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Five-Level PWM Inverter Using Series and Parallel Alternative 
Connection of Batteries 
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Abstract – This paper presents a five-level PWM inverter using series and parallel connection of 
voltage sources. The alternative connection is done by an auxiliary circuit consisted of a switch, three 
diodes, and two batteries. The auxiliary circuit is located between input dc voltage source and H-bridge 
cell. Thanks to the auxiliary circuit, the proposed inverter synthesizes five-level output voltage in an 
effective way. Topologically both batteries are charged and discharged in the same rate, so it does not 
need to apply battery voltage balancing control method. Theoretical analysis of the proposed inverter is 
verified by computer-aided simulation and experiment based on a prototype of 1kW. 
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1. Introduction 
 
Multilevel inverter is extending the application areas 

in power conversion markets thanks to remarkable 
advantages such as redundancy, ease of maintenance, low 
voltage stress, low switching loss, and other valuable 
merits [1-4]. In addition, multilevel inverter can obtain 
high qualified sinusoidal output voltage wave without 
low pass filter if the number of output voltage levels is 
sufficiently large. However, in this case, multilevel inverter 
needs a large number of switches, diodes, capacitors, and 
other circuit components. Although the main motivation 
and most merits of multilevel inverter can be found in 
high power and high voltage applications, low and medium 
voltage level researches aiming reduction of switching 
devices are interesting and introduced in [5-9]. The 
objective of these researches is to find and analyze 
effective circuit topology which can increase the number 
of output voltage levels with smaller number of circuit 
components. It is well known that the most effective circuit 
topology is based on cascaded H-bridge multilevel inverter 
(CHMI) [10-12] as given in Fig. 1(a). It can generate five 
levels in output voltage. By increasing the number of H-
bridge cells, CHMI can increase the number of output 
voltage levels, and redundancy. However, the number of 
independent voltage sources and switches are proportional 
to the number of output voltage levels. To alleviate the 
component increasing problem, Fig. 1(b) was introduced 
in [13]. It uses series connected switches and two voltage 
sources in order to produce five levels in output voltage 
wave. This approach can save two switching devices 
compared to Fig. 1(a). However, it still needs two 

independent voltage sources. Moreover, series-connected 
switches increase the conduction loss when generating 
each voltage level. To reduce the number of independent 
voltage sources, Fig. 1(c) was presented in [14]. It adds 
two switches and two diodes in order to divide capacitor 
voltage connected in series. This approach is useful when 
the number of voltage source is limited to just one. But it 
needs voltage balancing control to maintain series connected 
capacitor voltage in a constant voltage level. In [15], Fig. 
1(d) was presented. It employs coupled inductor in output 
terminal to generate 5-level. It must be one of the useful 
approaches, but it increases the size and weight of the 
inverter because of the coupled inductor. Fig. 1(e) 
introduced in [16] is also interesting approach to produce 
5-level output voltage. By adding two switches to the top 
of H-bridge cell, it reduces voltage stress on switches. 
However, it is difficult to control voltage across the 
capacitor. Fig. 1(f) was proposed in [17] for the use of 
photovoltaic power converter. It is valuable in the 
viewpoint of utilization of single voltage source, and its PV 
application. But, it is difficult to control the switch located 
between capacitors. Voltage stress on switching devices in 
H-bridge cell is proportional to output voltage, so it is 
difficult to apply to high voltage application. Fig. 1(g) is 
based on diode clamped multilevel inverter [18]. It needs 
single independent voltage source and series-connected 
capacitors. Compared to other counterparts, [18] requires 
more switching devices.  

As mentioned in the above, common problem of 
multilevel inverter when increasing the number of output 
voltage levels is the proportional increase of the circuit 
components; specially, independent voltage sources and 
switching devices. To solve the problem, an effective 
circuit topology to generate five voltage levels is presented. 
The proposed inverter consists of H-bridge cell, single 
independent voltage source, and an auxiliary circuit. The 
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auxiliary circuit is used to generate more voltage levels by 
means of series or parallel connection of batteries. After 
theoretical analysis, computer-aided simulation and 
experiment results are given to verify the validity of the 
proposed five-level PWM inverter.  

 
 

2. Proposed Five-level PWM Inverter 
 

2.1 Circuit configuration 
 
Fig. 2 shows a circuit configuration of the proposed five-

level PWM inverter using an auxiliary circuit consisted of 
three diodes, two batteries, and one switch. When S turns 
on, 2Vdc is supplied to the output. In this case, two batteries 
are connected in series via D2. When S turns off, two 
batteries are connected in parallel with the same voltage 
level. 

