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ABSTRACT

In this paper, advanced DC-Link (DCL) based reversing voltage type Multilevel Inverter (MLI) to-
pologies by compensating the difficulties in the conventional MLIs are reviewed. These topologies
consist of less switching components and driver circuits when compared with conventional MLIs
predominantly in higher levels. Consequently, installation area, total cost and hardware difficulties are
reduced by increasing the voltage levels. The unipolar based Pulse Width Modulation Schemes (PWMS)
will improve DCL inverters performance. This paper presents unipolar Multi-Reference (MR) based
sine and space vector PWMS with single triangular carrier wave for generating required levels in output
voltage. Comparison between UMR sine and space vector PWMS for DCL inverter topologies is pre-
sented in terms of Fundamental Output Voltage (FOV) and Total Harmonic Distortion (THD). The
research tries to establish the survey analysis for single-phase 7-level DCL based reversing voltage type
MLI topologies with UMR based sine and space vector PWMs. Finally, to confirm the feasibility of
proposed DCL-MLIs in terms of FOV and THD the simulation results are incorporated. Further, the
prototype model is developed for single-phase 7-level DCL inverter with Field Programmable Gate
Array (FPGA) based UMR sine and space vector PWMS to authenticate simulation results. The effi-
ciency of the proposed cascaded MLI achieves the value of 99.003%.

KEYWORDS
diode clamped-DCL, capacitor clamped-DCL, cascaded-DCL, sine PWMS, space vector PWMS, THD

1. INTRODUCTION

The increase in electrical energy demand leads to depletion in conventional sources. It also
leads to widespread research on power generation using renewable sources as solar and wind
energy. The power output of these energy converters highly depends on environmental
conditions; it results in wide research scope in the field of power system and power elec-
tronics. This leads to development of new converter topologies with required operation,
power management, and control. The most necessary circuit in Renewable Energy applica-
tions is inverter; it converts generated DC into AC and it is fed to load or grid. The con-
ventional Multi-Level Inverters (MLIs) were used during earlier days [1]. These MLIs
continue to have more consideration due to high voltage, low device stress, less switching
losses, high efficiency and less THD. The conventional MLIs primarily classified Diode
clamped MLI (DCMLI) [2], Flying capacitor MLI (FCMLI) [3] and cascaded MLI (CMLI)
[4]. These MLIs use high switching components, capacitors, and clamping diodes. As the
number of levels ‘m’ increases power switches vary accordingly i.e., conventional MLIs
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require 2 X (m-1)" but the DCL based MLIs require
‘(m+3)’. A review on Conventional MLIs with respect to
their applications was disclosed in [5-13]. The output of
conventional MLIs contains harmonics, so bulky and
expensive filters must be used before loading or powering
the application stage. The application and number of levels
on output with conventional MLI is limited due to high
voltage stress, switching loss and complex control.

To overcome the limitation with conventional inverter,
numerous topologies are introduced by the researchers in
[14-17]. The key research view is to design the MLIs with
reduced components for producing output voltage with
more levels. These MLIs receive more attention due to high
voltage operation capability, improved power quality, output
with near sine waveform, reduced number of switching
components, high efficiency, and reduced switching losses,
less complex and low electromagnetic interference. These
proposed topologies will operate with single or multiple
sources. If it is operating with single source, capacitors are
used as potential dividers or if it operates with multi sources,
it may be with equal or unequal magnitude. If it is unequal,
it may be with ratios such as 1:2:3... or 1:2:4... Also all the
switches used in the circuit will operate at same frequency or
with different frequencies.

With the advances in MLI topologies, challenges raise in
controlling the switches with appropriate Pulse Width Mod-
ulation (PWM) schemes [18-21]. The considerable advance
in PWM methods has been observed over the years. The
PWM methods are classified as low or fundamental switching
and high switching PWM methods. The low switching fre-
quency PWM provides considerable performance when
compared with high frequency PWM techniques [14]. Also,
PWM methods are classified as Sinusoidal PWM (SPWM)
and SVPWM, these approaches will have high switching
frequency and provide faster transient response [15, 16]. The
topology with boost control is proposed in [18], this topology
has reduced number of switches, operates with single source
with capacitors as potential dividers. The voltage balancing
across potential dividers is obtained with simple technique.
Furthermore, based on the carrier based PWM systems it was
categorized as Phase Shifted PWM (PSPWM) [21] and Level
Shifted PWM (LSPWM) method [19, 20]. In LSPWM tech-
nique [22] the carriers used may be either unipolar or bipolar
and based on how the carrier is distributed it is classified as
Phase Dispose PWM (PDPWM), Phase Opposition Dispose
PWM (PODPWM) as well as Alternate Phase Opposition
Dispose PWM (APODPWM).

