1] is [90%-94.5%]. During almost the same output
power range, the efficiency of proposed topology is about
90.6% to 95.5%, which is slightly higher than that of [32].
Meanwhile, the reported efficiencies of topologies presented
in [34], [35] are higher than the efficiency of proposed
converter.
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The proposed basic inverter and [30], [31] use an
H-bridge, while the [32] use a developed H-bridge and [34],
[35] employ two half-bridges for negative voltage generation.
This feature is realized inherently in [22].

The proposed cascaded inverter and generalized counter-
parts presented in [10], [28], [30], [33], [36], [38]-[41] are
compared in Table 4. Fig. 7 present the comparison results
as plots. The topologies presented in [38], [39] utilize 2 DC
sources, but the proposed topology (71, 7> and P1) and [10],
[28], [30], [33], [36], [40], [41] demand only a single DC
source at basic version. This further decreases the overall
weight, expense and volume of the converter (Fig. 7(a)).
Fig. 7(b)-7(c) show that the proposed 77 and 7> topolo-
gies and [30], [36] require equal or less switching devices
(switches and diodes) than other counterparts, which accord-
ingly leads to less gate-driver circuits, less complexity, low
size and low losses. Based on Fig. 7(d), the proposed 71 and
T, topologies utilize the second least number of capacitors
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FIGURE 6. Nearest level modulation technique, (a) Control block diagram,

(b) switching pulses.

to produce equal levels with similar counterparts. Also, it is
seen from Fig. 7(e) that the proposed 77 and T topologies
provide the third-highest (after [30], [36]) ratio of levels to
total devices (Ntc = Npc+Nsw+Ngp+Np+Nc). This can
result in a compact and less-complicated structure. As seen
from Fig. 7(f), the gain of converters presented in [36], [38]
increases at extended versions, but the gain of converters
presented in [10], [28], [30], [33], [39]-[41] remains constant.
Among these constant-gain converters, the proposed 71, T>
and P; topologies have the maximum step-up capability.
According to Fig. 7(g), the Average Normalized Standing
Voltage (ANSV) of the proposed symmetric converter (P7)
is quite low, while this amount in proposed asymmetric
(Ty and T3) converters is rather high. Fig. 7(h) shows that
the ANSYV of converters reduces by an increment of cascaded
units. Also, at equal units, the ANSV of proposed T, T» and
P topologies is lower than that of [33], [36], [38], [39], which
is desirable. The proposed topology and [30], [31] require
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an H-bridge to create a bipolar voltage-waveform. Thus,
the H-Bridge’s switches are exposed to V,, uux. The nega-
tive voltage-level generation in [32] is achieved through a
developed-H-bridge, where two switches tolerate V,, 4. The
[34], [35] employ two half-bridges and the [33] inherently
produce the negative voltage levels. The number of semicon-
ductors tolerating the maximum output voltage (Npyvs) in
[33], [34] and [35] are 4, 2 and O, respectively. The [35] has
the least TVS, because none of its semiconductors tolerate the
Maximum Voltage Stress (MVS) of V,, juax-

VIIl. LOSS AND EFFICIENCY ANALYSIS

The losses occurred in switches, diodes, and capacitors form
the total power loss of the converter. The power dissipation in
each component is demonstrated in the following.

A. SWITCHES

The switches of the proposed topology have been realized
by MOSFETs, which can be modelled with an on-state resis-
tance (Ron,1 or Rop ). The conduction loss of switches hap-
pens at on-state resistances. Also, the switching losses occur
during switch on-off transitions. The switching losses depend
on voltage stress (Vess), average current (/,.), turn on and
off times (?o5, o) and switching frequency (f) of a switch.
The total switch losses (conduction and switching) can be
computed from (18).

