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A new structure of three-phase five-level inverter with
nested two-level cells
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Warangal, Warangal, India This paper presents a new structure of three-phase five-level inverter with a
single direct current (DC) source for low- and medium-voltage applications.
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of TeICh;OIOgy Warangal, Warangal 506 ponents, total blocking voltage of the switches, and isolated DC sources. In
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Email: kiruba81@nitw.ac.in order to make this topology attractive, a comparison is made with five-level
inverter topologies proposed for low- and medium-voltage applications in
recent years. The proposed circuit is powered using a single DC source and
an auxiliary voltage-balancing circuit (AVBC) to maintain the desired DC-
link capacitor voltages. A sinusoidal pulse width modulation (SPWM) scheme
is implemented in field-programmable gate array (FPGA), using Xilinx blocks
developed in MATLAB/SIMULINK environment, to control the inverter
switches. The performance of the proposed topology is verified through
MATLAB simulation and prototype model for a step change in load. Finally,
the experimental results are presented to validate the effectiveness of the pro-

posed topology.
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1 | INTRODUCTION

Multilevel inverters (MLIs) are an attractive solution for various medium-voltage applications such as industrial
drives,"* FACTs,> HVDC,*® and renewable energy sources.®” They are also extended for low-power applications due
to the benefits of reduced device stress, electromagnetic interference, and filter size with a capability to synthesize
the sinusoidal output voltage waveform with improved harmonic spectrum as compared with the two-level inverters.>’
The emergence of MLIs started with the discovery of three topologies, namely, (a) diode-clamped converter'® (DCC),
(b) flying capacitor converter'' (FCC), and (c) cascaded H-bride converter (CHBC)."* The inherent advantages of
DCC and FCC include higher efficiency, equal voltage stress across the switches, and require a single direct current
(DC) source, whereas CHBC requires a smaller component count to achieve the same output quality. However, these
topologies suffer from numerous drawbacks of additional clamping diodes, flying capacitors, and complex control
algorithms for balancing of DC-link capacitor voltages for the increase in output voltage levels. Moreover, the require-
ment of the number of isolated DC sources and an increase in the size of phase-shifting transformer challenges the
use of CHBC.

Int J Circ Theor Appl. 2019;47:1435-1445. wileyonlinelibrary.com/journal/cta © 2019 John Wiley & Sons, Ltd. | 1435



https://orcid.org/0000-0002-3800-1776
https://doi.org/10.1002/cta.2648
http://wileyonlinelibrary.com/journal/cta
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcta.2648&domain=pdf&date_stamp=2019-05-21

1436 Wl L E Y TIRUPATHI Et AL.

Therefore, to overcome the issues of conventional MLIs, active neutral point-clamped (ANPC) MLIs and hybrid MLIs
have been introduced in recent years. Among these, the ANPC is constructed from the combination of NPC and FC
without the use of clamping diodes."* However, the use of additional sensors for FC voltage balancing restricts its appli-
cability. Therefore, hybrid MLIs make attractive for medium-voltage applications. A detailed review of various hybrid
MLIs is reported in the latest literature."* Most of them are CHB-based hybrid topologies and demand multiwinding
transformers to develop independent sources, a large number of semiconductor devices, and increased control complex-
ity. On the other hand, M. Narimani et al'® introduced a novel four-level-nested neutral point-clamped (NNPC) inverter
with reduced component count compared with 4L DCC and 4L FCC. This configuration is built by connecting all the
central points of external and internal legs to the output terminals of the phase legs. A five-level-nested VSI is also pro-
posed with the advantage of higher DC-link voltages with the increment of a capacitor and two switches per leg.'® Fur-
ther, a nested T-type four-level inverter has been introduced with the aim of reduced switch count to suit for medium-
voltage and high-power applications.'” However, the aforementioned topologies demand additional voltage and current
sensors and a complex control algorithm to maintain the desired flying capacitor voltages. A generalized nested MLI'® is
proposed with a single DC source and reduced component count for higher level generation. But the inner leg T-type
structure demands a higher total blocking voltage (TBV) of the semiconductor devices. Therefore, simplified structures
of novel-nested MLI configurations for 4L, 5L, and 6L operations were introduced without any flying capacitors,"’
whereas the nested five-level inverter proposed uses a T-type structure. However, it suffers from higher blocking voltage
requirement of the switches, which results in a slower response, higher loss, and increases the cost of the system.