Currently, there has been a substantial growth of interest
in multilevel energy conversion. However, the currently
utilized inverter topologies are mostly discussed as useable
multi-level inverters. A few methods of the above mentioned
topologies are called 3/2 cascade multilevel inverter (CMLI)
[23, 24]. Certain uses for novel converters have industrial
drives [25], flexible AC transmission systems (FACTS) [26],
as well as vehicle propulsion [27]. The efficiency and power
quality are of great concern to investigators [28].

Certain novel methods have recently been presented
like topology using high-power, low-switching-frequency
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devices [29]. Though the topology consists of certain modi-
fications to decrease output, the overall drawback of this sys-
tem contains low-order current harmonics [30]. In [31], the
multilevel output is created using multi-winding transformer.

This paper presented a review on advanced DCL based
MLI topologies based on a single-phase 7-level DCL. It
consists of Full-bridge inverter (FBI) and DCL. The DCL can
be capacitor clamped or diode clamped or cascaded, used to
obtain required positive or negative steps and FBI is used to
change the polarity. When compared to the conventional
MLIs, the DCL based MLI topologies can have enriched
performance by employing the UMR based PWMS [32].
This paper presents the UMR with Space Vector PWMS to
increase FOV and reduce THD [33] for DCL based MLIs
and compare the performance of the Space Vector based
PWMS with sinusoidal PWMS.

The most utilized topologies are fixed neutral point [34],
the floating capacitor [35] and cascaded H-bridge inverter
[36]. Most of them are controlled by sinusoidal PWM
extended to multicarrier arrays of two sorts: level shifted
(LS-PWM) called phased array, and phase shifted
(PS-PWM) [37]. The modulation approaches have multi-
level extension of SVM [38], multilevel selective harmonic
removal [39], and multilevel space vector control [40]. These
modulation systems are theoretically conceived as an
inverter powered by a constant DC link. At real applications,
the capacitor voltage has considerable ripple [41]. Ripple
becomes significant when non-linear loads are powered.
This low frequency ripple is transmitted to load based on
low pass nature of load. This low-frequency cannot be
modified under open loop uses, it could be somewhat
remunerated for by drivers on closed loop [42].

2. STRUCTURE OF DCL BASED REVERSING
VOLTAGE TYPE MLI

The block diagram of DCL based reversing voltage type MLI
is shown in Fig. 1 [43]. The main idea with reversing voltage
type MLI is that the level generating circuit produces posi-
tive stepped waveform and the full-bridge circuit generates
negative as well as positive levels in output voltages.

At conventional multilevel inverters, semiconductor
switches combine to create high-frequency waveforms.
However, it is not necessary to use all the switches to pro-
duce bipolar levels. One portion is named level generation

Level Full Bridge
D(SZuPO\lzver »| Generation »| Circuit for »{  Load
e Unit Polarity

i i

| Driver Circuit |
7'y

| PWM Controller |

Fig. 1. Block diagram of DCL based reversing voltage type MLI
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part on positive polarity. The topology merges two portions
(high and low frequency). The seven level RV topology is
presented in Fig. 1. In Figure 1, level generation unit creates
the necessary output levels with positive polarities of output
voltage and reversing the direction of voltage is obtained by
using full bridge circuit.

This topology is simply extended to greater voltage levels
by doubling the intermediate phase presented in Fig. 1. This
topology utilizes isolated DC supplies. So there are no face
voltage balance problems based on fixed DC voltage values.
Compared to cascade topology, it needs only one third (1/3)
of the isolated power supplies utilized at cascade-type
inverter.