 
2.2 Control strategy 

 
The proposed approach generates five levels; -2Vdc, -Vdc, 

0, Vdc, and 2Vdc. To help reader’s understanding, current 

path for generating each level is given in Fig. 3. Here, we 
consider that the output voltage is positive and output load 
is a pure resistive one. And we assume that all circuit 
components are ideal, the circuit is in steady-state, and 
each battery voltage is constant as a half of the input 
voltage; Vdc1=Vdc2=Vdc. 

Level 2Vdc: Fig. 3(a) shows the current path when output 
voltage is 2Vdc. When S turns on, input voltage is applied to 
output load via Q1 and Q4. At the same time, two batteries 
connected in series are clamped by the input voltage source 
as 2Vdc. Since two batteries are connected in series, it 
becomes a single loop circuit. Thus the same charging 
current flows through the batteries. If a load is an inductive 
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Fig. 1. Conventional approaches generating five-level output voltage: (a) cascaded H-bridge multilevel inverter (case 1); 
(b) case 2 in reference [13]; (c) case 3 in reference [14]; (d) case 4 in reference [15]; (e) case 5 in reference [16]; (f) 
case 6 in reference [17]; (g) case 7 in reference [18]. 

Fig. 2. Proposed five-level PWM inverter employing an 
auxiliary circuit 
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one and the direction of the current is negative, the current 
will flow through the body diode of Q1, Q4, and D2 
charging the battery bank or regenerating the input voltage 
source via the body diode of S. 

Level Vdc: Fig. 3(b) shows the current path when output 
voltage is Vdc. In this mode, S turns off, then two batteries 
should feed energy to output load. Two batteries are 
connected in parallel, so it can supply two times higher 
power to the load. It does not need additional battery 
voltage balancing control since both batteries discharge the 
same power during the same time. When the output is an 
inductive load, output current lags to output voltage. In this 
case, output current flows into the batteries via D2 as shown 
in Fig. 3(d). When the batteries are fully charged, the 
circuit will find another current path given in Fig. 3(e). In 

this case, the output current flows into the input voltage 
source via the body diode of switch (S). In both cases, the 
output voltage is clamped to Vdc by the batteries connected 
in parallel. 

Level 0: To make a zero level in output voltage, two 
switching schemes using voltage cancellation can be 
applied. Fig. 3(c) shows the current path when output 
voltage is zero. When Q3 and Q4 turn on simultaneously, 
the output voltage becomes zero. Another method is to turn 
Q1 and Q2 on at the same time. 

Table 1 lists up all switching functions to generate five 
levels in output voltage. 

 
2.3 Switching scheme 

 
To generate five-level output voltage, the proposed 5-

level PWM inverter can use PD (Phase Disposition), POD 
(Phase Opposite Disposition), APOD (Alternative Phase 
Opposite Disposition), staircase, and other modulation 
methods.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 3. Operational modes: (a) Level 2Vdc; (b) Level Vdc;
(c) Level 0; (d) negative current flowing into the 
batteries at Level Vdc; (e) negative current flowing 
into the input source at Level Vdc 

Table 1. Output voltage levels according to switching state

Switching state Output voltage level
S Q1 Q2 Q3 Q4 

2Vdc 1 1 0 0 1 
Vdc 0 1 0 0 1 
0 0 0(1) 0(1) 0(1) 0(1)

-Vdc 0 0 1 1 0 
-2Vdc 1 0 1 1 0 

 

tω
π π21θ 2θ 3θ 4θ

Fig. 4. Operational waveform by PD modulation 
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Fig. 4 shows PD switching scheme to control the 
proposed 5-level PWM inverter. It shows a reference and 
two carrier waves, which have the same frequency and 
amplitude, but different offset voltages. By comparison of 
the reference and each carrier wave, it produces command 
signals (Cr1 and Cr2). As shown in Fig. 4, Cr2 is equal to S, 
and Cr1 is the sum of Q1 and Q2. One cycle of the reference 
voltage is divided into 4 modes according to output voltage 
levels, and corresponding period (Pn) for each mode is 
determined by 

 
Mode 1: 11 0 θω <<= tP  and πωθ <<= tP 23  (1) 
Mode 2: 212 θωθ <<= tP   (2) 
Mode 3: 34 θωπ <<= tP  and πωθ 246 <<= tP  (3) 
Mode 4: 435 θωθ <<= tP   (4) 

 
Here, switching angle θn is determined by modulation 

index (Ma). The switching signals can be expressed by 
using logical combination of Cr1, Cr2, and Pn. By using 
logical expressions AND, OR, and NOT, each switching 
signal is determined by [19]. 

