Vol. 1 (2) (2020)

MCEA

Measurement, Control, and Automation

TN

OHE KIEN & T B0 HOA

Website: https:// mca-journal.org

ISSN 1859-0551

A Novel Multi-Level Inverter for Renewable Energy System Applications

Ngo Bac Bien'*, Minh-Khai Nguyen?, Duong Hoai Nghia®, Do Duc Tri2 Vo Dai Van®

!Eastern International University
’HCM Univ. of Tech. and Education
’Cao Thang Technical College
*Corresponding author E-mail: ngobacbienspk@gmail.com or bien.ngo@eiu.edu.vn

Abstract

This article proposes a new multi-level inverter using switched-capacitor structure which works based on switching capacitor on series/par-
allel in the circuit through the switches. This configuration reduces the number of components include semiconductor switches, diodes and
input source than the traditional inverters, thereby reducing the cost and the size of the system. The proposed inverter uses two capacitors,
two diodes and nine switches to create a nine-level output voltage. In this paper, the simulation results are implemented by PSIM 9.0 software

and the experimental results are shown.
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Symbols
Symbols Units Description
S1, P1, Sa, Switches in circuit
Sz, P2, Ty,
T2, T3, Ta
Cy, C Capacitors in circuit
Di, D2 Diodes in circuit
R Resistor in circuit
L Inductor in circuit
Vin \ Input voltage
Vas \ Output voltage
Vi \ The voltage of C;
Ve \ The voltage of C,
Tém tit

Bai bdo dé xuat mot cau hinh nghich luu da bac méi hoat dong dwa
trén nguyén tic nap/xa cua tu dién khi dugc méc nbi tlep/song song
v6i ngudn dién. Cau hinh dé xuat giam 50 linh kién ban dan trong
mach nhu diode, cong tic ban dan, nguon ngd vao so véi cac ciu
hinh truyén théng. Nho vay cdu hinh d& xuét 1am giam chi phi va
kich thuéc cua hé thdng, ddng thoi lam giam sy phic tap trong diéu
khién. Mach nghich luu dé xuét tao ra chin bac & ng8 ra sir dung mot
ngudn ngd vao, hai tu dién, hai diode, chin cong tic ban dan. Trong
bai bao, cac két qua md phong duoc thyc hién bing phan mém PSIM
9.0, cac két qua thyc nghiém dugc thic hién trén mé hinh phan cing.

1. Introduction

Nowadays, under the development of science, the renewable
energy is becoming popularity to replace fossil fuel, which in-
creases the high rate of pollution and depleted threat. Moreo-
ver, the renewable energies such as solar photovoltaic, wind
energy, biomass, ocean energy, geothermal, ... are available

in nature and almost does not populate, so it contributes to
global climate development in the long term, bring more ben-
efits to the ecosystem and ensure the sustainable development
of the contemporary society. Therefore, green energy sources
have a great potential in a broad range of applications like sat-
ellites, electric vehicle, charging system, and communica-
tions.

However, the power is generated from the solar panel, fuel
cells, ... are a direct current source, to be able to use this
power supply for AC devices such as motors, machinery,
equipment, this power should be converted into alternating
current source. A component has an important role in convert-
ing DC power to AC power is inverters.

The multi-level inverter is the one of the important ingredients
in the transformation of DC power to AC power source. Along
with the development of technology, inverter is constantly im-
proving in performance and quality. Therein, the multi-level
inverter is an improvement of the inverter with output wave-
form is a ladder format that has high quality and reduced out-
put filter circuit size.

In the field of motor control, in the storage of electricity, elec-
tric cars or the building electrical system... the inverter is
widely used. The multi-level inverter configuration is com-
monly used as diode clamp configuration [1], Flying Capaci-
tor [2], Cascade [3]. However, this configuration uses a large
number of components (semiconductor switch, supply, capac-
itor, diode), which raises the cost of the inverter and the con-
trol becomes complicated.

To solve the problem in the traditional inverters, the multi-
level inverter uses capacitor switching was developed. The
switched-capacitor multi-level inverter uses charging and dis-
charging characteristics of the capacitor to create a ladder
waveform at the output and it does not need the auxiliary cir-
cuit in order to balance the voltage of the capacitor; so it econ-
omizes cost and reduces the complication control. In addition,
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the switched-capacitor inverter has ability to boost the input
voltage without using magnetic elements. With dominance,
the switched-capacitor inverter has attracted the attention of
many researchers; many configurations had a good quality
output waveform [4] - [9]; the works have optimized the per-
formance or studied pulse width modulation algorithm for in-
verter [10] - [11].

This paper proposes a new switched-capacitor multi-level in-
verter. This topology reduces the cost, the size of the system
and the complication of control method.

The rest of the letter is organized as follows: section 2 de-
scribes the characteristic of the switched - capacitor structure
in circuit analysis and operation principle of the proposed in-
verter; the section 3 presents the simulation and experiment
results for validating the operation of the proposed circuit; and
finally, section 4 draws the conclusion.