Figure 1 can be extended to three-phase inverter for
seven levels using delta-connected three-phase load. The
DCL based reversing voltage type multilevel topology is fed
to full bridge converter to produce necessary voltage levels.
The secondary transformer is delta connected (A) related to
three-phase system. Another benefit of this topology is the
need of half as many conventional carriers. Thus, imple-
menting multilevel inverter use decreased the count of car-
riers. Another drawback of this topology is that the entire
switches must be chosen among fast switches.

There is no need to use all high frequency switches in
DCL based reversing voltage type MLI topologies. This to-
pology divides the circuit into two parts, which are the po-
larity and level producing circuits. The level generation
circuit generation levels with positive polarity, and polarity
circuit generates the positive and negative levels on output
voltage. The level generation circuit requires maximum
frequency power switchers and the polarity reversing circuit
requires slow frequency power switches that work at
fundamental frequency.

3. PROBLEM FORMULATION - DCL BASED
REVERSING VOLTAGE TYPE MLI TOPOLOGIES

3.1. Diode clamped-DCL (DC-DCL) inverter

Figure 2 shows the three-phase 7-level DC-DCL inverter
based on diode clamped phase-leg and FBI.

Table 1 gives comparison details of conventional and
DCL based MLI for obtaining 7-level output for diode
clamped type MLI. It clearly shows a considerable reduction
of the number of components with the suggested structure
[44, 45]. The percentage reduction in components will be
high with increase in the number of levels as mentioned
before. Table 2 presents switching states of DC-DCL inverter
to generate required output phase voltages.

3.2. Capacitor clamped-DCL (CC-DCL) inverter

Figure 3 presents the arrangement of single-phase 7-level
CC-DCL inverter depending on capacitor clamped phase-leg
and FBI. Table 3 shows comparison details of conventional
and DCL based MLI for obtaining7-level output for capac-
itor clamped type MLL
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Fig. 2. DC-DCL based reversing voltage type inverter

Table 1. Components comparison of conventional and DCL
inverter for diode clamped MLIs

Diode clamped type

Components Conventional DCL
Switches 12 10
Clamping diodes 10 4
Voltage splitting capacitors 6 3

Table 2. Switching states of DC-DCL inverter

Conduction paths for the DC-DCL

S. No based reversing voltage type inverter Voltage levels
1 Ca3 - Caz - Cal - Sal - Saz - SaS - S217 - +3Vdc
Load - S,g
2 Ca3 - Ca2 - saZ - Sa3 - Sa4 - Sa7 - Load - +2Vdc
538
3 Ca3 - Sa3 - Sa4 - SaS - Sa7 - Load - SaS +Vdc
4 Sa4 - sas - Sas - Sa7 - L()ad - SaS 0
5 Cas = Sa3 = Saq = Sa5 = Sq0 — Load - Sy Ve
6 Ca3 - CaZ - SaZ - Sa3 - Sa4 - Sa9 - Load - _2Vdc
salO
7 Cas = Caz = Ca1 = Sa1 = Saz = Sa3 = Sag - -3V
Load - S,10

Table 4 presents the switching states of CC-DCL inverter
to generate required output phase voltages.
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Fig. 3. CC-DCL based reversing voltage type inverter

Table 3. Components comparison of conventional and DCL
inverter for capacitor clamped type MLIs

Capacitor clamped type

Components Conventional DCL
Switches 12 10
Clamping Capacitors 5 2

Fig. 4. C-DCL based reversing voltage type inverter

Table 5. Components comparison of conventional and C-DCL
inverter for cascaded type MLIs

Cascaded type
Components Conventional C-DCL
Switches 12 10
DC 3 3
Clamping diodes 0 0
Capacitors 0 0