 
 5222 PCPCS rr ⋅+⋅=  (5) 
 31111 PCPCQ rr ⋅+⋅=  (6) 
 61412 PCPCQ rr ⋅+⋅=  (7) 
 6543 PPPQ ++=  (8) 
 3214 PPPQ ++=  (9) 

 
Table 2 shows switching angle (θn) determined by the 

modulation ratio Ma. To synthesize five levels on output 
voltage wave, one reference and two carrier waves are used. 
Hence, the modulation ratio (Ma) is defined as 

 

 
c

m
a A

AM
2

=  (10) 

 
where Ac is the amplitude of a carrier wave, and Am is the 
amplitude of a reference wave [19]. Hence, the output 
voltage is given by 

 
 tMv aout ωsin=  (11) 

 

When Ma is lower than 0.5, output voltage has 3 levels, 
and with Ma of higher than 0.5, it shows 5 output voltage 
levels. 

 
 

3. Simulations and Experiment Results 
 
To verify the validity of the proposed 5-level PWM 

inverter, we carried out computer-aided simulations and 
experiments using a prototype of 1 kW. Input dc voltage 
sets to DC 48 V, hence each battery voltage divides into 
DC 24 V in an ideal case. Frequency of the output voltage 
is set to 60 Hz. Table 3 shows specifications of simulation 
and experiment.  

Fig. 5 shows simulation results of the output voltage 
with general PD switching scheme. When the inverter 
generates Vdc level, Q1 and Q2 show 10 kHz pulse width 
modulated switching patterns as shown in Fig. 5(a). And S 
performs PWM switching when generating 2Vdc level. The 
output voltage shows exact 5 levels and it becomes a 
sinusoidal wave after low-pass filtering as given in Fig. 
5(b). When a circuit employs series-connected capacitive 
components, sometimes it has a voltage unbalance problem 
because of different charging and discharging periods. 
Thus, voltage balancing control is required to maintain 
voltage in a constant value [20-23]. Although the proposed 
5-level PWM inverter also uses series-connected batteries, 
it does not need to consider on voltage unbalancing problem 
since both batteries have the same time for charging and 
discharging. When it charges batteries, it makes a single 
loop circuit, so the same charging current flows through 
batteries, and when it discharges batteries, it makes a 
parallel circuit, so the same current by means of current 
division's law flows from both batteries. As results, battery 
voltage is balanced because both batteries have the same 
charging and discharging rate. 

Fig. 6 shows simulation results of voltage across 
switching devices when it produces five-level output 
voltage at Ma=1.0. The blocking voltage of S is 50 % of the 
input dc voltage. But, the blocking voltage of H-bridge 
switches (Q1 ~Q4) is equal to the input dc voltage, and 
moreover it is proportional to the output voltage. Thus the  

Table 2. Switching angles according to modulation index. 

3-level 5-level No. of levels 
Ma≤0.5 Ma≥0.5 

1θ  
2
π  1sin c

m

A
A

− ⎛ ⎞
⎜ ⎟
⎝ ⎠

 

2θ  
2
π  1π θ−  

3θ  3
2
π  1π θ+  

4θ  3
2
π  12π θ−  

Table 3. Specification of simulation and experiment. 
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(a) 

 
(b) 

Fig. 7. Experimental set-up: (a) prototype configuration; 
(b) block diagram with control loop 

 
proposed circuit topology is not proper for high voltage 
applications.  

To prove the actual performance of the proposed 5-level 
PWM inverter with PD switching scheme, we carry out 
experiments using a prototype shown in Fig. 7(a). Overall 
block diagram with control loop is given in Fig. 7(b). To 
generate exact switching signals, the proposed system 
employs a digital controller using a DSP 28335. Prototype 
has an output filter, because it is insufficient to make a 
sinusoidal output voltage wave with only five levels, but 
the size of the filter can be smaller than traditional 3-level 
inverter. 

