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ABSTRACT: this paper proposes a new multi-level inverter topology based on a H-bridge structure with four switches
connected to the dc-link. Based on a POD (Phase opposition disposition) modulation method, a new PWM method
which requires only one carrier signal is suggested. The switching sequence to balance the capacitor voltage is also
considered. In addition to these, the proposed topology requires minimum number of component count to increase the
number of voltage level. Operating principle of the proposed inverter is verified through simulation and experiment.

. INTRODUCTION

Due to the increasing demand on the renewable energy sources, grid connected inverter systems are becoming more
and more important than ever before. For grid connected operation, the inverter should meet the following
requirements.

1. The inverter has to generate a pure sinusoidal output voltage.

2. The inverter output current should have low total harmonic distortion (THD).

Traditionally, two-level PWM inverter is used for grid-tied operation. In case of a two-level inverter, the switching
frequency should be high or the inductance of the output filter inductor need to be big enough to satisfy the required
THD. To cope with the problems associated with the two-level inverter, multi-level inverters (MLIs) are introduced for
gridconnected inverter. Several MLI topologies have been suggested so far and they can be mainly classified as three
types in Fig. 1; neutral point clamped (NPC), flying capacitor (FC), and cascaded type [3-5].

Advantage of the MLIs is that their switching frequency and device voltage rating can be much lower than those of a
traditional two-level inverter for the same output voltage. Therefore, IGBT switching loss can be reduced significantly
and thus the inverter system efficiency can be increased [6-8].

In this paper, a circuit based on a H-bridge topology with four switches connected to the dc-link is proposed as a MLI
topology. Fig. 2 shows the proposed MLI. Also it is simple because the proposed PWM method uses one carrier signal
for generating PWM signals. In addition, the switching sequence considering the voltage balance of dc-link was
proposed. Finally, the proposed topology of the multi-level inverter is verified by showing the feasibility through the
simulation and the experiment.
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Fig. 1. Topologies of multi-level inverters. (a) neutral point clamped (NPC) type. (b) Flying capacitor (FC) type. (c)
Cascade type.

1. PROPOSED MULTI-LEVEL INVERTER

A.Topology of multi-level inverter

As shown in Fig. 2, the proposed MLI is composed of two dc-link capacitors (C,, C,) and four switching devices (Ta",
Ta, Te', Tg) comprising a H-bridge, and four active switches (Tp", Tp', Tn', Tn) located between dc-link and H-
bridge. The voltage across the switching devices in the dc-link (Tp", Tp', Tn', Tn) is Ve/2 and operated at a switching
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frequency. Whereas, voltage across the switching devices in the H-bridge (Ta", Ta, Tg', Tg) is Vpc and the switches
(Ta%, Ta, Tg', Tg) are switched at a frequency of the fundamental component of the output voltage (e.g. 50 or 60 Hz).
Thus, the dc-link switches (Tp", Tp', T, Tn) and the Hbridge switches (Ta", Ta,, Tg', Tg") can be strategically selected
based on the rated power of the inverter system in order to reduce system cost and increase efficiency. Table I shows
the output voltage according to the switching states.

Te
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S

Fig. 2. Proposed single-phase multi-level inverter topology.

TABLE |
Output voltage according to switching states
Output Switching
voltage condition
(Vo) | TP+ | TP- | TN+ | TN- | TA+, | TA-,

TB- | TB+
Vbe ON | OFF | OFF | ON | ON | OFF
vDC | OFF| ON | OFF| ON | ON | OFF
2 ON | OFF | ON | OFF | ON | OFF
OFF| ON | ON | OFF | ON | OFF
OFF | ON | ON | OFF | OFF | ON
-vDC | OFF| ON | OFF | ON | OFF | ON
2 ON | OFF | ON | OFF | OFF | ON
-Voc | ON | OFF | OFF | ON | OFF | ON

TABLEII
Operating mode of the proposed MLI
Operating | Reference voltage Output
mode range voltage
Mode 1 Vesvref<2Ve VDC/2 or
VDC
Mode 2 O0<vref<Vc 0orVpe
Mode 3 -Vc<vref<0 -Vpc/2 or 0
Mode 4 -2Vc<vref<-Ve -Vpc Or -
Vpc/2
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B.Operating modes and proposed PWM strategy

The output voltage of the proposed MLI shown in Fig. 2 has five levels (Vpc, Vpc/2, 0, -Vpc/2, -Vpc) according to the
switching states of the inverter. There are four operation modes depending on the instantaneous value of the reference
voltage, vrefand the maximum value of the carrier signal, Vc(see Fig. 4). Table Il shows the possible inverter output
voltage level according to the operating mode.