Table 4. Switching states of CC-DCL inverter

Conduction paths for the CC-DCL

S. No based reversing voltage type inverter Voltage levels
1 Vdc - sal - SaZ - Sa3 - sa7 - Load - Sas +3Vdc

2 Cal - Sal - SaZ - Sa4 - Sa7 - Load - S38 +2Vdc

3 Ca2 - Sal - SaS - Sa4 - Sa7 - Load - Sa8 +Vdc

4 Saa — Sas — Sas — Say — Load - S8 0

5 CaZ - Sal - SaS - Sa4 - Sa9 - Load - SalO _Vdc

6 Cal - Sal - SaZ - Sa4 - Sa9 - Load - SalO _ZVdc

7 Vdc - Sal - SaZ - Sa3 - Sa9 - Load - SalO _3Vdc

3.3. Cascaded-DCL (C-DCL) inverter

Figure 4 shows the single-phase 7-level C-DCL inverter
[46, 47]. Each cascade unit is created by relating half-bridge
cells in series. Table 5 gives comparison details of conven-
tional and DCL based MLI for obtaining 7-level output for
cascaded type MLIL It clearly shows that there is a consid-
erable reduction of the number of components with the
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suggested structure [5, 48]. The percentage reduction in
components will be high through the number of levels as
mentioned before. Table 6 presents switching states of
C-DCL inverter to generate essential output phase voltages.

Table 6. Switching states of C-DCL inverter

Conduction paths for the C-DCL based

S. No reversing voltage type inverter Voltage levels
1 Sas =Vaes = Saa = Vacz = Saz = Vaa = Say +3V4ce
- Load - S
2 SaS - Sa4 - Vdc2 - SaZ - Vdcl - Sa7 - Load +2Vdc
- SaS
3 SaS - Sa3 - SaZ - Vdcl - Sa7 - Load - Sa8 +Vdc
4 SaS - Sa3 - Sal - Sa7 - Load - Sag 0
5 SaS - Sa3 - saZ - Vdcl - Sa9 - Load - SalO _Vdc
6 SaS - Sa4 - Vch - SaZ - Vdcl - SaQ - Load _zvdc
- SalO
7 SaG _Vdc3 - Sa4 - Vdcz - Saz - Vdcl - Sa9 _3Vdc
- Load - SalO
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At this configuration, the magnitude of all DC voltage
sources is maintained at similar value (Vdcl = Vdc2
= Vdc3).

The peak output voltage will be the sum of the entire
input of DC voltages, whose magnitude is provided in
Eq. (1).

N S
Vo,max = Zi:l VdciVo,max = Zi:lvdd (1)

Therefore, C-DCL MLI topology, to generate 7-level
output requires 3 DC and 1 H-bridge circuit. Equation (1)
represents output level of reversing voltage type MLIL By
using the polarity generation unit, both negative and positive

VoA

Fig. 5. Estimated 7-level output

levels are obtained in the output. The synthesized voltage
levels in the output will be obtained using Eqs (2) and (3).

Vo, max =Y " +Vi, If Si7, Sas = 1 )

n
Vo, max =Y 7 <Vi IS, S0 =1 (3)

The estimated C-DCL based reversing voltage type MLI
output voltage levels are given in Eq. (4).

NLevels,l = (28 + l)H (4)

where ‘S’ refers to the number of DC sources.
The power switches for C-DCL based MLI can be esti-
mated by using Equation (5).

Ne=2(S,+S8+.....8,) +4H (5)

The generalized output wave form of the 7-level DCL
based reversing voltage type MLI is presented in Fig. 5.

This topology splits the output voltage into two por-
tions. One portion is known as level generation part at
positive polarity. This portion requires maximum fre-
quency switches to produce the essential levels. The other
portion is known as polarity generation part and it is in
charge of producing the polarity of output voltage. The
topology syndicates two portions (high and low frequency)
to yield the multilevel voltage output. The seven-level RV
topology is shown in Fig. 4. The key idea of C-DCL based
MLI topology is left side of the circuit produces essential
output voltage levels. This portion is called as level gen-
eration unit, whereas, full bridge inverter is essential to
change the positive polarity of voltage to a negative
polarity.

This topology is simply extended to maximum voltage
levels by doubling intermediate phase and is shown in Fig. 4.
The maximum voltage levels including intermediate phase
are shown in Fig. 4. Consequently, there are no voltage
balance issues based on fixed DC voltage values. Based on

Pulse generation for
Level generator unit
___|Reference Wave 5 Unipolar [
Vel Conversion
Carrier Wave > —
’v(if
Reference Wave |  Unipolar A
; > 3 » +
Vara Conversion
]
Reference Wave Unipolar n
Vet 3 "| Conversion 2|
L—»| —
ZCD
Pulses for l
Full bridge
S

Fig. 6. Pulses generation for 7-level DCL based MLIs
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Fig. 4, the multilevel positive voltage is based on full-bridge
converter. The secondary transformer is delta connected (A)
to a 3-phase system. This topology needs fewer components
compared to conventional inverters. The multilevel con-
verter operates only on positive polarity and does not create
negative polarities. Thus, it executes multilevel inverter
through decreased number of carriers. Another drawback of
this topology is that the all the switches must be chosen from
among fast switches.

