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ABSTRACT

Emerging renewable power generations such as photovoltaic, wind, and
fuel cells are getting much attention of the researchers in the present scenario due
to dwindling conventional energy sources. As per the renewable global status
report, the photovoltaic power generation systems (PVPGS) during the last decade
has an exponential growth due to low price and deserves a prominent place with
an overall global installation of 583.5 GW capacity by the end of 2019. Among
those, the grid-connected PVPGS occupied 90% of the market share due to its
simple structure, low cost, and longer life-time. Depends on the voltage and power
rating of the PV source, each grid-connected PVPGS comprises a series, parallel,
and both the combinations of PV modules, followed by inverter and filter circuit to

feed the generated power into the AC grid.

Based on the number of power processing stages, the inverters are
classified into single-stage and two-stage systems. The applications such as central
(100 kW to 850 kW) and string PVPGS (1 kW to 10 kW) require a single central
inverter to interface with a whole PV array to the grid, known as single-stage
inverter. Conversely, applications like module (<1 kW) and multi-string (10 kW
to 100 kW) PVPGS utilize a front end DC-DC converter followed by an inverter
for injecting PV power into the grid, known as two-stage inverter. Moreover, an
additional DC-DC converter is used prior to the inverter for extracting maximum
power from the PV source and for boosting the low PV voltage to higher DC
voltage. The number of PV modules which are connected in series are less in
two-stage inverter in comparison with the single-stage inverter to overcome the
effects due to partial shading and module mismatch. Whereas, the two-stage
inverter requires more number of passive components and power electronic
devices for boosting and inversion operations, which results in increased
component count and reduced efficiency. Since, both of the single-stage and two-
stage inverters have their own merits and demerits; hence they will optimally

selected based on the power generating capacity.

In both of the inverter configurations, galvanic isolation from the leakage

current is a major challenge to solve the safety and reliability issues of grid-
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connected PVPGS. To address this issue, both the single-stage and two-stage
inverters are further categorized into isolated type and non-isolated type based on
the placement of transformer in the power conversion stage. A bulky line
frequency transformer (LFT) in the AC grid side or a compact high frequency
transformer (HFT) in the DC source side is normally employed to provide the
galvanic isolation between the PV source and the grid. Besides the galvanic
isolation, it also steps up the low PV output voltage. However, the use of
transformer make the system become heavy, expensive and reduces its overall

efficiency.

To alleviate the above drawbacks transformerless or non-isolated inverters
becomes popular in the PVPGS. However, the removal of the transformer yields a
direct connection between the inverter and PV module. In consequence, a resonant
circuit is formed with the parasitic capacitances among PV module and ground,
filter inductors and grid impedances. The common mode voltage (CMV)
fluctuations produced by the inverter can excite this resonant circuit and causes the
flow of leakage current from grid to PV module through PV parasitic capacitance
(Cpy). This increases electro-magnetic interference (EMI), total harmonic distortion
(THD) and power losses, and also decreases the reliability and operational safety.
Therefore, various topologies and different pulse width modulation (PWM)
schemes have been proposed to reduce the leakage current and to enhance the

overall system efficiency.

In contemporary, multilevel inverters (MLIs) are emerging in the area of
grid-connected PVPGS because of its significant advantages like high quality of
power output by lowering the THD, reduced losses with the reduction in voltage
stress of the switches, reduced filter size with increased modularity. It is much
more advantageous to have such benefits in non-isolated PV inverter topologies
along with a reduction in leakage current. The popular MLI configurations are
neutral point clamped (NPC), flying capacitor (FC) and cascaded H-bridge
(CHB) inverters. The limitations of these MLIs are more component count,
voltage balancing issues and control complexity for an increased number of
output voltage levels. To overcome these drawbacks various other topologies are
also developed in recent years. Most of these topologies utilizes the classical

structures such as NPC, FC, CHB, and their variants. However, some of the



common limitations are stopping the usage of MLIs directly into grid-connected
PVPGS such as higher leakage current, requirement of isolated DC sources, and

increased component count.

Hence, there is a wide scope for further research in the area of single-
phase inverter topologies for grid-connected PVPGS. Moreover, to address the
aforesaid issues, namely, (i) operability with a single source, (ii) reduced switch
count, (ii1) leakage current reduction without the use of isolation transformer, (iv)
reactive power capability, and (v) high efficiency, this research focuses on the
development of different single-stage and two-stage inverter topologies for grid-
connected PVPGS. In this context, four single-stage configurations and three

two-stage configurations have been proposed in this thesis.

In the first proposal, a bi-directional clamping (BDC) based HS, Highly
efficient reliable inverter concept (HERIC), and H6 TLI topologies are proposed
with improved PWM schemes. BDC branch reduces the leakage current by
clamping the inverter terminal voltages to half of the DC-link voltage during the
freewheeling period and the improved PWM schemes ensure bi-directional
current path while operating in negative power region. The common mode and
differential characteristics of all the topologies are tested with MATLAB
simulations and further justified with experimental results. Moreover, the
performance characteristic comparisons of the proposed and traditional
topologies are presented to highlight the merits of the proposed solution over the

conventional.

In the second proposal, a novel two-stage power conditioner with the
inherent benefits of boosting, generation of seven-level output voltage with
minimum leakage current in a grid-connected PVPGS is proposed. The proposed
power conditioner is an upgrade of a front-end multi output dc—dc boost
converter and an asymmetrical seven-level inverter. A HFT employed in front-
end converter produces balanced dc-link voltages to generate the seven-level
output voltage. The leakage current caused by the parasitic capacitance of the PV
panel is minimized by providing a common-mode conducting path to the inverter.
This results in a reduction of the leakage current well below the grid standards.

Furthermore, the proposed configuration utilizes a minimum number of devices
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for every level generation, which reduces the control complexity and also

improves the system efficiency.

In the third proposal, a two-stage hybrid transformerless multilevel
inverter for single-phase grid-connected PVPGS is presented. The proposed
topology comprises a multilevel boost converter (MLBC) and a symmetrical
hybrid MLI. MLBC combines the boosting and switched capacitor voltage
functions to produce self-balanced multiple voltage levels. The proposed MLI is
derived from a combination of bidirectional switches, a half bridge, and a diode-
clamped branch, which can produce only two variations in the total common
mode voltage and is capable of suppressing leakage current as per VDE 0126-1-1
grid standards. It offers the advantages of scalability, reactive power capability,

reduced total harmonic distortion, and filter size.

In the fourth proposal, a T-type hybrid five-level inverter and its level-
shifted pulse width modulation scheme offers: (i) Reduced leakage current by
eliminating the high frequency variations and sudden transitions in the voltage
across PV parasitic capacitance, (i) A path for the negative current in all the
modes of operation under unity and non-unity power factor conditions of the grid
without degrading the waveform quality. Moreover, the proposed inverter is
integrated with a traditional three-level boost converter (3LBC) for boosting the
PV output voltage and also to extract maximum power from the PV source. The
3LBC provides high efficiency and reduced input inductor size for the same

power rating over the conventional boost converter.

In order to evolve steady state and dynamic performance of all the
proposed topologies reported in the thesis, a thorough investigation of all the
topologies has been achieved through both simulations and experiments. The
simulations are performed in MATLAB/Simulink software and the proto type
models are built using IRFP460 MOSFET modules and TLP250 opto coupler
driver ICs. The control schemes are implemented in MATLAB Platform using
Xilinx System Generator Blocks, Spartan 6 FPGA processor, and DSP
TMS320F2812/28335 processor for real time operation. The grid-connected
operation of the proposed topologies is verified using OPAL-RT OP4500 real-

time modules. Moreover, in this study, an exhaustive comparison of various
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topologies is shown based on component count, voltage stress across the
semiconductor devices, common mode voltage behavior, and leakage current
magnitude to demonstrate the merits of the proposed topologies. Finally, the
performance of the proposed topologies is evaluated through Power Simulation
(PSIM) thermal module and records maximum efficiency of 90-98%. This

ensures that the proposed topologies are most opted for grid-connected PVPGS.

viii



TABLE OF CONTENTS

ACKNOWIEAZEMENLS..............ooeiiiiiiiiecicece et i
ADSEIACE. ...t ettt v
Table of CONEENES..........c..coouiiiiiiiiiiieeeee e ix
LiSt 0f FiUIES........oociiiieiiee ettt e e eeae e xiil
List of Tables..........coooiii e xx1
ADDIevIations............ccooiiiiiiiiiii e XXii
List 0f SYMDBOIS........ccoooiiiiiii e XX1V
Chapter 1  INtroduction........ccceecccseicssancsssancsssancssssscsssesssssassssssssssssssssssssssnsssses 1
1.1. Back@round...........ccooveeeiiieeiiieciieeeee e 2
1.2. PV Power Generation Systems.............ccovveiiiinieiennnnnnn.. 3
1.2.1. Module INVerters. ..........ovuveiiiiniiiiiineiaenenn, 3
1.2.2. String InVerters. ........ooevvuiiiiiiiii i, 4
1.2.3. Multi-String Inverters...........c.ooevviiiiiieiiiienieennn.n. 4
1.2.4. Central Inverters..........coooviiiiiiiiiiiiiiiiiiien, 6
1.3. Classification of PV Inverter Configurations..................... 6
1.3.1. Single-Stage Isolated Inverter Configuration............. 7
1.3.2. Single-Stage Non-Isolated Inverter Configuration......... 7
1.3.3. Two-Stage Isolated Inverter Configuration............... 8
1.3.4. Two-Stage Non-Isolated Inverter Configuration........ 9
1.4. Analysis of the Leakage Current in Non-Isolated Inverter 9
topologies
1.5. Multilevel Inverter Technology..............ccccevvviiiiiinnn.... 12
1.6. Important Standards Dealing with the Grid-Connected 3
PVPGS s
1.6.1. Leakage Current............coeviieiiiieiiiiiieiinennnenns. 14
1.6.2. Total Harmonic Distortion.................ooevveiiiiine. 14
1.6.3. Reactive Power Capability...............coooeeiiiiin... 15
1.6.4. Standards and recommended practices for grid- 6
connected inverters in India ....................
L7, SUMMATY ...t e e eae e 16

ix



Chapter 2

Chapter 3

Chapter 4

Literature SUIVeY.....cceeicscsercsssercssesesssnssssssssssssssssssssssasssssasssssasssss 17

2.1 Introduction. . ..o 18
2.2. Classification of Single-Stage TLI Topologies................... 19
2.3. Classification of the Single-Stage Transformerless Multilevel
0] 010 (o o4 TS 32
2.4. Various types of Two-Stage Multilevel Inverter Topologies ... 43
2.5. Problem Formulation..............ccoooiiiiiiiiiiiiiii . 49
2.6. Organization of the thesis...............cooiiiiiiiiiii 49
Bi-directional Transformerless Inverter Topologies ........... 52
3.1 INtroduction. ..ot 53
3.2. Analysis of problems in H5, HERIC, H6, and Hybrid-Bridge 54
TLItopOlogIeS. ..ot
3.2.1. Analysis of oscillations in the junction capacitance of
the SWItChes. .......oovvieiiiiii e, %
3.2.2. Analysis of the Bi-directional current path in the
traditional TLI topologies.............coevviiiiniinn.n. >8
3.3. Proposed BDC based H5, HERIC, H6, and Hybrid-Bridge
TLItOPOIOZIES. ...ttt 0
3.3.1. Operating States.........c.oovevrieriiiiiieiianieeeennennen. 60
3.3.2. Improved PWM strategies.............coevvvvviieineennn... 63
3.4. Selection of passive COMPONENts...........cevvvveerneeennnennn.n. 66
3.5. Simulation results...........ooooiiiiiiiii 66
3.6. Experimental results.............coooiiiiiiiiiiiiii 70
3.6.1. Dynamic performance...............coeeviiiiiininnnnnnn. 79
3.7. Evaluation of Efficiency using PSIM thermal module.......... 81
3.8. SUMMAry... .o 83
3.9. ContribUtIONS. ... ..ttt 84
3.10. Papers Published.............coooiiiiiiii 84
A Two-Stage Seven-Level Power Conditioner for Photovoltaic
APPLICAtIONS. .coiuviiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiee certeintiiiaiiiaien
4.1, Introduction. ..o 86
4.2. System configuration...........ccoovveirieinieeineeieeiiieeineennnnn. 87
4.2.1. Front-end DC-DC boost converter.......................... 87



Chapter 5

Chapter 6

4.2.2. Asymmetrical seven-level inverter........................ 89

4.2.3. Closed-loop control system..............c.ceeevviinnennnnnnn. 89
4.3. Leakage current analysiS..........cceveviriiiiiiiiiiiniiiiannannens 94
4.4. Selection of passive filter components............................. 97
4.5. Simulation and experimental results............................... 97

4.5.1. Dynamic performance................ccccevveiiiiiinnneennn... 103
4.6. Evaluation of 10SS€S.......ouvvuiiiiiiiiiiiiii e, 106
4.7. Comparison of the proposed inverter with the existing

two-stage PV Inverters........ooevviiiiiiii i, Ho
4.8, SUMMATY . ..ottt e 111
4.9, CONIIDULIONS . ... e vttt 111
4.10. Papers Published...............oooiiiiiii 111
A Two-Stage Hybrid Transformerless Multilevel
INVEIRE auueeicniiiitiiiniiceiecnnincsnnecssnsecssntecssneeesssenssssscssssscsssnsssssnee 12
5.1 INtroduction. .......ovuiieii i 113
5.2. System desCription...........eveiiuiinieitiie i, 113
5.3. Operation of the multi-level boost converter...................... 115
5.4. Proposed hybrid transformerless multilevel inverter............. 116

5.4.1. Operating states of the inverter in different modes....... 116

5.5. Modified SLS-PWM technique with reactive power capability 121

5.6. Common-mode voltage analysis............ccceevvviiiiiiinenn.n. 124
5.7. Simulation results. ... 125
5.8. Experimental results..............cooooiiiiiiiiiiiiii 131
5.9. Comparison with existing topologies................ccevvienenn... 135
5.10. Efficiency calculation..............coooeiiiiiiiiiiiiiiien, 137
S L. SUMMATY. ... 139
5.12. CONIIDULIONS. .. e vttt e 140
5.13. Papers Published. ... 140
A Two-Stage T-type Hybrid Five-Level Transformerless
1) ) 141
6.1, Introduction. ..........oouiiiii i 142
6.2. System desCription...........coveeiiiiiriiiiiiiiit i eieiaaanns 143
6.2.1. Front-end 3LBC.........oooiiii 143

xi



6.3. Proposed T-Type Hybrid TLIL...............coooiiiiiiiii,
6.3.1. Circuit StruCture. ...........ooueieiiiiiii e,
6.3.2. Operating States..........oovvvriereiiiiieiianeaianeennnn.
6.3.3. Closed-loop control............cceiiiiiiiiiiiiiiiannn.e.

6.4. Common-mode voltage analysis............ccceevvviiiiiiininnn.n.

6.5. Simulation results. ...

6.6. Experimental results..............cooooiiiiiiiiiiiiiii

6.7. Comparison of the proposed TLI with other Five-level TLI

0] 010 [0 o4 TS

6.8, SUMIMATY ... ..ttt ettt e e e e enaeees

6.9. ContribUtIONS. ...ttt

6.10. Papers Published................ooooiiiiii e,

Chapter 7 Conclusion and Future SCOpe.......cccvvviiviiiiinniiiiinriciinnrcnnnns
.1 CONCIUSION. . .ot e e e,
7.2. Author’s CONtIIDULION. . . ... e e,
7.3, FULUI® SCOPE. ... entteinttet ettt e,
REFEIEIICES. ... e e e e e
LSt Of PUDBLICAtIONS . ..o e e e e aees
BHODIAA. ...ttt e et ———_

xii

160

166
167
167
168
169
172
173

175

183

185



LIST OF FIGURES

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1.1
1.2

1.3
1.4
L.5
1.6
1.7
1.8

1.9

Fig. 2.1

Fig. 2.2

Fig.2.3
Fig. 2.4
Fig. 2.5

Fig. 2.6

Fig. 2.7

Fig. 2.8

Fig. 2.9

Fig. 2.10

Global evaluation of PV installations.

Grid-connected PVPGS technologies: (a) AC module, (b) DC
Optimizer, (¢) String inverter, (d) Multi-String inverter, and (e) Central
inverter.

Single-stage isolated inverter configuration.

Single-stage non-isolated inverter configuration.

Two-stage isolated inverter configuration with: (a) LFT and (b) HFT.
Two-stage non-isolated inverter topology.

Parasitic capacitance of the PV module.

Typical structure of non-isolated inverter configuration with most
significant stray elements.

Classical multilevel inverter topologies: (a) Neutral-point clamped,
(b) Flying capacitor and (c¢) Cascaded H-bridge.

Classification of single-stage TLI topologies based on inductor
placement.

Asymmetrical inductor based TLI topologies: (a) Two-level inverter,
(b) Three-level NPC inverter, (c) Three-level ANPC inverter, and
(d) Three-level T-Type inverter.

(a) Full-bridge inverter, (b) Bipolar PWM, (c¢) Unipolar PWM.
Full-bridge inverter with decoupling network.

DC decoupling based: (a) HS inverter, (b) H6-I inverter, (c) H6-II
inverter, and (d) H6-III inverter.

DC decoupling based: (a) Passive clamped NPC H6 inverter, and
(b) ANPC H6 inverter.

AC decoupling based: (a) HERIC, (b) H6-Type, (¢) Hybrid-bridge, and
(d) H6-1V.

AC decoupling based: (a) Passive clamped HERIC-I, (b) HBZVR-D,
(c) Active clamped HERIC-II, (d) HRE, (e) PN-NPC, and (f) M-NPC.
Classification of the single-stage five-level TLI topologies based on
inductor placement.

(a) Diode clamped MLI, (b) HNPC MLL

xiii

9}

O o0 o0

11

20

33

34



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18

3.1

3.2

33

3.4
3.5

3.6

3.7

3.8

(a) Flying capacitor MLI, (b) SL-ANPC-I, (c) SL-ANPC-II, and

(d) SL-ANPC-IIL

Five-level (a) CHB-I inverter topology, (b) Packed U-cells inverter
topology

F-B based five-level topologies: (a) FB-NPC, (b) 5L-AHS6,
(c) SL-NPC, (d) SL-ANPC, (e) H5-HERIC, and (f) DBSML
Symmetrical Five-Level TLI topologies: (a) Cascaded MLI (CMLI)-I,
(b) CMLI-II, and (c) CHB-IL.

Two-stage dual DC source based five-level inverter (a) Topology 1,
(b) Topology 2, and (c) Topology 3.

Two-stage single DC source based five-level inverter (a) Topology 1,
(b) Topology 2.

Two-stage dual DC source based seven-level inverter (a) Topology 1
(b) Topology 2.

Two-stage single DC source based seven-level inverter
(a) Topology 1, (b) Topology 2, (c) Topology 3, (d) Topology 4.

HS5 TLI: (a) circuit structure (b) gate pulses.

HERIC TLI: (a) circuit structure (b) gate pulses.

H6 TLI: (a) circuit structure (b) gate pulses.

H-B TLI: (a) circuit structure (b) gate pulses.

Operating states, charging and discharging of switch junction
capacitances of H5 topology in positive power transferring mode: (a)
Positive half cycle, (b) Freewheeling period during positive half cycle,
(c) Negative half cycle, (d) Freewheeling period during negative half
cycle, (e) Charging and discharging of switch junction capacitances
during positive half cycle and (f) Simplified circuit.

H5 topology during negative power region; (a) positive v, and negative
Iq, (b) negative v, and positive ig.

HERIC topology during negative power region; (a) positive v, and
negative ig, (b) negative v, and positive i.