Therefore, in this paper, a modified structure of three-phase five-level (5L) inverter topology using nested two-level
cells (TLCs) with a single DC source is presented. The proposed topology is also referred as nested TLC five-level
(NTLC-5L) inverter. The proposed NTLC-5L inverter owns the advantages of reduced TBV of the switches and losses
with higher efficiency. An auxiliary voltage-balancing circuit (AVBC) is employed to balance the DC-link capacitor volt-
ages. The detailed operation and balancing algorithm are presented. A comparison is also made to demonstrate the
attractive features of the proposed configuration with conventional and some of the recently proposed 5L inverter topol-
ogies. Finally, the performance and feasibility of the proposed topology are verified through MATLAB simulation and
experimental results.

2 | NESTED THREE-PHASE 5L INVERTER

2.1 | Proposed topology

Figure 1 depicts the proposed nested three-phase five-level inverter for one phase (A phase). This configuration is
assembled by connecting three TLCs in each phase across a common DC link, wherein the series-connected capacitors
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FIGURE 1 Phase A of the proposed nested five-level inverter [Colour figure can be viewed at wileyonlinelibrary.com]
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Cy, C,, C;, and C, fed on a single DC source (V) for all the three phases. The TLC1 consists of switches (IGBT/
MOSFET) S,; and S,,, which are connected across the capacitor C,. TLC2 consists of two bidirectional switches
(B.Ss), which are realized by connecting two switching devices in antiseries connection. TLC3 consists of switches S,;
and S,s, which are connected at the +ve and —ve rails of the DC link. Here, the TLCs 1 and 2 form the internal leg,
and TLC3 is referred as the external leg. Figure 2 shows the complete three-phase circuit, wherein the output of the
TLC3 in each phase is fed to the star-connected load. It may be noted that all four DC-link capacitors are charged to
a voltage of V,./4 from a single DC supply, with the aid of an AVBC.*

With an appropriate operation of the switching devices, five voltage levels are produced at the pole voltages (Vyo),
where x= A, B, and C in the range of —V4./2 to +V4./2 with a step size of V4./4. The switching devices Sa1, Saz, Sas
and S,¢ are required to block a voltage of V4./4, whereas the switches S,; and S,s block the voltages of 2V,./4 and
3V4c/4, respectively. The switches in TLC3, ie, S,; and S,g, should block a voltage of V4.. Hence, the TBV of the switches
in each phase is equal to 4.25V., whereas the estimated TBV of the switches in each phase of the nested T-type 5L
inverter'® (NNT-5L) is 5V4.. This proves that the proposed nested 5L inverter offers a considerable reduction in the over-
all rating of the switches. By considering a safety factor of 2, it can be observed from the three-phase configuration of
Figure 2 that 12 switches are rated for Vy4./2, three switches are rated for V., three switches are rated for 3V,./2, and
six switches are to be rated for 2Vy.. Because the voltage ratings of the switches should be chosen as 1.8 to two times
of their blocking voltage, to withstand the higher voltages appearing because of switching transients.*** The detailed
description of the conduction of switching devices to generate various output voltage levels is given in the following
section.

2.2 | Operating modes

The operation of the proposed topology is explained through the following five modes of operation for various output
voltage levels in phase A. In this configuration, the DC-link capacitor voltage balancing is carried out with the use of
the AVBC. A positive direction is assigned to the instantaneous phase current if it leaves the output terminal (eg, the
current “i,” in Figure 1) and vice versa. The pole voltage pertaining to phase A is captured between the terminals
“A” and “0.” It is shown that the proposed five-level MLI is capable of generating five levels at Vo, namely, —V./
2, —Vy./4, 0, V4./4, and Vy4./2. Figure 3 presents the operating modes along with the details of conducting devices
and their corresponding load current (i,) directions.

N

3-0 R-L Load

FIGURE 2 Proposed nested three-phase five-level inverter [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Operating modes in a fundamental cycle [Colour figure can be viewed at wileyonlinelibrary.com]

Mode-0 (Va0 = 0): In this mode, for zero output voltage, Sa,, Sa3, and S,4 are continuously gated. The conduction of
a switch or its antiparallel diode is decided by the direction of i,. If i5 is +Ve, D,,, Sa3, and D,4 conduct; otherwise, S,4,
D,s, and S,, conduct.

Mode-1 (Vao=Vy4./4): When switching from Mode-0 to Mode-1, switch S,; is triggered after the complete turnoff of
S.o. A sufficient dead time (ty) is allowed between the switches S,; and S,,, to avoid the short circuiting of C,. The
switches S,; and S,4 remain gated. This connects the pole point (A) to the positive terminal of the capacitor C,. There-
fore, Vao = Vioy = Vao/4. If ia is +Ve, Sa1, Saz, and D, conduct; otherwise, Sa4, Da3, and D,; conduct.