4. MODULATION STRATEGIES

In this paper, unipolar MR based PWMS is incorporated
with sine and modified space vector references to generate

A 3 1 1 1
21 L
=z
o1 r
=
[0
j=)]
s
501 I
>
Vref1
14 Vref2
Vref3
Vcarrier
-2 T Y T '
0 0.005 0.01 0.015 0.02
Time (Seconds)
B 3 1 1 1 1 1 1
24 L
m
211 i
=
[}
&
So4 L
=0
>
Vref1
-1 Vref2 r
Vref3
Vcarrier
-2 T T T T T T T T T

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (Seconds)

Fig. 7. a) Multi-Reference Sinusoidal PWM (MRSPWM) with
triangular carrier; b) Multi-Reference SVPWM (MRSVPWM) with
triangular carrier

pulses for DCL inverters. These reference signals are
sampled at each carrier cycle by triangular carrier signal, as
the modulation is symmetric. The carrier signal is triangular
waveform train using ‘fc’ frequency and ‘Ac’ amplitude
[49, 50]. The methods for producing pulses is depicted in
Fig. 6 for the DCL based MLIs for 7-level.

For ‘m’ levels, (m-1/2) references are required for
obtaining pulses for RV inverters. i.e, for 7-level inverters
three reference signals (Vief, Viepy and Vieg) are used for
carrier signal (Viuier). This theoretical modulation index
(M) with single carrier and multiple reference is defined as

Ap
=Ty (©)
2 *AC
The ‘M’ for DCL based MLIs for 7-level is defined as
Ay
=3 A (7)

For illustrating PWMS for DCL based reversing voltage
type MLIs, a 7-level inverter with M = 0.8 and my = 10 are
shown in Fig. 7(a) and (b), for the MR base sine and
modified space vector modulation signals respectively.

Pulses are required for H-Bridge to obtain positive and
negative levels on output voltage. The pulse generator is set
with amplitude ‘1’ and operating with fundamental fre-
quency of 50Hz. The switches S,; and S, are triggered at the
same instant with zero degree delay with pulse generator as
well as power switches S,o and S, are triggered with the
delay of 180° with pulse generator. If switches S,; and S,g are
turned ON, the positive levels will be obtained across the
load, while operation of switches S,9 and S,;, causes negative
levels to appear across the load.

5. COMPARISON WITH CONVENTIONAL MLIS

This section presents the comparison of DC-Link based
reversing voltage type MLI topologies with conventional
MLIs based on the number of levels generated for a given
components count.

5.1. Comparison of switching devices and number of
levels

The number of components essential in a host of inverter
topologies to obtain a definite level of output are presented
in Table 7 to bring out the importance of reversing voltage

Table 7. Component count comparison

Diode clamped type

Capacitor clamped type Cascaded type

Topologies/Components Conventional DCL Conventional DCL Conventional DCL
Main Switches 2 (m-1) m+3 2 (m-1) m+3 2 (m-1) m-+3
Main Diodes 2 (m-1) m-+3 2 (m-1) m-+3 2 (m-1) m+3
Clamping diodes 2 (m-3) (m-3) 0 0 0 0
Balancing capacitors 0 0 (m-2) (m-3)/2 0 0
DC bus capacitors m-1 (m-1)/2 0 0 0 0
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type MLI topologies. However, as the number of output level
increases, the main switches are maximized by 2 (m-1)’ and
‘m+3’ correspondingly for conventional and advanced DCL
based reversing voltage type MLI topologies.

