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Abstract: A novel single-phase nine-level boost inverter is proposed in this paper. The proposed
inverter has an output voltage which is higher than the input voltage by switching capacitors in
series and in parallel. The maximum output voltage of the proposed inverter is determined by using
the boost converter circuit, which has been integrated into the circuit. The proposed topology is able
to invert the multilevel voltage with the high step-up output voltage, simple structure and fewer
power switches. In this paper, the circuit configuration, the operating principle, and the output
voltage expression have been derived. The proposed converter has been verified by simulation and
experiment with the help of PSIM software and a laboratory prototype. The experimental results
match the theoretical calculation and the simulation results.

Keywords: single-phase inverter; switched-capacitors; switched-diode-capacitors; multilevel
inverters; H-bridge

1. Introduction

Recently, multilevel inverters (MIs) have played important roles for high-power applications
because of their advantages as better output voltage waveforms quality, a reduced rating of power
semiconductor devices, and low electromagnetic interference [1]. The traditional MI topologies are
neutral-point-clamped (NPC), flying-capacitor (FC), and cascade H-Bridge (CHB) inverters [2-5].
Diodes and capacitors are used to generate multilevel at the output voltage in NPC and FC inverters,
respectively. On the other hand, to attain voltage levels, the direct current (DC) source must be
increased. Nevertheless, both the circuit configurations and their controls become very complicated
along with the increasing number of the output voltage levels. Furthermore, these topologies also
make capacitors’ imbalanced. Some in-depth studies for NPC’s topologies have been presented in
References [6-8]. To operate at the higher voltage level, the CHB inverters are used thanks to easy
modularization and facilitate to expansion extension [9,10]. However, the topologies request more and
more power devices with separate DC voltage sources. When the output voltage has more levels, the
number of the required input DC sources is increased. Construction of a multilevel converter was
introduced in Reference [11] with the use of multiple modules that made it easy to expand. However,
this also increases the number of capacitors and switches required.

A seven-level inverter using series-connected DC voltage sources was presented in Reference [12]
with the use of multiple DC voltage sources supplies to reduce switching losses. However, the number
of output voltage levels depends on the number of DC voltage sources. A circuit of (4n + 3)-level
inverter using voltage sources in serial/parallel operation was introduced in Reference [13] to increase
the number of output voltage levels with the complex pattern and increase the conductive losses.
By using an additional boost converter to create a multi-step output with capacitors, a seven-level
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grid-connected inverter for photovoltaic systems was presented in Reference [14], but an imbalance
between capacitors is very likely to occur.

Nowadays, the switched-capacitor (SC)-based Mls are a popular solution for single-phase
systems because they have a simple topology and reduce the component count. In Reference [15],
a serial/parallel connection-based MI was presented. The topology of a SCMI for high-frequency
aternative current (AC) microgrids was proposed in Reference [16]. SCMIs are recommended in
Reference [17] with the ability to balance capacitor voltage and step-up voltage. The formerly SCMI
topologies consist of SC elements with a high-voltage DC source. Then, they are divided into several
floating DC sources [15-19] or a cascaded combination of multiple SC converters [20-23]. However, in
most of these topologies, the voltage across the capacitors is only equal to the supply voltage. Therefore,
the output voltages are limited. To overcome this limitation, the topology of the single-phase step-up
five-level inverter was introduced in Reference [24], which uses the switch-diode-capacitor (SDC)
circuit [25] and an additional booster circuit to increase the input voltage. In summary, Table 1 shows
the advantages and disadvantages of the multilevel inverters with reduced switch count.

Table 1. Advantages and disadvantages of multilevel inverters with reduced switch count.

