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ABSTRACT

Switched capacitor based multilevel inverters with boosting capability are emerging as single
stage DC-AC conversion in utilizing low voltage DC sources such as solar PV and fuel cell. This
paper proposes a single-phase hybrid multilevel inverter topology based on a switched capacitor
that is capable of generating 9-levels along with a voltage gain of 2. The components required
to construct the basic module of topology are 11 switches, 1 diode and 2 capacitors. The volt-
age balancing of the switched capacitors is achieved with the help of a modulation strategy,
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thereby eliminating the need of sensors. The theoretical loss analysis of the inverter is presented
and the nearest level control based fundamental switching frequency modulation technique is
employed to study the performance of the proposed inverter. The effectiveness of the suggested
topology is validated with the help of a prototype built in the laboratory. The superiority of the
proposed topology is assessed with the help of comparison with existing topologies.

1. Introduction

DC to AC conversion plays a vital role in harness-
ing renewable power sources, such as solar photo-
voltaic system, wind energy conversion system and fuel
cells. Multilevel inverters are proposed for the above-
mentioned applications owing to inherent advantages
including reduced dv/dt, reduced voltage stress across
the switch, improved voltage and current THD, fault-
tolerant operation and reduced common mode volt-
age [1-3]. The conventional multilevel inverter topolo-
gies include diode clamped multilevel inverter, flying-
capacitor multilevel inverter and cascaded H-bridge
multilevel inverter. The main limitation of conventional
multilevel inverter topologies is that as the number
of levels increases, the total number of components
required also increases drastically [4]. To overcome
the above-said limitation, various multilevel inverter
topologies with Reduced Device Count (RDC) are pro-
posed in the literature. Comprehensive comparisons
of the various multilevel inverters with reduced device
count are discussed in [5-7]. RDC multilevel invert-
ers with reduced sources or with a single source using
switched capacitors are gaining attention these days.
The voltage balancing of a switched capacitor is done
with an appropriate switching sequence to maintain the
voltage across it without any additional voltage sen-
sor and closed loop control. As a result, the voltage
across the switched capacitor is self-balanced. The var-
ious multilevel inverters using switched capacitor units
without boosting capability are discussed in [8-10].

The conversion of low voltage DC supply from
sources such as solar PV, fuel cell and hybrid electric
vehicle batteries into AC requires a two stage conver-
sion or Z-source inverter. The two stage conversion
has its own limitations such as reduced reliability and
large voltage stress in the second stage. On the other
hand, Z-source inverters are bulkier due to the induc-
tance used in them. The switched capacitor based mul-
tilevel inverter with boosting capability is proposed as
an alternative for the above applications as a single stage
solution.

Self-balancing type compact switched capacitor
multilevel inverter with a voltage gain of 2 was proposed
n [11]. To extend this topology for higher levels by
cascade connection, it requires two floating capacitors.

The dual T-type 7-level inverter with boosting capa-
bility is proposed in [12] with a boosting factor of 1.5.
The main limitation of this topology is that it requires
four floating capacitors.

Symmetric/asymmetric hybrid multilevel inverters
with boosting capability are proposed in [13]. This basic
module of topology requires three switched capacitor
units along with a bidirectional switch to realize the
7-level with a voltage boost of 1.5.

In [14], Sing Lee et.al proposed two new switched
capacitor based 7-level boost inverter topologies with
a boosting factor of 1.5. But this topology needs three
capacitors and a bidirectional switch.

In [15], boosting inverter based on a separate level
and polarity generation module is discussed. However,
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its polarity generation module has to withstand high
voltage stress for realizing higher voltage levels which
limit the number of levels to be realized.

A 9-level step-up inverter with a voltage gain of 4 is
proposed in [16]. However, voltage stress across some
of the switches used in the topology is twice the supply
voltage, and the rating of one of the switched capacitors
is also twice the supply voltage.

According to the literature, a boosting inverter with
fewer power semiconductor switches and capacitors,
as well as uniform voltage blocking capabilities, is
required. In addition, a boosting inverter that does
not use a bidirectional switch is required to improve
the efficiency of topology. The higher blocking voltage
requirement can also be reduced by using an inverter
topology that does not include a separate polarity gen-
eration module.

This paper proposes a hybrid 9-level inverter topol-
ogy with a voltage boosting factor of 2, which is
greater than [11-13] and [14]. Four different methods
are suggested to extend the proposed topology for a
higher number of voltage levels and boosting. The basic
sub module of the proposed topology employs two
switched capacitors and both the capacitor voltages are
regulated naturally without the need of a sensor. Elim-
ination of the sensor and voltage balancing without a
closed loop control improves the reliability of the circuit
and reduces the cost. As the suggested topology needs
only half bridge modules and does not require a bidi-
rectional switch, the standard half bridge driver circuit
can be employed, thereby reducing the complexity.