Figure 8 presents graphical representation for com-
parison of essential number of switching components

Number of power switches (N)

0 5 10 15 20 25 30 35
Number of levels (m)

Fig. 8. Comparison of required number of switches

among conventional and advanced DCL MLI topologies.
This study revealed that the diode clamped based MLIs
have more clamping diodes, absence of modularity, and
unbalanced voltages. In capacitor clamped based MLIs,
more clamping capacitors are required, along with charge
unbalancing of capacitors at minimum switching fre-
quency and voltage balance control being the main issues.
The only disadvantage of cascaded based MLI is that it
needs a greater number of separate dc sources. It can be
decided that C-DCL based reversing voltage type MLI has
superior advantages over diode clamped and capacitor
clamped MLI topologies.

5.2. Comparison of components count, weight and
cost

The components count, weight and cost ($) comparison has
been analyzed for the DC-Link based reversing voltage type and
conventional MLIs, capacitor clamped and cascaded inverters.
The switch IGBT - FD300R06KE3, Capacitor - C4DEFP-
Q6380A8TK and Diodes — 85HF60 are considered for all MLIs
to have a precise comparison. Table 8 shows the required
components, weight and cost comparison of all the inverters.
Figures 9 and 10 give the weight and cost comparison. From
Figs 9 and 10, it is clear that the C-DCL inverter has less weight
and cost when compared to other inverters.

Table 8. Comparison of MLIs in terms of components count, weight and cost to generate7-levels

Diode clamped type

Capacitor clamped type Cascaded type

Topologies/Components Conventional DCL Conventional DCL Conventional DCL
Main switches 12 10 12 10 12 10
Clamping diodes 8 4 0 0 0 0
Clamping capacitors 0 0 5 2 0 0
DC bus capacitors 6 3 0 0 0 0
DC sources 1 1 1 1 3 3
Weight 7.149 kg 5.11kg 6.594 kg 5.03 kg 5.337kg 4.657 kg
Cost in $ 134,830 98,092 122,244 92,228 102,102 88,442
8 7.149
7 6.594
6 511 s 5.337
:-9 5 4.657
fo 4
[
=3
2
1
0
Diode Diode Capacitor Capacitor Cascaded MLI Cascaded MLI
Clamped MLI Clamped MLI Clamped MLI Clamped MLl  (Existing) (Proposed)
(Existing)  (Proposed) (Existing)  (Proposed)
Inverter type

Fig. 9. Comparison of MLIs in terms of weight
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Clamped Clamped Clamped Clamped MLI MLI
MLI MLI MLI ML (Existing) (Proposed)

(Existing) (Proposed) (Existing) (Proposed)

Inverter type

Fig. 10. Comparison of MLIs in terms of cost ($)

6. SIMULATION RESULTS

To check the performance of DC-Link based reversing
voltage type MLIs the detailed simulation was carried out
using multiple reference SPWM and multiple reference
SVPWM strategies with a single triangular carrier. During
assessment of DC-MLI, CC-MLI and C-MLI fed R-Load are
analyzed with 400 V input voltage, 5 KHz frequency and
10€2 load with variation of ‘M’ from 0.3 to 0.8.

6.1. DC-DCL based reversing voltage type MLI

The simulated AC output of 1-® 7-level DC-DCL inverter
with MRSPWM and MRSVPWM single carrier and its FFT
analysis are shown in Figs 11 and 12 for M = 0.8.

5
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Fig. 11. DC-DCL inverter with MRSPWM (a) Phase Voltage

(b) THD analysis

&
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Figure 11(a) depicts the simulated waveform of 7-level
DC-DCL inverter output with MRSPWM. The FOV of
DC-DCL inverter is 237.9 V. Figure 11(b) represents the
THD of the DC-DCL inverter. The DC-DCL inverter
is 24.19%.

Figure 12(a) portrays simulation results of DC-DCL
inverter output with MRSVPWM. The FOV of DC-DCL
inverter is 273.8V. Figure 12(b) signifies THD of
DC-DCL inverter. The %THD of DC-DCL inverter is 21.68%.
When compared to the MRSPWM technique %THD value
decreases; in-addition, this topology was replicated and
investigated for different modulations. The simulation results
along with THD are presented in Table 9.