Topology Literature Advantages Disadvantages

e Number of output voltage
Series-connected DC Proposed in e Reduce switching losses levels depends on the
voltage sources Reference [12] number of DC sources

. Buck voltage

e Simple topology e  Complex switching pattern
Switched serial/parallel ~ Proposed in . Input sources can be . Increase conductive losses
DC voltage sources Reference [13] integrated in both parallel Buck voltage
and series
Additional boost Proposed in e  Single source ¢ Eﬁslacigozclgt;alance 1S very
converter References [14,24] ® Boost voltage y R
e  Two-stage conversion
Series /parallel Proposed in e  Single source e Large number of switches
connection References [15,18] o Boost voltage
. Proposed in e  Self-balancing in e Reduce switch count but
Based on switched . . .
capacitor References capacitor voltage increase number of diodes
P [16,17,19-21] e  Voltage boost capability e  High capacitor current stress
Cascaded multilevel Proposed in . Redu.ce volta.ge stress on e Only show in high-frequency
) H-bridge switches AC output voltage [20]
inverter References [22,23] .
e  Boost voltage e  Using separate dc source

In this paper, a new nine-level boost inverter (NLBI) is suggested. The NLBI is an extension
of the five-level inverter in Reference [24]. The NLBI combines structure switched-diode-capacitor,
switched-capacitor, a conventional boost converter, and an H-bridge circuit to be able to enhance
boost ability of output voltage levels with the reduced circuit components. In Section 2, the topology,
operating principles and circuit analysis of the proposed inverter are presented. Section 3 presents the
selection of the inductor and the capacitor. Simulation and experimental results are shown in Section 4.
Finally, the conclusion is summarized in Section 5.

2. Proposed Single-Phase Nine-Level Boost Inverter

Figure 1 shows the proposed single-phase NLBI. As shown in Figure 1, the proposed NLBI
consists of a single DC source (V;.), a conventional boost converter, a switched-diode-capacitor (SDC)
circuit [25], a switched-capacitor (SC) circuit [17], an H-bridge circuit, a low-pass filter (LCy) and
aload (R). In the SDC circuit, two capacitors C; and C; are discharged in serial when the switch S;
is switched ON. When the switch S; is switched OFF, two capacitors C; and C; are charging by the
diodes D; and D;. In the SC circuit, the capacitor C3 is charged through the body diode of switch S4
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when the switch S5 is switched ON and the switch S3 is switched OFF. When the switch S3 is switched

ON and the switch

— Y\

Ss is switched OFF, the capacitor C3 is discharged.
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Figure 1. Proposed single-phase nine-level boost inverter (NLBI) topology.

2.1. Operating Principle of the Proposed Inverter

Figure 2 describes the level shift multicarrier-based pulse-width modulation (PWM) scheme for
the proposed single-phase NLBI. A control waveform (ey) is compared to four carrier waveforms (e;—ey)
which these waveforms have the identical phase and amplitude to handle the switches. A constant
voltage, e, is compared to the carrier voltage ¢; to generate a control signal for S, which works with
duty cycle dg; for each cycle Ts. In Figure 1, Vp is the boost voltage value of the boost converter which
equals to the collector-emitter voltage of the switch S. Figures 3 and 4 show the operating states of the

proposed NLBL
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Figure 2. Modulation method for the proposed single-phase NLBI.
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Figure 3. Operation states in the positive output voltage period of the proposed NLBI. (a) State 1,
(b) State 2, (c) State 3 and (d) State 4.
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Figure 4. Operation states in the positive output voltage period of the proposed NLBI (continuous).
(a) State 5, (b) State 6, (c) State 7, (d) State 8 and (e) State 9.

The output voltage is positive from t( to t; with corresponding to Stages 1-7. Between t7 and t14,
the output voltage is negative, corresponding to Stages 8—14. In the positive period from ¢j to t7, the
circuit operation includes seven stages and nine states (State 1 to State 9, Figures 3 and 4).

Stage 1 (tp—t1, Figure 3a—d): When S; is switched ON, the inductor L; stores energy from the DC
source. If T; is switched OFF, the output voltage is equal to zero (V,;, = 0) as shown in Figure 3a for
State 1. If T is switched ON, the output voltage is equal to the boost voltage (V,, = V) as shown in
Figure 3c for State 3.