; 1
Piz;§6h = gfsVstress]ave(ton + toﬁ‘) + Ronlrzms (1 8)

B. DIODES
The diodes are modelled with a series connection of forward

voltage drop (Vrp) and on-state resistance (R, p). Thus, the
diode losses can be calculated from (19).

pPiode _ R 12+ VFD X Iy, (19)

Loss

C. CAPACITOR
The capacitor losses (including voltage ripple and equivalent
series resistance (RESR) losses) is obtained from (20):

Capaci 1
Plow ™" = ShCAVY + Rpsk x I,) - (20)

rms

The total power losses, as well as the efficiency (1) of
suggested, can be achieved from (21) and (22), respectively.

Ploss = Pl + PL” + Py @D
0= (Po/(PU + plotal )) x 100 22)

IX. EXPERIMENTAL RESULTS
Fig. 8 displays the laboratory-scale prototype implemented
to verify theoretical analysis and correct performance of
suggested basic inverter. Table 5 shows the experimental
parameters.

The load power factor is cos(¢) = cos(arctan ™ (Lw /R)) =
0.9336. According to section 4, the LDI of C; and C,
capacitors are respectively Oc1 = w —204 and ¢y = w —263,
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where 04 = 67.5° and 03 = 45°. So, the duration of LDI in C; > 1822 [uF] and Cy > 1682 [uF]. To satisfy the (17),
of C; and C, capacitors are, respectively 8c; = 45° and the C1 - C; have been assumed to be C; = C, = 2200 [ F].
Oca = 90°. The C1-C, capacitors have been designed such Assuming the input voltage as V4. = 30 [V], the voltage
that to limit the voltage ripples to 5% (AV¢; = 0.05V(;, stress on C; and C; capacitors will be 30 [V] and 60 [V],
i = 1, 2). Based on (17), the capacitances should be selected respectively. The employed C; and C; capacitors have been
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FIGURE 8. Laboratory-scale prototype of the proposed inverter.

TABLE 5. Experimental parameters of proposed topology.

Parameters Magnitude
Input DC voltage 30 [7]

Load (R, L) 90 [€2], 110 [mH]
Capacitor Ci 2200 [puF], 50 [V]
Capacitor C2 2200 [uF], 100 [V]

Diode (D1) MURI1560G

Switches (Hi-Ha)
Switches (S1-S7)

Fundamental frequency

IRFP260NPbF, 200 [1], 50 [4], Rps(en = 0.04[Q]
IRF540, 100 [ V7], 28 [4], Rps (o) = 0.077[Q]
50 [Hz]
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FIGURE 9. Experimental results for output voltage-current waveforms
(a) R = 90[2], (b) R = 90 [2] & L = 110 [mH].

selected to withstand up to 50 [V] and 100 [V], respectively,
to meet the voltage stress requirement. Based on voltage and
current stress of semiconductors, the IRFP260NPbF, IRF540
and MUR1560G have been respectively used for realizing
Hl - H4, Sl - S7 and D].

Figs. 9(a) and 9(b) respectively depict the output voltage-
current waveforms for (i) R = 90 [2] and (ii) R = 90 [2]
and L = 110 [mH]).
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FIGURE 10. Harmonic spectrum of the output voltage.
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FIGURE 11. Voltage/current waveforms of (a) C;, (b) C,, capacitor.

Fig. 9 confirms that the output-voltage waveform includes
nine voltage-steps (0, £30 [V], £59 [V], £88 [V],
+118 [V]). The peak value (V, uqx) is around 118 [V].
Note that the 3 volts difference between theoretical and
measured maximum output voltage originates from voltage
drops on current flow-path devices. Due to the pure resistive
nature of load in Fig. 9(a), the load voltage and current
waveforms are stepped and in-phase. The phase-difference
of ¢ = arctan ' (Lw/R) 21° between V, and I, in
Fig. 9(b) approves the ability of suggested inverter on feeding
resistive-inductive loads. Fig. 10 presents harmonic-spectrum
of output-voltage.