300

200

Voltsge (volts)
5
o S
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1=

200

k- I3 - 13 I t ) =
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(b)

Fig. 12. DC-DCL inverter with MRSVPWM (a) Phase Voltage
(b) THD analysis
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Table 9. FOV (V1) and % THD for various PWM techniques for
DC-DCL inverter

PWM technique

MRSPWM MRSVPWM
Modulation Number % %
index (M) of levels Vs THD Vime THD
0.8 7- Level 168.2 24.19 193.6 21.68
0.7 7- Level 147 25.02 169.3 24.15
0.6 5- Level 126 33.19 144.9 25.35
0.5 5- Level 104.9 39.99 120.7 35.26
0.4 5- Level 83.83 44.14 96.46 41.86
0.3 3- Level 62.86 63.88 72.27 48.92

6.2. CC-DCL based reversing voltage type inverter

The simulated AC output of 1-® 7-level CC-DCL with
MRSPWM and MRSVPWM using single carrier and its FFT
analysis are shown in Figs 13-14 for M = 0.8. Figure 13(a)
represents the simulation results of the 7-level CC-DCL
based reversing voltage type inverter output with
MRSPWM. The FOV is 236.7 V. Figure 13(b) represents the
THD of CC-DCL inverter. The %THD of CC-DCL inverter
is 26.96%.

Figure 14(a) represents the simulation results of 7-level
CC-DCL inverter output using MRSVPWM. The FOV is
272.6 V. Figure 14(b) shows the THD of CC-DCL inverter.
The %THD value of CC-DCL inverter is 24.48%. When
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Fig. 13. CC-DCL inverter with MRSPWM (a) Phase voltage
(b) THD analysis
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Fig. 14. CC-DCL inverter with MRSVPWM (a) Phase voltage
(b) THD analysis

compared to the MRSPWM technique %THD value de-
creases. This topology was simulated and analyzed with
different modulation indices. The simulation results along
with THD are presented in Table 10.

6.3. C-DCL based reversing voltage type inverter

The simulated AC output voltage of the 1-® 7-level C-DCL
inverter with MRSPWM and MRSVPWM with single
triangular carrier and its FFT analysis are shown in Figs 15
and 16 for M = 0.8. Figure 15(a) represents the simulation
voltage waveform of 7-level C-DCL inverter with
MRSPWM. The FOV is 239.7 V. Figure 15(b) shows the
THD of C-DCL inverter. The %THD value of C-DCL

Table 10. FOV (V,,) and % THD for various PWM techniques for
CC-DCL inverters

PWM technique

MRSPWM MRSVPWM
Modulation Number of % %
index (M) levels Vims THD Vi,  THD
0.8 7- Level 167.4 2696 192.8 24.48
0.7 7- Level 145.9 27.77 168.8 2691
0.6 5- Level 125.6 3547 144.2 27.99
0.5 5- Level 104.5 4191 120 37.56
0.4 5- Level 83.2 46.24 96.01 44.04
0.3 3-Level 62.05 66.11 71.78  50.65
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inverter implies 23.88%. Figure 16(a) represents the simu-
lation voltage waveform of 7-level C-DCL inverter with
MRSVPWM. The FOV is 275.8 V. Figure 16(b) shows the
THD of C-DCL inverter. The %THD value of C-DCL
inverter is 21.22%. When compared to the MRSPWM
technique %THD value decreases. This topology was simu-
lated and analyzed with different modulation indices. The
simulation results along with THD are presented in
Table 11.

From Tables 9-11 it is concluded that C-DCL inverter
using MRSVPWM scheme with a single triangular carrier

Table 11. FOV (V) and % THD for various PWM techniques for
1-®7-level C-DCL inverters

PWM technique

MRSPWM MRSVPWM
Modulation Number % %
index (M) of levels Vime THD Vi THD
0.8 7- Level 169.6 23.89 195 21.34
0.7 7- Level 148.6 24.47 170.7 23.80
0.6 5- Level 127 33.28 146.1 2491
0.5 5- Level 106 39.39 122 34.66
0.4 5- Level 84.85 43.55 97.54 41.08
0.3 3- Level 63.5 63.5 73.14 48.03

C-DCL
Inverter

Driver
(a) circuit

CRO PC

(b)

Fig. 17. 7-level C-DCL inverter (a) Prototype model (b) VHDL
program implementation in FPGA
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has given good THD with FOV when compared with
MRSPWM technique.