Also, it is designed in such a way that each switch has
to block voltage equal to or lesser than the input supply
voltage. A hardware prototype is fabricated in the lab-
oratory and its performance is studied with the help of
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a fundamental switching frequency based nearest level
modulation technique.

2. Proposed 9-level hybrid boost inverter

The power circuit diagram of the suggested 9-level
inverter with boosting capability is shown in Figure 1.
The proposed topology basically consists of an
H-bridge module, a boosting module based on H-
bridge and a two level switched capacitor (2L-SC) mod-
ule supplied from a single DC source. Thus, the realiza-
tion of the proposed multilevel inverter is possible with
an existing half bridge module. The proposed topol-
ogy can generate nine voltage levels with voltage levels:
+Vpc/2, £Vpe, £3Vpe/2, £2Vpce and 0. The differ-
ent working states of the inverter along with capacitor
charging and discharging status are given in Table 1.
The switches S and Sy (where x ranges from 1 to 5)
are complementary to each other.

The blocking voltage requirement of switches S; to
S4, S1” to S4” and Sg is equal to input DC voltage Vpc
and switch S5 and Ss” has to block half the input voltage

Table 1. Different switching states of the proposed inverter.

Basic Sub Module

Boosting Module

Voltagelevels S1 S; S3 Sa Ss Se¢ Capacitor (C;) Capacitor (Cy)
+2Vpc 1 0 0 1 0 O I -
+3Vpc/2 1T 0 0 1 1 0 1 0
+Vpe 1T 0 1 1 0 1 0 -
+Vpc/2 1T 0 1 1 1 1 1 1
0 0 0 0 0 0 O - -
—Vpc/2 T 1 1 1 1 1 0 1
—Vpc 1T 1 1 0 0 1 0 -
—3Vpc/2 00 1 0 1 0 1 il
+2Vpc 01 1 0 0 O N -
| Discharging; 1 Charging; — No effect.
2L-SC Module

K, | K
Blg.

Figure 1. Circuit diagram of the proposed hybrid multilevel inverter.
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Vpc/2. The diode D7 is required to avoid short cir-
cuit of capacitor C; voltage when switch S3 and S;” are
conducting.

As evident from the switching states of the inverter,
when switch Sg is turned ON, the capacitor C; and
DC source are connected in parallel and they charge
instantly to the DC source voltage as the parasitic asso-
ciated with the charging path is minimum. Thus the
steady state voltage across switched capacitor C; is
equal to the DC source voltage. The voltage boost-
ing is achieved by connecting the source voltage and
capacitor voltage in series across the load.

To regulate the voltage across the capacitor C, to half
the DC source voltage, it is charged during the positive
half cycle of output voltage and discharged during the
negative half cycle of output voltage. The average cur-
rent flowing through the capacitor is made to zero by
keeping the charging and discharging intervals identi-
cal over each half of the AC output voltage. The average
current flowing through the capacitor during voltage
levels + Vpc/2 and £3Vpc/2 with load impedance Z is
given by the following equations:

o= Vpe — Ve = 2Vpec —ve
Cavg, %C 7 Cavg, f C 7 ( ) )
i oy = V_C> i aype = —VDC e

Cavg,—BC 7~ Cavg,—RC Z

The net charge across the capacitor for the funda-
mental period (T) is given by,

Qnet = {l—‘r Vpc +

—+ —
! svpe ! Vpc
Cavg,—5~ Cavg,—5 Cavg,—5~

—i T
Cavg,wfc }

:{M}T )
7

At the steady state, due to the symmetry of the cur-
rent waveform, the net charge through the capacitor C;
is zero. By substituting net charge to zero in Equation
(2), a steady state voltage across the capacitor C; is
found to be half the supply voltage.

3. Recommended extension methods

For extending the basic module to realize a higher
number of levels, four different methods have been
suggested. The extension method-1 is used to realize
higher levels and boosting, with the help of a single
DC source, whereas extension method-2-4 facilitates
integrating multiple sources. The details of the four
methods are explained in the following sub-sections.

3.1. Extension method-1

«_»

In method-1, “n” number of boosting modules is con-
nected in cascade to realize a higher number of voltage

levels as shown in Figure 2. In method-1, along with
an increase in output voltage levels, the voltage gain of
the inverter is also increased. The number of boosting
modules required to realize “Ni.” voltage levels in out-
put with method-1 is given by (3) and voltage gain (G)
obtained is given by (4).