H6 topology during negative power region; (a) positive v, and negative

Iq, (b) negative v, and positive ig.

xiv

34

35

37

39

44

45

45

46

54

54

55

55
57

59

59

59



Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

3.9

3.10
3.11
3.12
3.13
3.14

3.15

3.16

Fig.3. 17

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.18
3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

H-B topology during negative power region; (a) positive v, and
negative ig, (b) negative v, and positive i.

BDC-H5 TLI: (a) Circuit diagram, (b) improved PWM.

BDC-HERIC TLI: (a) Circuit diagram, (b) improved PWM.

BDC-H6 TLI: (a) Circuit diagram, (b) improved PWM.

BDC-H-B TLI: (a) Circuit diagram, (b) improved PWM.

Operating modes of the BDC-HS5 inverter (a) Vyz= Ve, (b) Vag= 0,

(©) Vas=-Vic.

Operating modes of the BDC-HERIC inverter (a) V= Ve, (b) Vyp= 0,
() Vap=-Vic.

Operating modes of the BDC-H6 inverter (a) Vyz= Ve, (b) Vag= 0,

(©) Vas=-Vic.

Operating modes of the BDC-H-B inverter (a) V= Vi, (b) V=0,

() Vap=-Vic.

Closed-loop control of BDC based topologies.

Differential-mode and common-mode results; (a) H5, (b) BDC-H5
inverter.

Differential-mode and common-mode results; (a) HERIC, (b) BDC-
HERIC inverter.

Differential-mode and common-mode results; (a) H6, (b) BDC-H6
inverter.

Differential-mode and common-mode results; (a) H-B, (b) BDC-H-B
inverter.

Dynamic response of BDC-HS5 topology: (a) step changes in grid
current; power factor changes from: (b) unity to lagging and (c) unity
to leading.

Experimental test setup.

Differential-mode and common-mode characteristics of HS and BDC-
HS5 topologies.

Differential-mode and common-mode characteristics of HERIC and
BDC-HERIC topologies.

Differential-mode and common-mode characteristics of H6 and BDC-

H6 topologies.

XV

60

61

61

61

61

63

63

63

63

64
67

68

68

69

70

71

72

74

75



Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

3.28

3.29
3.30
3.31
3.32
3.33

3.34
3.35
4.1
4.2
4.3
4.4
4.5

4.6

4.7
4.8
4.9
4.10

4.11

4.12

Differential-mode and common-mode characteristics of H-B and
BDC-H-B topologies.

THD Measurement of current waveforms for H5 and BDC-HS5.
OPAL-RT real-time environmental setup

Front view of OP4500 module.

DB 37; (a) Digital port, (b) Analog port.

Dynamic response of the IH-B topology: (a) step change in the grid
current, transient change in power factor from (b) unity to lagging and
(c) unity to leading.

PSIM thermal model for the traditional H5 inverter.

Efficiency curves of the both traditional and BDC topologies.
Proposed single-phase two-stage power conditioner.

Operation forward boost converter (a) S1 is ON, (b) S1 is OFF.

MPPT control block.

Closed-loop control of inverter

Simulation waveforms of SLSPWM and corresponding gate pulses to
the inverter switches

Simulation results of the proposed power conditioner integrated with
closed-loop control when input insolation varies from 1000 W/m® to
800 W/m? and vice versa. The subplot gives the waveforms of (a) and
(f) PV characteristics; (b) and (g) Output PV power; (c¢) and (h)
Balanced DC capacitor voltages; (d) and (i) seven-level output voltage
of asymmetrical MLI; (e) and (j) grid voltage and injected current.

FFT spectrum of grid current.

(a) CM Equivalent circuit (b) Simplified CM equivalent circuit.
Experimental prototype for the proposed power conditioner.

Input voltage, current and DC-link voltage waveforms of
(a) simulation and (b) experiment.

Simulation and experimental results of seven-level voltage, load
voltage and current (a) and (b) unity power factor; (c¢) and (d) (0.9)
lagging power factor; (e) and (f) (0.9) leading power factor.

Simulation and experimental FFT spectra for unity power factor

operation (a) and (b) load voltage; (c¢) and (d) load current.

xvi

76

77
79
80
80

94
95
98
99

100

100



Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

4.13

4.14
4.15

4.16

4.17

4.18
4.19
4.20

5.1

52

53
54

5.5

5.6

5.7

Simulation and experimental waveforms of the (a) and (b) Terminal
voltages Vyn, Van, and Vs (¢) and (d) Vg and leakage current.
Simulation results of Vy., and leakage current.

Comparison of Vy ,, leakage current i; and its RMS value without and
with CM filter. (a) Ref []; (b) Ref []; (c) Ref []; (d) proposed topology.
Generation of the control pulses using DSP.

Experimental waveforms of (a) capacitor voltage (V¢;) with respect to
changes in input voltage; (b) and (c) load voltage, capacitor voltage
(Vc;) response with respect to step change in load.

Blocking voltages of the switches used in various MLI topologies.
Loss distribution in various topologies at 750 W of output power.
Efficiency curves (a) Theoretical and PSIM, and (b) Different input
voltages.

Proposed two-stage grid-connected PV inverter.

Operating condition of the switch (a) on-state (b) off state.

Proposed hybrid seven-level inverter topology.

Operating modes of the proposed topology when v, i, are positive and
Ve, I, are negative respectively (a) Vag= (Vc1+VeatVes), (state 1 in
table-5.1), (b) Vag= (Vc11tV2) (state 2 in table-5.1), (¢) Vag= Vi
(state 3 in table-5.1), (d) Vag= -(Vc1+V2+Ves) (state 6 in table-5.1),
() Vap= -(Ve2tV3) (state 7 in table-5.1), (f) Vag= -Vcs(state 8 in
table-1).

Operating modes of the proposed topology when v, positive and i,
negative, v, negative and i, positive respectively. (a) Vap =
(Vc1tVertVes) (state 1 in table-5.1), (b) Vag= (Vc1+Ve2) (state 2 in
table-5.1), (¢) Vap=Vc1 (state 3 in table-5.1), (d) Vap = -
(Vc1tVertVes) (state 6 in table-5.1), (€) Vag =-(Vc2t+Ves) (state 7 in
table-5.1), (f) Vag=-(V¢3) (state 8 in table-5.1).

Operating modes of the proposed topology in zero states (Vap=0); (a)
state 4 in table 5.1, (b) state 5 in table 5.1.

Switching patterns for the inverter switches with reactive power

capability.

xvii

101

101
102

104

105

107
109
109

114

115

117
118

120

121

122



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

59
5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

(a) Seven-level SLS-PWM technique, (b) Implementation of
SLS-PWM.

Equivalent common-mode model for the proposed topology.
Simulation results of MLBC; (a) input voltage, current and drain-
source voltage of Sb, (b) balanced capacitor voltages (c) total DC-link
voltage.

Simulation results for the proposed seven-level inverter: (a) seven-
level output voltage (b), (¢) and (d) v;and 7; at unity, lagging (0.58) and
leading (0.58) power factor operations respectively.

THD spectrums of the seven-level MLI: (a) terminal voltage Vg and,
(b) load voltage and, (c) load current with R load.

Simulation results of seven-level inverter; (a) voltage Van, (b) voltage
Viemy (FVen), (€) CMV, and (d) Leakage current ijcaxage-

Total common-mode voltage Vim (=Ven) and leakage current (licakage)
at three different parasitic capacitance and ground resistance
conditions.

Voltage and power results of grid-connected two-stage inverter when
insolation changes from 1000 W/m? to 600 W/m”

Proposed two-stage five-level inverter.

Simulation results of the proposed five-level inverter; (a) DC capacitor
voltages, (b) DC-link voltage, (c) five-level inverter voltage and,
(d) output load voltage and current after the LC filter.

Experimental setup.

Experimental results of the MLBC; (a) input voltage, current and
drain-source voltage of Sb (b) balanced DC-link voltages.
Experimental results of the proposed topology (a) total DC-link
voltage and seven-level voltage; load voltage and current under
(b) UPF, (c) 0.58 Ilagging, and, (d) 0.58 leading conditions
respectively.

Experimental results of the proposed topology (a) and (b) step change
in load current from high to low and low to high at constant output
voltage, and (c) transient voltage variations in input voltage and their

corresponding DC-link voltage.

xviii

123

124

126

126

127

128

128

129

130

130

131

132

132

133



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

5.22

5.23

5.24

5.25

5.26

5.27
6.1
6.2
6.3
6.4
6.5

6.6
6.7

6.8
6.9

6.10

6.11

Experimental results of the proposed topology (a) terminal voltages of
Van, Ven and Vey and (b) terminal voltage across DC source to
ground Vy, and corresponding leakage current.

Experimental FFT spectrums for the proposed seven-level MLI
(a) load voltage, (b) load current.

Experimental results of the proposed two-stage five-level inverter (a)
DC-link and level voltage, (b) filtered output voltage and current
waveforms under UPF.

PSIM thermal module model for the proposed two-stage seven-level
MLI.

Distribution of power losses in the semiconductor switches of
(a) hybrid seven-level inverter (b) multilevel boost converter.
Efficiency curve

Proposed two-stage T-type hybrid five-level TLI.

Block diagram of 3LBC with PI control.

Gate pulses and inductor current of 3LBC: (a) region 1, (b) region 2.
Proposed T-Type Hybrid Five-level TLI.

Operating states of the inverter: (a) State 1 (V= (Ve + Vez)), (b) State
2(Vap=Ve)

Operation of the inverter during state 3 (V45 =0).

Operating states of the inverter (a) State 4 (V= - V¢;), (b) State 5 (V45
=-(VartVe)

Closed-loop control of the proposed inverter topology.

Switching pulse generation corresponding to its operating states of the
proposed inverter.

(a). Common-mode equivalent circuit of the proposed TLI, (b)
Equivalent circuit in terms of CMV and DMV and (c) Simplified
circuit.

Simulation results of the proposed two-stage system when P, 1s
changing from 500 W to 300 W and setteled at 400 W; (a) sudden
changes in P.; (b) constant Q.. (c) total DC-link voltage and
capacitor voltages C/ and C2, (d)V43, (€) vy and 70*i,, (f) Veur.

Xix

134

134

135

138

139

139
143
144
144
145
146

147
148

149
149

151

154



Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.12

6.13
6.14
6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

Simulation results of the proposed two-stage system when Q,.ris
changing from 150 VAR to 0 VAR and setteled at -150 VAR;

(a) constant P, (b) sudden changes in O, (c) total DC-link voltage
and capacitor voltages C/ and C2, (d)V 43, (€) vy and 70%*ig, (f) Veu.
Common-mode characteristics of the proposed TLI topology.
Experimental prototype.

(a) Input voltage, DC voltages waveforms of 3LBC; Five-level voltage
(V4s), load voltage (Vi,uq), load current (ij,.4) and leakage current
(Tleakage) under (b) Unity power factor, (¢) Lagging power factor, (d)
Leading power factor.

FFT spectrums of load current under (a) Unity power factor,
(b) Lagging power factor, (c) Leading power factor.

(a) Inverter terminal voltages V4o, Vgo, Ve, (b) PV negative terminal
to ground voltage (Vy o) and leakage current (ijeakqge)-

(a) Dynamic performance of the proposed two-stage system (a) Step
change in real power; Step change in reactive power (b) Lagging (c)
Leading.

Efficiency curve.

Voltage across Cpy and leakage current of the; (a) Topologies [9]-[11],
(b) Topologies [12]-[13], (c¢) Topology [14] and (d) Proposed
topology.

FFT spectrum of the; (a) Topologies [9]-[11], (b) Topologies [12]-[13]
(c) Topology [14] and (d) Proposed topology.

(a) Parasitic capacitances versus leakage current curve, (b) Ground
resistance versus leakage current.

Loss distribution of the various TLIs with proposed topology.

XX

155

156
156
157

158

158

159

160

161

162

163

166



Table 1.1
Table 1.2
Table 1.3
Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2
Table 3.3

Table 4.1
Table 4.2
Table 4.3
Table 4.4

Table 4.5

Table 5.1
Table 5.2
Table 5.3

Table 5.4
Table 6.1

Table 6.2
Table 6.3

Table 6.4

LIST OF TABLES

Overview of grid-connected PVPGS.
IEEE 1547 THD standard for grid-connected PVPGS.

Table. 1.3 BIS / IEC standards for grid-connected PV inverters in
India

Comparative assessment of single-stage TLI topologies.
Comparative assessment of single-stage five-level TLI
topologies.

Comparative assessment of two-stage MLI topologies
Switching logic and CMV calculations of BDC based HS5,
HERIC, H6, and H-B TLI topologies

System parameters

Performance evaluation of the traditional and BDC based
topologies

Switching state of the asymmetrical seven-level inverter
System parameters

Selection of switches and diodes

Operation of various switches in different topologies
Comparison of different seven-level inverter topologies

Common-mode voltage calculation.

Comparison various two-stage configurations.

Comparison of the proposed topology with conventional
MLI topologies

Parameters and devices used for the calculation of efficiency

Switching logic of the inverter
System Parameters

Comparison of various multilevel topologies with proposed
configuration.
Comparison of conducting devices and blocking voltages for

various MLI topologies with proposed configuration.

xxi

15
15

29

40

47

65

67

78

89
99
107

108

110

120
136

136

137
146

153

164

165



ABBREVIATIONS

3LBC Three-level boost converter

AC Alternating Current

ADC Analog to digital conversion

AH6 Active H6

ANPC Active Neutral-Point Clamped

BDC Bi-Directional clamping branch

BPWM Bipolar PWM

BIS Bureau of Indian Standards

CCM Continuous Conduction Mode

CHB Cascaded H-Bridge

CMF Common-mode Filter

CMLI Cascaded Multitlevel Inverter

CMV Common-mode Voltage

CSI Current Source Inverter

CSV Comma separated values

DBSMI Double Bidirectional Switch Multilevel inverter
DC Direct Current

EMI Electro-magnetic Interference

FBNPC Full-Bridge NPC

FC Flying Capacitor

FPGA Field programmable gate array

H-B Hybrid-Bridge

H-B Hybrid-Bridge

HBZVR-D  H-Bridge Zero Voltage State Rectifier—Diode
HERIC Highly Efficient and Reliable Inverter Concept
HFT High Frequency Transformer

HIL Hard ware in Loop

HNPC Hybrid NPC

HRE Highly Reliable and Efficient

IEA International Energy Agency

IEC International Electro-technical Commission

xxii



IEEE
LFT
MDO
MLBC
MLI
M-NPC
MPPT
NPC
Pand O
PCB

PI
PN-NPC
PR
PSIM
PV
PVPGS
PWM
RMS
SLS-PWM
THD
TLI
UPF
UPWM

Institute of Electrical and Electronics Engineers
Line Frequency Transformer

Mixed Domain Oscilloscope

Multi-level boost converter

Multilevel Inverter

MOSFET-neutral point clamped converter
Maximum power point tracking

Neutral-point Clamped

Perturb and Observation

Printed circuit board

Proportional-Integral

Positive And Negative Neutral Point Clamped Converter

Proportional-Resonant

Power Simulation

Photovoltaic

PV Power Generation Systems

Pulse-width Modulation

Root-Mean Square

Sinusoidal level-shifted pulse width modulation
Total Harmonic

Transformerless Inverter

Unity Power Factor

Unipolar PWM

xxiii



LIST OF SYMBOLS

Cyc DC-link capacitor

Cpy PV parasitic capacitance

Cie, Cy;  Parasitic capacitance between the heat-sink and ground
Cr Filter capacitor

Chous Split DC-link capacitor

Coss Output capacitance

D Duty ratio

fs Switching frequency

I Resonance frequency

g ground

Imas Maximum load current
L, Reverse- recovery time
i Circulating current
Iref Reference grid current
ig Grid current

lleakage  Leakage current

Kp Integral constant

K; Integral constant

L1 Filter inductor 1

L2 Filter inductor 2

M, Modulation index

N Negative terminal of the DC source
P Positive terminal of the DC source
PLL Phase locked loop

Prated Output power rating

Psw.; Switching loss of the inverter
Pgw.p Switching loss of the boost converter
Pc Conduction loss of the inverter
Pcp Conduction loss of the diode

Psw.p Switching loss of the diode

Ry Damping resistor

XXiv



tp

Loff
ton

Tc

VAN

Van

Vap

)

S1

QS 2

Turn-off time of the diode

Turn-off time

Turn-on time

Total time of conduction

Voltage across inverter terminal A to negative terminal of DC
source

Voltage across inverter terminal B to negative terminal of DC
source

Differential-mode voltage

Common-mode voltage

Additional Common-mode voltage

Total common-mode voltage

DC input voltage

Grid voltage

Voltage between the source negative terminal to ground
Blocking voltage

Blocking voltage of the diode

Starting angle
Ending angle

Phase angle between grid voltage and current

XXV



Chapter

1

INTRODUCTION



Chapter 1

Introduction

1.1. Background

In the present scenario, renewable power generation is emerging to meet
the increased energy demands due to dwindling conventional energy sources. On
the other hand, an extensive scale of burning fossil fuels has a huge impact on
environmental pollution, global warming, and climate change. In such conditions,
the people are showing much interest in renewable power generation. There are
wide varieties of renewable energy sources like solar, wind, fuel cell, hydro, and
biomass, etc. In recent years, photovoltaic (PV) power generation is growing at a
rapid rate as per the study carried by International Energy Agencies (IEA). The
growth of PV power generation is exponential as depicted in Fig. 1.1 [1]. This is
mainly due to the falling prices of PV materials, technology development in the
production of large scale manufacturing of PV modules, deployable at any
location with suitable placement of PV arrays, improvement of semiconductor
technology, and associate inverter or converter topologies [2]. Thus, the
investment in the solar PV industry has a significant share in the market over the

other sources of renewable energy.
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Fig. 1.1. Global evaluation of PV installations.



Moreover, grid-connected PV power generation is more popular because
they do not need energy storage devices. Also, it can inject power into the grid
when there is no local demand. Lithium-ion and lead-acid batteries are generally
used as storage devices in standalone PV systems which reduce the reliability of
PV systems, increase the overall operation and maintenance cost and also require

additional controllers for charging and discharging.

Therefore, grid-connected PV power generation occupies 90% of the total
share in the PV market in comparison with the standalone systems [3]. In this
context, various grid-connected PV power generation systems (PVPGS) are
developed to convert the direct current (DC) generated from the PV source to
alternating current (AC) as per the standards and specifications of the grid.
However, the need for reduced device count, lower leakage current and better
quality of output waveforms motivate further research on this arena. Different
technologies employed for the PVPGS, PV inverter topologies, leakage current
issue in non-isolated inverters, and standards of grid-connected PV inverters are

described in the forthcoming sections.
1.2. PV Power Generation Systems

In general, the grid-connected PVPGS are classified into four important
categories named as a module, string, multi-string, and central inverters based on
the maximum power point tracking (MPPT) and power generating capacity as
shown in Fig. 1.2 and the same is compared in Table. 1.1. The brief description

of all the PVPGS are as follows [4]-[5];
1.2.1. Module Inverters

Module inverters are developed to mitigate problems like partial shading,
voltage mismatch, and uneven aging. Generally, they are arranged at the backside
of each PV panel due to its smaller size and compact design known as micro-
inverter. The micro-inverters provide the highest flexibility for the extension of
PV power generation with the simplest modular structure. Further, these inverters
are subdivided into two categories such as AC module and DC-optimizer as

shown in Fig. 1.2(a) and (b) respectively. In the AC module application, a single



PV panel is integrated with the grid by the use of a high voltage gain inverter or
with an additional DC-DC converter as shown in Fig.1.2(a).