When S; is switched OFF, the diode Dy is forward-biased, and the inductor L; is discharged to the
capacitors Cy and Cy. If Ty is switched OFF, the output voltage is zero (V,;, = 0) as shown in Figure 3b
for State 2. When T is switched ON, the output voltage equals the boost voltage (V,;; = V) as shown
in Figure 3d for State 4. The operating duty cycle of the boost inductor in this stage is the duty cycle of
switch S1, dg1.

Stage 2 (t1—t», Figures 3c,d and 4a): The switches S5 and T; are fully switched ON. When S, is
turned ON, whereas S; is switched OFF, the capacitors C; and C, are working in series supplying
power to the load. The capacitor Cs is charged by C; and C, through S5 simultaneously. As shown in
Figure 4a for State 5, the load voltage is equal to twice boost voltage (V,, =2V3p).

When S; is switched OFF, while S; is switched ON, the inductor L; stores energy from V.
The capacitors C; and C, are working in parallel to feed the load. Although S5 is switched ON in
this state, the current from the capacitors C; and C, cannot pass through the capacitor C3 because the
capacitor C3 voltage is greater than the capacitor C; and C; voltages. Consequently, there is no current
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flow to S5 and the load is connected to the capacitors C; and C; in parallel. This state is the same as
the State 3 as shown in Figure 3c, the output voltage equals the boost voltage (V,;, = V). The control
signal of S5 during this stage can be changed in another way, which is similar to the control signal for
S». To reduce the switching losses, the control signal of S5 is always controlled ON during this stage.

Similarly, when S; is switched OFF, whereas S5 is turned ON, the output voltage is equal to the
boost voltage (V,, = V), which is the same as the State 4 as shown in Figure 3d.

As shown in Figure 2, the duty cycle of S; in this stage is gradually increased, while the duty cycle
of Sy is fixed at dgq. The time interval of Stage 2 is divided into two subintervals. In the first subinterval
(t1—t1m, see Figure 5a), the duty cycle of S; is greater than that of S;. The operating duty cycle of the
boost inductor in the first subinterval is ds;. In the second subinterval (¢1,,—t, see Figure 5a), the duty
cycle of S, is more than that of S;. As a result, the operating duty cycle of the boost inductor in the
second subinterval depends on the duty cycle of S;. The average duty cycle of the boost inductor in

this sub-stage can be approximated as

1+d
dsy =~ (1)

The time ty,, is calculated as
sin”! (—12'151 )

m

27Tf0ut

where f,,; and A, are the frequency of the output voltage and the peak amplitude of control waveform

@

fim =

ey, respectively.
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Figure 5. Operational analysis of switches S; and S, in the interval of (a) Stage 2 and (b) Stage 3.

Stage 3 (to—t3, Figure 4b—d): The switch S3 is complementary to the switch S;. When Sj is switched
ON, the load voltage is equal to three times the boost voltage (V,;, = 3Vp). If S is switched ON, the
inductor L, stores energy from V5., while the capacitors C; and C, working in parallel are connected
in series to the capacitor Cs for supplying power to the load as shown in Figure 4c for State 7. When S;
is switched OFF, the capacitors C; and C; are charged by the DC voltage source, while the capacitor Cs3
is still connected in series with the capacitors C; and C, as shown in Figure 4d for State 8.

When the switch S, is switched ON and the switch S3 is switched OFF, the inductor L; stores
energy while the capacitors C; and C; are in series for supplying power to the load. From Figure 4b for
State 6, it can be seen that the output voltage of the inverter equals to twice boost voltage (V,, = 2Vp).

As shown in Figure 2, the duty cycle of S, in this stage is gradually decreased, while the duty
cycle of S; is fixed at dg;. The time interval of Stage 3 is divided into two subintervals. In the first
subinterval (tp—t,,,, see Figure 5b), the duty cycle of S, is more than that of S;. The inductor is almost
charged during the first subinterval. Therefore, the operating duty cycle of the boost inductor is 1.