N, =4n+5 (3)
G=n+1 (4)

3.2. Extension method-2

In method-2, “p” number of basic sub-modules are con-
nected in a cascade manner; while doing so only the
first stage requires boosting and 2L-SC modules, and
the remaining “p-1” stage does not require a 2L-SC
module. This method employs symmetrical sources as
shown in Figure 3. This method can produce the maxi-
mum output voltage equal to twice the sum of all input
voltages. The number of levels obtained by this method
is given by,

N, =8p+1 (5)

3.3. Extension method-3

Asymmetric sources are proposed for cascaded mul-
tilevel inverters to realize higher voltage levels with a
lesser number of switches [5]. The extension methods
3 and 4 are based on asymmetric sources. The exten-
sion method-3 is similar to extension method-2, but
it employs multiple sources with binary configuration,
in which, the DC source voltage magnitude vary by
geometric progression with a factor of 2 (i.e. Vpc, =
2=y 0). The number of levels obtained with “p”
number of extension modules in cascade is given by,

Ny =2¢F) 7 (6)

3.4. Extension method-4

In method-4, “p” number of basic sub modules are
connected in a cascade manner by employing multiple
sources with trinary configuration, in which, the DC
source voltage magnitude vary based on geometric pro-
gression with a factor of 3 (i.e.Vpc, = 3M=Dyp e as
shown in Figure 4. The number of levels obtained is
given by,

Np=4x {3/ -1} +1 (7)

4, Sizing of switched capacitors

The size of the switched capacitor plays a significant role
on the weight, volume and cost of the proposed inverter.
The calculation of capacitance for switched capacitors
C; and C; are given in the following sub-sections.
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¥ 3 KIIE |
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Figure 3. Extension for higher levels using method-2.




422 e B. SAKTHISUDHURSUN AND S. MURALIDHARAN

Basic Sub Module

Boosting Module 2L -SC Module
jla‘ S Sj sa|l s
VDC1 J C11 + JK* J + Cg1
S21‘ S11' S31' T T
< I
‘ J J Se1 J S41K'* Sst
E L— D74
: A
:
(]
'
[ X L L L L L L R T L L L L L T T T Ry
2L-SC Module

Boosting Module

L K| i
s Jﬁ% L K| K v

Load

Figure 4. Extension for higher levels using Method-4.

4.1. Calculation of capacitance Cq

When the voltage levels are £Vpc and £Vpc/2, the
capacitor C; is charged from the DC source. During
the above-said voltage levels, capacitor C; is charged
to input DC voltage instantly as the parasitic of charg-
ing path is very low. Also, capacitor C; discharges when
voltage levels are £2Vpc and £3Vpc/2. The value of
capacitance C; is calculated based on the prolonged dis-
charging period as described in [13]. The longest inter-
val for which the capacitor C; discharges is between the
interval o3 to 7 -oe3, as shown in Figure 5.

The amount of electric charge discharged by capaci-
tor C; is given by,

1 T—03
AQc1 = —/
® Jo,

= I—m[— cos(wt — ¢)
1)

I, sin(wt — ¢)dwt

T—o3
o3

I
=Zm[— cos(m — (a3 + ¢)) + cos(as — )] (8)
On simplifying the above Equation (6), the expres-
sion for AQc; is given by,

€)

21
AQc1 = —2cosaz x cos @]
1)

From the above equation, the expression for voltage
ripple is calculated by,

AQcr = ——[cosas x cos¢]
C1 wC1 ?

The minimum value of capacitance required for the
given voltage ripple and peak load current is given by
the expression,

21

AVer = (10)

2y,
T AVaw

where @ = 2*m*fundamental frequency of inverter
and cos ¢ = power factor of the load. Hence, it is

1 [cosas x cos @] (11)
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. T N
DN " Voltage
() o, /
ZVDC : @ ‘
1.5V ff
Vbc A
0.5Vpc :
¢ "
]

T+a,

2r—a,

CEAMTIANT R ® N

coVeocecoccea\coalpecccccccccnae

LDP-Longest Diécharging period

Figure 5. Discharging intervals of the capacitors.

inferred that the capacitance value is directly propor-
tional to peak load current and the operating power
factor of the load.

The value of capacitance required to regulate the
voltage within 5% of rated voltage (60 V) using the
above formula is arrived to be 1662 wF for the load
with R = 50 Q and L = 90 mH, and peak load current
of 1.6 A. In the prototype built, the nearest available
capacitance of 1600lLF is employed.

4.2. Calculation of capacitance of C;

The value of capacitance C; is calculated based on
the electric charge associated with capacitor C, during
discharging given by,

2 T+
AQcz = — { /
w T+oy
T+oy
“f
T4o3
21

7’”{[— cos(wt — )7 1o

I, sin(wt — ¢)dwt

I, sin(wt — ¢)da)t}

+ [~ cos(wt — d))]Zig;‘}

21,
——[cos ¢ (cos g + cos oy — cos o3
w

— cosay) — sin ¢ (sin g + sin oy
—sinaz — sinag)] (12)

From the above equation, the expression for voltage
ripple is calculated by,

21,
AVey = ——[cos p(cosay + cosay — cos a3
a)Cz

— cos ) — sin ¢ (sin oy + sin oy — sin a3

— sinog)] (13)

The minimum value of capacitance required for the
given voltage ripple and peak load current is given by

the expression,

2y
T WAV

5 [cos ¢ (cos oy + cosay — cos s

— cosap) — sin g (sinayg + sin oy — sin o3

—sinay)] (14)

The value of capacitance required to regulate the
voltage within 5% of rated voltage (30 V) using the
above formula is arrived to be 1534WF for the load
with R = 50Q and L = 90mH, and peak load current
of 1.6 A. In the prototype built, the nearest available
capacitance of 1600 F is employed.