Conversely, in the DC optimizers, each PV module consists of a separate
DC-DC converter for boosting the low PV voltage to higher DC-link voltage and
to enable the module-level MPPT. Further, outputs of all the DC-DC converters
form a high voltage DC bus that is connected to a central grid-connected inverter.
In all the micro-inverters, the number of power converters in a fully distributed
system increases due to their per module architecture. Since the possibility of
module-level MPPT, low PV system installation effort, easy monitoring, and
failure detection, module inverters are useful for complex roof structures, small

systems, or a combination of different roof orientations.
1.2.2. String Inverters

The string inverter is depicted in Fig. 1.2(c), where a single string of PV
modules is connected to the inverter for interfacing the PV power into the grid.
They can be subdivided into single-stage and two-stage topologies based on the
addition (or not) of DC-DC converter for voltage boosting. String inverter
registers less MPPT efficiency in comparison with the AC module inverter under
partial shading condition. Conversely, for the PVPGS of the same power rating,
the string inverter has more efficiency and lower cost per watt. The string inverter

is popular for small and medium scale PVPGS, especially for rooftop PV plants.
1.2.3. Multi-String Inverters

To improve the flexibility and MPPT performance of the string inverter,
the multi-string inverter is developed and is shown in Fig. 1.2(d). In this system,
the strings are divided into smaller groups and connected through an independent
DC-DC converter, all such groups are then connected to the single central
inverter. The additional DC-DC converter is used to attain better MPPT
performance and to boost the output PV voltage to high DC-link voltage. Thus,
the overall energy extraction from the PV source is improved and the control
complexity is reduced in comparison with the string inverters. The multi-string
inverters are suitable for both medium and large-scale PV power plants due to the

reduced effect of partial shading and voltage mismatching.
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Fig. 1.2. Grid-connected PVPGS technologies: (a) AC module, (b) DC Optimizer,

(c) String inverter, (d) Multi-String inverter, and (¢) Central inverter.

Table 1.1 Overview of grid-connected PYPGS

Inverter type Module String Multi-String Central
Power range | <1 KW <10 KW <500 KW <850 KW
Devices Mosfet Mosfet, IGBT Mosfet, IGBT IGBT
MPPT Type Module Large string Small string Array
Converter Lowest High High Highest
efficiency (up to 96.5%) (up to 97.8%) (up to 98%) (up to 98.6%)
Positive * Flexible/Modular | * Reduced DC * Flexible/ * Simple
features * Easy installation wiring Modular structure
* Plug-play type * Transformerless * Low cost for * Highest
* Highest MPPT (very common) multiple string converter
efficiency * Good MPPT systems efficiency
efficiency * High MPPT * Reliable
efficiency
Negative * High cost per * High component * Two-stage is * Needs blocking
features watt count mandatory diodes
* Two-stage system | * One string, one * Poor MPPT
is mandatory inverter performance
* High losses * Not flexible
Examples Siemens Danfoss DLX 4.6 SMA SB5000TL | SMA MV Power
SMIINV215R60 and ABB PVS 300 and SATCON Platform and 1.6
and Power One Solstic Siemens
aurora MICRO - SINVERT
0.3-1 PVS630




1.2.4. Central Inverters

The central inverter is depicted in Fig. 1.2(e), where a single inverter is
interfaced with a whole PV array to the grid. The PV array is composed of series-
connected PV modules (called a string) to produce a sufficiently higher voltage.
These series connections are then connected in parallel based on the current
requirement. A blocking diode is connected in series to each PV string to avoid
the reverse flow of current under partial shading or voltage mismatch occurs.
Also, only a global MPPT is possible in this configuration due to a single inverter
connected to the whole PV array, which leads to the lowest MPPT efficiency of
all PVPGS. But, it provides a simple structure, reliable, and efficient converter,

making it one of the most common solutions for large scale PVPGS.
1.3. Classification of PV Inverter Configurations

From the above discussion, it is observed that either a single central
inverter (i.e., single-stage) or an inverter with front-end DC-DC converter (i.e.,
two-stage) are being used with the grid-connected PVPGS. Generally, an
additional DC-DC converter is used prior to the inverter for extracting maximum
power from the PV source and for boosting the low PV voltage to higher DC
voltage. The number of PV modules which are connected in series are less in
two-stage inverter in comparison with the single-stage inverter to overcome the
effects due to partial shading and module mismatch. Whereas, the two-stage
inverter requires more number of passive components and power electronic
devices for boosting and inversion operations, which results in increased
component count and reduced efficiency. Since, both of the single-stage and two-
stage inverters have their own merits and demerits; hence they will optimally
selected based on the power generating capacity. In both cases, galvanic isolation
from the leakage current is a major challenge to solve the safety and reliability
issues of grid-connected PVPGS. To address this issue, PV inverters are further
sub-classified into four groups based on the placement of isolation transformer in

the power conversion circuit and they are explained as follows [6]-[7]:



1.3.1. Single-Stage Isolated Inverter Configuration

This topology comprises a DC-AC inverter and a line frequency
transformer (LFT) as shown in Fig. 1.3. The LFT step-up the low voltage to
medium voltage and also provides the galvanic isolation from the PV source to
the grid. It is the earliest and popular topology in almost all central inverter based
PVPGS. Nevertheless, the bulky LFT has several disadvantages such as low
power density, low efficiency, higher power losses, and increased cost of the

overall system.
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Fig. 1.3. Single-stage isolated inverter configuration.
1.3.2. Single-Stage Non-Isolated Inverter Configuration

The single-stage non-isolated inverter configuration is commonly known
as transformerless inverter (TLI) configuration. To overcome the drawbacks
associated with bulky LFT, it is eliminated from the power circuit as shown in
Fig. 1.4. However, removal of the transformer yields a direct connection between
PV inverter and the grid. Consequently, the common-mode voltage (CMV)
fluctuations produced by the inverter can excite the PV parasitic capacitance and
causes the flow of leakage current from the grid to PV module. This increases
electro-magnetic interference (EMI), total harmonic distortion (THD), and also
decreases the reliability and operational safety. To overcome these drawbacks
several types of transformerless inverter topologies and different pulse width
modulation (PWM) schemes were proposed in the literature. Thus, a negligible
amount of leakage current is attained without the use of a transformer in the
power circuit and also achieving the highest power density and efficiency.
Therefore, these inverter topologies draw more attention from the researchers,
industries, and policy makers to design and develop for grid-connected string and

multi-string PVPGS.
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1.3.3. Two-Stage Isolated Inverter Configuration

In this category, an LFT or a high-frequency transformer (HFT) is placed

between the PV panel and the utility grid for providing isolation from the leakage

current as shown in Fig. 1.5. Generally, an LFT is placed at the grid side and

HFT is placed in the DC side as shown in Figs. 1.5(a) and (b) respectively. The

use of a transformer in either way for realizing the galvanic isolation has a great

effect on power conversion efficiency and power density of the grid-connected

PV system.
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Fig. 1.5. Two-stage isolated inverter configuration with: (a) LFT and (b) HFT.



Moreover, the cost, size, and weight of the transformer will increase in proportion
with the power rating of the system. In comparison with the LFT based isolation,
HFT based isolation offers reduced size, weight, and cost of the overall power
conversion system. However, the incorporation of HFT in the DC-DC converter
stage increases the number of power processing stages which further results in
reduced efficiency. Typically, the inverter topologies with HFT in the power

conversion stage are used in module inverters.
1.3.4. Two-Stage Non-Isolated Inverter Configuration

In this topology, both LFT and HFT are eliminated to reduce the power
losses, size, weight, and cost of the overall PV power conversion system as
depicted in Fig. 1.6. Moreover, the removal of the transformer from the power
conversion system improves efficiency and power density. Hence, these inverter
configurations are more popular for multi-string and AC module applications.
However, the elimination of the transformer causes a flow of leakage current
from the grid to PV source. Addressing the issue of leakage current and voltage
amplification in the grid-connected PVPGS, without the use of a transformer is a
new challenge for the researchers and industries to obtain the benefits of high

efficiency and high power density.

Converter Inverter
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©

Grid
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-
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Fig. 1.6. Two-stage non-isolated inverter topology.

1.4. Analysis of Leakage Current in Non-Isolated Inverter

Topologies

As per the above survey, the advantages derived by the elimination of
transformer from the power conversion stage has drawn more attention of the
researchers. However, removal of the transformer yields a direct connection

between PV inverter and grid. In this context, a resonant circuit is formed with the
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parasitic capacitances among PV module and ground, filter inductors and grid
impedances. This results in the flow of leakage current between the PV module
and stand-alone load/grid through the PV parasitic capacitance (Cpy). The flow of
leakage current increases EMI, THD, and power losses, and also decreases the

reliability and operational safety.

Generally, the leakage current path is created among PV modules and
ground due to the existence of parasitic capacitance (Cpy) between the aluminium
frame and solar cell, glass and solar cell of the PV module as shown in Fig. 1.7
[8]. The value of Cpy is mainly dependent on the surface area of the PV cell, the
distance between the PV cell and frame, atmospheric conditions, dust, humidity,
etc. Thus, the value of Cpy is not constant and it varies with respect to the
environmental conditions. The typical value of Cpy varies between several
picofarads to few microfarads. The current flowing through the Cpy is called
leakage current. Moreover, the magnitude of leakage current flowing mainly
depends on the value of Cpy and variations in the total common-mode voltage
(Vremv) as shown in (1.1).

: =C dVTCMV
lleakage - ~PV dt

(1.1)

PV module

Aluminium frame

Glass
Encapsulant-EVA

Solar cells
Encapsulant-EVA
Back sheet
Cw T \"‘x, ‘ ——T— Junction box
§=

Fig. 1.7. Parasitic capacitance of the PV module.

The analysis for finding the total voltage variations in CMV is explained
as follows; the typical structure of non-isolated inverter configuration with most
significant stray elements is illustrated in Fig. 1.8, where positive and negative
terminals of the input PV source are denoted with P and N, 4 and B are the output

terminals of the inverter respectively. As per the definitions, the common-mode
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voltage ‘Vey' and differential-mode voltage ‘Vpy are expressed in terms of

inverter terminal voltages Vv and Vpyas follows;

Vou =Van =V (1.2)
Voo Vav +Vay
CM —
2 (1.3)
IPV i
P > Inverter A > T >g
Cue -
VpV =T VAB J_ r\J Vg
) T
N
Cor=F EE R,
ileakage
g

Fig. 1.8. Typical structure of non-isolated inverter configuration

with most significant stray elements.

From the analysis given in ref [9], it is concluded that the V), may have a clear
influence on the leakage current generation. The additional CMV (Veupwm),

which is transformed from the Vpy,, is derived by

L2-1L1
2%(L2+L1) (1.4)

Vesi-pm =Vpu *

From (1.4), the Vpy, with asymmetrical filter inductors (L/ # L2) may have some
contributions to the CMV, resulting in additional leakage current. The total high-
frequency common-mode voltage V¢ can be evaluated by

Vv +V, Vv —=Vgy L2-L1
V. V. V. = ZANT VBN | PAN T VBN
remv = Vem TV em-pm > > (L2+L1) (1.5)

If, L1=O, VTCMV 1S s1mp11ﬁed by

Van +Vay  Vay =V,
VTCMV= AN2 BN+ AN2 BN ZVAN

(1.6)
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If, L2=0, Vrcpy 1s simplified by

VvtV Vi =V,
Veeny = AN2 BN AN2 BN _p

(1.7)

Where, the inverters are asymmetrical inductor configuration (i.e., L/=0
or L2=0), the necessary and sufficient condition to eliminate the leakage current

is that the inverter terminal voltage Vv or Vpy keeps constant.
If, LI=L2=L/2, Vicmy 1s simplified by

V,v+V,
Viewr = % =Vem

(1.8)

Once the inverters are with symmetrical inductor configuration (L/=L2),
the necessary and sufficient condition to eliminate the leakage current is that the
Vremy has no high-frequency variation. Usually, these high-frequency oscillations
depend on the topology structure and modulation scheme employed for the
switching of the inverter. In this context, several solutions were given in the
literature either by improving the structure of the topology or by the PWM

scheme.
1.5. Multilevel Inverter Technology

In recent days, multilevel inverters (MLIs) are emerging in the area of
grid-connected PVPGS because of their significant advantages like high quality
of power output by lowering the THD, reduced losses with the reduction in
voltage stress of the switches, reduced filter size with increased modularity. It is
much more advantageous to have such benefits in non-isolated PV inverter
topologies along with a reduction in leakage current. The popular MLI
configurations are neutral-point clamped (NPC), flying capacitor (FC) and
cascaded H-bridge (CHB) inverters as depicted in Fig. 1.9 [10]. The limitations
of these MLIs are more device count, DC voltage balancing issues and control
complexity for an increased number of levels. A detailed review, classification,
and description of different MLI topologies are presented in the references [11]-
[12]. Most of the topologies presented in the literature use classical structures

such as NPC, FC, CHB, and their variants.
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Fig. 1.9. Classical multilevel inverter topologies: (a) Neutral-point clamped,

(b) Flying capacitor and (c) Cascaded H-bridge.

However, some common limitations are stopping the usage of aforesaid MLIs

directly into the grid-connected PVPGS as follows:

* Requirement of isolated DC sources and complex control schemes to
obtain the DC-link capacitor voltage balancing for realizing the

multilevel output voltage.

= Uni-directional current flow from source to the grid will deteriorate the
waveform quality during reactive power region which results in

increased THD.

= Increased high-frequency oscillations in Vyeypy causes the higher

magnitude of leakage current.

* Increased power losses due to more number of switching devices.

Therefore, to address the aforesaid limitations, the present research is focusing on
the development of new MLI topologies with improved modulation schemes.
Moreover, the design and development of any new inverter for grid-connected
PVPGS should meet the standards specified by the national and international

agencies as explained below.

1.6. Important Standards Dealing with the Grid-Connected
PVPGS

The main objective of the PV inverter is to extract maximum power from
the PV module and inject sinusoidal current in the grid/stand-alone load. To

ensure better system performance and reliable operation, the newly developed
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interfacing inverter should fulfil the standards of PV systems. The standards are
normally imposed by different international regulation authorities like the
Institute of Electrical and Electronics Engineers (IEEE), the International Electro-
technical Commission (IEC) and the Association for Electrical, Electronic, and
Information Technologies (VDE). In the case of grid-connected operation of PV
inverters, these standards deal with some important aspects, such as isolation
from the flow of leakage current due to PV parasitic capacitances, THD, reactive

power capability [13]-[15].
1.6.1. Leakage Current

Isolation from the flow of leakage current is one of the most important
requisites for PV inverters. The parasitic capacitance formed between the PV
module and ground creates a path to leakage current and it will increase EMI,
THD and power losses, and also decreases the reliability and operational safety.
Because of all these effects, various standards were imposed on the PV inverters,
which deals with the magnitude of leakage current flowing through the PV
module. One of the standards among them is VDE 01260-1-1. As per this
standard, the magnitude of leakage current should not exceed 300 mA (peak).
Therefore, all the commercially available PV inverters should meet VDE 01260-
1-1 standard.

1.6.2. Total Harmonic Distortion

To regulate the undesirable effects due to THD of PV inverters, the
international regulations such as IEEE 1547, IEC 61727 and IEC61000-3-2
standards imposed a limit on THD. According to these limits, the harmonic
content in the injected current should be less than 5%. Moreover, these standards
also provide a maximum limit of 1% of DC injection; whereas VDE 01260-1-1
allows a maximum DC of 1 A. The THD of the injected current can be
minimized by designing suitable filters circuit, improving the modulation
techniques applied to the inverter and also by employing multilevel inverter
concept. Some of the most significant harmonic contents specified by the IEEE

1547 standard are listed in Table. 1.2.
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Table 1.2 IEEE 1547 THD standard for grid-connected PVPGS

Harmonic Overall
5|17 (11|13 |17 | 19 | 23 | 25
order, h THD (%)
IEEE 1547
414\ 2 1.5]115]0.6|0.3 <5
Harmonic Voltage THD (%)

1.6.3. Reactive Power Capability

To allow the high penetration of PV power into the grid, the next

generation of PV inverters should provide enough reactive power support similar

to the conventional power plants. In recent days, almost every international

standard has imposed that a definite amount of reactive power should be handled

by the grid-connected PV inverter. According to VDE-AR-N-4105, grid-

connected PV inverter of power rating below 3.68 KVA, should attain power

from 0.95 lagging to 0.95 leading. Therefore, a newly designed inverter should

give reactive power support without affecting the waveform quality.

Table 1.3 BIS / IEC standards for grid-connected PV inverters in India

S.No | Parameter Range
1 DC current injection < 0.5% of rated current
2 Harmonics (IEC 61000-3-2) < 5% at rated inverter output
3 Voltage Voltage (% Un) Ride trough | Maximum response
deviations until time
V <50%Un 1.7s 1.8s
50% Un<V <85% 3s 3.1s
110% Un <V < 120% 2s 2.1s
120% Un <V < 130% 0.2s 0.3s
V >130% Un - 0.05s
4 Power factor + 0.8 (for inductive and capacitive
with an accuracy of + 0.01)
5 Leakage current Power rating up to 30KVA must

[EC62109-2

disconnect within 0.3sec when the
measure rms leakage current greater

than 300mA

*Un — Nominal voltage
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1.6.4. Standards and recommended practices for grid-connected

inverters in India

The Ministry of New and Renewable Energy (MNRE) is monitoring the
quality control of PVPGS under the Bureau of Indian Standards (BIS). The main
theme of these standards is to give the performance benchmark for the PV
modules, PV inverters and batteries used in the PVPGS. In the case of grid-
connected inverters IS 16221 — Part II and IS 16169 are specified to cover safety
requirements and islanding prevention measures respectively. Both the standards
are adopted from International Electro-technical Commission (IEC). Some of the
important regulations imposed on DC current injection, THD, voltage deviation

and operating power factor are given in Table. 1.3.
1.7. Summary

From all the above discussions; it is observed that the design of inverters
with the reduced component count and without the isolation transformer is a new
trend in both single-stage and two-stage inverter topologies for grid-connected
PVPGS. Moreover, the integration of MLIs will enhance the performance of the
power converter and improves waveform quality. Hence, the researchers,
industries, and research & development sectors are focusing very much in this
area to explore different possible solutions by designing novel inverter

configurations with improved PWM techniques.

To align with this trend and to made significant contributions in this field,
the following research work is carried out based on the investigation on single-
phase voltage source based inverter topologies for grid-connected PVPGS with
the objectives of increased efficiency by reducing device count and by the
elimination of isolation transformer, and improved output waveform quality by
adopting multilevel inverter technology. In this context, seven interesting
solutions are proposed for both single-stage (four topologies) and two-stage

(three topologies) operations in grid-connected PVPGS.
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Chapter 2

Literature Survey

2.1. Introduction

Photovoltaic power generation systems (PVPGS) is the most promising
solution to meet world energy requirements. As per the renewable energy status
report [16], the total capacity of 583.5 GW solar power generating units were
installed by the end of 2019, out of which the majority (90%) is the grid-connected
system. This significant diffusion of PVPGS into the electric grid effectively
mitigates the poisonous gas emission and global warming issues due to the
reduction in the utilization of conventional fossil fuels. Nevertheless, existing PV
technologies such as poly-crystalline or mono-crystalline semiconductor based
PV modules can only achieve maximum efficiency of 15% and 18%,
respectively. Therefore, transferring power effectively for various applications in
agricultural, residential and grid-connected systems becomes challenging due to
changes in solar irradiation, changes in operating temperatures, partial shading
and grounding issues. A lot of investigation is going in terms of PV material
design, power electronic interfacing circuits and control schemes. Finding
solutions to achieve minimum device counts, minimum leakage current and
reduced control complexity will enhance the overall reliability and efficiency of
the PVPGS. In general, the grid-connected PVPGS consists of a PV source, an
inverter and a passive filter circuit to feed the generated AC power into the utility

grid.