In the second subinterval (t,,,—t3, see Figure 5b), the duty cycle of S; is greater than that of S;.
The operating duty cycle of the boost inductor in the second subinterval is total duty cycle of the
switches S and S,, we have

dy = dg1 +ds), ®)
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where dg; is average duty cycle of the switch S, in the second subinterval and calculated approximately
as (1).
The time t;,, is defined as

m

27Tfout

Stage 4 (t3—t4, Figure 4c—e): When the switches 51, Sy and S3 are switched ON, whereas the switch
Ss is switched OFF, the capacitors Cy, C; and Cj are working in series for supplying power to the load.
The load voltage is equal to four times the boost voltage (V,, = 4Vp) as shown in Figure 4e for State 9.
Other states in this stage to reach the output voltage at three times boost voltage are the same as those
in Stage 3. In the control method as shown in Figure 2, the duty cycle of S; is always greater than S
in terms of time (t3—t4) and (t19—t11) so that the calculation becomes simpler. Therefore, the following
condition is obtained as

- —1 2+d51
Sm (T

)

fom =

dsy > A —3 ®)

The operating duty cycle of the boost inductor in Stage 4 is ds;.

Stage 5—(t4—t5, Figure 4b—d: the same as Stage 3)

Stage 6—(t5—t¢, Figures 3¢,d and 4a: the same as Stage 2)

Stage 7—(ts—t7, Figure 3a—d: the same as Stage 1)

In the negative period from ¢7 to t14 including seven stages and nine states, the switch T is fully
switched ON, while T is fully switched OFF. The signal T3 is obtained by comparing the carrier e;
and the control waveform ey. The signal T4 is the opposite. All the remaining switches have the same
states as in the positive period. The load voltage of the proposed inverter is summarized in Table 2.

Table 2. Different Switching, Capacitor, and Inductor States of the Proposed NLBI.

Capacitor State Inductor Output

State Stage ON Diodes ON Switches C. G LiState Voltage
1 1,7 51, 54, Ty, Ty I 1 1 + 0
2 1,7 Do, Dl, Dz 54, Tz, T4 + + I — 0
3 1,2,6,7 Dl/ Dz 51, 54, Tl/ T4 — — I + VB
4 1, 2, 6,7 Do, Dl/ Dz 54, Tl/ T4 + + 1 — VB
5 2,6 DO 52, 54, 55, Tl/ T4 — — + + ZVB
6 3,5 DO 52, 54, Tlr T4 — — I + ZVB
7 3,4,5 Dlr D2 Slr 53, Tlr T4 — — - + 3VB
8 3, 4,5 Do, Dl/ D2 53, Tl/ T4 + + — — 3VB
9 4 DO 51, 52, 53, Tl/ T4 — — — + 4VB
10 8,14 Sy, S4, Ta, Ty I I I + 0
11 8, 14 Do, Dl/ Dz 54, Tz, T4 + + 1 — 0
12 8,9,13,14  Dj,D,, D S1,S4,Ta, T3 - - I + ~Vg
13 8, 9, 13, 14 Do, Dl/ D2, D3 54, Tz, T3 + + I — _VB
14 9, 14 Do, D3 52, 54, 55, Tz, T3 — — + + -2 VB
15 10,12 Dy, D3 Sy, Sa, Ta, T3 - I + —2 Vg
16 10,11, 12 Dy, Dy S1,S3, Ta, T3 - - - + 3V
17 10, 11,12 Do, Dl, D2 53, Tz, T3 + + — — -3 VB
18 11 DO 51, 52, 53, Tz, T3 — — — + —4 VB

Here “1”, “+” and “—" refer to the idle, charging and discharging states, respectively.

2.2. Circuit Analysis of the Proposed Inverter

The circuit analysis is begun with the following assumptions: the capacitors C; and C, are
equal, the capacitance is large enough to the voltage across the capacitor is constant, and the pairs
of diodes—capacitors (D1-C; and D,—C,) are symmetrical and balanced. The operating states of the
proposed NLBI simplify into two operating modes: charging inductor and discharging inductor.
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The charging inductor modes are given in Figure 3a—e. These states are controlled by switch S; and Sy,
and the inductor L; is charged at this time.