7. HARDWARE IMPLEMENTATION OF C-DCL
INVERTER

The prototype model of the C-DCL based reversing voltage
type MLI is carried out for 7-level with Xilinx Spartan FPGA
to authenticate the simulation outcomes [46, 47]. The
C-DCL inverter is fed with R-load during hardware imple-
mentation and it is depicted in Fig. 17(a) and (b). It consists
of PC, Buffer circuit, Opto isolator, FPGA controller, Driver
circuit, and C-DCL inverter.

Generation of gate pulses with MRSPWM and
MRSVPWM systems using Xilinx ISE is presented in Fig. 18
(a) and (b), respectively.

The FOV is 193.6 V and %THD of C-DCL inverter is
22.16%. Tables 11 and 12 present experimental and simu-
lation outcomes with phase voltage and THD of C-DCL
inverter. From the experimental and simulation outcomes of
phase voltage and THD of DC-DCL, CC-DCL and C-DCL
based reversing voltage type MLI topologies with MR based
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PWMS it can be seen that maximal FOV and reduced THD
is obtained with MRSVPWM scheme. From the THD
analysis it is perceived that THD in output voltage of 1-¢
7-level C-DCL inverter using MRSPWM and MRSVPWM
modulation methods is 23.89% and 21.34%, respectively, for
‘M’ of 0.8.

%THD of experimental system is measured using digital
oscilloscope and THD results are presented in Fig. 19 (a)

Table 12. Experimental comparison of FOV (V) and THD for
7-level (m = 7)

PWM schemes with triangular carrier

MRSPWM MRSVPWM
Modulation ~ Number % %
index (M) of levels Vims THD Vims THD
0.8 7- Level 167.8 24.13 193.6 22.16
0.7 7- Level 146.3 25.68 168.2 24.57
0.6 5- Level 125.1 34.84 143.6 26.02
0.5 5- Level 103.83 41.23 120.86 36.32
0.4 5- Level 81.52 45.36 95.26 43.12
0.3 3- Level 61.02 65.26 71.58 49.92
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Fig. 19. Phase voltages of C-DCL inverter for M = 0.8 and
M; = 100 (a) Using MRSPWM (b) Using MRSVPWM

and (b) for MRSPWM and MRSVPWM methods, respec-
tively. It is perceived that, harmonic in output voltages is
24.13% and 22.16% respectively with ‘M’ of 0.8. Thus, the
simulation results of the C-DCL inverter for 7-level are
interpreted with respect to the experimental results with an
acceptable error of 2%. The results analysis reveals that the
FOV and THD values are varied inversely with different
modulation indices.

Table 13 explains the efficiency of conventional and
proposed topology. The proposed topology affirms the best
result over the conventional topology. The efficiency values
of the proposed topology are 99.003%.

Table 14 shows the DC-link balancing and voltage
deviation.

Table 13. Efficiency for various topologies

Various topologies Efficiency obtained (%)

Cascaded MLI (Proposed) 99.003
Cascaded MLI (Existing) 80.343
Capacitor clamped MLI (Proposed) 75.603
Capacitor clamped MLI (Existing) 55.893
Diode clamped MLI (Proposed) 79.6432
Diode clamped MLI (Existing) 61.0093
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Table 14. Framing of DC link balancing and voltage deviation

DC link balancing Voltage deviation

Cascaded Cascaded

MLI Cascaded MLI MLI Cascaded MLI
(Existing) (Proposed) (Existing) (Proposed)
0.28230 0.01093 10 4.5
0.04717 0.01095 11 5

8. CONCLUSIONS

An assessmet of 7-level DCL based DC-MLI, CC-MLI and
C-MLI topologies was carried out with respect to power
switches, weight, cost, driver circuits, FOV and %THD.
When compared to other well-known and recent MLI to-
pologies, DCL-based MLI topologies have fewer power
switches, carrier signals require less installation space. The
DCL based reversing voltage type MLIs are utilized in do-
mestic/industrial uses like Back-to-Back converters. The
presented advanced DC-DCL, CC-DCL and C-DCL based
reversing voltage type MLI topologies will increase the effi-
ciency, decreasing the size and cost of prototype related to
conventional MLIs. The switches and gate drivers are
selected and tested with the ready to print PCB designs and
simulations, to implement them in the hardware for all the
discussed circuits of inverters in future research work.
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