Inverter plays a crucial role in the grid-connected PVPGS, which are
further categorized into voltage source inverters (VSIs) and current source
inverters (CSIs). In the present work, VSI based power converters have been
considered as they have much higher employment due to their merits of low cost,
simple control and mature technology [17]. The VSIs are normally categorized
into isolated type and non-isolated type based on the placement of the transformer
in the power processing stage. A bulky line frequency transformer (LFT) in the
AC grid side or a compact high frequency transformer (HFT) in the DC source

side is usually employed to provide the galvanic isolation between the PV source
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and grid. Besides the galvanic isolation, it also step-up the low PV output voltage.
Eventually, the use of a transformer in either way declines the efficiency, power

density and enhances the size, cost of the system [18].

To alleviate the above-said problems, both LFT and HFT are eliminated
from the power processing stage in non-isolated inverters. However, removal of
the transformer yields a direct connection between inverter and PV module. In
consequence, a resonant circuit is formed with the parasitic capacitances among PV
module and ground, filter inductors and grid impedances. The total common mode
voltage (Vrcuy) fluctuations produced by the inverter can excite this resonant
circuit and causes the flow of leakage current from the grid to the PV module
through PV parasitic capacitance. Also, it will increase EMI, THD and power
losses and also decreases the reliability and operational safety. Therefore, various
topologies and PWM schemes have been proposed to reduce the leakage current to

meet the grid regulatory standards and also enhance the overall efficiency [19].

This chapter presents a detailed review of existing single-phase inverter
topologies for grid-connected PVPGS. Further, a comprehensive study of both
single-stage and two-stage topologies are carried out based on the reduction of
leakage current. Also, a thorough comparison has been formulated in terms of
active and passive component count, leakage current magnitude, common mode
voltage (CMV) behavior, reactive power control capability and output levels, to
identify the suitable configurations. For simplicity of drawings, the PV module is

modeled as an equivalent DC source throughout this chapter.

2.2. Classification of the Single-Stage Transformerless Inverter

Topologies

All the topologies proposed in the literature employed two different
approaches for the reduction of leakage current. One such method is to
accomplish a solid connection between the AC circuit to the DC circuit (i.e.,
bypassing the PV parasitic capacitance). While the other method is to eliminate
the high-frequency oscillations in Vreyp (i.e., with additional power electronic
circuitry). Fig. 2.1 depicts a classification of some important single-stage

transformerless inverter (TLI) topologies in two major groups based on the
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placement of filter inductor and they are named as asymmetrical (L/=L; L2=0)
and symmetrical (L/=L2= L;/2) type TLIs. Moreover, the symmetrical type TLIs
are further categorized into four sub-groups based on the selection of additional
decoupling and clamping circuits to reduce the leakage current. Those are, DC
decoupling without clamping, DC decoupling with clamping, AC decoupling
without clamping and AC decoupling with clamping [20]-[21].

Transformerless inverter topologies

Based on Asymmetrical Based on Symmetrical
placement of inductor placement of inductor
Half-Bridge Full-Bridge
I/in = 2Vdc Vvin = Vdc
Two-Level [22]
NPC [23] DC Decoupling _AC l_)e_co_upli_ng__
ANPC [23] * 1 * 1
T-Type [24] Without With Without With
Clamping Clamping Clamping Clamping
[ 151271 | [ HeNeC 1) > HERIC [33] | | HERIC-I[37] [+
> H6-1[28] | | H6 ANPC [32] > H6-Type [34]] | HBZVR-D [38] |«

> H-B[35] | | HERIC-I[39] [+
> H6IV(36] | | HRE[40] [*

Fig. 2.1 Classification of single-stage TLI topologies based on inductor placement.

In asymmetrical type TLI topologies, a solid connection is established
between the grid neutral to the terminal O (mid-point of two capacitors). Hence the
Viemy 1s kept constant. Consequently, the magnitude of leakage current is
completely negligible. Based on the half-bridge concept, a simple two-level
inverter with two power semiconductor switches is developed in [22], to eliminate
the leakage current as shown in Fig. 2.2(a). However, the total DC-link voltage and
the voltage stress of the semiconductor switches should be twice the grid peak
voltage. Also, the bipolar output voltage of the inverter increases the filter size and
cost. To overcome these drawbacks, the three-level neutral point clamped (NPC)

inverter can be employed as shown in Fig. 2.2(b), where the dynamic voltage

20



balance of the switches is achieved by the clamping diodes. One of the major
problems of NPC topology is the unbalanced conduction losses among the
semiconductor switches. By replacing the passive diodes with two semiconductor

switches, the active NPC (ANPC) is derived and it is shown in Fig. 2.2(c) [23].
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Fig. 2.2. Asymmetrical inductor based TLI topologies: (a) Two-level inverter, (b) Three-level
NPC inverter, (c) Three-level ANPC inverter and (d) Three-level T-Type inverter.

Because of the controllable clamping branch, abundant switching patterns and
freewheeling current paths are available for the ANPC inverter. Consequently,
conduction losses are distributed uniformly and the reactive power control
capability can easily be provided. Nevertheless, due to the conduction of two
switches at any switching operation for NPC or ANPC topologies results in
considerable losses in the low-voltage applications. To get more advantages from
asymmetrical three-level inverter topologies and to reduce the power losses in low-
voltage applications, the T-type inverters are proposed by Kolar et al., as shown in
Fig. 2.2(d) [24]. Where a common-drain connected bi-directional switches are
placed between the mid-point of the half-bridge inverter and split DC-link
capacitors to attain a similar three-level output voltage generation in the NPC or

ANPC inverters.
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One of the major drawbacks in all the half-bridge topologies is the
requirement of high input DC voltage to meet the grid peak voltage. But, the output
voltage of the PV module is relatively low. Hence it is necessary to connect more
PV modules in series to meet the high input DC voltage. It can decrease the power
output generated by the PV modules due to the partial shading and module

mismatch, especially in the urban areas.

Further, to reduce the requirement of high input DC voltage, a full-bridge
(F-B) inverter with bipolar PWM (BPWM) and unipolar PWM (UPWM) schemes
are introduced in the early stage of symmetrical filter inductor based topologies
[25]. In the case of BPWM, two-level voltage (+Vpc, -Vpce) is generated by
switches S/ and §4 during positive half-cycle, S2 and S3 during negative half-
cycle. Also, it generates constant Vycyp and less leakage current as shown in Fig.
2.3(b). However, the terminal voltage (V45) step is twice the input DC voltage,
which results in increased THD, EMI noise and switching losses. On the other
hand, in the case of F-B inverter with UPWM, the V45 step is halved to reduce the
EMI noise, THD and inductor size as shown in Fig. 2.3(c). But, it fails to limit the

leakage current due to high-frequency oscillations in Vycyy.
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Fig. 2.3. (a) Full-bridge inverter, (b) Bipolar PWM, (c) Unipolar PWM.
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Therefore, both of the PWM schemes with conventional F-B inverter are

not satisfying the grid codes and standards. One of the critical reasons for high-

frequency oscillations in Vycyy with the UPWM scheme is due to the fact that

either positive or negative terminal of the DC source is connected to the

freewheeling path during zero voltage state. This can be avoided by providing a

decoupling network to the F-B inverter using additional circuitry as shown in Fig.

2.4. Based on this concept, many topologies and patented solutions are proposed

in the literature to achieve the advantages of both BPWM and UPWM schemes

(i.e., higher efficiency and the lower leakage current).
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Fig. 2.5. DC decoupling based: (a) HS inverter, (b) H6-I inverter, (c) H6-1I inverter and

(d) H6-III inverter.
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In DC decoupling based inverter topologies, an additional decoupling
network is placed between the DC source and F-B module to provide isolation
during the freewheeling state [26]. One such solution proposed by Victor et al.
and patented by SMA solar technology. Switch S5 is inserted between the positive
terminal and F-B module to act as a decoupling network, which is the well-known
HS5 TLI as depicted in Fig. 2.5(a) [27]. The operation is almost similar to the F-B
inverter except for zero level, where switch S5 is turned-OFF to provide isolation
from the grid. However, switch S5 operates at a double frequency in comparison
with other switches, which results in unbalanced power losses. Also, it increases

the burden of heat-sink design and reduces the power density.

To balance the power losses occurring due to decoupling switch, one more
switch S6 is inserted between the negative terminal and F-B module known as H6
TLI and it is depicted in Fig. 2.5(b) [28]. However, the power losses are increased
due to the conduction of four switches during power transferring modes. To
reduce the conduction losses, position of the S6 can be changed, as shown in Figs.
2.5(c) and (d) and it is known as improved H6 TLI topologies [29]. The operations
of all these topologies are quite similar except for the freewheeling period.
Moreover, the loss distribution of the decoupling switches also balanced by
improving the topology structure. However, in practice, the junction capacitance of
the switches alters from 100 pF-10 nF [30], which cannot be ignored. Also, it
causes more oscillations in the CMV and results in the flow of excess leakage
current. Therefore, the decoupling circuit alone cannot preserve constant Vrcyy in

all the operating modes of the inverter.
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Fig. 2.6. DC decoupling based (a) Passive clamped NPC H6 inverter and
(b) ANPC H6 inverter.
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To alleviate the leakage current problems and to improve the waveform
quality in an optimized way, passive or active clamping branches with split DC-
link capacitors should be inserted between the DC source and F-B module. Which
can preserve a defined and constant CMV also diminishes the effect of switch
junction capacitors during the freewheeling period. In this circumstance, Azary et
al., proposed a modified H6 TLI topology [31] by inserting two passive diodes
between the split DC-link capacitors and the F-B module as shown in Fig. 2.6(a).
During the freewheeling period the switch S5 and S6 are turned-OFF and diodes
DI, D2 clamps the terminal voltage to half of the DC-link voltage. Further, the
clamping of CMV can also be provided by inserting the two active switches
between the mid-point of DC capacitors and the F-B module, known as ANPC H6
or as shown in Fig. 2.6(b) [32]. However, the DC decoupling and clamping
operations require more number of devices in the conduction, which results in

increased component count, power losses and reduced efficiency.

Conversely, the same functions can also be achieved with AC based
decoupling inverter topologies, where the decoupling network is inserted between
the F-B module and filter inductors to provide isolation during the freewheeling
period. A highly efficient and reliable inverter concept (HERIC) was first invented
in the year 2003 [33], which is formed by inserting two active switches (S5 and
S6) between the F-B module and the symmetrical filter inductors, as shown in Fig.
2.7(a). Conduction of the switches S5 and S6 depends on the grid voltage polarity
during the freewheeling period. If grid voltage polarity is positive, the switch S5
and the body diode of S6 will conduct, else the switch S6 and body diode of S5
will conduct to decouple the source from the grid. Conduction losses of the
HERIC inverter is less in comparison with the DC decoupled topologies because

only two devices are in conduction at any operating state.

Based on the similar principle, some of the other AC decoupled based
topologies are derived as illustrated in Figs. 2.7(b) and (c). An H6 TLI topology is
proposed in [34], where AC side decoupling is achieved by conducting switch S4
and diode DI or switch S3 and D2 during the freewheeling period based on the
grid voltage polarity. Further, a hybrid-bridge [35] (H-B) TLI is derived based on
H6 TLI. The placement of bi-directional switch is the only difference between the
H6 and H-B topologies.
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Fig. 2.7. AC decoupling based: (a) HERIC, (b) H6, (¢) Hybrid-bridge and (d) H6-IV.

Hence, the PWM schemes, operating modes, power losses and leakage
current analysis are quite similar. Another AC decoupled TLI topology is
proposed in [36], by changing the position of a bidirectional switches as illustrated
in Fig. 2.7(d). But, the switching and conduction losses of all three derived
topologies are high in comparison with the HERIC inverter due to more number of
switches are in conduction during the power transferring modes. However, the
effect of switch junction capacitors is not considered in all the AC decoupling
based topologies as above-mentioned, which results in high-frequency oscillations
in Vreyy. Consequently, excess leakage current can flow in the resonant circuit

formed due to the PV parasitic capacitance.

In this circumstance, different HERIC based TLI topologies were proposed
to clamp the terminal voltages to half of the DC-link voltage during the
freewheeling period. Senjun et al., proposed a passive clamping based derived
HERIC topology by inserting two diodes between the mid-point of DC-link
capacitors and the drain of the active switch S5 and S6 respectively, as illustrated in
Fig. 2.8(a) [37]. By providing the gate pulses to active switches S5 and S6
simultaneously, the CMV is clamped to half of the DC-link voltage. An H-bridge
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zero voltage state rectifier—diode (HBZVR-D) topology [38] is shown in Fig.
2.8(b) is another solution, where one switch and six diodes are used for both AC
decoupling and passive clamping respectively. An active switch S5 is tuned-ON
during the freewheeling period to decouple the inverter, at the same time the diodes
clamps the terminal voltages of the inverter to half of the DC-link voltage based on

the current direction.
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Fig. 2.8. AC decoupling based: (a) Passive clamped HERIC-I, (b) HBZVR-D,
(c) Active clamped HERIC-II, (d) HRE, (¢) PN-NPC and (f) M-NPC.
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A similar operation can also be achieved by active clamping as shown in
Fig. 2.8(c) [39], where one active switch is inserted between the DC-link capacitors
and the bi-directional branch (formed by connecting a MOSFET in series with
diode). By turning-ON both clamping and bi-directional switches, the CMV is
clamped to half of the DC-link voltage. Similarly, a family of modified F-B TLI
topologies are proposed to obtain AC decoupling and active clamping, by adding
extra switches and diodes, named as highly reliable and efficient (HRE) inverter
[40], positive and negative neutral point clamped converter (PN-NPC) [41] and
Mosfet-neutral point clamped converter [42] (M-NPC) as depicted in Figs. 2.8(d)-
(f) respectively. The primary object of all the aforementioned topologies is to

achieve both AC decoupling and CMV clamping with highest possible efficiency.
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Table 2.1 Comparative assessment of single-stage TLI topologies.

Input Component Count
Topology Advantages Disadvantages
Voltage | C4c [ M | D | L¢ | C; | TDC
Input voltage is double the grid-peak
Two-level e Constant CMV nbut voTtage 15 double Hhe grid-pea
2V, |2 [2]0|1]1] 2 - voltage
22] de e Negligible leakage current Two-level output
e Reactive power capability More switching losses
Input voltage is double the grid-peak
NPC [23] e, |2 lalal1|1] g |7 ComstamCMy voltage
“ Negligible leakage current Uneven distribution of conduction
Reactive power capability losses
e Constant CMV
ANPC [23] 2%V, 216101111 8 e Negligible leakage current Input voltage is double the grid-peak
e Reactive power capability voltage
e Uniform distribution of conduction losses
e (Constant CMV
* Negligible leakage current Input voltage is double the grid-peak
TNPC [24] 2%V, 2 1410111 6 |4 Reactive power capability Volitage g grid-p
e Higher efficiency in comparison with NPC,
ANPC
F-B BPWM e Constant CMV Two-level output
25] Ve 1 410121 4 e Negligible leakage current More switching losses
e Reactive power capability Higher THD
F-B UPWM .
Vae 1 {41021 8 | e Lower THD in comparison with BPWM Oscillatory CMV
[25] Higher leakage current
Oscillatory CMV due to switch
H5 [27] Ve 11510211 10 |® Lowercomponentcount junction capacitances

Medium leakage current
Unity power factor only
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H6-T [28]

Vdc

12

Even distribution of the power losses in
comparison with the HS

Oscillatory CMV due to switch
junction capacitances

Medium leakage current

Unity power factor only

H6-1I [29]

Vdc

10

Lower and evenly distributed power losses in
comparison with the H6-1

Oscillatory CMV due to switch
junction capacitances

Medium leakage current

Unity power factor only

H6-I1I [29]

Vdc

10

Lower and evenly distributed power losses in
comparison with the H6-I

Oscillatory CMV due to switch
junction capacitances

Medium leakage current

Unity power factor only

NPC-H6 [31]

Vdc

16

Constant CMV
Negligible leakage current

More component count and Higher
power losses
Unity power factor only

ANPC-H6
[32]

Vdc

16

Constant CMV
Negligible leakage current

More component count and Higher
power losses
Unity power factor only

HERIC [33]

Vdc

Highly efficient

Oscillatory CMV due to switch
junction capacitances

Medium leakage current

Unity power factor only

H6 [34]

Vdc

10

Oscillatory CMV due to switch
junction capacitances

Medium leakage current

Unity power factor only

H-B [35]

Vdc

10

Oscillatory CMV due to switch
junction capacitances

Medium leakage current

Unity power factor only
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Oscillatory CMV due to switch

Hé6-1V [36] Ve 5T — junct.ion capacitances
=  Medium leakage current
= Unity power factor only
HERIC-I v, 0 Constant CMV *  More component count and higher
e < power losses
[37] Negligible leakage current = Unity power factor only
HBZVR-D 1% 12 Cons.t apt CMV *  More component count and higher
38] de Negligible leakage current power losses
Operability in all the power factors
HERIC-IT = M t t and high
C V. " Constant CMV pocgzrcl(;r;qspe(;nen count and higher
[39] Negligible leakage current = Unity power factor only
*  More component count and higher
HRE [40] Vae 14 Cons.ta.nt CMV power losses
Negligible leakage current = Unity power factor only
C C *  More component count and higher
PN-NPC [41] Vae 14 onstant MV power losses
Negligible leakage current = Unity power factor only
=  More component count and higher
M-NPC [42] Ve 14 Constant CMV power losses

Negligible leakage current

Unity power factor only

Cqyc —DC capacitor, M —Mosfet, D —Diodes, L;—Filter inductor, C; - Filter capacitor, TDC - Total devices are in conduction during one complete cycle.
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A brief comparative assessment of all the aforesaid single-stage TLI topologies is
given in Table 2.1. In the half-bridge based topologies, both leakage current elimination
and reactive power control capability is achieved by solid connection and bidirectional
current paths provided by the body diodes of MOSFETs respectively. However, the
requirement of high input DC voltage limits the application of Half-bridge topologies in
PVPGS. In the F-B based TLI topologies, both decoupling and clamping branches are
essential to eliminate the high-frequency oscillations from the Vycyp, which results in the
significant reduction of leakage current. However, all the F-B topologies and their PWM
schemes are only reported to operate at unity power factor (UPF) condition of the grid. But,
in modern days, reactive power capability of the TLI is much important to penetrate a large

amount of PV power into the grid as per the VDE-AR-N4105 standard.

To fill the gap, Freddy et al., [43] proposed an improved modulation technique for
the basic H5 and HERIC inverter topologies. In addition to that, two different inverter
topologies are also recommended in refs [44]-[45] to serve the functions of high efficiency
and reactive power support with the increased component count. Nevertheless, clamping of
the inverter terminal voltages during the freewheeling period is not considered in refs. [44]-
[45], which results in more oscillations in V7. Consequently, excess leakage current will
flow in the resonant circuit and it further increases the size of common mode filter (CMF).
Further, increased component count and passive filters to realize the reactive power control
will hike the overall cost and also enlarge the size of the system. Eventually, the three-level
operation of all the topologies described above requires the larger filter size to lower the

THD.
2.3. Classification of the Single-Stage Transformerless MLI Topologies

In contemporary, MLIs were introduced in both the medium and high power
applications due to their advantages like the high quality of output power by lowering the
THD, improved efficiency by reducing the voltage stress of the switches, reduced filter size
and increased modularity. Therefore, it attracts the attention of both academia and industry
now a days to have such benefits in PVPGS along with an ability of reduction in leakage
current. Various inverter topologies were proposed in the literature to achieve both
multilevel operation and leakage current elimination. The basic classification of all these
topologies has been made based on the placement of filter inductors, as illustrated in Fig.