Assuming that the Tjyg is the average time interval of the charging inductor mode during the
period T, and dm,g = Tm,g/ T; is the average duty cycle of the boost inductor in each period Ts. When 54
or S, is switched ON, the inductor stores energy as shown in Figure 3a—e for States 1, 3, 5, 6, 7 and 9,
respectively. The inductor L; voltage is:

VL = Vg (6)

When both S; and S, switches are switched OFF, the inductor is discharged as shown in
Figure 3b,d and Figure 4d for States 2, 4 and 8, respectively. The average time of this mode is (1
— dayg)Ts. The following equations are obtained as

@)

Vi =Va— Vs
Vg =Vc1 = Ve

Because the average voltage crossing the inductor during a period of T; is zero, from (6) and (7),
the boost voltage is calculated as

1
Vb= 1_ Tog Ve ®)
The boost factor of the NLBI is determined as
Vg 1
B=_—">2 = . 9
Vie 1 —dayg ©)

From the analysis of the proposed NLBI in Section 2. The operating duty cycle of the boost
inductor is summarized as

ds1 to<t<tpandtz <t <ty
. <
dpq = 05(14+ds1) hm<t<t (10)
1 fy <t <ty

0.5(1 +d51) oy <t <ts,

in—1(-2- in—1(-3
sin (Am) sin (Am)

7 t -
Zﬂfout 3 27Tfout

The influence of the operating states of S; and S, on the duty cycle of the circuit is not the same
in each operating state. However, the operation of S and S is repeated after a quarter cycle of the

where

thy =

output cycle. In one-four time interval of the output voltage time period, the average duty cycle of the
boost inductor is calculated as

t3+ty, —tr —t
davg = ds1 +2(1 — dg1) ( 2 2mT 2 1m>, (11)
out
where Tyut = 1/fout is the period of the output voltage. The voltage gain (G) is expressed as
G=A,B (12)

3. Inductor and Capacitor Selections

Figure 6 shows the inductor current and capacitor voltage waveforms in the positive output
voltage. In Figure 6, the voltage waveforms on capacitors C; and C; are the same and equal to V.
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Figure 6. Inductor current ripple and capacitors voltage ripple.

Assuming that the output power (Poy) equals the input power, the average input current can be

calculated as
_ Pour (13)

The current ripple of the inductor is defined as

ty ty
di 1 Vi.(2—-B
Alpy ~ /%df = f/[d51vdc +ds1(Vye — Ve)]dt = ds1M(f4 —13), (14)
ts ! ts !
where
T —sin~! (Aim)
ty= —————"2
27Tfout
The inductance is determined by the current ripple factor K; as
Al ds1Vg2(2—B)
K = . = Pourls (tg — t3). (15)
The inductance is selected as
209 _
L > w(t4 —t3). (16)

PoutKyp

The capacitance C; (i = 1, 2 and 3) can be calculated based on the voltage ripple on the capacitors
C;. In this case, the capacitor C; is determined by the maximum voltage ripple at k% of the maximum
voltages of the capacitors. The capacitors C; and C, are charged when the switches S; and S, are
switched OFF. The capacitors C; and C; are discharged in the remaining cases of the switches S; and
Sy. The capacitor Cs is charged when the switch S5 is switched ON, whereas it is discharged when the
switch Ss is switched OFF.