5. Loss analysis

The theoretical loss analysis of the proposed converter
is presented in this section by assuming the load to be a
unity power factor. The total loss in the converter is the
sum of switching loss, conduction loss in semiconduc-
tor switches, and power losses of the capacitor during
charging and discharging.

5.1. Switching losses

Switching loss occurs when a switch is turned ON and
OFE The number of times a switch is turned ON and
OFF during one full cycle of output voltage waveform
greatly affects the switching loss of the converter. With
the linear approximation of voltage across the switch
and current through the switch, the energy loss occur-
ring during turn on and turn off is given by (15) and
(16), as briefed in [17,18]. The power loss occurring
in the ith switch during switching in one fundamental
cycle is given by (17).

toN

f v(t) i(t)dt

Eon,i
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Rswi Rsws  Rswe Rsws

—— W W ——AW——WW———

VDC + CZ

H

Charging path of C,=Load current path

AW
RSWZ‘ A RL B

(a)

RSW1 Rsv\/3
Vioe |+ ) Cil+
) Charging path of C, T
i 'A'AY -
RSW6 +
(b)
Cy

Rswi  Rsws . + Rswa Rsws
VDC + ) CZ +
- Charging path of C,=Load current path= Discharging -
path of Cy

A R B

(c)

Figure 6. Charging paths of capacitors for the proposed converter (a) Charging path of C; when the output level is +0.5Vpc, (b)
Charging path of C; when the output level is £0.5Vp¢ and Vpc (c) Charging path of C; and discharging path of C; when the output

level is +1.5Vpc.

toN

t
= / {(sz, i ON_)
toN
0
X (—’(t — tON)>} dt
toN
1
=< X Vsw,i,on X I; X ton (15)
tOFF
Eorr,i = / v(t) i(t)dt
0
toN
t
= Vsw, i,orF ——
tOFF
0
~I
X | ——(t — torF) dt
fon
1 _
=5 Vsw, iorr X I, X torr (16)
1 j=Non
PswiLoss,i = = Z Vsw,i,oN X Ii X ton
j=1
j=Norr
+ > Vew,iorr x I} x topr { (17)
=1

The total switching losses in 11 switches used in the
basic sub-module is given by,

i=11
P SW,Total loss = Z P SW,Loss, i (18)

i=1

where Vsw,ion = voltage across the ith switch before
turn ON, Vsw i orr = voltage across the ith switch after
turn OFF, I; = current through ith switch after turn

ON, Ii, = current through ith switch before turn OFE,
ton = turn on time of switch and topr = turn off time
of the switch. In a case of resistive load, the current
through the switches at different voltage levels “L” can
be expressed as:

%
Ll =117 =L%L:O.5, 1,152 (19
L

Using the above formula, the total switching loss
obtained is given by,

» 1 425 Vi o+ foe)
= — X — X —— X
SW,Total loss 6 T R, ON OFF

(20)

5.2. Conduction loss

The conduction losses of the proposed converter are the
sum of the losses occurring in semiconductor switches
in load current path at different output voltage levels
and losses occurring during charging and discharging
of the capacitors as discussed in [19].

The capacitor C; is charged by the input DC source
when the output voltage level is £0.5Vpc and +Vpc
through three switches and one diode, its charging path
is shown in Figure 6(b). The energy loss occurring dur-
ing the charging of capacitor C; is the difference of
energy flowing out of the input DC source, and that
following into capacitor C; is given by,

AEc; = VpcCiAVer — {(Vpe — Vpon)C1 AV
—0.5C;AVE,} (21)

During one cycle of fundamental voltage, the capac-
itor Cy is charged twice; thus, the power loss occurring
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Rswa Rsws

>

Discharging path of C,=Load current path

RSW1 RSWS
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Figure 7. Discharging paths of capacitors for the proposed converter (a) Discharging path of C; when the output level is +-2Vp, (b)
Discharging path of C; when the output level is —0.5Vp¢, (c) Discharging path of C; and discharging path of C; when output level is

—1.5Vpc (d) Discharging path of C; when output level is —2Vpc.

Table 2. Comparison of performance parameters between proposed topology with existing topologies.