2.9. The asymmetrical filter inductor based topologies are further sub-classified into two
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groups depends on the magnitude of input DC voltage to achieve 230V, 50 Hz grid

frequency. The following section demonstrates the classification of various five-level TLI

topologies based on the leakage current elimination and CMV analysis [46]-[48].

Five-level transformerless inverter topologies

v

Based on Asymmetrical
placement of filter inductor

v

v

v

Based on Symmetrical
placement of filter inductor

L v

Diode
clamped

v

| Vins = Va2, Vier=Va2 |

CMLI-I [60]

CMLI-II [61]

Flying Cascaded

capacitor H-Bridge

Full-Bridge

CHB-II [62]

NPC [49] |

_»| el | CHB-I [53]
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> SL-ANPC-1[52] |

- SL-ANPC-II [52] |

> 5L-ANPC-III [52] |

>  FBNPC[56] |

> SL-AH6(57] |

> 5L-NPC [56]

->| 5L-ANPC [56]

|
- H5-HERIC [58] |
|

> DBSMI [59]

Fig. 2.9. Classification of the single-stage five-level TLI topologies based on inductor placement.

Fig. 2.10(a) illustrates one of the traditional diode clamped MLI, also known as

NPC MLI, where the blocking diodes are used to generate the voltage levels from neutral

point voltage [49]. The total number of blocking diodes, semiconductor switches and DC-

link capacitors are increased in proportion with the number of voltage levels, which results

in more power losses and DC-link capacitor voltage balancing issues. A hybrid NPC

(HNPC) MLI is proposed in [50] and it is illustrated in Fig. 2.10(b). This topology

achieves multilevel output with reduced number of diodes and also registers higher

efficiency in comparison with the classical NPC MLI. Fig. 2.11(a) depicts another

traditional FC based MLI topology, where the required output voltage levels are produced

by summing the FC voltage and DC-link capacitor voltages. However, the FC MLI

prerequisite a sophisticated control strategies to balance the capacitor voltages, lower
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lifetime and higher maintenance cost due to the presence of an increased number of FCs

and DC-link capacitors to generate higher voltage levels [51].
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Fig. 2.10. (a) Diode clamped MLI, (b) HNPC MLI.
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Fig. 2.11. (a) Flying capacitor MLI, (b) SL-ANPC-I, (c¢) SL-ANPC-II and (d) SL-ANPC-III.

Therefore, to overcome the issues of both NPC and FC type MLIs, a hybrid
structure of MLI is derived by combining the 3L-ANPC leg and a 3L-FC power cell, as
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shown in Fig. 2.11(b), named as 5L-ANPC [52]. The number of voltage levels are
increased with the levels produced by the FC. Moreover, the circuit structure offers a
reduced number of capacitors and no series-connected diodes for generating the higher
voltage levels, which results in higher efficiency and reduces control complexity to balance
DC-link capacitor voltages. Figs. 2.11(c) and (d) are the additional SL-ANPC topologies
derived by replacing the position of 3L-ANPC. The leakage current magnitude is almost
negligible in all the above-mentioned topologies, due to the establishment of a solid
connection between the AC circuit and DC circuit (bypassing the PV parasitic
capacitance). However, all these topologies require more number of PV modules in series to
meet the grid peak voltage, which results in the reduction of the PV power output due to

partial shading and module mismatch.

Further, to reduce the requirement of high input DC voltage, a traditional CHB
MLI is derived by using H-bridge modules, as illustrated in Fig. 2.12(a) [53]. Where each
module utilizes a separate DC source and they further connected in cascaded passion for
realizing the multilevel output. However, the conventional sinusoidal level-shifted PWM
(SLSPWM) for generating multilevel output introduces high-frequency oscillations in
Vremy and which results in a higher magnitude of leakage current. Thus, a modified PWM
strategy for traditional CHB MLI is proposed in [54], to eliminate the high-frequency
oscillations in Ve and also to reduce the corresponding leakage current. Nevertheless,
the CHB MLI topology requires more number of semiconductor switches to realize the
multilevel operation, which reduces the efficiency and increases the cost. Therefore, a
reduced switch count packed U-cells based MLI topology is proposed in [55], as shown in
Fig. 2.12(b). However, the employed PWM scheme unable to eliminate the high-frequency
oscillations in Vzcyp and which results in a higher magnitude of leakage current. Besides,
both the CHB and packed U-cells based topologies require isolated DC sources for
generating the multilevel output and also demands a sophisticated control strategy to match

the power balance between each PV source.
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Therefore, in the recent works of literature, different F-B based five-level TLI
topologies are proposed with a single DC source, as illustrated in Fig. 2.13. In all the F-B
based five-level TLI topologies, the SLSPWM scheme is employed to balance DC-link
capacitor voltages and thereby realizing the five-level output voltage. Also, the SLSPWM
scheme provides a solid connection between the grid and positive or negative terminal of
the source during the freewheeling period to limit the switching frequency oscillations in
the terminal voltages (V4n, Vpn) of the inverter. Further, the Veypy produced by the
asymmetrical placement of filter inductor is utilized to nullify the high-frequency
oscillation from Vyeyy (=Vay) completely. Figs. 2.13(a) and (b) illustrate the FBNPC and
active H6 (AH6) topologies proposed in [56]-[57] respectively. Both of these topologies
can produce five-level output with a single DC source and also achieves the natural

balancing of DC-link capacitor voltages with their PWM schemes.

However, these topologies suffer from the disadvantages of more component count
and increased power losses due to the conduction of at least four devices in each mode of
operation. Therefore, to reduce the power losses, a 3L-NPC leg is connected with a half-
bridge leg to form a five-level NPC inverter, as shown in Fig. 2.13(c). Similarly, a 3L-
ANPC leg is connected with a half-bridge leg to realize five-level ANPC inverter, as
shown in Fig. 2.13(d). In both of these topologies [56], the number of conducting switches
in a complete cycle is reduced in comparison with the FBNPC and AH6 type inverters.
However, one of the main drawbacks of the SL-NPC and SL-ANPC topologies is the
conduction of at least three devices during the freewheeling period. Thus, to further reduce
the conduction of devices during the freewheeling period, two more F-B based
asymmetrical TLI topologies are derived in [58]-[59], named as H5-HERIC and double bi-
directional switch MLI (DBSMI) as shown in Figs. 2.13(e) and (f) respectively. In both of
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these topologies, only two semiconductor switches are in conduction during the
freewheeling period. Therefore, the overall efficiency of both H5-HERIC and DBSMI
topologies are improved as compared with the other F-B based five-level TLI topologies.
Eventually, in all the aforesaid F-B based five-level TLI topologies, there exist sudden
transitions in Vryeyy from “Vpy’ to ‘0’ and vice-versa with grid frequency variations, which
results in a more significant spike in the leakage current. Sometimes, the peak value of the
leakage current may exceed DIN VDE0126-1-1 grid standard because of the uncontrolled
value of Cpy due to environmental conditions. Moreover, a bulky and expensive filter

inductor is required to limit the high-frequency switching ripple in the grid current.
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Fig. 2.13. F-B based five-level topologies: (a) FBNPC, (b) SL-AH6, (c) SL-NPC, (d) SL-ANPC,
(e) H5-HERIC and (f) DBSML
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Further classification of five-level TLIs is made by the F-B based symmetrical
placement of filter inductors. Two such interesting cascaded MLI topologies (CMLI) are
proposed by Venu ef al., in refs [60], [61] as shown in Figs. 2.14(a) and (b), respectively.
In these two topologies, a novel PWM strategy is proposed to eliminate the high-frequency
oscillations in Vycyy for minimizing the leakage current. Also, these MLIs are reliable
candidates for high efficiency and reduced component count. However, due to the presence
of sudden transitions in the Vycy while transferring from 0.5V, level to £V, level and
vice-versa results in unwanted spikes in the leakage current. In addition to that, the
proposed PWM switching scheme results in higher THD and output filter size. Based on a
similar concept, another elegant solution is proposed by Farhad et al., in [62], as shown in
Fig. 2.14.(c). In this topology, two additional switches are added to the conventional CHB
inverter for obtaining constant Ve (i.€., by eliminating both high-frequency oscillations
and sudden transitions) by using redundant states during the freewheeling period. But, this
configuration has the disadvantage of increased component count and power losses.
However, all the F-B based symmetrical five-level TLI topologies require two isolated PV
sources for realizing the multi-level output, which increases the cost and complexity of the

control system for tracking maximum PV power.
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A brief comparative assessment of all the single-stage five-level TLI topologies are
given in Table 2.2, from this comparative assessment one can quickly formulate the merits
and demerits of each topology, in terms of component count, cost, efficiency and leakage
current. In the diode clamed, FC type and hybrid five-level TLI topologies, both the
leakage current elimination and reactive power control capability is achieved by solid
connection and bidirectional current paths provided by the body diodes of MOSFETs
respectively. However, the requirement of high input DC voltage limits the application of

these topologies in PVPGS.

The asymmetrical inductor based CHB-I MLI and packed U-cells based topologies
generates five-level output with reduced voltage (i.e., Vi,,=Va/2 and Vi2=Vu/2).
Nevertheless, the high-frequency oscillations present in the CMV causes a higher
magnitude of leakage current. Further, the F-B based asymmetrical TLI topologies and
symmetrical CMLI topologies are derived to improve the efficiency and also to eliminate
the high-frequency oscillations in Vrcyy. However, the applied PWM schemes and their
topology structures are unable to cancel the sudden transitions (with grid frequency) in
Vrewy, which causes a more significant spike in the leakage current. Thus, a novel CHB-II
MLI is developed to obtain constant CMV and thereby, it registers very less leakage
current in comparison with all other topologies. Further, most of the topologies are
reported to operate under UPF conditions only. Whereas the reactive power capability of
the inverter is essential for the grid-connected PV system as per the VDE-AR-N4105

standard.
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Table 2.2 Comparative assessment of single-stage five-level TLI topologies.

DC Input Component Count
Topology Advantages Disadvantages
Sources | Voltage | C4. | M | D | Ls | C; | TDC
» Requirement of more no.of diodes
. e Constant CMV =  DC-link Vpltage balancing issue
SL-DC [49] 1 2%V 408 81124, Negligible leakage current = Poor efﬁmency )
e Reactive power capability * Input voltage is double the grid-peak
voltage
* Cons.ta.nt CMV = Complex DC-link voltage balancing
HNPC [50] 1 2%Ve | 4 | 84| 1| 1| 16 | Negligibleleakage current » Input voltage is double the grid-peak
e Reactive power capability voltage
e Higher efficiency compared to SL-DC
= Requirement of more no.of DC
e Constant CMV . lc;lcpalgltlc()rs | balancine i
SL-FC [51] 1 2%V |7 | 810 1] 1] 24 |e Negligible leakage current -link voltage balancing issue
Reactive power capability " Poor efficiency
* Input voltage is double the grid-peak
voltage
e Constant CMV C lex DC-link voltage balanci
. . omplex DC-link voltage balancing
ANPC-I [52] 1 2V, | 3 |8 |o| 1|1 | 18 |* Negligileleakage current = Tnput voltage is double the grid-peak
e Reactive power capability voltage
e Higher efficiency compared to SL-FC g
e Constant CMV
¢ Neghglble leakage current »  Complex DC-link voltage balancing
ANPC-II [52] 1 2*Ve | 3 | 80| 1| 1| 16 | Reactive power capability = Input voltage is double the grid-peak
e Higher efficiency compared to ANPC-I

voltage
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e Constant CMV
ANTECELL 2%V, 20 * Negllglble leakage Culfr?nt » Input voltage is double the grid-peak
53] e Reactive power capability voltage
e Abundant switching states to balance the
DC-link voltage
Modularitv feat = Requirement of isolated DC sources
° odularity feature = QOscillatory CMV
CHB-I [53] Vae 24 |, Reduced input DC voltage in comparison | More leak}a/lge current
with DC and FC based topologies = Unity power factor only
= Requirement of isolated DC sources
e Lower switch count compared to CHB »  QOscillatory CMV
U-cell [S5] Vae 18 1 Higher efficiency =  More leakage current
= Unity power factor only
= Square shape CMV
FBNPC [56] Ve 26 |*® Requirement of single DC source " Mgdium leakage current
e Self-balanced DC-link capacitors = Unity power factor only
= Higher power losses
= Square shape CMV
5L-AH6 [57] Ve 24 | ® Requirement single DC source " Me'dium leakage current
e Self-balanced DC-link capacitors =  Unity power factor only
= Higher power losses
= Square shape CMV
5L-NPC [56] Ve 18 | ® Requirement single DC source " Me'diurn leakage current
e Self-balanced DC-link capacitors = Unity power factor only
= Higher power losses
= Square shape CMV
L-ANP ) . :
SL-ANPC Ve 19 | ® Requirement single DC source . Mefilum leakage current
[56] e Self-balanced of DC-link capacitors *  Unity power factor only
= Higher power losses
H5-HERIC ) ) = Square shape CMV
Ve 16 | ® Requirement single DC source =  Medium leakage current
[58] e Self-balanced DC-link capacitors ] Unity power factor only
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Square shape CMV

DBSMI [59] 1 Ve 2 812111 14 | * Requirement single DC source Medium leakage current
e Self-balanced DC-link capacitors Unity power factor only
Requirement of isolated DC sources
CMLI-I [60] 2 Ve 21810l 211 14 | e Higher efficiency Low.amplitude square shape CMV
e Low component count Medium leakage current
Unity power factor only
Requirement of isolated DC sources
CMLI-II [61] 2 Vie 2 1710211 16 |e® Higher efficiency Low amplitude square shape CMV
e Low component count Medium leakage current
Unity power factor only
CHB-II [62] 2 Ve 2 l10lo0l 211 18 | e Constant CMV Requirement of isolated DC sources

Lower leakage current

Unity power factor only

Cqyc —DC capacitor, M —Mosfet, D —Diodes, L;—Filter inductor, C; - Filter capacitor, TDC - Total devices are in conduction during one complete cycle.

42




2.4. Various types of Two-Stage Multilevel Inverter Topologies

Recently, module and multi-string type PVPGS became popular and fast-growing
segments throughout the world due to its higher PV power extraction, low PV system
installation effort, easy monitoring and failure detection. However, the PV module output
(i.e., 30V-50V) is relatively small to meet the grid voltage requirement (315V — 480V).
The conventional solution to achieve this voltage requirement is to connect more number
of PV modules are in series. But, the power generated by the PV modules is reduced
significantly due to partial shading and module mismatch, especially in the residential and
urban areas. In this context, the parallel-connected PV module arrangement is more
efficient than series-connected PV module arrangements [63]-[64]. On the other hand, the
parallel-connected PV modules do not give higher DC-link voltages to meet the grid
standards. Consequently, to match the voltage profile, the grid-connected inverter requires

an additional DC-DC converter, named as two-stage inverters.

Generally, a front-end DC-DC power converter is used for boosting the low PV
output voltage, which can improve the maximum power extraction from the PV source and
also reduces the control complexity of the inverter. The main design challenges of the two-
stage inverters are the high efficiency, lower cost and effective decoupling of the pulsating
power delivered to the grid from the PV module to minimize the leakage current. In these
circumstances, several two-stage three-level topologies have been reviewed in refs. [65]-
[66]. Most of these topologies comprise either a non-isolated type or an isolated type boost
converter (with HFT) followed by half-bridge or full-bridge inverter. However, the three-
level output of the topologies described above requires the larger filter size to lower the

THD. Consequently, the cost and size of the overall system is increased [67]-[68].

To overcome the above issues, some authors have proposed two-stage MLIs with
minimum leakage current. Haimanti et al [69] proposed a two-stage five-level inverter
topology by integrating two CHB modules with isolated conventional boost converter, as
shown in Fig. 2.15(a). However, the topology requires more number of semiconductor
switches to realize the multilevel operation, which reduces the efficiency and increases the
cost. Similarly, Fig. 2.15(b), shows the two-stage packed U-cells based five-level inverter
for distributed energy resources [70]. It requires a reduced switch count in comparison with
the CHB module based two-stage inverter. Another packed U-cell based two-stage five-

level inverter is proposed in [71], where the conventional boost converter is introduced
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with coupled inductor circuit to obtain higher boost capability and higher efficiency, as
shown in Fig. 2.15(c). Further, the above-said three topologies are modular and can extend
for an increased number of output levels. In addition to modularity, it also facilitates
independent DC-link voltage balancing by incorporating distributed MPPT, which is

feasible for grid-connected PV applications.
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Fig. 2.15. Two-stage dual DC source based five-level inverter (a) Topology 1, (b) Topology 2 and
(c) Topology 3.

Further, a single DC source based two-stage five-level topologies are reviewed as
follows, Selvaraj et al., [72] presents a bidirectional T-type five-level inverter with
conventional boost converter, as shown in Fig. 2.16(a). It requires a single DC source, a
reduced number of switches in comparison with the CHB and packed U-cells based two-
stage inverters. Moreover, a balanced DC-link capacitor voltage is attained with the
modified sinusoidal PWM scheme. Similarly, one more elegant topology is proposed by
Kim et al., [73] as shown in Fig. 2.16(b). Where the conventional boost converter is
replaced with a modified three-level boost converter (3LBC) and it is further fed to a five-

level NPC inverter to achieve higher efficiency and reduced boost inductor size.
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Fig. 2.16. Two-stage single DC source based five-level inverter (a) Topology 1, (b) Topology 2.

Owing to the advantages of multilevel operation, self-balancing of DC-link
capacitor voltages and reduced component count, some of the other two-stage seven-level
inverter topologies are proposed in the recent work of literature. In refs [74]-[75], two
different two-stage seven-level configurations are proposed with a conventional boost
converter as shown in Fig. 2.17(a) and (b), respectively. Both of these topologies utilize the
advantage of unequal voltages (V;,2=2%*V;,;) to realize the more number of levels in the
output with reduced switch count in comparison with conventional NPC, FC and CHB

topologies.
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Fig. 2.17. Two-stage dual DC source based seven-level inverter (a) Topology 1, (b) Topology 2.

Another classification is based on the symmetrical (equal voltages) single-source
based seven-level inverter topology with a simple boost converter for grid-connected
PVPGS is proposed in ref [76] and it is shown in Fig. 2.18(a). However, the main
disadvantage of the topology is the complexity in capacitor voltage balancing for the
generation of a higher number of voltage levels. Also, the conventional boost converter has
the lowest efficiency at higher voltage gains. Because of the above drawbacks, some of the
other asymmetrical (unequal voltages) two-stage seven-level inverter topologies are

proposed in refs [77]-[79] and they are shown in Figs. 2.18(b), (c) and (d) respectively.
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These topologies take advantage of balanced asymmetrical voltage produced by the HFT to
generate the seven-level output. Moreover, the power sharing by the HFT is up to 33% of
the total power capacity of the converter, hence the power density and losses of the overall
system have less impact due to the introduction of HFT. However, these configurations
have a disadvantage of increased component count and higher power losses to realize the

two-stage multilevel operation.

- sd% Aa

Fig. 2.18. Two-stage single DC source based seven-level inverter (a) Topology 1, (b) Topology 2,

(c) Topology 3, (d) Topology 4.