Assuming that the output load has the power factor (cos¢) of 1, the longest discharging term of
the capacitor C3 in the proposed NLBI is between t; and t5 as shown in the Figure 6. The maximum
discharge amounts Qs of the capacitor Cs is:

Qs ~IL(ty—t3)+ I, Sil‘l(27'(fgutt3)(t3 — tz), (17)

where I, is the amplitude the output current. When the Qs is less than k% of the maximum charge of
Cs, the capacitance C3 needs to meet the condition as:

> =3
G > Wes (18)
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The reduction of the capacitor C; or C, voltages is equal to the incensement of the capacitor C3
voltage at times t; and t5 as shown in Figure 6. At this time, the charging of capacitor C3 affects the
ripple of capacitors C; or C,. Because the capacitor C3 voltage is twice the capacitor C; voltage, the
ripple of capacitor C; will be larger than that of the capacitor C3. Therefore, the capacitance of selected
capacitors C1 and C, will be greater than or equal to the capacitance of capacitor Cs.

4. Simulation and Experimental Results

4.1. Simulation Results

PSIM 9.1.1 software was studied to verify the operational principle of NLBI. The input voltage is
set at V. =24 V and the simulation power is 680 W. The inductor L; = 2 mH. The capacitors C; = C; =
C3 = 2200 pF. The switching frequency is 15 kHz. Connect the resistor R = 36 () and use the inductor
capacitor (LC) filter Ly = 2.5 mH, Cr=1 uF

Figure 7 shows the simulation results of the NLBI when A, = 3.4, dg; = 0.4. Figure 7a shows
the nine-level output voltage V,,, the load current i, and the ripple voltage of the capacitors (V¢y,
Vo, Ve3). Figure 7b shows the voltage waveform of the switches S1, Sy, S3, Ss and the voltage
waveform of the H-bridge switches T1—T4. The capacitor voltages V1, Vcp and V3 are boosted to
65 V from the input voltage of 24 V. The maximum voltage of the switches 5; and S, is 65 V, while the
maximum voltage of the switches S and S5 is 130 V. The maximum voltage on the switches T1-T} is
260 V. Figure 7c,d show the harmonic spectrum of the output voltage V,;, and the load current i, in
the frequency domain, respectively. As seen in Figure 7c, the main component appears around the
frequency of 15 kHz and 30 kHz.

Vab
200 %
100 “o

0 0
100
200 )

e N pa) 4
66 | / it 7 s / 200
B i<l L* L\/ [/ L % il |

Mo /
v

v
vc1
I N\ iy N \ ’” 0
: / ’/ / /1{ // ./ ’,/ ) VT4
8 Vi LN LN LN /
% /

04 041 042 043 044 04 041 042 043 044
Time (s) Time (s)

(a) (b)
lo lo
6 6
5 5
4 4
3 3
2 2
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0 0
0 5,000 10,000 15,000 0 5,000 10,000 15,000
Frequency (Hz) Frequency (Hz)
() (d)

Figure 7. Simulation results of the proposed NLBI when dg; = 0.4. The waveforms from top to bottom:
(a) nine-level output voltage V;, load current i,, capacitors C3-C; voltage; (b) switches Sy, Sp, S3, S5
voltage and switches T1-Ty voltage of H-bridge circuit, (c¢) harmonic spectrum of nine-level output
voltage and (d) harmonic spectrum of load current.
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4.2. Experimental Results

A 350 W prototype based on TMS320F28335 DSP was built as shown in Figure 8. The input DC
voltage is 24 V. The output voltage is 110 V;ms/50 Hz. The specifications of the experiment are given
in Table 3. The switches Sq, S,, S3 and Sy are 47N60C3 MOSFETs, whereas the other switches are
G40N120 IGBTs. Note that the switch S5 refers to MOSFET. Because the MOSFET without body diode
is not available in the laboratory, a G40N60 IGBT without body diode is used in the experiment.

Figure 8. A laborotary prototype of single-phase NLBI.

Table 3. Operating Parameters for the Proposed Inverter.