As seen from Fig. 10, the even-order harmonics have been
eliminated from the output voltage. Among available har-
monic orders, the 21, 17t 25t and 23™ harmonic orders
have the highest magnitudes, which are respectively about
3.1%, 2.97%, 2.88% and 2.7% of fundamental harmonic.
These high order harmonics can be eliminated through a
small filter. The Total Harmonic Distortion (THD) of the
suggested 9-level inverter is about 8.53%. Fig. 11 displays
the current and voltage waveform of C; - C; capacitors.

As expected, the voltage across Ci-C, capacitors has
been naturally balanced on 28 [V] and 58 [V], respectively.
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Also, appropriate design of capacitances has suppressed
voltage-ripple on C and C; to equal or less than 5% (AV¢1 =
1.5 [V], AVca = 2 [V]). Note that the experimental results
have been obtained in presence of L-D inrush-current limiting
cells with small inductances of 50[nH]. Figs. 11(a)-11(b)
confirms that the charging current of both C| and C> capac-
itors have been suppressed to less than 10[A], which is
acceptable.

Fig. 12 indicates the dynamic operation of the suggested
topology during sudden load change conditions. It is seen that
during decrement of load to half (from 120 [2] to 60 [€2]), the
peak load-current is doubled without considerable change in
output-voltage. While changing load from 60 [€2] to 120 [£2],
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the peak load-current reduces to half, but its voltage remains
unaltered. This confirms the appropriate dynamic perfor-
mance of the suggested topology during sudden load change
conditions.

Figs. 13(a)-13(g) show the voltage waveforms of semicon-
ductors. As seen, the voltage-stress of switches and diodes
are as: VSg; = VSg7 = 86 [V] (Figs. 7(a) and 7(d)),
VSso = VSs5 = VSs¢ = 58 [V] (Figs. 7(a) and 7(c)),
VSs3 = VSsa = 30 [V] (Fig. 7(b)), VSp1 = 28 [V]
(Fig. 7(g)), and VS = VSu2 = VSH3 = VSpa = 117 [V]
(Figs. 7(e) and 7(f)). Despite the high voltage stress on
Hi - Hy, their low operation-frequency (fundamental fre-
quency) limits the switching-losses.

Fig. 14(a) illustrates efficiency of suggested topology at
various input-voltages. The peak-efficiency is about 95.5%
that occurs at V. = 70 [V].

According to Fig. 14(b), the efficiency of converter at
the operating point (P, = 60 [W], V4 = 30 [V]) is
about 90.9%, where the conduction-loss of switches/diode
are about 4.5 [W] (6.77%) and 1.5 [W] (2.26%), respec-
tively. The ripple-loss of capacitors is about 0.4 [W] (0.6%).
The employment of Nearest-Level technique has decreased
switching-loss of semiconductors to 0.00048%, which is
negligible.

X. CONCLUSION

This paper has proposed a basic switched-capacitor 9-level
inverter that is extendable to higher levels. The single-source
nature, quadruple voltage-boosting ability, capacitors’ natural
charge-balancing, increased levels per device, and capability
of feeding low power factor (resistive-inductive or induc-
tive) load types are the main advantages of the suggested
topology. The H-bridge switches tolerate V, jmqy, but due
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to their fundamental-frequency operation, their switching-
loss is suppressed. The capacitors’ impulse-charging current
has been reduced by a small-inductance-based L-D net-
work. The output voltage THD of the suggested topology
is about 8.5%. The comparative analysis confirms that the
suggested topology has higher ratios of a number of levels
and gain to devices, which is an important advantage. The
efficiency of an implemented laboratory-scale prototype of
the suggested topology for V;. = 30 [V] is about 90.9%,
which is acceptable. Two extended versions of the suggested
basic topology have been introduced to achieve more lev-
els and voltage-gains. The experimental outcomes validate
the proper performance of the suggested switched-capacitor
9-level inverter topology.
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