A brief comparative assessment of all the two-stage MLI topologies is presented in
Table. 2.3, for easy estimation of the merits and demerits. From Table. 2.3, it is identified
all the aforesaid two-stage five-level and seven-level inverter topologies are not
considering the high-frequency voltage variations in Vryeyy (except topology [73]), which
leads to the use of an additional isolation transformer near to the grid side for eliminating
the leakage current in PV power generation applications. Consequently, the size, cost and
power losses of the overall power conversion system will increase. Further, all they are
reported to operate under UPF conditions only. Whereas the reactive power capability is
also an important feature for the grid-tied PV inverter as per theVDE-AR-N4105 standard
[80].
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Table 2.3 Comparative assessment of two-stage MLI topologies

Topology

DC

Sources

No. of

Levels

Component count

Cdc

M|D | L | C

HFT

Voltage gain

Advantages

Disadvantages

Ref [69]

10123 |1

Vi/(1-D)

Requirement of two isolated DC sources
Oscillatory CMV

More leakage current

Unity power factor only

Ref [70]

Requirement of two isolated DC sources
Oscillatory CMV

More leakage current

Unity power factor only

Ref [71]

(Vin(2+(Ny/N,)D))
/(1-D)

Higher voltage gain

Requirement of two isolated DC sources
and two HFTs

Oscillatory CMV

More leakage current

Unity power factor only

Ref [72]

Vi/(1-D)

Lower component
count

Oscillatory CMV
More leakage current
Unity power factor only

Ref [73]

Vi/(1-D)

Absence of high-
frequency variations
in CMV

Medium leakage
current

Unity power factor only

Ref [74]

1023 |1

Vi/(1-D)

Requirement of two isolated DC sources
Oscillatory CMV

More leakage current

Unity power factor only
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Ref [75]

10

Vi/(1-D)

Requirement of two isolated DC sources
Oscillatory CMV

More leakage current

Unity power factor only UPF

Ref [76]

Vi (1-D)

Oscillatory CMV
More leakage current
Unity power factor only

Ref [77]

(Vi/(1-D))
*(1+(Ny/Np)

Absence of high-
frequency variations
in CMV

Medium leakage
current

Higher voltage gain

Requirement of the HFT
Oscillatory CMV

More leakage current

Unity power factor only

More power losses due to parasitic
elements

Ref [78]

(Vi/(1-D))
*(1+(NJ/Ny)

Higher voltage gain

Requirement of the HFT
Oscillatory CMV

More leakage current
Unity power factor only

Ref [79]

10

(Vi/(1-D))
*(1+(Ny/Np)

Higher voltage gain

Requirement of the HFT
Oscillatory CMV

More leakage current
Unity power factor only

Cy. —DC capacitor, M —Mosfet, D —Diodes, L;—Filter inductor, C¢ - Filter capacitor, HFT — High-frequency Transformer, LFT — Line-frequency

transformer.
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2.5. Problem Formulation

After reviewing various single-phase single-stage and two-stage inverter

topologies presented in the literature, the following observations have been made,

a) Recent research is focused on synthesizing novel topologies for grid-
connected PVPGS due to the requirement of fewer power devices and
higher efficiency.

b) Elimination of the high-frequency oscillations and achieving reactive
power control capability simultaneously in the non-isolated inverter
topologies could be an advantageous proposition for grid-connected
PVPGS.

¢) On the other hand, integration of the multilevel technology in the inverter
topologies lower the THD and lower the dv/dt stress.

d) Self-balancing of the DC-link capacitor voltages for an increased number of
voltage levels reduces the control complexity.

e) The use of more passive components and isolated DC sources for an
increased number of voltage levels leads to an increase in the cost, size and

weight of the system.

Hence, there is adequate scope for further enhancement in the area of
single-phase inverter topologies for grid-connected PVPGS. Moreover, the issues
described above, namely, (i) operability with a single source, (i1) reduced switch
count, (ii1) leakage current reduction without the use of isolation transformer, (iv)
reactive power capability and (v) high efficiency, this research focuses on the
development of different single-stage and two-inverter topologies for grid-
connected PVPGS. Therefore, in this investigation, Four single-phase single-
stage configurations and three single-phase two-stage configurations have been

proposed.

2.6. Organization of the Thesis

The thesis is organized into seven chapters and the work included in each

chapter is briefly outlined as follows:

The first chapter, describes an overview of the present problem in the

electric power system and pertinent background to the development of grid-
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connected PVPGS. An introduction to different types of inverter topologies based
on the number of power conversion stages and their issues, standards are

discussed.

In the second chapter, a comprehensive literature review on both single-
stage and two-stage inverter topologies have been presented. This literature gives
an overview of the development of single-phase VSI based inverter topologies to
eliminate the leakage current. Brief comparison tables of different single-stage
and two-stage inverters are presented in this chapter based on the active and
passive component count, leakage current, nature of Vycyy and operability of
power factor. Further, this chapter sets the path for the development of new
single-phase VSI based single-stage and two-stage inverter topologies for grid-

connected PVPGS.

In the third chapter, a bi-directional clamping based H5, HERIC, H6 and
Hybrid-bridge topologies are proposed with improved PWM schemes. Effect of
switch junction capacitances on CMV and reactive power flow in both traditional
and proposed topologies were analyzed. The common-mode and differential
characteristics of all the topologies are tested with MATLAB simulations and
further justified with experimental results. Moreover, the characteristic
performance comparisons of the proposed and traditional topologies are

presented to highlight the merits of the proposed solution over the conventional.

In the fourth chapter, a new power conditioner with the inherent
benefits of boosting, generation of seven-level output voltage with minimum
leakage current in a grid-connected PVPGS is proposed. The system description,
different modes of operation, closed-loop control system and the leakage current
analysis are extensively described. Simulation work is carried out for the
validation of a grid-connected mode of operation for the proposed power
conditioner. Moreover, the experimental test setup is built to validate the
proposed inverter under steady-state and dynamic conditions. Finally, the power
conditioner is critically evaluated through a detailed comparison with respect to

the other two-stage inverters for grid-connected PVPGS.

In the fifth chapter, a two-stage hybrid transformerless MLI for single-
phase grid-connected PVPGS is presented. The system description, different
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modes of operation, modulation technique, and the common-mode voltage
analysis are extensively described. Simulation work is carried out and a prototype
model is developed for the validation of results under steady-state and dynamic
conditions. A detailed comparison is also made to show the advantages of the

proposed topology with various other MLIs.

In the sixth Chapter, a two-stage T-type hybrid five-level TLI for grid-
connected PVPGS is presented with the merits of reduced leakage current and
reactive power control capability. The system description, different modes of
operation, modulation technique and common mode voltage analysis are
described. Simulation work is carried and a prototype model is developed for the
validation of results under steady-state and dynamic conditions. Further, the
advantages of the proposed topology are highlighted through a detailed

comparison with other MLIs.

The seventh chapter, concludes the thesis by summarizing the
contributions and indicates the directions for further research in the area of grid-

connected PVPGS.
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Chapter 3

Bi-directional Transformerless Inverter Topologies

3.1. Introduction

In the present scenario, grid-connected PVPGS are getting popular to
meet the increasing energy demands in terms of commercial and industrial
applications. However, integration of PVPGS into the grid is becoming
challenging in modern days due to more device counts, lower efficiency, larger
size and higher cost as clearly reported in Chapter 2. To meet these challenges,
transformerless inverters (TLIs) are widely accepted and more suitable for PV
power applications. But, in the absence of a transformer, there exist a galvanic
connection between PV array to the ground and it results in the flow of hazardous
leakage current. Several TLI topologies have been proposed in the literature with
decoupling circuits to reduce the leakage current. Among those H5, HERIC, H6
and Hybrid-bridge (H-B) topologies are the most popular and widely accepted
TLIs. Nevertheless, the effect of switch junction capacitances was not considered
in the common-mode voltage (CMV) analysis, which inevitably causes excess
leakage current. Moreover, in the recent days, reactive power capability is one of
the prerequisite issue for TLIs to penetrate more amount of PV power into the
grid. However, with the traditional PWM schemes it cannot be accomplished due

to the absence of a bi-directional current path during the freewheeling period .

Therefore, in this chapter, a bi-directional clamping (BDC) based H5,
HERIC, H6 and H-B TLI topologies is proposed with improved PWM schemes.
BDC branch reduces the leakage current by clamping the inverter terminal
voltages to half of the DC-link voltage during the freewheeling period and the
improved PWM schemes ensure bi-directional current path while operating in
negative power region. The reasons for fluctuating CMV and non-reactive power
capability of the conventional topologies are discussed in detail. The performance
of both traditional and proposed topologies are tested with MATLAB simulations
and further justified with experimental results. Moreover, the dynamic

performance of the proposed inverters under grid-connected mode of operation is
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tested by using OPAL-RT OP4500 modules under different operating power
factor conditions of the grid. In addition to the above, the efficiency evaluation of
both the traditional and proposed topologies is carried out by using a thermal

module toolbox in power simulation (PSIM) software.

3.2  Analysis of the Conventional HS, HERIC, H6 and Hybrid-
Bridge TLI Topologies

The topological structures and gate pulses of the traditional H5, HERIC,
H6 and H-B TLIs are shown in Figs. 3.1 to 3.4, respectively [33]-[36]. Where,
V4 is the equivalent PV voltage, namely, input DC voltage of the inverter, Cpyis
the parasitic capacitance of the PV module. Positive and negative terminals of the
input DC source are denoted as P and N. Similarly, phase and neutral terminals of

the inverter are denoted as 4 and B, respectively.
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Fig. 3.1. H5 TLI: (a) circuit structure (b) gate pulses.
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Fig. 3.2. HERIC TLI: (a) circuit structure (b) gate pulses.
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Fig. 3.4. H-B TLI: (a) circuit structure (b) gate pulses.

General expressions used for the computation of CMV V" and
differential-mode voltage ‘Vpy’ are indicated in terms of inverter terminal

voltages Vv and Vpy are as follows;

VDM = VAB = VAN - VBN

(3.1)

_ Vv +Vay

VCM 7

(3.2)

Asymmetry in the filter inductors (L/ and L2) produces an additional CMV (V.
pum) as given in (3.3). Thus, the total CMV (Vrcuy) and leakage current (ijearage)
can be expressed in (3.4) and (3.5) respectively.

L2-1I1
V. =Voy————=
M =DM oM 2(L2 + Ll) (33)
Viewr =Veu +Vem-pu (3.4)
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. dVv;
lleakage = CPV % (3 5)

It is apparent that the leakage current depends on FVreyy and the
equivalent parasitic capacitance (Cpy). If L1=L2 (for a well-designed circuit with
symmetrically structured magnetic), additional CMV is zero (i.e., Veypy = 0)
and Vrcuy = Ve, From (3.5), if Vicuy 1s constant ijeurage = 0. In opposite, if high-
frequency oscillations are present in CMV, leakage current will flow through the
Cpy, which is inevitable in all the TLI topologies. Usually, these oscillations
depend on the topology and PWM scheme employed for the switching of an
inverter. Further, the effect of low-frequency components such as Cjy, Cig
(parasitic capacitance between the heat-sink and ground, which is in range of tens
to hundreds of picofarads) on leakage current is very less [9], [45]. Hence they

are ignored in the analysis of leakage current for simplicity.

3.2.1. Analysis of Oscillations in the CMV due to Junction

Capacitance of the Switches

In real-time, the analysis of leakage current due to junction capacitances
of the MOSFETs cannot be ignored. Traditional H5 inverter is considered as an
example for analyzing the effect of switch junction capacitance on CMV and it is
explained as follows [20], [81]; From Fig. 3.5(a), Viy =V, Vey =0 and Vey
=V4./2 for positive half cycle. Similarly, from Fig. 3.5(c), Vyy=0, Vgy=V4 and
Vewr=Va/2 for a negative half cycle. It is observed that the CMV is constant (i.e.,
Va/2) in both the half cycles. Whereas in the freewheeling mode, filter inductor
currents continuously freewheel through the grid and power cannot be transferred
from the input DC source as shown in Figs. 3.5(b) and (d). While transferring
from positive half cycle to freewheeling period, switches S4 and S5 are switched

off synchronously.
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Fig. 3.5. Operating states, charging and discharging of switch junction capacitances of H5
topology in positive power transferring mode: (a) Positive half cycle, (b) Freewheeling
period during positive half cycle, (c) Negative half cycle, (d) Freewheeling period during
negative half cycle, (e) Charging and discharging of switch junction capacitances during

positive half cycle and (f) Simplified circuit.

During the transient period junction capacitances of the switches S4, S5
are charging and the switches S2, S3 are discharging as depicted in Fig. 3.5(e).
After completion of the transition, the body diode of S3 will conduct to provide
the freewheeling path. Also, the terminal voltage V4 increases and Vpgy decreases
due to charging and discharging of junction capacitances [20]. From the
simplified circuit depicted in Fig. 3.5(f), the terminal voltages can be evaluated

by (3.6) using Kirchhoff’s current law. The steady-state terminal voltages during
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the freewheeling period are regulated by the junction capacitances of the
MOSFETs as shown in Eq. (3.6). Therefore, the V¢ys of the HS inverter is not
constant throughout the whole period, which results in abrupt leakage current.
Similarly, the terminal voltages of the HERIC, H6 and H-B inverter topologies
are given in Eq. (3.7), (3.8) and (3.9) respectively. [82], [83].

Csy +Cs5+Csy © (3.6)

Cs+Cs,
dc

VooV =
W G+ Gy +Cy +C (3.7)

Cg +Cs,

CS] + CSZ + ﬁ + CS4
53+ Cgs (3.8)

Cs3-Csy
Co3+Csy
Cs3-Cyy +Cy
Co3 +Cysy 3.9

S1

Van =Vay =V
Cq +Cy, +

From the above expressions, it is evident that Vy and Vjpy are not equal
to Vu/2 during the freewheeling period for all four traditional topologies.
Therefore, CMV cannot be kept constant in all the operating modes of the

inverters and it will further increase the magnitude of leakage current.

3.2.2. Analysis of the Bi-Directional Current Path in Traditional
TLI Topologies

The reactive power control capability of the inverter is determined based
on the bi-directional current path provided by the topology and its PWM
technique. From Figs. 3.6 to 3.9; it is observed that the conventional PWM
technique applied for all the four topologies is not providing a bi-directional
current path during the freewheeling period under the negative power region. For
example, in HS5 topology switch S3 is turn-off during positive v, and negative iy
as shown in Fig. 3.6(a). Similarly, switch S/ is turn-off during negative v, and
positive i, as shown in Fig. 3.6(b). Thus, reactive power control capability cannot

be realized with the traditional PWM scheme applied to the H5 topology. In the
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same way, switch S6 (+v, and -i,), S5 (-vy and +ig) in Heric, switches S3 (+v,
and -ig), S4 (-vg and +iy) in H6 and switch §4 (+v,; and -iy), S5 (-v; and +ig) in
H-B inverter are turn-off under negative power region as shown in Figs. 3.7, 3.8
and 3.9, respectively. Therefore, PWM schemes applied to the traditional TLI
topologies should be improved to support the bi-directional current path during

the freewheeling period.
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Fig. 3.7. HERIC topology during negative power region; (a) positive v, and negative i,

(b) negative v, and positive i,.
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Fig. 3.9. H-B topology during negative power region; (a) positive v, and negative i,

(b) negative v, and positive .

3.3. Proposed BDC based HS, HERIC, H6 and H-B TLI
Topologies

To solve the above-mentioned issues, a BDC branch is integrated along
with improved PWM schemes for the traditional HS5, Heric, H6 and H-B
topologies, as shown in Figs. 3.10, 3.11, 3.12 and 3.13 respectively. The BDC
branch is obtained by connecting two source connected MOSFETSs with split DC-
link capacitors to clamp the terminal voltages of the inverter to V;./2 during the
freewheeling period. Moreover, improved PWM schemes are allowing the
current in both directions to support the reactive power control during the

freewheeling period.
3.3.1. Operating States

Operating states of the inverters in both unity and non-unity power factor
operations of the grid are explained in this section. Based on the voltage polarity,
the operation of the inverters is classified into three states (i.e., Vig=Vae, Vip=
Zero and V,p =-V,.) and each state allows the current from source to grid and
vice-versa. Operation of both traditional and BDC based topologies are the same
during the positive power region. Further, switching logic, terminal voltages and

CMV calculations for BDC based topologies are listed in Table 3.1.
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Fig. 3.10. BDC-H5 TLI: (a) Circuit diagram, (b) improved PWM.
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Fig. 3.12. BDC-H6 TLI: (a) Circuit diagram, (b) improved PWM.
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State 1: In this state, V5 = V, and the current flows either from source to grid or
vice-versa, as shown in Figs. 3.14(a), 3.15(a), 3.16(a) and 3.17(a) respectively.
During this state, in positive power region, current flows through MOSFETs and
in the negative power region current flows through body diodes of MOSFETs.

The inverter terminal voltages Vyy=Vy., Vgv=0. Hence Vpy and Ve become,
Vo =Van —Van =Vac (3.9)

_ Vv tVen _Vae
Vea = -
2 2 (3.10)

State 2: In this state, V43 = 0 and the current freewheels through the inductors
and grid or vice-versa via MOSFETs or body diodes of MOSFETs, as shown in
Figs. 3.14(b), 3.15(b), 3.16(b) and 3.17(b) respectively. During this state, DC
source is isolated from the grid and also the inverter terminal voltages are
clamped to half of the DC-link voltage, such as Vyy=V;./2, Van= Va/2. Hence

Vpym and Ve become,

VDM:VAN_VBN:O (3.11)

Vo= Van tVeny Ve
oM = ) -,

(3.12)

State 3: In this state, V453 = -V, and the current flows either from source to grid
or vice-versa as shown in Figs. 3.14(c), 3.15(c), 3.16(c) and 3.17(c), respectively.
During this state, in positive power region, current flows through MOSFETs and
in the negative power region current flows through body diodes of MOSFETs.

The inverter terminal voltages V=0, Vzy=V,4.. Hence Vpy, and Ve become,
Vosr =Van =Ven =V (3.13)

Van Vey Ve

a2 2 (3.14)

From equations (3.9)-(3.14), it is observed that the V¢y, is maintained
constant in all the operating modes of BDC based TLI topologies. Therefore, the

effect of switch junction capacitance is eliminated by clamping the terminal
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voltages to V,./2. Consequently, the magnitude of leakage current and size of the

CMF is reduced in the proposed TLI topologies [20].
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Fig. 3.14. Operating modes of the BDC-HS5 inverter (a) Vz= Ve, (b) Vig= 0, () Vig=-Ve
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Fig. 3.15. Operating modes of the BDC-HERIC inverter (a) V3= V4., (b) V=10,
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Fig.3. 17. Operating modes of the BDC-H-B inverter (a) V3= V., (b) V=0, (¢) V=V

3.3.2. Improved PWM Strategy

Figs. 3.10(b), 3.11(b), 3.12(b) and 3.13(b) illustrate the improved UPWM
schemes for BDC based H5, HERIC, H6 and H-B topologies, respectively. Here,

a bi-directional current path is provided for the inverters by turning on the
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switches S/ and S3 in H5, S5 and S6 in HERIC, $3 and S4 in H6 and S4 and S5 in
H-B topologies during the freewheeling period. Moreover, in zero states, only
two switches and two diodes are conducting with respect to the current direction.
Further, the proposed BDC branch clamps the V,y, Vgy to V4/2, which ensures
constant CMV during the freewheeling period in both unity power factor and

non-unity power factor operations of the grid.
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BDC based
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\\ 4
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_+ AAA I—f>x PLL

yvy

Carrier wave

Fig. 3.18. Closed loop control of BDC based topologies.