Mode-2 (Vo = Vyc/2): When switching from Mode-1 to Mode-2, switch S, is triggered after the complete turnoff of
the switches conducting during Mode-1. This connects the terminal A to positive DC rail. Therefore,
Vao = Ver + Voo = Vg /2. If iy is +ve, S,; conducts; otherwise, D,, conducts.

Mode-3 (Vao = —Vy./4): In this mode, switches S,s and S,¢ are gated; this connects the terminal A to the negative
terminal of Cs. Thus, Vap = —Ve3 = —Vy /4. If i is —ve, S,5 and D, conduct; otherwise, S,¢ and D,s conduct.

Mode-4 (Voo = —Vgc/2): When switching from Mode-3 to Mode-4, switch S5 is triggered after the complete turnoff
of the switches conducting during Mode-3. This connects the terminal A to negative DC rail. Therefore,
Vao = —(Ves + V) = —Va /2. If iy is —ve, S.g conducts; otherwise, D,g conducts.

Table 1 summarizes the switching sequence for the generation of all the five levels present in the pole voltage (Vo).
The digits “1” and “0” represent the switching states of ON and OFF, respectively. It is noticed that a maximum of 9
(ie, 3 x 3) devices out of 24 conducts in any given mode and the number of switching transitions between any two volt-
age levels is not more than two. This results in reduced semiconductor losses and higher efficiency of the proposed
topology.

3 | MODULATION TECHNIQUE AND CAPACITOR VOLTAGE BALANCING

3.1 | Pulse width modulation generation

In this paper, the level-shifted in-phase disposition sine pulse width modulation (LSIPD-SPWM) scheme is implemented
for developing the control signals. This is due to the advantages of the lowest harmonic content in the output voltage as
compared with the other PWM schemes such as selective harmonic elimination technique and space-vector PWM.****
Figure 4 illustrates the schematic diagram of LSIPD-SPWM. It can be seen that the fundamental sine wave waveform is
compared with a level-shifted in-phase carrier waves and the corresponding output pulses for each voltage level for one
complete cycle. The required pulse pattern to each switch is generated using logic gates to produce the five-level output.
Here, the change in magnitude of the modulation index (m,) of the sine wave results in the change in the output pole
voltages from three levels to five levels or vice versa.
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TABLE 1 Switching states of the proposed nested five-level inverter (phase-a)

No. of Conductor

Vao Sa1 Saz Sa3 Sas Sas Sa6 Sa7 Sas Devices/Phase
Vael2 0 0 0 0 0 0 1 0 1
Vac/4 1 0 1 1 0 0 0 0 3
0 0 1 1 1 0 0 0 0 3
—Vaol4 0 0 0 0 1 1 0 0 2
—Vael2 0 0 0 0 0 0 0 1 1
Reference Signal Carrier Signals
Vael2 /]

ge Levels (V)
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FIGURE 4 Generation of control pulses —Vicl4 T r r r T
using level-shifted in-phase disposition ; : ' : :

sine pulse width modulation (LSIPD- ; ; ; i
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SPWM) [Colour figure can be viewed at 0 0.01

wileyonlinelibrary.com] Time (sec)

3.2 | Capacitor voltage balancing

In the proposed topology, four DC capacitors are connected across a single-input DC source. Normally, the balancing of

these capacitor voltages is tedious due to unequal charging and discharging periods. Also, in most of the practical cases,

unbalancing occurs in the middle capacitors. Therefore, to balance voltage across the DC-link capacitors, an auxiliary

balancing circuit is constructed as shown in Figure 2. It consists of two inductors, two power switches, and a diode.*
The two power switches Sg; and Sg, (balancing switches) are operated effectively in PWM mode to maintain the desired
voltage across the DC-link capacitors. Figure 5 shows the flowchart for the implementation of the capacitor charging
process. Here, the two balancing switches are operated at the same time by sensing the middle capacitor voltages Vi,
and V3 and charges to Vy./4 each through the balancing inductors Lg; and Lg,. The AVBC ensures the voltage regu-
lation of C, and C; and also the voltage balancing of capacitors C; and C,, because the charging and discharging path for
the C; and C, is associated with C, and Cs. Thus, the regulation of C, and C; voltages also ensures the balancing of C;

and C, voltages.*®
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FIGURE 5 Flowchart for capacitor voltage balancing