Fig. 8 shows experimental results of output voltages 
before and after filtering with FFT result. Here output load 
is a resistor 2.5 Ω. Fig. 8(a) shows the result at under-
modulation, Ma=0.5. Because Ma is lower than 0.5, the 
output voltage shows just three levels. When Ma is 1.0, the 
output voltage has five levels as shown in Fig. 8(b). Under 
the over-modulation, both flat-tops of output voltage 
reduce PWM waves, so the filtered output voltage is 
similar to a square wave as given in Fig. 8(c).  

To prove the actual performance of the proposed 5-level 
PWM inverter with PD switching scheme, we carry out 
experiments using a prototype shown in Fig. 7. To generate 
exact switching signals, the proposed system employs a 
digital controller using a DSP 28335. Prototype has an 
output filter, because it is insufficient to make a sinusoidal 
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vout 48 [V]

0

-48[V]

48 [V]

0

-48[V]

After filtering

20ms  
(b) 

Fig. 5. Simulation results by PD switching scheme at 
Ma=1.0: (a) control signal of each switch; (b) output 
voltage (vout) with 5-level and its filtered waveform

 

 
Fig. 6. Simulation results of voltage across switching 

devices when generating five-level output voltage at 
Ma=1.0 



Five-Level PWM Inverter Using Series and Parallel Alternative Connection of Batteries 

 706 │ J Electr Eng Technol.2017; 12(2): 701-710 

output voltage wave with only five levels, but the size of 
the filter can be smaller than traditional 3-level inverter. 

Fig. 9(a) shows experiment results of drain-to-source 
voltage of each switching device located in the H-bridge 
cell (Q1~Q4) and the auxiliary circuit (S). Fig. 9(b) shows 
anode-to-cathode voltages of diodes in the auxiliary 
circuit. These experiment results are exactly same to the 

simulation results given in Fig. 6. 
Fig. 10(a) shows experiment results of the output voltage 

when the modulation index is changed from 1.0 to 0.5. 
Thus the number of the output voltage levels changes from 
5-level to 3-level. Fig. 10(b) is the results at vice-versa. Fig. 
10(c) shows experiment results of the output voltage when 
the modulation index is changed from 1.0 to 1.4. Thus the 
output voltage is changed to over-modulation from critical-
modulation and there is no change to the number of the 
output voltage. Fig. 10(d) is the results at vice-versa of Fig. 
10(c). In all cases, we can find that the output voltage goes 
fast into steady-state and each voltage level maintains the 
critical voltage level as Vdc and 2Vdc without applying 
battery voltage balancing control.  

Fig. 11 shows experiment waveforms with a RL load. As 
an inductive load, we used a motor of 600 W. Because of 
the intrinsic characteristic of the inductance, output current 
is lagging to the output voltage. When the output of the 
inverter has a low power factor, the lagging output current 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Experiment results with a resistive load; output 
voltages before and after filtering, and FFT result, 
(a) Ma=0.5, (b) Ma=1.0, (c) Ma=1.4 
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Fig. 9. Experiment results of voltage across switching 
devices when it synthesize five-level output voltage 
at Ma=1.0, (a) drain-to-source voltage of Q1, Q2, Q3, 
Q4, and S, (b) anode-to-cathode voltage of D1, D2, 
and D3 
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flows into the batteries via diode D2 as shown in Fig. 3(d). 
Another current path is given in Fig. 3(e). In this case, the 
output current flows into the input voltage source via the 
body diode of switch (S).  

Fig. 12(a) shows comparison results of THDv when 

applying different switching methods; PD, POD, APOD, 
and Staircase modulation. PD, POD, and APOD modulations 
are acceptable in THD, but staircase modulation does not 
satisfy the general requirement of 5 % below. It is a matter 
of cause because staircase modulation has just five-level 
output voltage wave without pulse width modulated waves. 
Fig. 12(b) shows the efficiency comparison when PD, 
POD, APOD, and staircase modulation are applied to the 
proposed inverter with 1 kW loaded. All cases show that 
efficiency at higher Ma is better than that of lower Ma. 
In over-modulation, it shows high efficiency because 
switching losses are considerably reduced. Fig. 12(c) 
compares the efficiency with counterparts (case 2 and case 
3). The averaged efficiency of the proposed approach was 
measured about 90 %. It is a reasonable result compared 
to case 2 and case 3. Note that the efficiency data for 
case 2 and case 3 were used the references [13] and [14], 
respectively. It is difficult to compare the efficiency under 
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Fig. 10. Experiment results of output voltage according to 
the variation of Ma, (a) from Ma=1.0 to Ma=0.5, 
(b) from Ma=0.5 to Ma=1.0, (c) from Ma=1.0 to 
Ma=1.4, (d) from Ma=1.4 to Ma=1.0 