The closed-loop operation of the proposed TLI topologies is verified by
using current control strategy proposed in [84]. The closed-loop controller
comprises a proportional-resonant (PR) controller and switching logic block to
generate the reference sine wave based on the availability of input power, as
shown in Fig. 3.18. A damping resistance (R;) is connected in series with the
filter capacitor (Cy, which attenuates part of the ripple on the switching frequency

in order to alleviate the issues of resonance [85].
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Table 3.1. Switching logic and CMYV calculations of BDC based HS, HERIC, H6 and H-B TLI topologies

BDC based TLIs | SI | D; | 82 | Ds; | S3 | Ds; | S4 | Dss | 85 | Dss | S6 | Dss | S7 | Dy | 88 | Dss | DI | D2 | Viaw | Van | Viewr=Vem
H5 i>0 | 1] 0 0|0 |0 O |10 [1]O0O[O0][O0]|O0[O|-|-1-]-[Vel| O Va2
Vis=Vae [i<0 | 0| 1 [0] 0 0[O0 |01 |0 T]0|O][O]O]|-]-1]-]-1Vael] 0 Va2
H5 i>0 | 1] 0 0] 0|0 [T ]O0|O0 O] O 1[0/ 0|1 [-]-]-1-][Val2|Vah Vid2
V.5=0 <0 | 0| 1 0|0 |1 ]O0]O0|O O] O O[T [1]O0/[-]-]-1-][Val2|VaR2 Va2
H5 i>0 |0 0 1|0 |1]O0]o0|loO [1]O]|O0[O0 OO |-|-]-1-10 |V Va2
Vig=-Vae [i<0 | 0| 0 [0 | 1T O 1T |00 O[T ]O0[O0 O] O|-]-]-[-120 | Va Vao/2
HERIC |i>0 | 1| 0 (0] 0|00 1|0 |1][O0]O0]lO0 O] O[O0 -|-]Vael]| 0 Va2
Vis=Vae |ig<0 | 0| 1 |00 |00 [0 1 [1]0]0]O0]O0]|O0][O0]|O]|-|-]Vel]| 0 7,
HERIC |i>0 | 0| 0 |00 |00 0O |1 [0 |O[ 1 [T]0 /0] 1] -]-|Va2|Val Va2
V.5=0 <0 | 0] 0 |0] 00|00 ]|O0[O O[T [T1]O[O| 1T [L1|O]-]-|Va2| Va2 7,
HERIC |i>0 | 0| 0 (1] 0|10 |0]O0 O[O0 |10 |O0O|O0O]|O0][oO 0 | Va 7,
Vis=-Vae |ig<0 | 0| 0 O | 1 [0 1[0 0][0]O0 ] [1]O0O]O0]O]O]|]O]|-|-]0|Va Va2
H6 i>0 | 1] 0 |0]0]0|O0O|1|]O0O|O0OlO|T|O|O|O O[O/ [O]|O]| Vel 0 7,
Vis=Vae |ig<0 | 0| 1 |0 0|00 |0| 1[0 0] 0| 1][0]O0][O0]|O0O]|O]|O] Vel 0 7,
H6 i>0 | 0] 0 |00 |0]O0 |1 [0 [0[O0O[O0[O [T O[O 1 [1]0|Va2]|Va2 Va2
V.5=0 <0 |0 0 |[0|]O0O|T1|[O0]O0|O[O|O]|O[O0 ] O] T [T]O0]O0]|T1 |Va2|Val2 Va2
H6 i>0 |0 0 1|0 |1 ]O0]0|O|[1]O]|O0O[O0O|O|]O|O[O]O[O0O]| 0 | Va Va2
Vis=Va [i,<0 | 0| 0 |0 | 1 |O| 1 ]0|0|O0| 1T ]|0[O0]|]O0]O|O|O]|O|O]| 0 | Va Va2
H-B i>0 | 1] 0 |00 |O0O|]O0O]|O0|O [1]O[T[O0O]|O0O|O[O|O]|O]|O]| Vel 0 Va2
Vis=Vae |i;<0 | 0| 1 [0] 0|00 0| O[O T ]|]O0|1][0]O0O[O0[O0][O0|O0] Vil 0 Va2
H-B i>0 | 0] 0 0] 00| O0]O0|O 1] O0O]|O0[O0 ] [1]O0 [0 1]O0][T1 |Va2|Val2 Va2
V.5=0 <0 |0 0 |[0]O0|O|O0O]|1|O0[O0O[O0O]|O0[O0 ] O] T [T]O0]1]O0|Va2|Val2 Va2
H-B i>0 |0 0 1|0 |1 ]o0]1l0][0]O0]O0[O0]|O0O]O|[O[O]O[O0O]| 0 | Va 7,
Vis=-Va |ig<0 | 0| 0 O | 1 O] 1|0 1][0]O0]O0O]|O|O]|]O]O]|]O]|O|O]| 0 | Va Va2

*Dyg; to Dgg are the body diodes of switches S/ to S8 respectively.
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3.4. Selection of Passive Components

The size of the DC-link capacitors [7], [86] is determined by using Equation 3.15,
which is derived based on the amplitude of ripple in DC-link voltage (AV,;.). Where Pryeq is
the rated power, o is the grid frequency in rad/sec. A passive filter is employed to limit the
harmonic content by DC-AC inverter at point of common coupling and its detailed design
procedure is given in reference [87]. The IEEE 1547 grid interconnection standards are
considered to limit the harmonic content. The design of the filter inductor (L/=L2=L;2)
depends on the desired peak-peak current ripple (Aizp.p) and it is given in equation 3.16.
The design of the filter capacitor is based on the maximum power factor seen by the grid.
The value of the filter capacitor (Cy) is calculated as per equation 3.17 for a 5% ripple.
Where P,4eq 1s the rated power, v, is the RMS value of the grid voltage, V. is the total DC-

link voltage; f and f; are the grid frequency and switching frequency of inverter,

respectively.

P

Cl=C2=——Taed__ (3.15)
20V, AV,
14 P
de = Nijp_p <25% 2 (3.16)
24f,L, v,

P

C, =5%—Lud (3.17)
2n.f v,

3.5. Simulation Results

To test the proposed concept, simulation studies were carried out as per the
specifications listed in Table 3.2 by using MATLAB software. An equivalent capacitance
of 42 nF is placed between the terminals of DC power source to the ground for the
evolution of leakage current caused due to oscillations in CMV. Further, the reactive
power control capability of the proposed grid-connected inverters is tested for 0.9 lagging
and 0.9 leading conditions. Fig. 3.19 shows the differential mode (V45, v, and iz) and
common mode (Vun, Vpn, Veur and ijearage) characteristics of both traditional and BDC
based H5 topologies. Similarly, Figs. 3.20, 3.21 and 3.22 illustrate the waveforms of both
traditional and BDC based HERIC, H6 and H-B inverter topologies.

From the simulation results, it can be observed that the improved PWM schemes

provide the reactive power support to enhance the inverter operation in all the operating
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modes without losing the waveform quality. Moreover, the additional BDC branch
effectively clamps the CMV to V,/2 in all the operating modes of the proposed inverter
topologies. Therefore, high-frequency oscillations due to switch junction capacitances are
eliminated in V), during the freewheeling states, which result in the reduction of leakage

current [88].

Table 3.2. System parameters

S. No | Parameters Values
1 Input voltage 400 V
2 Inductor L;, L, 4 mH
3 Capacitors Cyes, Cyeo, Cp, Cpy | 1 mF, 1 mF, 2 uF, 42 nF
4 AC output voltage 230V, 50 Hz
5 Switching frequency f; 10 kHz
6 Output power 500 W
7 Resistances R,, R, 10 Q,5Q
8 Mosfet IRFP460N
9 Diode MUR1560
| Unity | | 0.9 Lagging | | 0.9 Leading | | Unity |I | 0.9 Lagging | I
40 40
. NS A A AAAAAAA AL
40 70 *i, W W W \ % 400 2% \/ \V4 \VARVA AV % ]
40 Vav Vay
VN
Ve
20
0 f 1 19
0.5 | - 0.1 :
0 vy L.A ._._LA ‘A_Ll.a LA -t ‘lk'akag" ' ileakage
042 0.25 0.3 0.35 04 017 0.25 oa 0.35 o4
@ (b)

Fig. 3.19. Differential mode and common mode results; (a) HS5, (b) BDC-HS inverter.
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Fig. 3.20. Differential mode and common mode results; (a) HERIC, (b) BDC-HERIC inverter.
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Fig. 3.21. Differential mode and common mode results; (a) H6, (b) BDC-H6 inverter.
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Fig. 3.22. Differential mode and common mode results; (a) H-B, (b) BDC-H-B inverter.

Further, the dynamic response of the BDC-HS5 topology is tested and the results are
given in Fig. 3.23. It is demonstrated that the improved modulation strategy and topology
i1s working properly during sudden changes in grid conditions; Fig. 3.23 (a) show the step
changes in grid current, Fig. 3.23 (b) and (c) shows the sudden change in grid power factor

from unity to 0.9 lagging and unity to 0.9 leading, respectively.

Changing from 0.9 A to 1.85A Changing from 1.85 A to 1.25 A
I ]

N
ANANAWANAWAWANAWA

BEYAVAVRVAYAVRVAVEVRAYRY
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(c)
Fig. 3.23. Dynamic response of BDC-H5 topology: (a) step changes in grid current;

-40

power factor changes from: (b) unity to lagging and (c) unity to leading.

3.6. Experimental Results

To prove the effectiveness of the proposed TLI topologies, a 500 W generalized
inverter circuits were built and tested utilizing the available resources in the laboratory, as
shown in Fig. 3.24. The system parameters used for the testing of both traditional and BDC
based topologies, are listed in Table 3.2. Performance of all the topologies is tested under
unity, 0.9 lagging (125 Q, 400 mH) and 0.9 leading (125 Q, 50 uF) conditions to validate
the reactive power control capability. Also, an equivalent capacitance of 42 nF is placed
between the terminals of DC power source to the ground for measuring the magnitude of
leakage current caused due to oscillations in CMV. Differential voltage (V43), load voltage
(v1), load current (i;), and leakage current (ijukqge) are shown in a single window to affirm
the identical CMV behaviour in all the operating modes of proposed TLI topologies.
MDO3024 and UT283A power quality meter was used to measure the leakage current
magnitude and THD, respectively.
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Fig. 3.24. Experimental test setup.

Figs. 3.25, 3.26, 3.27 and 3.28 illustrate differential mode (V45 v; and i) and
common mode (Vun, Van, Vremy and ijearage) characteristics of both traditional and BDC
based HS5, HERIC, H6 and H-B topologies, respectively. Moreover, the performance
evaluation of all the topologies are listed in the Table. 3.3. Differential mode
characteristics of both traditional and BDC-HS5 topology are similar while operating under
the unity power factor condition, as shown in Figs. 3.25(a) and (f). From Figs. 3.25(b) and
(c); it is observed that the output waveforms of traditional H5 topology are distorted while
operating in non-unity power factor conditions due to the absence of bi-directional current
path during the freewheeling period. Whereas, in BDC-HS5 topology, reliable output
waveforms can be observed as shown in Figs. 3.25(g) and (h) due to the presence of bi-
directional current path provided by the improved PWM scheme (as per the analysis given

in Section. 3.3).

Further, common mode characteristics of the traditional HS topology are illustrated
in Figs. 3.25(d) and (e). Due to the effect of junction capacitance of the switches during the
freewheeling period there exist oscillations in the total CMV. Moreover, these oscillations
can excite the resonant circuit formed by the parasitic capacitance connected to the DC
source and results in excess leakage current (as per the analysis given in Section. 3.2).
Whereas, in BDC-HS5 topology, an additional BDC branch is connected to clamp the Vycyp
to V4/2 and results in complete abolishment of such oscillations as shown in Fig. 3.25(1).

Also, it further reduces the leakage current magnitude as shown in Fig. 3.25(j).
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Fig. 3.25. Differential mode and common mode characteristics of HS and BDC-HS5 topologies.
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Similarly, the experimental results of both traditional and BDC-based HERIC, H6
and H-B topologies are shown in Figs. 3.26 - 3.28 respectively. Where H-B and BDC H-B

topologies are tested for unity, 0.6 lagging and 0.6 leading power factors to test the

suitability of proposed topology and PWM strategy, especially for deplorable operating

conditions of the standalone load.
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Fig. 3.27. Differential mode and common mode characteristics of H6 and BDC-H6 topologies.
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Fig. 3.28. Differential mode and common mode characteristics of H-B and BDC-H-B topologies.

Moreover, the performance evaluation of both traditional and BDC based
topologies are listed in the Table. 3.3 for easy comparison. Further, Fig. 3.29 shows the
THD measurement of output current waveforms (measured using MDO 3024 and UT283A
1-@ power quality meter) at unity, 0.9 lagging and, 0.9 leading power factors of both
traditional and BDC-HS5 topology respectively. From the data given in the Table. 3.3; it is
noticed that the measured %THD of the proposed topologies is less than the IEC61000-3-2
standard for all the operating conditions [45]. The RMS value of the leakage current is also
less for BDC based topologies under different power factor conditions in comparison with
traditional topologies. Therefore, both leakage current reduction and reactive power control
capability are achieved by upgrading the traditional topologies with the BDC branch and

improved modulation schemes, respectively.
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Fig. 3.29. THD Measurement of current waveforms for HS and BDC-HS.
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Table 3.3. Performance evaluation of the traditional and BDC based topologies

Features H5 BDC-H5 HERIC BDC-HERIC Ho6 BDC-H6 H-B BDC-H-B
PWM Unipolar Unipolar Unipolar Unipolar Unipolar Unipolar Unipolar Unipolar
Total No.of MOSFETs 5 7 6 8 6 8 6 8
Total No.of Diodes 0 0 0 0 2 2 2 2
Total No.of components
conducting in one cycle 10 4 8 12 10 4 10 4
Total blocking voltage 4.5%V4, 5.5%Vg 6*Ve 7*Ve 7*Ve 8*Vc 7*V e 8*Vic
Unity power | ljakage RMS 16.4 mA 8.52 mA 219 mA 8.67 mA 124 mA 8.36 mA 13.5 mA 9.13 mA
factor % THD 1.43 % 1.44 % 1.45 % 1.53 % 1.47 % 1.54 % 2.07 % 1.54 %
Lagging Ileakage RMS 22.5mA 9.28 mA 27.6 mA 9.38 mA 18.05 mA 9.13 mA 36.2 mA 10.5 mA
power factor | % THD 11.8% 2.59% 11.38 % 2.59% 11.50 % 2.07 % 9.45 % 2.80 %
Leading Ileakage RMS 17.95 mA 8.55 mA 22.6 mA 8.7 mA 15.48 mA 8.06 mA 29.8 mA 9.56 mA
power factor | % THD 9.20 % 1.58 % 10.76 % 1.68 % 11.28 % 1.71 % 8.67 % 1.86 %
Size of the CMF Large Small Large Small Large Small Large Small
Reactive power capability No Yes No Yes No Yes No Yes
CMV Oscillating Constant | Oscillating Constant Oscillating Constant Oscillating Constant
Bi-directional current path

Not present Present Not present Present Not present Present Not present Present

during negative power region
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3.6.1. Dynamic Performance

The dynamic performance of the BDC based topology under the grid-connected
mode of operation is tested in real-time validation with OPAL-RT by using OP4500
modules [89]. Where two OP4500 modules of OPAL-RT are integrated, as illustrated in
Fig. 3.30. To analyze the performance under various power factor conditions of the grid,
one of the modules considered as a plant, that is BDC-based topology. Conversely, other
module act as a controller, that is the PR controller given in Fig. 3.18. The plant module
along with its interface, produces actual signals as per the operating conditions and sudden
disturbances, which will be captured by a controller through the communication channel.
The controller module generates the necessary modulation index (M,) by the use of PR
controller as explained in section 3.3.2, to validate the closed-loop operation of the
proposed BDC based topology. The sampling time is selected as 100 ps, which produces
the switching frequency of 10 kHZ. The overrun errors are eliminated with this selection of
switching frequency. Hence the real-time validation will be more accurate. The front-view
of the OPAL-RT module is illustrated in Fig. 3.31 with the access points for port A (digital
input/output pins), port B (differential input/output pins), port C (analog input/output port)

and port D (computer connection port).

Plant Controller
Interface interface

P Digital In g

/ (,ontroller
Digital Out _ Co-ole

Fig. 3.30. OPAL-RT real-time environmental setup.
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(a) (b)
Fig. 3.32. DB 37; (a) Digital port, (b) Analog port.
Fig. 3.32 shows the connector DB 37, useful for connecting the ports A and C,
respectively. Each DB 37 can access 16 pins associated I/Os (i.e., either analog or digital).
With these interactions and involved interfacings between two OP4500 modules, a

hardware-in-loop (HIL) system of the proposed BDC based topology along with a closed-

loop control system can be realized.

The responses under step-change in real and reactive powers are captured by MDO
3024. Fig. 3.33 (a) shows the step-change in grid current from 1.8 A to 5 A and then 3.4 A
(i.e., by changing reference active power). Figs. 3.33 (b) and (c) shows the grid voltage
and current waveforms when power factor changes from unity to 0.6 lagging and unity to
0.6 leading respectively (i.e., by changing reference reactive power by keeping real power
is constant). In all these figures, voltage across Cpy is also captured for the validation
similar common-mode characteristics under different power conditions of grid. From Fig.
3.33, it can be observed that the BDC based topologies are capable of support the reactive
power control with superior quality of waveforms in comparison with the traditional
topologies. Moreover, the controller implementation is the same for the other proposed
topologies.
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Current changing from 1.8A to SA  Current changing from 5A to 3.4A
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: | i
1 : 5A/div

3 g _
? Verr
: 250V7div

(b)

Power factor changes from Unity to 0.6 Leading

250V/div

©)
Fig. 3.33. Dynamic response of the BDC-H-B topology: (a) step change in the grid current, transient

change in power factor from (b) unity to lagging and (c) unity to leading.
3.7. Evaluation of Efficiency using PSIM Themal Module

The PSIM thermal module enables the quick way of estimating the losses of power
semiconductor devices based on real device characteristics provided by the manufacturer

datasheet. The characteristics of various devices can be added by using a device database
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editor in PSIM. Then, the devices can be selected for PSIM model and their switching and
conduction losses can be calculated in the simulation. Both static (conduction voltage drop,
on-state resistance, etc.,) and dynamic (turn-on, turn-off transients) characteristics are
taken in to account in the simulation. Using the device voltage and current calculations
during the simulation period, PSIM accesses the device database and then evaluated the
conduction and switching losses. The detailed procedure for evaluating the losses of power
semiconductor devices using the PSIM thermal module is given in refs [90]-[92]. In this
context, the efficiency of both traditional and proposed topologies are evaluated using the
thermal module toolbox in PSIM software. For example, a snapshot of the traditional HS

inverter, which is implemented using the PSIM thermal module, is given in Fig. 3.34.

Where each MOSFET consists of four nodes for power losses and they are: MOSFET
conduction loss Pc o, MOSFET switching loss Ps o, body diode conduction loss Pc p and
body diode switching loss Ps p. Generally, these losses are in the form of currents flowing
out of these nodes measured by ammeters. To model the thermal behavior of each switch
with respect to ambient temperature of 40°C (T ambient), an equivalent resistance Req of
0.79Q (Rin_je + Rin_cs TR _heatsink) 1n series with the DC source is connected. Where Ry, jcis
thermal resistance between junction to the casing, Ry, s is thermal resistance between

casing to a heat sink, Ry, s, 1 the thermal resistance between heat sink to ambient.

I Evaluation of the semiconductor device losses using PSIM thermal module I

{cpva

Fig. 3.34. PSIM thermal model for the traditional H5 inverter.
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Finally, efficiency curves of both traditional and BDC based H5, HERIC and H6
topologies are drawn in Fig. 3.35 under the same test conditions as given in the Table. 3.2.
The number of conducting devices and total blocking voltage are the same for the both
BDC based H6 and H-B topologies. Hence the efficiency curves are superimposed on one
another. Moreover, the proposed topologies registers slightly lower efficiency due to
increased power losses in the additional BDC branch in comparison with the traditional
topologies. However, the leakage current reduction and reactive power control capability
of the proposed topologies attracts the attention of researchers in the future PV power

generation systems.