2. Proposed switched-capacitor nine-level in-
verter

2.1. Circuit Analysis

Figure 1: Circuit topology of the switched-capacitor nine-level inverter.

In Figure 1, the proposed inverter includes five switches to
switch two capacitors in the series and in parallel, combining
four switches in H-bridge to create positive voltage and neg-
ative voltage, beside the circuit also uses two diodes and a
single source. In the operation status, the capacitor C; is
charged when connecting parallel with the input source
through P1 (Vc1 = Vin), Whereas it is discharged with the input
source in series through S1. Likewise, the capacitor C, is
charged in parallel with input source through P2 and Sz (Vc2
= 2Vin) Whereas it is discharged in series through Sz; and Sz».

2.2. Operation Principle

There are two periods in the operation principle of the pro-
posed inverter is negative and positive period. The difference
between the two periods is the switches of H-bridge. In the
positive period, the switches T1 and T4 are ON states while T»
and T are OFF states; and the states of these switches change
when the period alters. All the operation state of switches is
shown in table I.

Figure 2 shows the five operation states of the proposed in-
verter consists of states 0 (Figure 2(a)) which is the value of
output voltage is zero along with four states (Figure 2(b) to
2(e)) in the positive period of output voltage:

+ State 0 (Figure 2.a): the switches Si, S»1, Sz, T2, T4 are in
the OFF state, while the switches Py, P2, T1, Tz are in the ON
state. The diode D; is forward-biased. The C; capacitor is
charged from the input voltage, and V1 = Vin. The circuit out-
put voltage is defined:

(@ ©®
Figure 2: Operation states of the proposed inverter in the positive period.

VAB =0V (1)
+ State 1 (Figure 2.b), the switches Si, Sz, Sa2, T2, T3 are
maintained in the OFF state, while the switch Py, Py, T1, T4 are
maintained in the ON state. The diode D1 and D, are forward-
biased. The C; capacitor is charged from the input voltage,
and Vc1 = Vin. The circuit output voltage:
Vag = Vin 2
+ State 2 (Figure 2.¢): the switches P1, Sz1, Sz, T2, T3 are kept
in the OFF state, the switch Si, Py, T1, T4 are kept in the ON
state. The diode D is reverse-biased and the diode D is for-
ward-biased. The C; capacitor is discharged, whereas the C;
capacitor is charged from the input voltage and C; voltage,
and V¢ = Vin + Vei= 2Vin. The circuit output voltage is de-
fined:
Vag = Vin + Ve1 = 2Vin (3)
+ State 3 (Figure 2.d): the switches Si, P2, T2, T3 are main-
tained in the OFF state, while the switch P1, Sz, Sz, T1, Ta
are maintained in the ON state. The diode D, is forward-bi-
ased and the diode Dy is reverse -biased. The C; capacitor is
charged from the input voltage, and Vc1 = Vin, whereas the C;
capacitor is discharged. The output voltage of the circuit is
defined:
Vag = Vin + Vc2 = 3Vin 4
+ State 4 (Figure 2.e): the switches P1, Py, T, T3 are kept in
the OFF state, the switches Si, Sz1, Sz, T1, T4 are kept in the
ON state. The diode Dy and D s reverse -biased. The C; and
C, capacitor is discharged. The output voltage of the circuit is
defined:
VaB = Vin+ Vci + Veo = 4Vin (5)

Table 1: The Switches State in The Proposed Inverter

Sl Pl SZX PZ Tl TZ T3 T4 Cl CZ VAB
9|1 |0 1 0 1 |0 0 [1 |D D 4Vin
8 |0 |1 1 0 1 |0 0 |1 |C D 3Vin
711 10 0 1 1 |0 0 |1 D C 2Vin
6 |0 |1 0 1 1 |0 0 |1 |C - Vin
5|0 |1 0 1 1 |0 1 |0 |C - 0
410 |1 0 1 0 1 1 |0 |C - -Vin
3|1 1|0 0 1 0 1 1 |0 D C -2Vin
210 |1 1 0 0 1 1 |0 |C D -3Vin
111 |0 1 0 0 1 1 |0 D D -4Vin

1is ON state, 0 is OFF state, C is Charged, D is Discharged.
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3. Simulation and experimental results

To confirm the operation of the proposed inverter, a simula-
tion and experiment are performed with the circuit schematic
as the figure 1. The parameters of the proposed inverter topol-
ogy are listed in Table 2.

Table 2: Parameters of Proposed Inverter

Cy, C 2200 pF
L 30 mH
R 80 Q
Vin 48V
fcarrier 5000 Hz
Fref 50 Hz

The proposed inverter produce 50-Hz sinusoidal voltage
waveform with the maximum output voltage is 192 V. The
inverter is filtered by R, L load at the output.

3.1. Simulation results
The simulation is carried out by using PSIM 9.0 software with

2 cases: resistive load and inductive load using the parameters
in table I1.