Possible
number of
Topology Source configuration Ny Nsw Np TBV Vpeak capacitors
Proposed method-1  Single Source 4Nc +1 5Nc+1 N¢c—1 5Nc VpcNc 234..
[20] Method-1 Single Source 2Nc +3 5Nc + 4 0 5Nc + 4 Vpc(Nc + 1) 1,2,3..
[13] Single Source 4Ne — 5 5Nec —6 Ne —2 SNe — 7 We=3 3,4,5..
[21] Single Source 4Nc —3 5Nc —3 0 5Nc —3 Vpc(Nc — 1) 34,5..
Proposed method-2  Symmetric multiple sources 8Nc —7 ONc —7 N¢c—1 9Nc — 8 2Vpc(Nec — 1) 3,4,5..
Proposed method-3  Asymmetric multiple sources 20Nt _ 7 INc—7 Nec—1 (9x2Wc=Dy_3g %(2("’5“) —8) 3,4,5...
N Ne N
Proposed method-4 Asymmetric multiple sources 4 x {3TC — 1} +1 % % 5% {3( 2 ) —1 } Vpe x {3TC — 1} 2,4,6..
[11] Symmetric multiple sources 4Nc+1 % 0 5Nc VpeNc 2,4,6..
[12] Symmetric multiple sources % +1 % 0 % % 4,8,12..
[20] Method-2 Symmetric multiple sources 4Nc +1 INc 0 INc 2VpcNe 1,2,3..
(22] Symmetric multiple sources Be 1 4Nc 0 Tihe Lipchic 3,6,9...
Output Power Vs Efficiency The capacitor C; is charged by the input DC source
< 100 when the output voltage level is +0.5Vp¢ and charged
£ 9 > ¢ 1 by the sum of DC source voltage and capacitor C; volt-
B — . .
s 9% / age when the output voltage level is +1.5Vpc as illus-
E 97 trated in Figure 6(a) and (c), respectively. The energy
=y loss occurring during the charging of capacitor C, is the

0 100 200 300 400 500 600 700 800 900 1000
Output Power in Watts

Figure 8. Output power vs. efficiency.

in charging of capacitor Cy is:

AEc

1
?{Cl AVci1(2Vpon + AVcr)}
(22)

PCI,Loss =2

difference of energy flowing out of the input DC source
and that following into capacitor C, is given by,

AEc; = VpcG: AV — (VpeG AV,
—0.5C,AVE,) +2VpcCr AV,
— 2VpcCaAVey — 0.5C,AVE,)  (23)

During one cycle of fundamental voltage, the power
loss in charging of capacitor C; is:

AEc;

P C2,Loss = T

2
7(0.5(:2Avé2) (24)
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During discharging process of the capacitor, the
energy loss occurring in it is equal to the difference of
energy flowing out of the voltage source and the capaci-
tor and that absorbed by the load. The discharging path
for the state &2V pc of capacitor C; is given in Figure
7(a) and (d), the energy loss occurring during this is
given by,

2Vpe 2Vpe 2
AEp12vpe = 12VDe -
Ry + Req Ry + Req
— 2
x L% (25)

where Re; = 5Rsw is the total parasitic resistance
of semiconductor switch, f = output frequency and
Rswx = Rswx’ = Rgw = on state resistance of semi-
conductor switch (X = 1t0 6 & X’ = 1to 5).

The total power loss occurring during one funda-
mental cycle of output voltage when output is +2Vpc

and —2Vpc is given by,

p _ 2 2V 2Vpe 2Vpe 2
Loss,22Vpc — T DC R + Req L R + Req
T — 20[4

2rf

The discharging path for the output voltage level
+1.5Vpc and the output voltage level —1.5Vpc is illus-
trated in Figures 6 and 7(c), respectively. The energy
loss occurring during discharging path for the state
+1.5Vpc of capacitor C; and —1.5Vp of capacitors C;
and C; is given by,

(26)

AEp+15vpc =

1.5Vpe \? -
_RL< DC ) oy — 03 (27)
R; + Req 27‘[f
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Figure 12. Simulation results with R = 50Q, L = 120 mH for m; = 1: (a) Output voltage and current waveforms (b) FFT analysis of
voltage waveform (c) FFT analysis of current waveform (d) Voltage across the capacitors C; and C;.

