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Abstract

This paper presents an inductor-less multilevel inverter (MLI) with a 13-level ac output. The proposed MLI consists of only
1 switches, 2 capacitors, and 2 input sources. Owing to the inductor-less symmetrical topology, the proposed MLI can reduce
he component count in comparison of conventional MLIs. This leads to reduction of power loss and hardware cost. To clarify
he effectiveness of the proposed MLI, the characteristic evaluation is given in detail. Some computer-based simulations in
PICE simulator environment as well as breadboard-based experimental tests are conducted concerning the proposed 13-level

nverter. In the performed simulations, the power efficiency of the proposed MLI reaches about 85% and 88% at 1 kW in the
ase of a sinusoidal output and a triangular output, respectively. The proposed MLI improves power efficiency more than 2.5%
omparing with the conventional K-type MLI when the output power is 1 kW. Furthermore, the experimental result proves the
hysical feasibility of the proposed topology by demonstrating the 13-level ac output.
c 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the field of power electronics, such as renewable energy systems, electric vehicles (EVs), and power
istribution systems, a multilevel inverter (MLI) is one of the most important devices for power quality improvement.
p to the present time, many attempts have undertaken to develop efficient MLIs [1–11]. The topology of the MLIs

an be categorized into two types: MLIs with magnetic components [1] and MLIs without magnetic components [2–
1]. Among others, the inductor-less MLI has attractive features, such as smaller electromagnetic interference (EMI),
ower switching loss, higher power quality, and higher voltage capability. For this reason, some inductor-less MLIs
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have been developed in past studies. The MLI using a series–parallel type switched-capacitor (SC) converter was
suggested by Oota et al., Chang et al. and Samizadeh et al. [2–4]. By cascading SC H-bridge units, the cascaded
MLI [5] was designed by Fong et al. Using a ladder-type SC converter, a step-up MLI was developed by Hossam-
Eldin et al. [6]. By employing flying capacitors [7], a step-up/step-down MLI was proposed by Eguchi et al.
Following this study, the universal SC converter [8] was invented by Eguchi et al. However, these conventional
MLIs reported in [2–8] requires high number of circuit components. To reduce the number of capacitors, Abe et al.
designed an MLI using a Fibonacci converter [9]. Although the Abe’s MLI can reduce the number of capacitors, it
suffers from a low power efficiency. To achieve small component count and high power efficiency, Mahdavi et al.
and Zeng et al. proposed the MLI with inductor-less symmetrical topology [10,11]. The Mahdavi’s MLI [10] can
offer a 9-level ac output by using 12 switches, 4 diodes, 4 capacitors, and 2 input sources. On the other hand, the
Zeng’s MLI [11] can provide a 13-level ac output by using 11 switches, 2 capacitors, and one input source consisting
of 2 input modules. However, there is room for improvement in the component count of these topologies.

In this paper, we propose an inductor-less MLI with small component count. In the proposed MLI, the reduction
f component count is achieved by the novel inductor-less symmetrical topology, where a 13-level ac output is
ealized by the proposed MLI consisting of only 11 switches, 2 capacitors, and 2 input sources. The small component
ount of the proposed MLI enables reduction of power loss and hardware cost. To clarify the effectiveness of
he proposed MLI, the performance evaluation is done using SPICE-based simulations and breadboard-based
xperiments.

. Circuit topology

.1. Conventional 13-level inverter

Fig. 1 depicts the topology of the conventional K-type MLI reported in [11]. To realize the 13-level operation,
he conventional MLI requires 11 switches, 4 capacitors, and the input source of 2Vin . By controlling the switches,
1i (i = a, b, c, d), S2i , T1 j (j = a, b), and T2, the conventional MLI (shown in Fig. 1) generates

Vout = G × 2Vin,

where G = {−1.5, −1.25, −1, −0.75, −0.5, −0.25, 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5}. (1)

s it can be seen from (1), 2 input modules, such as PV modules, are needed to offer the input source of 2Vin .

Fig. 1. Conventional K-type MLI [11].

2.2. Proposed 13-level inverter

Fig. 2 illustrates the topology of the proposed 13-level inverter. The proposed MLI, which has inductor-less
symmetrical structure, consists of 11 switches, 2 capacitors, and 2 input sources of Vin . In the proposed MLI
shown in Fig. 2, the switches, Sk (k = 1, . . . , 11), are controlled as indicated in Table 1. Therefore, in each state,
the output voltage is expressed as

State-1: Vout = Vin − VC1 = VC2 = 0.5Vin , State-2: Vout = VC1 + VC2 = Vin ,
State-3: V = V + V = 1.5V , State-4: V = V + V + V = 2V ,
out in C2 in out in C1 C2 in
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Fig. 2. Proposed MLI.

Table 1. Inverter switching states.