In case of the N-level NPC type multi-level inverter, N-1 triangular carrier signals with the same frequency and
amplitude are used so that they fully occupy contiguous bands over the range +Vpc to -Vpe. A single sinusoidal
reference is compared with each carrier signalto determine the output voltage for the inverter. Three dispositions of the
carrier signal are considered to generate the PWM signal [9-11].
1) Phase disposition (PD); where all carriers are in phase.

2) Alternative phase opposition disposition (APOD); where each carrier is phase shifted by 180 degree from its
adjacent carrier.

3) Phase opposition disposition (POD); where the carriers above zero voltage are 180 degree out of phase with
those below zero voltage.

Fig. 3 shows the reference signal and the carrier signal arrangements for PD modulation, POD modulation, and APOD
modulation.

A new PWM strategy based on POD modulation which requires only a single carrier signal (vcarrier) is proposed and
the detailed PWM strategy is depicted in Fig. 4. If the
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Fig. 3. Carrier and reference signal arrangements for: (a) Phase disposition (PD). (b) Alternative phase opposition
disposition (APOD). (c) Phase opposition disposition (POD).

reference signal is positive, then the switch pair (Ta", Tg) are turned on, and if it is negative, then the switch pair (Tx",

Tg") are turned on. Thus the switches composing the H bridge inverter turned on and turned off once during the period
of the reference signal. The voltage across the switch at blocking state is Vpc. The switches (T, Ty') are operated
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complementally to the switches (Tp", Ty). The generation of the PWM signal for dc-link switches (Tp", Ty) can be
explained as follows.

» Mode 1: a signal subtracted from the reference signal by

V. is compared with the carrier signal. If ViV >Vearrier, then all switches T and Ty are turned on. If Vig-Ve<Vearrier,
then the switch Tp" or Ty is turned off alternately.

» Mode 2: the reference signal is directly compared with a carrier signal. If Vie>Vearier, then the switch Tp* or Ty is
turned on alternately. If Vig<Vcarrier, then all switches Tp" and Ty~ are turned off.

* Mode 3: -V, is directly compared with a carrier signal.

If -Vier>Vearrier, then the switch Tp" or Ty is turned on alternately. If -V g<Vcarrier, then all switches Tp" and Ty~ are turned
off.

* Mode 4: a signal subtracted from -vi¢ by V. is compared with the carrier signal. If If -V.e-V>Vearier, then all switches
Tp'and Ty are turned on. 1f-Vie-Ve<Vearier, then the switch Tp" or Ty is turned off alternately.

Only one carrier signal is used to generate eight PWM signals in the proposed PWM method. Thus it is quite simple.

A ¥ ref ¥ carrier

o
To , Tp

Tx. Tn

T Ts

Ty

Fig. 4. PWM strategy based on POD with single carrier signal

C.Voltage balancing of dc-link capacitor

One of the important issues about multi-level inverter is the voltage balance of the dc-link capacitor. The voltage of
capacitor C; and C, should be equally balanced to Vpc/2. However the midpoint voltage fluctuates when C; and C,
charge and discharge continuously. If the capacitor voltage is unbalanced, the output voltage becomes unsymmetrical
and it results in a high harmonic content in the load current.
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To solve this problem, the switching state should be selected appropriately in Fig. 5. If only one switch in a dc- link is
turned on, the output voltage becomes Vpc/2. In order to balance the voltage of dc-link capacitor, dc-link switches (Tp",
Ty) are alternately turned on at mode 2, and alternately turned off at mode 1. And switches (Tp, Ty") are operated
complementally to switches (Tp", Ty’). Therefore, the switching sequence of mode 1 is (a)-(b)-(a)-(c), and the switching
sequence of mode 2 is (d)-(b)-(d)-(c). The switching sequence of mode 3 and mode 4 are similar that of mode 1 and
mode 2. The switching sequence of mode 3 is (h)-(f)-(h)(g), and the switching sequence of mode 4 is (e)-(f)-(e)-(g).
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Fig. 5. Switching states of the proposed inverter in one cycle.(a) state 1 : vo=
0. (b) state 2 : vo= Vpc/2. (C) state 3 : vo= Vpc/2. (d) state 4 : v,= Vpc. (€) state 5 : v,= 0. (f) state 6 : vo= -Vpc/2. (g) state
7 : Vo= Vpcl2. (h) state 8 : v,=
Vbe.
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Fig. 6. Proposed 9-level inverter topology
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D.Extension to 9-level inverter