Thus, the total power loss occurring during one
fundamental cycle of output voltage when output is
+1.5Vpc and —1.5Vpc is given by,

4 1.5Vpc
Pross+£15vpc = T 1-5VDCRL TR
eq
1.5V 2] « o
3 L( DC ) i R
R + Req 27Tf

The discharging path for the output voltage level
—0.5Vpc is illustrated in Figure 7(b). The energy loss
occurring during discharging for the state —0.5Vp¢ of
capacitor C, is given by,

0.5Vpc

AEpy; =105Vpc——-
D2 { DCRL+Req

( 0.5Vpc
L RL + Req

2
oy — o
29
) 2] (29)
The total power loss occurring during one funda-

mental cycle of output voltage when output is —0.5Vp¢
is given by,

2 .
Pross,—0.5Vpc = T { 0.5Vpec——+—

In addition to the above, there are losses in semicon-
ductor switches in the load current path during output
voltage level +0.5Vpc and +Vp¢ which is given by,

2 .
PLoss,+O.5VDC = ? {O-SVDC—
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Figure 13. Simulation results with R = 50Q, L = 120 mH for m; = 0.9: (a) Output voltage and current waveforms (b) FFT analysis
of voltage waveform (c) FFT analysis of current waveform (d) Voltage across the capacitors C; and C;.

R O-5VDC 2 o) — O
"\RL + Ry 2 f
4 Vbe
Pross£vpe = T {VDCRLTReq
14 | oz —
_RL< DC ) a3 — oy 31)
R + Req 27Tf

The total conduction loss is given by the sum of the
above losses and is given by,
PCond,Loss = PCI,Loss + PCZ,Loss + PLoss,:I:ZVDC
+ PLoss,:I:l.SVDc + PLoss,:I:VDC

+ PLoss,-i—O,SVDC + PLoss,—O.SVDC (32)

The total losses and efficiency of the converter is
given by,
Protal Loss = Psw,Total loss + PCond, Loss (33)

Poutput

n= (34)

Poutput + Protal Loss

Based on the above equations, the efficiency is calcu-
lated for various output power ratings by considering

the load to be pure resistive load. The graph plotted
between the output power and efficiency is shown in
Figure 8.

6. Comparative evaluation of proposed
boosting MLI

To study the potential advantages (improvement) pro-
vided by the proposed topology, it has been compared
with other topologies presented in the recent past. In
the literature, the performance parameters used for
assessing the multilevel inverter include the number of
switches (Ngw ), number of capacitors (N¢), number of
diodes (Np), maximum voltage obtained (Vpeak) and
total blocking voltage (TBV).

The above-said parameters have a direct impact on
the size, initial cost, reliability, losses and efficiency of
the inverter. The size, number of levels, number of
switches, total blocking voltage and maximum volt-
age obtained in a case of the switched capacitor based
multilevel inverter topology depends on the number of
switched capacitors used in a particular topology.
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Figure 14. Simulation results with R = 50Q, L = 90 mH for my = 1: (a) Output voltage and current waveforms (b) FFT analysis of
voltage waveform (c) FFT analysis of current waveform (d) Voltage across the capacitors C; and C;.

Hence, a comprehensive comparison of number lev-
els obtained, number of switches required, total block-
ing voltage and maximum voltage obtained for the pro-
posed hybrid multilevel inverter with different existing
topologies for a given number of switched capacitor
units is provided in Table 2.

As illustrated in Figure 9, the proposed extension
method-3 produces more number of levels compared
to other extension methods and other existing topolo-
gies for a given number of switched capacitors. As
demonstrated in Figure 10(a), the proposed inverter
with extension method-4 has a high level-to-switch
ratio (LSR); thus it can generate more number of lev-
els with a reduced number of switches with multiple
sources. Also, among the single source topologies [20]
M1, [13] and proposed extension method-1, LSR for
the proposed inverter with extension method-1 is very
competitive and compared to [13], it is able to realize
more number of levels for a given number of capacitors.
To realize higher levels for a given number of levels,
the total blocking voltage requirement of the proposed
topology with extension method-2 is low compared to
the other topologies as demonstrated in Figure 10(b).
Thus, the proposed hybrid topology is better than the

existing topologies — to realize higher levels with less
number of switches and total blocking voltage for a
given number of switched capacitors.

7. Pulse width modulation

Many pulse width modulation techniques are pre-
sented for multilevel inverters in the literature [6].
The modulation techniques are broadly categorized
into low switching frequency and high switching fre-
quency techniques based on the switching frequency.
To study the operation and performance of the pro-
posed inverter, the nearest level control (NLC) based
modulation technique has been used [23,24]. The near-
est level control falls under the category of low switch-
ing frequency type in which switching frequency is
equal to the fundamental output frequency. In this
method, a sinusoidal reference voltage whose peak
amplitude equals to the maximum voltage level that can
be generated by an inverter is sampled at the desired
frequency. Each sampled voltage is converted to the
nearest voltage level which can be realized by the mul-
tilevel inverter using the round function. With the help
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Figure 15. Simulation results with R = 50Q, L = 90 mH for m; = 0.9: (a) Output voltage and current waveforms (b) FFT analysis
of voltage waveform (c) FFT analysis of current waveform (d) Voltage across the capacitors C; and C;.

of switching logic, desired switches to realize a par-
ticular level are turned ON. Suppose the level infor-
mation obtained is L;r, L;‘ R L;Fand LI for 0.5Vpc to
2Vpc, respectively, and Lo, L}, L, , Ly and L, for 0 to
—2Vpc, then the gate signal for switch S is given by the
following expression:

Si=L7+Lf +1T + LI+ Lo+L7 +L; (35

In the above expression, “+” indicates the logical OR
operation, in the same manner using the switching state
given in Table 1, switching expression can be derived
for other switches. Alternatively, the switching logic can
also be employed using a switch function available in
the math library of the C-program. The equation gov-
erning the nearest level control is given by (36) and (37).
The block diagram to realize the nearest level control is

given in Figure 11.
N-—-1)\ |
sin wt
2

where m, = amplitude modulation index and N =
number of levels in the inverter

Vief = mg ( (36)

Level = round (V) (37)

Table 3. Details of the hardware prototype built.

Parameters Values

60V
Cy; = 1600 wF/100V and
C; = 1600 wF/100V

Input DC bus voltage
Capacitor rating

Load details R =50Q and
L = 120 mH, 90 mH
Output frequency 50 Hz
Switches S1 to Sg and Sy/ to Ss/ IRFP460
Diode MUR460
Driver IC IR2111

The nearest level control is implemented in a low cost
microcontroller ARDUINO and the switching pulse for
each switch is obtained from the output ports of the
microcontroller.

8. Simulation and experiment results

The suggested topology has been initially studied with
the help of simulation using MATLAB-SIMULINK.
The input voltage to the inverter is set to 60V, the val-
ues of capacitance C; and C; is set to 1600pF and the
load is series-connected RL-load. The output voltage
and current waveform along with their FFT analysis for



Figure 16. Hardware prototype fabricated in the laboratory.
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a modulation index of 1 with RL-load, R = 50 Q) and
L = 120 mH, is shown in Figure 12.

The simulation is repeated for a modulation index
of 0.9 and the corresponding waveforms obtained are
illustrated in Figure 13.

Furthermore, the simulation has been also per-
formed by varying the load from R =50Q and
L =120mH to R = 50 Q and L = 90 mH. The results
obtained are revealed in Figures 14 and 15 for a modu-
lation index of 1 and 0.9, respectively.
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To further validate the feasibility of the proposed
multilevel inverter, a laboratory scale prototype is fab-
ricated. The input voltage and capacitance values used
in the hardware prototype are the same as those used
in the simulation. Other specifications of the proto-
type built in the laboratory are given in Table 3 and
the details of the experimental set up are given in
Figure 16.

The gate pulses obtained from input-output ports of
the microcontroller are isolated using an optocoupler
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Figure 19. Prototype results with R = 50Q, L = 90 mH for mg = 1: (a) Output voltage and current waveforms (CH1: 2.5 ms/div,
50V/div and CH2: 2.5 ms/div, 1 A/div), (b) Voltage across the capacitors C; and C; (CH1: 25 ms/div, 10 V/div and CH2: 25 ms/div,

20 V/div).
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Figure 20. Prototype results with R = 50Q, L = 90 mH for mg = 0.9: (a)Output voltage and current waveforms (CH1: 2.5 ms/div,
50V/div and CH2: 2.5 ms/div, 1 A/div), (b) Voltage across the capacitors C; and C; (CH1: 10 ms/div, 10 V/div and CH2: 10 ms/div,

20V/div).
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Figure 21. Harmonic spectrum obtained from a prototype built with R = 50Q, L = 120 mH for m; = 1:(a) FFT analysis of voltage

waveform (b) FFT analysis of current waveform.



and given to the driver IC IR2111. The IR2111 has the
capability to generate a complimentary pulse output
with a dead band. Thus, the microcontroller gener-
ates only six pulses. The dead band offered by IR2111
between the upper and lower switch gate pulses is
800 ns. The output voltage, current and capacitor volt-
age waveforms are acquired from hardware prototypes
developed in the laboratory for various modulation
indexes and various loading conditions to validate the
performance of the proposed hybrid multilevel inverter.
The voltage, current waveforms and capacitor voltages
obtained with a load of R =50Q and L = 120 mH,
for modulation indexes of 1 and 0.9 are shown in
Figures 17 and 18, respectively. The waveforms of
voltage, current and capacitor voltages with another
load of R=50Q and L = 90mH with modulation
indexes of 1 and 0.9 are provided in Figures 19 and 20,
respectively.