4 | ADVANTAGES AND COMPARISON OF THE PROPOSED TOPOLOGY

The lower number of conducting switches and reduced TBV of the switches in each phase are the main advantages of
the proposed nested 5L inverter. At any voltage level, two switches and a diode or one switch and a diode or a single
switch conducts per phase, which imparts higher efficiency to the MLI. The calculated TBV of the switches in a
three-phase configuration is 17% less compared with the NTT-5L inverter,'” because the proposed topology does not
require clamping diodes or FCs, which results in compactness and saving of floor space. The number of capacitors
required is 33% less compared with the 5L inverter proposed by N. D. Dao et al.** The need for only one DC supply ren-
ders the topology suitable for all power grid applications (similar to NPC and FC). The proposed MLI reduces the
requirement of DC sources by 83% compared with a conventional CHB inverter. Further, Table 2 provides a detailed
comparison of proposed topology with conventional and recent topologies based on switches, device ratings, clamping
diodes, flying capacitors, and the number of DC sources. Moreover, the absence of clamping diodes, flying capacitors,
and simple control makes the proposed configuration very attractive for renewable as well as industrial applications.

TABLE 2 Comparison of various three-phase five-level inverter topologies

Switches
Topology (SWs)
NPC-5L 24
FC-5L 24
CHB-5L 24
ANPC-5L" 24
NNPC-5L'® 24
HFC-5L** 26
NTT-5L" 26

NTLC-5L (proposed) 26

Clamping
Diodes

18

DC-link
Capacitors
4

4

Abbreviations: DC, direct current; TBV, total blocking voltage.

Flying
Capacitors

18

Balancing
Inductors

DC
Sources

1
1
6
1
2

—

TBV of the
SWs/Phase

2Vie
2Vae
2Ve
3Vie
2V4e
3.5V,
6Vac
525V,

Total
Components

47
47
30
30
41
36
34
34
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5 | RESULTS AND DISCUSSION

5.1 | Simulation results

In order to verify the feasibility of the proposed nested three-phase five-level inverter and the control scheme, first, the
model was developed in the MATLAB/SIMULINK software using the Xilinx blocks. The parameters selected for both
the simulation and experimental works are given in Table 3. The performance of the model is first tested in a simulation
environment for a power rating of 3.5 kW and 0.9 power factor (PF) lagging. The magnitude of 720-V DC link is con-
sidered to produce 400 V (L-L) at the output. The LSIPD-SPWM control pulses are developed at 4-kHz switching fre-
quency for both simulation and experimental work. In addition, a modulation index of 0.9 is chosen to produce the
five-level output voltage waveforms.

Figure 6A-C shows the measured waveforms of pole voltages, line voltage, and their corresponding load currents of
the proposed 5L inverter. The DC-link voltages of V; to V4 across capacitors under steady state are given in Figure 6D.
It can be noticed that the capacitor voltages are maintained constant at the average of 180 V and the voltage ripples are
around 5% in V¢; and V¢4 and 3% in Ve, and V. This shows the effectiveness of the auxiliary balancing circuit in
balancing the capacitor voltages during loading conditions. Also, Figure 6E illustrates the % total harmonic distortion
(THD) of the synthesized inverter output pole-A voltage waveform, and most of the harmonics are dominated around
the switching frequency of 4 kHz.

5.2 | Experimental results

Figure 7 depicts the prototype model of the proposed nested three-phase five-level inverter. The inverter circuit is built
with IGBT-based VSI with in-built driver circuits. The auxiliary balancing circuit is constructed to balance the DC-link
capacitors voltages. The control algorithm is implemented using a high-speed low-cost SPARTAN-6 (XC6SLX45) field-
programmable gate array (FPGA). The output of the FPGA pulses is as low as a magnitude of 3.3 V and boosted to 15 V
through an in-built driver circuit to trigger the IGBT switches. A 100-V DC power supply is used to feed the power cir-
cuit, and the response of the proposed topology is measured using a four-channel DPO3034 Tektronix Oscilloscope.