09 092 0.94 096 098 1

Figure 3: Voltage waveform of the C; capacitor.

09 0.82 0.4 0.96 098 1

Figure 5: Output voltage waveform with the resistive load R =80 Q.

Figure 3 shows the voltage of the capacitor C; with the maxi-
mum voltage of 48 V and the minimum voltage of 45.6 V.
While Figure 4 shows the voltage of capacitor C, with the

THD [ x |

001 HZ

Figure 6: The total harmonic distortion (THD) of the output waveform
with the resistive load R =80 Q.
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Figure 7: The R voltage waveform with an inductive load of
R =80 Q and L=30 mH.

Fundamental Frequency  5.0000000e+001 HZ

VR 1.2893123e-002

Figure 8: The total harmonic distortion (THD) of the R voltage wave-
form with an inductive load of R =80 Q and L=30 mH.
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Figure 9: The output current when load change from 80 Q to 140 Q.

maximum voltage of 96 V and the minimum voltage of 91.3
V. The ripple voltage waveform of C; and C, do not change
in both cases (resistive load and inductive load).

For resistive load of 80 Q, the output voltage waveform is
shown in Figure 5 that has a ladder waveform with 9-level
includes 4-level at positive period (corresponding to states 1
to 4 in figure 2), 4-level at negative period and 1-level at out-
put voltage is 0 (corresponding to states 0 in figure 2). The
maximum value of output voltage is 192 V and the total har-
monic distortion is about 13.95 % as Figure 6.

Turing into inductive load of R =80 Q and L=30 mH, Figure
7 shows the R voltage waveform that filtered by inductor;
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Figure 10: The prototype model of the proposed SC inverter.
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Figure 11: The voltage waveform of C; and C,,
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Figure 12: The output voltage waveform, THD value and the harmon-
ics of the output voltage waveform with the resistive load R=80 Q.
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Figure 13: The output value with R=80 Q, L=30 mH: (a) The output
voltage waveform, R voltage waveform, (b) THD value and the harmon-
ics of the R voltage waveform.
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Figure 14: The R voltage waveform and the output current when load
change from 80 Q to 140 Q.

thus, it has the sine waveform with the total harmonic distor-
tion is about of 1.29 % at the frequency is 50 Hz as Figure 8.
The maximum voltage of the R voltage waveform is 188 V.
Figure 9 illustrates the output current waveform when the load
changes from 80 Q to 140 Q. During the transition time, the
frequency of output current does not transform, while the am-
plitude of output current declines.

3.2. Experimental Results

In order to verify the operation of proposed switched-capaci-
tor multilevel inverter, the prototype model (Figure 10) was
built with the parameters in Table II.

The experiment results are captured by Tektronix TPS 2024B.
Figure 11 shows the output voltage waveform of C; and C..
The maximum and minimum voltages of the C; capacitor is
47.4V and 43.0 V, respectively. Therefore, the ripple voltage
of C1 is 4.44 V. Whereas, the voltage of C, capacitor fluctu-
ates within the range of 83.7 (V) — 90.4 (V) and the deviation
between highest and lowest values is 6.76 V. These results do
not change in both cases (resistive load and inductive load).
For resistive load of 80 Q, Figure 12 shows the output voltage
waveform and the RMS value of the output voltage waveform
of 122 V along with its THD value of 10.7 %.

Figure 13 shows the R voltage waveform of inductive load (R
=80 Q and L=30 mH) is a sinusoidal waveform has the RMS
value of 108.3 V. Moreover, the harmonic of the output volt-
age waveform is filtered by inductor to create the R voltage
waveform with good quality which is expressed through the
measured frequency of the waveform is 50 Hz, and the total
harmonic distortion (THD) = 2.82 %.

Figure 14 illustrates the R voltage waveform and output cur-
rent waveform when load change from 80 Q to 140 Q. During
the transition time, the frequency of both R voltage wave-
forms and output current waveforms, along with the ampli-
tude of the R voltage does not transform, while the amplitude
of output current declines. As a result, the proposed circuit can
be stably operated with variable load.

4. Conclusion

This paper proposes a new switched-capacitor multilevel in-
verter which using the capacitor characteristic when it con-
nects in series/parallel with the input source. Moreover, the
proposed inverter has the output voltage is bigger than the in-
put voltage. This paper presents the theory and principle of
operation of the switched-capacitor nine-level inverter circuit
configuration. Based on theory, inverter model was simulated
by the PSIM 9.0 software and operability of the circuit is also
proven by the fact pattern. Overall, the proposed inverter has
the number of components significantly reduced compared
with traditional inverter circuits resulting in saving cost and
reducing complexity in control.

Besides, the inverter can be used for low-power applications
of renewable energy systems. In addition, the proposed in-
verter uses an H-bridge circuit at the load output, so if con-
necting inverters as cascaded topology, it can be used for high
power applications.
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