With the help of MATLAB-SIMULINK, the har-
monic spectrum of the output voltage waveform
and current waveform has been plotted using data
acquired from recorded waveforms. The harmonic
spectrum from the prototype built with R = 50 () and
L = 120 mH for a modulation index of 1 and 0.9 are
depicted in Figures 21 and 22 respectively, whereas Fig-
ures 23 and 24 illustrate the harmonic spectrum of out-
put voltage and current waveform with R = 50 () and
L = 90 mH for a modulation index of 1 and 0.9, respec-
tively. Also, the total harmonic distortion (THD) of
the output voltage waveform and current waveform has
been determined by the data acquired from recorded
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waveforms with the help of MATLAB and it is found to
be 11.1% and 3.8%, respectively, for a modulation index
of 1. The switching angles, which are defined by the
modulation index, affect the THD of the output volt-
age. The THD of the current waveform is marginally
improved at 0.9 modulation index on account of reduc-
tion in lower order harmonics compared to unity mod-
ulation index.

From the output voltage waveforms, the 9-levels
obtained from an inverter can be validated. The steady
state voltage across the capacitors C; and C, for vari-
ous modulation indexes and loading conditions shown
in prototype results prove the self regulation of voltage
across the switched capacitor with the help of modu-
lation alone. The voltage across the capacitors C; and
C, is regulated around 60 and 30V, respectively, with
allowable ripple for an input voltage of 60 V.

The voltage stabilization of switched capacitors C;
and C, to their steady state values under a dynamic
condition when the DC input voltage to the inverter is
switched ON is illustrated in Figure 25, which demon-
strates the effectiveness of sensor less voltage control.
The maximum voltage across the load is 120V for an
input of 60V, which confirms the voltage gain of the
topology to be 2. Table 4 compares the performance
of the hardware prototype with simulation findings,
demonstrating that the hardware and simulation results
are in agreement. The current THD obtained is lesser
than 5% without any external additional filter. The effi-
ciency of the inverter is obtained by measuring the
input and output powers of the inverter. The efficiency
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Figure 22. Harmonic spectrum obtained from a prototype built with R = 50 Q,L = 120 mH for mg = 0.9:(a) FFT analysis of voltage

waveform (b) FFT analysis of current waveform.
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Figure 23. Harmonic spectrum obtained from a prototype built with R = 50Q, L = 90 mH for m,; = 1:(a) FFT analysis of voltage

waveform (b) FFT analysis of current waveform.
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Table 4. Comparison of the simulation and hardware prototype results.

Load withR = 50Qand L = 120 mH

Load withR = 50Qand L = 90 mH

Modulation index Performance indices

Simulation result

Experimental result Simulation result Experimental result

1 Peak fundamental output voltage (V) 112.2 110.5 112.9 110.6
% THD of output voltage 10.96 1.1 12.07 11.17
% THD of output current 3.39 38 3.60 452
0.9 Peak fundamental output voltage (V) 102.3 99.88 102 99.76
% THD of output voltage 13.08 13.27 13.11 133
% THD of output current 2.65 3.06 2.48 3.16
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Figure 24. Harmonic spectrum obtained from a prototype built with R = 50Q, L = 90 mH for m; = 0.9:(a) FFT analysis of voltage

waveform (b) FFT analysis of current waveform.
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Figure 25. Transient response of voltage across capacitors C;
and C; during turning ON DCsourcewithR = 50QL = 120 mH
formg = 1(CH1:2.5s/div, 20 V/divand CH2: 2.5 s/div, 10 V/div).

of the prototype with R =50Q and L = 90mH is
95.85% and 95.24% for modulation index of 1 and 0.9,
respectively, whereas for R = 50Q and L = 120 mH,
the efficiency is 95.78% and 95.19% for modulation
index of 1 and 0.9, respectively.

9. Conclusion

A hybrid multilevel inverter with boosting capability is
suggested in this study, and its basic module can gener-
ate nine voltage levels across the load. The key features
of the recommended basic module are: 1) It require
a single DC source 2) It has a voltage gain of two 3)
Voltage across the switched capacitors are self-balanced
without any additional control 4) Each switch’s block-
ing voltage requirement is either equal to or half the

supply voltage. The proposed topology is easily extend-
able for a higher number of voltage levels with required
boosting by cascading a suitable number of boost-
ing modules with a reduced number of capacitors and
switches. Also, by cascade connection of fundamental
modules, it is possible to integrate multiple sources.

A detailed theoretical loss analysis is performed and
maximum theoretical efficiency is found to be 98.9%.
An exhaustive comparison study between the pro-
posed topology against other recently proposed topolo-
gies is done to assess its benefits. The gate pulses
required for the switches are generated using a low-
cost microcontroller. The operation of the suggested
multilevel inverter has been validated by a simulation
study and experimental results, under different loading
conditions and modulation indices. The power qual-
ity obtained from the presented topology is illustrated
with the help of total harmonic distortion and a har-
monic spectrum obtained from the hardware. Thus, the
inverter’s performance demonstrates its capability for
single stage DC-AC conversion which can be utilized
with solar PV battery energy storage for feeding AC
loads.
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Appendix

The different operating modes of the proposed hybrid mul-
tilevel inverter and its current path for resistive load and
inductive load is shown in Figure A1(a)-(i).
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