Positive Negative

State Voltage gain On switch Off switch State Voltage gain On switch Off switch

1 0.5 S3, S4, S8, S11 Others 7 −0.5 S1, S2, S8, S10 Others
2 1 S3, S4, S7, S11 Others 8 −1 S1, S2, S9, S10 Others
3 1.5 S1, S2, S8, S11 Others 9 −1.5 S3, S4, S8, S10 Others
4 2 S1, S2, S7, S11 Others 10 −2 S3, S4, S9, S10 Others
5 2.5 S5, S8, S11 Others 11 −2.5 S6, S8, S10 Others
6 3 S5, S7, S11 Others 12 −3 S6, S9, S10 Others
– – – – 13 0 S3, S4, S9, S11 Others

State-5: Vout = 2Vin + VC2 = 2.5Vin , State-6: Vout = 2Vin + VC1 + VC2 = 3Vin ,
State-7: Vout = −VC1 = VC2 − Vin = −0.5Vin , State-8: Vout = −VC1 − VC2 = −Vin ,
State-9: Vout = −VC1 − Vin = VC2 − 2Vin = −1.5Vin , State-10: Vout = −Vin − VC1 − VC2 = −2Vin ,
State-11: Vout = −2Vin − VC1 = −2.5Vin , State-12: Vout = −2Vin − VC1 − VC2 = −3Vin ,

and State-13: Vout = 0, (2)

t is noteworthy that the voltage of C1 and C2, VC1 and VC2, satisfies

VC1 = VC2 = 0.5Vin. (3)

nlike the conventional converter shown in Fig. 1, the proposed converter requires 2 input sources Vin . However,
ince 2 input modules, 2Vin , are necessary for the conventional MLI, the number of input modules for the proposed

LI is the same as that for the conventional MLI. Table 2 shows the comparison of component counts between
he proposed MLI and the conventional MLI reported in [11] in the case of 100 V ac outputs. As it can be seen
rom Table 2, the proposed MLI can reduce 2 capacitors from the conventional MLI. The reduction of component
ounts leads to reduction of power loss and hardware cost.

Table 2. Comparison of component counts in the case of 100 V ac outputs.

Inverter name Input voltages Number of switches Number of capacitors Component counts

Proposed MLI 48 V × 2 11 2 13
Conventional MLI [11] 96 V × 1 11 4 15

3. Simulation results using the SPICE simulator

To clarify the effectiveness of the proposed topology, computer simulations using the SPICE simulator were
onducted concerning the 13-level inductor-less inverters. In the performed simulations, the circuit parameters were
et to values listed in Table 3.

Fig. 3 illustrates the simulated output voltages of the proposed 13-level inverter. To confirm controllability of

utput waveforms, two kinds of output waveforms, viz. a 100 V sinusoidal waveform and a 100 V triangular
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Table 3. Parameter setting in SPICE simulations.

Proposed MLI Conventional MLI [11]

Parameter Value Parameter Value

Input voltage Vin 48 V Input voltage Vin 96 V
Capacitor C1, C2 3.3 mF Capacitor C1, C2 3.3 mF
Capacitor Cout 1 µF Capacitor Cout 1 µF
On-resistance Ron 0.1 � On-resistance Ron 0.1 �

Output frequency 50 Hz Output frequency 50 Hz

Fig. 3. Simulated output voltage of the proposed 13-level inverter: (a) Sinusoidal output; (b) Triangular output.

aveform, were demonstrated in the performed simulations as shown in Fig. 3. Fig. 4 shows the simulated power
fficiency as a function of output power. As it can be seen from Fig. 4, the proposed MLI can offer higher power
fficiency than the conventional MLI reported in [11]. Concretely, the power efficiency of the proposed MLI reaches
bout 85% and 88% at 1 kW in the case of a sinusoidal output and a triangular output, respectively. The proposed
LI improves power efficiency more than 2.5% from the conventional MLI when the output power is 1 kW.

Fig. 4. Simulated power efficiency: (a) Sinusoidal output; (b) Triangular output.

4. Breadboard-based experimental results

To confirm the validity of the proposed topology, some experiments were performed under conditions that
Vin = 48 V, C1 = C2 = 100 µF, f = 50 Hz, and RL = 100 k�. In the performed experiments, the experimental
circuit was built with the following components: photo MOS relays AQW216, Transistor array TD62003APG, and
a PIC microcontroller 16F690. Fig. 5 demonstrates the measured output voltage of the experimental circuit. As
it can be seen from Fig. 5, the proposed topology can generate the 13-level output waveforms, viz. a sinusoidal
waveform and a triangular waveform, by controlling the timing of clock pulses. From the results shown in Fig. 5,
the feasibility of the proposed MLI was proved experimentally.

5. Conclusion

In this paper, we have proposed an inductor-less MLI with small component count. The proposed converter

can reduce 2 capacitors from the conventional K-type MLI. In the performed computer simulations, the proposed
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Fig. 5. Measured output voltage of the experimental circuit: (a) Sinusoidal output; (b) Triangular output.

13-level inverter achieved about 85% and 88% power efficiency at 1 kW in the case of a sinusoidal output and a
triangular output, respectively. When the output power is 1 kW, more than 2.5% power efficiency was improved by
the proposed topology. Furthermore, we proved the feasibility of the proposed topology by demonstrating the 13-
level ac output and the 3 voltage gain experimentally. In a future study, we are going to investigate the characteristics
of the proposed MLI more practically.
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