Figure 8A,B illustrates the response of pole voltages and a line voltage with the corresponding load current at an m,
of 0.9. Figure 8C,D illustrates the DC-link capacitor voltages for a step change in load current approximately from 2 to
5 A. It is observed that the developed control scheme and the AVBC well balance the DC-link capacitor voltages. More-
over, Figure 8E illustrates that the measured THD of pole-A voltage is 34.1%, which is very close to the simulated result
of 33.85%. The close agreement between the simulation and experimental results shows the effectiveness of the pro-
posed structure, and it is well suitable for medium-voltage applications

5.3 | Efficiency calculation

Figure 9 depicts the measured efficiency comparison of the proposed nested 5L inverter with NTT-5L inverter. The effi-
ciency curves are evaluated in PSIM?® using discrete IGBT thermal modules of distinct voltage ratings as per the device

TABLE 3 System parameters

Parameter Simulation Experimental

DC-link voltage 720 V 100 V

Output power 3.5 kW 500 W

Each capacitor voltage 180 V 25V

Capacitors (Cy, Cs, Cs, and C,) 1, 2, 2, 1 mF, respectively 1, 1, 1, and 1 mF, respectively
Inductors (Lg; and Lg,) 1 and 1 mH, respectively 1 and 1 mH, respectively
Rated load 8 A 5A

Switching frequency 4 kHz 4 kHz
Fundamental frequency 50 Hz 50 Hz

Abbreviation: DC, direct current.
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FIGURE 6 Simulation results. A, Pole voltages. B, Line voltage. C, Three-phase line currents. D, Direct current (DC)-link capacitor
voltages. E, Harmonic spectrum of pole voltage (V50) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Experimental setup [Colour figure can be viewed at wileyonlinelibrary.com]

stress, at different loading conditions, wherein the maximum power output, m,, and PF are fixed to 3.5 kW, 0.9 and 0.9
lag, respectively. Table 4 lists out the selected IGBT semiconductor devices for efficiency computation. It is noticed that
the efficiency of the proposed configuration is high compared with the NTT-5L inverter and maximum efficiency of
95.7% 1is achieved. This shows the effectiveness of the proposed nested 5L inverter, and it is well suitable for
medium-voltage applications.

5.4 | Applications
The proposed topology can be adopted for various applications:

1. It has the ability to operate in all four quadrants of V-I plane; hence, it is suitable for speed control of motor drives.*®
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FIGURE 8 Experimental results at m, = 0.9. A, Pole voltages. B, Line voltage (Vap) and line current (i,); time scale (4 ms/div). C,
Variation of voltage across direct current (DC)-link capacitors C; and C, with regard to change in load. D, Variation of voltage across
DC-link capacitors C, and C; with regard to change in load; time scale (4 s/div). E, Harmonic spectrum of pole-A voltage (from comma-
separated values [CSV] file) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Efficiency curves [Colour figure can be viewed at wileyonlinelibrary.com]

2. It has the capability of absorb or delivering the reactive power; hence, it is suitable as a static volt-ampere reactive
(VAR) compensator.?’

3. The proposed topology also facilitates to use solar power at the DC input, to produce AC output from the inverter
for grid integration. Hence, the proposed topology is suitable for grid integration of renewable energy sources.®

4. The input DC voltage can scaled to higher values to produce an output voltage of 3.3/6.6 kV, which makes the pro-

posed topology suitable for medium-voltage industrial drives.

1,21
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TABLE 4 Selection of IGBTs for efficiency calculation

Device Parameters

Device Voltage Stress

Switches (V) for Vg, = 720 V Part Number BVcgs (V) Vceseat (V)
Sx1> Sx2> Sxa, and Sxe 180 HGTG20N60A4D 600 1.8

Sx3 360 FGH40T70SHD 700 1.7

Sxs 540 IHW30N110R3 1100 1.55

Sx7 and Syg 720 FGA20S140P 1400 1.9

Note. x = phase number = A, B, and C; BV¢gs = collector to emitter breakdown voltage; Vcgssay) = collector to emitter saturation voltage.

6 | CONCLUSION

This paper introduces an improved nested MLI configuration for single DC source-fed three-phase five-level hybrid
inverter for medium-voltage applications. This configuration is developed by the nested connection of TLCs to build
a common DC link with a reduced blocking voltage of the switches and to get rid of FCs. LSIPD-SPWM control scheme
using logic functions is employed in Xilinx FPGA processor. The merits of the proposed topology are investigated with a
single DC source, reduced component count, and TBV of the switches. Finally, the working and feasibility of the pro-
posed 5L inverter are examined through simulation and experimental studies under steady state as well as during load
changes. The DC-link voltages are well balanced with the AVBC using the simplest control scheme. Maximum effi-
ciency of 96% can be achieved with the proposed configuration, which makes it suitable for various industrial and
renewable applications.
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