  
(a) 

 
(b) 

Fig. 11. Experiment results with an inductive load: (a) 
output voltages before and after filtering, and 
output current at Ma=1.0; (b) simulation and 
experiment waveforms for input voltage and input 
current 



Five-Level PWM Inverter Using Series and Parallel Alternative Connection of Batteries 

 708 │ J Electr Eng Technol.2017; 12(2): 701-710 

the same condition because of different experimental set-
up. Carrier frequency of case 2 is 1kHz with the output 
frequency of 50Hz, and carrier frequency of case 3 is 
20kHz with the output frequency of 50Hz. 

In Table 4, we simply compare the number of circuit 
components with counterparts; for 7 cases given in Fig. 1 
when they generate 5-level output voltage. In Table 4, 
parentheses of the proposed mean the comparison results 
with the worst case. In this comparison, the best approach 
in the viewpoint of saving of the number of switches and 
independent voltage source is the proposed approach. 

However, it increases the number of diodes and batteries. 
In the viewpoint of the simplest configuration, case 2 is the 
best one because the number of the main components is 
just 8; six switches and 2 independent voltage sources. 
Case 3 shows the best efficiency, but the number of the 
circuit components is higher than case 2 and the proposed 
approach.  

Table 5 compares the voltage stress on switching device 
with counterparts. This comparison is specially focusing on 
switching devices located at output terminal. To compare 
the blocking voltage on switching devices, a known factor 
MVR (maximum voltage ratio) is used as the performance 
index as follows [19, 24]. 

 

Maximum Voltage Ratio (MVR) = 
(max)

(max)

out

k

V
V

 (12) 

 
Here, Vout(max) is the maximum value of the output 

voltage. VK(max) is the maximum value of H-bridge (or sub-
module at output terminal). The smaller value of MVR 
means the reduced voltage stress on switching devices. In 
Table V, cascaded H-bridge multilevel inverter (case 1) is 
the best to reduce the blocking voltage on switching device. 
MVR of the proposed approach and others are 1; thus, 
they are unsuitable for high voltage application although 
they can reduce the number of switching devices and 
independent dc voltage sources. 

 
 

5. Conclusion 
 
Multilevel inverter employing two batteries connected in 
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Fig. 12. Comparison of THDv and efficiency according to 
different modulation methods: (a) THDv according 
to modulation index; (b) efficiency according to 
modulation index; (c) efficiency comparison with 
counterparts 

Table 4. Comparison of the number of circuit components
Main components 

Comparison
Swithch Diode Capacitor 

(Battery) Inductor Input source

Case 1 8 0 0 0 2 
Case 2 6 0 0 0 2 
Case 3 6 2 2 0 1 
Case 4 6 0 2 2 1 
Case 5 6 0 2 0 1 
Case 6 7 3 2 1 1 
Case 7 6 2 2 0 1 

Proposed 5(-3) 3(0) 2(0) 0(-2) 1(-1) 
 

Table 5. Comparison of the blocking voltage on switching 
device 

Comparison Vk(max) Vout(max) No. of levels MUV 
Case 1 Vdc sVdc 2s+1 0.5@s=2 
Case 2 2Vdc sVdc 2s+1 1@s=2 
Case 3 Vdc Vdc 5 1 
Case 4 Vdc Vdc 5 1 
Case 5 Vdc Vdc 5 1 
Case 6 2Vdc/(1-D) 2Vdc/(1-D) 5 1 
Case 7 Vdc Vdc 5 1 

Proposed 2Vdc 2Vdc 5 1 
 



Jin-Soo Park and Feel-soon Kang 

 http://www.jeet.or.kr │ 709

serial and parallel was proposed to generate five-level 
output voltage in an effective way. To realize series and 
parallel alternative connection with the same batteries, it 
uses an auxiliary circuit composed of one switch and three 
diodes. The auxiliary circuit is located in between input dc 
voltage source and H-bridge cell. Topologically, two 
batteries are charged and discharged with the same rate, so 
it does not need to apply voltage balancing control.  

Theoretical analysis of the inverter was verified using 
computer-aided simulation and experiment of prototype. 
Compared with the prior 7 cases, we found that the most 
advantage is the reduction of switches and independent 
voltage sources. However, MVR of the proposed inverter is 
higher than traditional cascaded H-bridge multilevel 
inverter, thus high voltage applications will be limited.  
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