Parameter Value
Power rating 350 W
Input voltage (V) 24V
Output voltage (V) 110 Vims /50 Hz
Carrier ware frequency (fs) 15 kHz
Ly 2mH
Inductors Lf 1mH
Capacitors Cq,Cy, C3 2200 uF/200 V
Cr 1 uF
Sl/ SZ/ 53/ 54 47N60C3
Power switches S5 G40N60
Ty, T, T3, Ty G40N120
Diodes (Do, Dl/ Dz, D3) DSEI60-06A
TLP250

Gate drives (Photo-coupler)

Figure 9 shows the experimental results of the NLBI when A, = 3.4, dg; = 0.4. Figure 9a shows
the waveforms of the output voltage V,, and the load current i,. As shown in Figure 9a, the output
voltage has nine levels. As shown in Figure 9b, the capacitors C;, C; and C; voltage are boosed to
52.2V,52.2V and 92.5V from the input voltage of 24 V, respectively. Figure 9c,d show the experiment
results of switches Sy, Sy, S3, S5 voltage and switches T1-T4 voltage of the H-bridge circuit, respectively.
Figure 9e,f shows the harmonic spectrum of the output voltage, V,;, and harmonic spectrum of
output current.
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Figure 9. Experimental results of NLBI when A, = 3.4, dgq = 0.4 and V;, = 24 V. The waveforms from
top to bottom: (a) Output voltage V,;,, output current i, inverter; (b) capacitors Cz, C,, C; voltages;
(c) voltage of switches Vg1, Vsa, V3, Vss; (d) voltage of switches V1, Vo, VT3, V14, (€) harmonic
spectrum of the nine-level output voltage; and (f) harmonic spectrum of output current.

Table 4 lists the theoretical, simulation and experimental values of B, V1, V¢, and V3 when dgq
=04, V4. =24V, and Ay, = 3.4. It can be seen from Table 4 that the simulation value is approximately
equal to the theoretical value, which shows the correctness of the theoretical analysis. Moreover, the
experimental value is less than that of corresponding theoretical value because the power losses are
found in the experimental prototype. The voltage on capacitor C3 is not equal to the sum of capacitors
C1 and C; because the discharge time of capacitor Cs is longer associated with the losses on switches
S», S4, S5 when charging capacitor Cs.

Table 4. Comparison between Calculated, Simulated and Experimental Values.

Data from Vab (V) AVub (o/o) B VCl and VC2 (V) Vc3 (V)
Theory 156.2 0 2.7 65 130
Simulation 152.2 2.56 2.7 64.6 122.3

Experiment 110 29.57 217 52.2 92.5

Here “AV,;,” is the percentage change between experiment and simulation versus theory.

5. Conclusions

In this paper, a nine-level boost inverter which decreases the number of switching elements
by switching the capacitor in series and in parallel has been suggested. The main advantage of the
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NLBI in comparison with the traditional topology is that the number of switches is reduced with
using only a single DC voltage source. Therefore, the economic benefits from the proposed inverter
come from the size and cost reduction of the inverter system. The output voltage expression and
the parameter calculation are presented. Moreover, a control method based on the PWM technique
is proposed for the proposed inverter. Finally, the simulation and experimental results of the NLBI
are presented to validate its viability, well-performance, and effectiveness of suggested modulation
strategy. The proposed inverter is suitable for low-power applications, where a low input voltage from
renewable energy sources such as solar cell, fuel cell and battery needs to convert to a single-phase
AC source.
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Nomenclature

A peak amplitude of control waveform ey

B boost factor

CHB  cascade H-bridge

davg average duty cycle of the boost inductor in each period T;
dr1 duty cycle of the boost inductor

dsq duty cycle generated by switch S;
dso duty cycle generated by switch S,

dy duty cycle generated by switch S; and S,
en constant voltage

ex control waveform

Jout output frequency

FC flying-capacitor

G voltage gain

io load current

I amplitude of output current

Irq average input current

Alry current ripple of the inductor

Ky current ripple factor of the inductor
MI multilevel inverter

NLBI  nine-level boost inverter

NPC neutral-point-clamped

PWM  pulse-width modulation

SC switched-capacitor

SCMI  switched-capacitor multilevel inverter
SDC switch-diode-capacitor

Tavg average time interval of the charging inductor mode during the period T
Ts period time

Vb output voltage

Vp boost voltage

Ve dc source

%3 inductor L; voltage
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