It should be noted that although the number of the switching devices in the proposed 5-level inverter (shown in Fig. 2)
is the same as that of the conventional cascaded H-bridge MLLI, the switches (Ta", Ta, Tg", Tg) in the proposed MLI
are switched at a low frequency(60 Hz). Moreover, unlike the cascaded H-bridge MLI, the proposed 5-level inverter
requires only one isolated voltage source, Vpc.

In order to maximize the effectiveness of the proposed MLI, 9-level inverter which was extended from 5-level inverter
shown in Fig. 2 is also proposed in this paper and the overall circuit diagram is shown in Fig. 6. As shown in Fig. 6, in
case of 9-level inverter, the proposed inverter requires less active devices than 9-level cascaded H-bridge MLI.
Therefore, number of switching devices in the proposed MLI can be reduced significantly as the number of voltage
level increases.

111. SIMULATION AND EXPERIMENTAL RESULTS

The proposed 5-level inverter is tested to verify the operating principle of the proposed MLI. The LC filter is inserted
between the output of the inverter and the load. Electrical specifications of the proposed inverter are summarized in
Table I11. Fig. 7 and 8 show simulation waveforms of the proposed inverter in 5-level. Fig. 7 shows the waveforms of
the inverter output voltage, load voltage and the load current when the power factor becomes unity. Fig. 8 shows the
waveforms of the inverter output voltage, load voltage and the load current during the lagging power factor.

TABLEIII
Electrical specifications of the proposed single-phase 5-level inverter
dc-link voltage 200V
Output voltage 110 Vs
dc-link capacitor 2200 uF

Filter inductor (Ly) 300 uH
Filter capacitor (Cy) 150 uF

Switching frequency 5 kHz
(fsw)

Output frequency 60 Hz
(o)
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Fig. 7. Waveforms of 5-level inverter (Load : R = 9.3 Q). (a) Output voltage of the inverter. (b) load voltage. (c) load
current.
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Fig. 8. Waveforms of 5-level inverter (Load : R = 9.3 Q, L = 14.9mH). (a) Output voltage of the inverter. (b) load
voltage. (c) load current.

Based on the simulation results, the experiment was conducted. Rating and the parameters of the system which was
used in the experiment are the same with those of the simulation. Configuration for the experiment is shown in Fig. 9.
Fig. 10 shows that the capacitor voltages (Vci1, Vo) are controlled constantly. The capacitor voltages (Vci, Vo) are
well balanced at the voltage of 100[V]. Fig. 11 shows the waveforms of the inverter output voltage, load voltage and
the load current. The inverter output voltage is 5-level voltage and the load current and the load voltage waveforms are
closer to the sinusoidal waveform. Experimental output waveforms can be found consistent with the simulation result.
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Fig. 9. Single phase mverter system
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Fig. 10, Voltage balancing waveforms of de-link capasitor (O, C2) .
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Fig. 11. Waveforms of 5-level inverter (Load : R = 9.3 Q, L = 14.9mH)
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V. CONCLUSION

This paper proposed a new multi-level inverter topology based on a H-bridge inverter with four switches connected to
the dc-link. The proposed MLI has the following advantages over the conventional inverters.

1. Number of devices of the proposed multi-level inverter is fewer than that of the conventional multi-level
inverters. Therefore, the proposed system is more reliable and cost competitive than the conventional two-level and
multilevel inverters.

2. The four switches (T, Ta, Tg', Tg) in the H-bridge are switched at a low frequency (e.g. 60 Hz). Therefore,
switching loss of The four switches (Ta*, Ta, Tg', Tg) is almost negligible.

3. Only one carrier signal is required to generate the PWM signals for 4 switching devices (Tp", To', Tn', Tn)-
4. The proposed topology can be easily extended to 9-level or higher level with minimized active device
component count.
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