98.00
97.00
&
=
N’
?? 96.00
s o == BDC-HERIC
;c::' [ -- g5
E =&— BDC-HS5
95.00 =¥ H6-Type
H-B
=@®— BDC-H6- Type
BDC-H-B
94.00
0 20 40 60 80 100
Output Power (%)

Fig. 3.35. Efficiency curves of the both traditional and BDC topologies.

3.8. Summary

In this chapter, BDC based HS, HERIC, H6 and H-B TLIs are proposed with the
features of reactive power control capability and reduced leakage current. Improved
modulation schemes enable the inverters to operate in both unity and non-unity power
factor condition without losing waveform quality. Moreover, the additional BDC branch
maintains constant CMV (half of the input DC voltage) in all the operating modes of the
inverter. Thus, the magnitude of leakage current is reduced in the proposed topologies.
Finally, the performance of both traditional and BDC based topologies is validated through
simulation and experimentation and also their results are compared to highlight the novelty

of proposed configurations.
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3.9.

3.10.

Contributions

Bi-directional clamping based H5, HERIC, H6, and Hybrid TLI topologies for

PVPGS are proposed to achieve;

a) Reduced leakage current by abolishing the fluctuations in Vryey due to switch

junctions capacitances.

b) Reactive power capability with a modified SPWM technique.

¢) Reduction of the number of components compared to the classical decoupling
and clamping based single-stage three-level inverters.
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Chapter 4

A Two-Stage Seven-Level Power Conditioner for

Photovoltaic Applications

4.1. Introduction

The single-stage topologies proposed in the previous chapter are mostly
suitable for string inverters and have the advantages of reduced switch count,
lower leakage current and reactive power control capability for the grid-
connected PVPGS. This chapter proposes a two-stage power conditioner with
inherent benefits of boosting, generation of seven-level output voltage with
minimum leakage current in a grid-connected PVPGS, which is especially

suitable for multi-string applications.

The proposed power conditioner is an upgrade of a front-end multi-output
DC-DC boost converter and an asymmetrical seven-level inverter. An HFT
employed in front-end converter produces balanced DC-link voltages to generate
the seven-level output voltage. The leakage current caused by the parasitic
capacitance of the PV panel is minimized by providing a common-mode
conducting path to the inverter. This results in a reduction of the leakage current
well below the VDEO126-1-1 grid standards. Further, the proposed configuration
utilizes a minimum number of devices for every level generation, which reduces
the control complexity and also improves the system efficiency. The dynamic
performance of the system is tested for intermittent changes in the PV
characteristics for grid-connected operation. The proposed power conditioner is
simulated using MATLAB software and a laboratory prototype of 750 W was
developed to validate its feasibility. Finally, a comparison is made with other
recently proposed seven-level inverters to highlight the benefits of this power

conditioner over others.
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4.2. System Configuration

Fig. 4.1 depicts the proposed power conditioner, which comprises a front-
end DC-DC converter and an asymmetrical MLI. The front-end DC-DC
converter boosts the output voltage of the PV source to the grid voltage level and
also produces two isolated voltages of (2/3)V,;. and (1/3)V;. The switching
operation of the complementary switches in the boost converter and HF'T ensures
proper voltage balancing of the DC-link capacitors. Further, the inverter
generates a seven-level output voltage with six semiconductor switches. The LC
and common-mode filters (CMF) are connected across the output of the inverter
to limit the high-frequency oscillations in the CMV and it will be explained in

section 4.3. The detailed operation of the proposed configuration is as follows;

D3 El_SZ JE} s2'

Ll
+
LAAJ_‘ TC¢? Ver
AR S3
kT

HFT ==~~~

|

I

| I

| I

| I

L > L |
PV |V Sﬂ: SI' o TCI Ver | |
| I

| I

| I

|

|

Arrayl 1 Cins T
K s ks |

Front-end Converter

CPV
% v
R» l
&= Ry Ve 0.5L, 'I 0.5L..,

Asymmetrical seven-level Inverter Filter Circuit R, i
h—— —_— — -

Fig. 4.1 Proposed single-phase two-stage power conditioner.
4.2.1. Front-end DC-DC Boost Converter

The front-end DC-DC boost converter is derived from the conventional
boost converter in combination with a (2:1 turns ratio) HFT to produce two
different DC voltages. The front-end converter is operated in two distinct modes
such as boosting mode and current fed forward converter mode to produce
(2/3)V4 and (1/3)V,. voltages, as shown in Figs. 4.2(a) and (b). In boost mode
inductor L;, diode DI and switch S/’ are operated to produce a voltage across
capacitor C/. Similarly, in current fed forward converter mode inductor L,, HFT,
diodes D2, D3 and switches S/, SI' are operated to charge the capacitor C2.
Switches S7 and S/’ are complementary to each other. When switch S7 is OFF
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and the complementary switch S/’ is ON, capacitor C/ is connected across the
primary of the HF'T through diode D/ and switch S/’ as shown in Fig. 4.2(b). The
stored energy in the inductor and the input PV source charges capacitor C/. Since
capacitor C2 is connected to the secondary of the HFT through diode D3, half of
the primary voltage is applied to charge capacitor C2. Hence, the voltages across
the two DC-link capacitors are maintained at V¢; and V. From Fig. 4.2(a), when
switch S/ is conducting, inductor ‘L,’ stores the energy from the source and
magnetizing current in the transformer winding discharges through the capacitor

C1 and diode D2.

D3 1’)]I 3
ol ol
HFT T b1 T
~V~ D2 HFT ——xr D2
Lb Lb
Y - ——
DI J DI
Vey PV ‘Sﬂ: SI_' |:'* Ccl=— Ve A}r)rI;y Si I:l* S1' : —
Array
| | |
(a) (b)

Fig. 4.2 Operation forward boost converter (a) S1 is ON, (b) S1 is OFF.

Since, stored energy in the magnetizing inductance is transferred to the
output capacitors C/ and not back to the source, the output power efficiency
improves. Moreover, capacitor C/ and C2 are charged in parallel by using the
HFT of the converter, which ensures the voltages to be in asymmetric (2:1) in
nature [78]. Moreover, power transferred to the HF'T is only 33% of rated power;
this reduces the power rating and losses of the HFT. Assuming the converter is
operating in continuous conduction mode (CCM), the voltage across the

capacitors can be expressed as follows:

1

Ver = 1-D Ver (4.1)
1

Vey=—— 7 4.2

< =3va-p) " (4.2)
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4.2.2. Asymmetrical Seven-Level Inverter

In this work, a popular asymmetrical MLI reported in [55], [93], is
considered to realize the seven-level output. It consists of six active switches S2,
S2' 83, §3', §4, S4'. Switches S§2', §3"and S§4' that are complementary to switches
S2, S3 and S4, respectively. Therefore three independent states would give (2°=8)
eight active states. The asymmetrical seven-level inverter is fed with voltages V¢,
and V¢, which are generated from the multi-output DC-DC boost converter. In
any of the switching state, three switches are in conduction to realize the output
AC voltage. Table 4.1 shows the different switching states corresponding to each
level generation. The voltage blocking capability of the switch pairs (S2, S2°),
(83, §3") and (84, S4') are Ve, (Ver+Vez), Ver respectively. The control pulses to
the inverter switches are produced using the sinusoidal level-shifted pulse width

modulation (SLSPWM) technique.

Table 4.1 Switching state of the asymmetrical seven-level inverter

Switching Scheme Source
Modes
S2 183 |84 |S2"|S3'"|S4' | Combination
1,00] O 1 1 Ves
Positive | 0 | O | 1 1 1 0 Ve
1101 0 1 0 VertVes
0010 1 1 1
Zero 0
1 1 1 0 0 0
0|10 1 0 1 -(VertVes)
Negative | 1 1100 0 1 Ver
011 1 1 0 0 Ve

4.2.3. Closed-loop Control System

The development of a suitable controller plays a major role in extracting
maximum power from the PV source into the grid. The basic functions of the
controller are MPPT from PV, DC-link voltage balancing, generation of seven-
level output voltage and injecting current into the grid. Hence, two control loops
are developed with proportional-integral (P/) and proportional-resonant (PR)
controllers [94], [95]. The outer loop PI controller performs the voltage control,

while the inner loop PR controller achieves the current control loop. Thus the
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overall controller facilitates the regulation of intermittent variations in PV
characteristics. A simple perturb and observation (P and O) algorithm is used to
extract the maximum power from the PV panels [96]. An inner loop current
control and outer loop voltage control are developed to limit the effect of inductor
current ripple and capacitor voltage ripple on the performance of MPPT by
decoupling the PV panel operating conditions from perturbations at load/grid as

shown in Fig. 4.3.

R
MPPT EP| P —>%—> Amplifier | PWM s1
sI'

P
Ipy r

Vpy

Fig. 4.3. MPPT control block.
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i l Limiter Y >
_’E_"» Switching Logic | -
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E2
N

Py o= Ppy*sqrt(2) Carrier wave

vg_> 144

Ve

Fig. 4.4. Closed-loop control of inverter.

Further, to inject generated PV current into the grid by preserving
constant DC-link voltage, a two-loop controller is developed and is shown in Fig.
4.4. The DC-link voltage control gives the reference grid current and then the
improved PR controller generates the modulation index M,, which is further fed
to the SLSPWM logic block to produce the switching pulses for inverter switches
as shown in Table 4.1. An improved PR controller [95] is used for injecting
current into the grid. It has the advantage of limiting the steady-state error and is
also robust in the control of inverter voltage due to parameter variations. Thus,
improved PR controller performance is far better when compared with the P/

controller. Phase locked loop (PLL) circuit is used to generate in-phase current to
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grid voltage. The transfer function of P/ and improved PR controller are given as

follows;
K
Gp(s)=Kp +?’ (4.3)
%
Ipy = Py 2 (4.4)
Vg
2K
Gpels) = K p + ————r2en (4.5)
§°+20pp.S + O
0.8 AR AR Aamtad T R
0.4 B N N ARV T2 I

b2 0205 021 0235 022 025 023 0235 024
Time (sec) ————»

Fig. 4.5. Simulation waveforms of SLSPWM and

corresponding gate pulses to the inverter switches.

Further, to show the closed-loop controller performance, the proposed
power conditioner and its controller are developed in MATLAB environment for
a maximum PV power capacity of 1.26 kW and a simple P and O MPPT
algorithm is used to track the maximum power from the PV source. The
specifications considered for the PV source are as follows: voltage, current and

power at maximum power Vyp = 192 V, Iyp = 3.64 A and Pyp = 70 W,

91



respectively. A total of three parallel rows of six panels are connected in series
(Ns= 6, Np= 3) to generate the power of 1.26 kW at a standard temperature of
25°C and insolation of 1000 W/m®. Various details of the parameters considered
for simulations are given in Table 4.2. Fig. 4.5 shows the gate pulses generated
by the SLSPWM technique for driving the inverter switches. To inject active
power (P) into the grid, the inverter produces a voltage V, having a phase and the
same is given in equations (4.6) and (4.7). In the case of P = 1.26 kW, V,.= 230
V,(LtLey) =525 mH, R=0.1 Q, V,,=230.54 V, § = 0.039 in radians [12].

2nf\L, + L )P
O = arctan M (4.6)
V.. +RP
V.=V, +E ! 4.7)
V, )cosd

Fig. 4.6 shows the simulation results of the proposed seven-level power
conditioner with closed-loop control. Figs. 4.6(a) to (e) and 4.6(f) to (j) show the
waveforms corresponding to insolation changes from 1000 W/m? to 800 W/m?
and vice-versa. Figs. 4.6(a) and (f) show the PV power versus voltage
characteristics for various insolation changes. The variations in output PV power
and the corresponding DC-link voltages are depicted in Figs. 4.6(b) and (g), Figs.
4.6(c) and (h), respectively. It can be noted that the capacitor voltages of front-
end DC-DC converter are maintained constant despite changes in the PV curve
due to insolation variations. The seven-level inverter output voltage, filtered
output voltage and phase current waveforms for unity power factor (UPF)
operation of the grid are given in Figs. 4.6(d) and (i) and Figs. 4.6(e) and (j)
respectively. The variation of grid current at the constant voltage for insolation
changes can be observed clearly in Figs. 4.6(e) and (j) which shows that the
developed power conditioner and the closed-loop controller effectively inject
power into the grid for intermittent changes in PV characteristics. For better
visibility of the grid current waveforms shown in Figs. 4.6(e) and (j) are scaled to
20 times. In addition, Fig. 4.7 depicts the %THD of grid current as 2.39% at 800
W/m? PV insolation and it is within the limits of the IEEE 1547 grid standard.
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Fig. 4.6. Simulation results of the proposed power conditioner integrated with closed loop
control when input insolation varies from 1000 W/m” to 800 W/m” and vice versa. The
subplot gives the waveforms of (a) and (f) PV characteristics; (b) and (g) Output PV power;
(c) and (h) Balanced DC capacitor voltages; (d) and (i) seven-level output voltage of
asymmetrical MLI; (e) and (j) grid voltage and injected current.
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Fig. 4.7. FFT spectrum of grid current.

4.3. Leakage Current Analysis

One of the major issues in grid-connected PV inverter is the leakage
current generated by the PV parasitic capacitors due to variations in CMV. To
address the leakage current in the proposed converter, a passive LC filter and an
additional CMF is employed at the inverter side. The effect of variations in the
CMYV can be evaluated by generated common-mode (CM) and differential-mode
(DM) terminal voltages, which are defined in Eq. (4.8) and Eq. (4.9). Vv and Vay
are the terminal voltages of the inverter with respect to the negative terminal of

the PV source, as shown in Fig. 4.1;
Vou (03) = [VAN ((’3) +Vgy ((’3)] (4.8)
Vem ((D) = O'S[VAN ((D) +Vay ((D)] 4.9)

Where Ve and Vpy, are common-mode and differential mode voltages,
respectively. Generally, the variations in CMV are determined based on the
topology and the control strategy. In this system, the CMV is associated with
switching frequency as well as grid frequency variations. The switching
frequency variations in CMV occur when there is a transition from one voltage
level to another voltage level. The grid frequency variations in CMV occur
during the transition between the positive half cycle to the negative half cycle.
The midpoint of the split capacitors is connected to the negative terminal of the
DC bus through a damping resistor R; to provide a conducting path to CM
current, as shown in Fig. 4.1 [97]. Due to the symmetrical nature of the filter

inductor, there is no effect on active and reactive power flow.
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Further, to analyze common-mode characteristics of the asymmetrical
MLI, an equivalent circuit is illustrated in Fig. 4.8(a); Lcys 1s the common-mode
choke, Cpy p and two split capacitors Cpy s are used in the differential mode
capacitor stage, Cpc s split DC-link capacitors, Rp and Cpy are the parasitic
elements of the PV source to ground and R, is the ground resistance. Fig. 4.8(b)
depicts the simplified common-mode equivalent circuit for easy analysis of CMV

and leakage current behavior.

Vou  0.5L,  0.5Lcyy

0'5VDC + VCM ZCDC s Rd ; CDM_SI =
- : TCDM_P ® Ve
CDM_s' B
\AANS
VN_g [ 'VDM 0. 5Lf 0- 5LCM
> >
Ry SR
C PVT ileakage
< g
(a)
VCM+0‘5 VDC 0. 5Lf LCM vgcm
VN_g q D _®_
. 2Cpy s 4
R P l § R
€ ? V V V_l I_' 4
CPV _|_ Rd 2 Cpc_s
ileakage
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(b)

Fig. 4.8 (a) CM Equivalent circuit (b) Simplified CM equivalent circuit.

In the simplified model, the passive components Cpc s, Cpys s and a small
damping resistor R; are added in series to the common-mode path. From Fig.
4.8(b) the effect of common-mode voltages on PV source negative terminal Vy g
can be determined by Eq. (4.10). The resonant frequency @, of LC components
are (0.5Ls+ Lcy) and (2Cpy s // 2Cpc ). Usually, the value of w, is higher than
the ripple frequency (100 Hz) and much lower than switching frequency; thus,
Eq. (4.10) can be simplified as Eq. (4.11). Smaller w, leads to higher attenuation

to the common-mode voltage Vcy. The common-mode path provided by the filter
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circuit attenuates variations in the CMV as per Eq. (4.12). The grid frequency
variation in CMV causes a small spike in the leakage current. Hence the RMS
value of the leakage current corresponding to switching frequency variations is
more in comparison with the grid frequency variations. Voltages Ve, Viippie and
Veem have a low effect on the PV terminal voltage due to lower operating
frequencies. Moreover, additional CM noise current i, which is generated and
circulated in the CM path provided by the AC filter is shown in Fig. 4.8(a). From
Fig. 4.8(b), this CM noise current can be calculated as per Eq. (4.13).

~ ~ (Ve +0.57,.)
£ 1-0*(0.5L, + Ley N2Cpy 5 /2Che 5)

+V.

gem

Vn

_—Vey +0.57,,)

VN,g (02 + Vgcm (410)
==
0‘)}”
~Veu (©)
e 4.11)
1——
o)
0)2
Atten(0)=201log,o| | -— (4.12)
i, =Vey (@) * k(@) +0.57,,,,, * k(2n*100) (4.13)
(O]
k(o) = ?(2CDMS //Cpe s) (4.14)
1——
o,
av,
ileakage = CPV (;:;_g (415)

It shows that i. is mainly decided by (i) switching frequency components
(w) and grid frequency component (ii) resonant frequency component (w,) and
(ii1) twice the grid frequency (100 Hz) component. Since w, is much smaller than
o, almost all the high-frequency noise is applied to L. Therefore a factor k(w)
as given in Eq. (4.14) is applied to Vcu, so that the total variations in Vy g, are
minimized. Further, Eq. (4.15) shows that the leakage current flows in the

parasitic elements of the PV source. Finally, the magnitude of leakage current can
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be effectively limited by an additional CMF. The filter circuit does not introduce
extra components, but it restructures passive components of AC filter. Thus,

inverter operation and reliability are guaranteed.
4.4. Selection of Passive Filter Components

The design of boost inductor (L) is based on the ripple content in the
input current (Al;,) and the switching frequency (f;) is shown in equation (4.16)
[98]. Where V;, is the input voltage, D is the duty cycle of the boost converter.
Moreover, the sizing of the DC-link capacitors (C/ and C2) and filter inductor
(Ly) 1s same as explained in the previous chapter.

1, =YL (4.16)

A[in'fs

The values of differential-mode capacitor Cpy, is limited by reactive
power level. For this 750 W system, 25% reactive power is chosen in the
equation (4.17) [98]. The value of split capacitors Cpyrsand Cpypis determined
as the equation (4.18) (Cpars < Cparp). Further, the value of Cpyr.gand Ley,can be
chosen by tuning the value of resonance frequency (w,). Typically, @, can be

chosen to be smaller than on tenth of switching frequency [85].

P
Cpyy < 25% —rate__ 4.17
M ’ 2n.f.v§c ( )
0.5C 05+ Cpyr_p = Cons (4.18)
PV S (4.19)

' V LCM C'DM—S

4.5. Simulation and Experimental Results

In this section, simulation and experimental results are presented and they
are given side by side to validate the feasibility of the proposed topology. The
fabricated experimental setup with various components is shown in Fig. 4.9.
Various parameters considered for the simulations and the experimental setup is
given in Table 4.2. The experimental setup is developed using IRFP460
MOSFETs, MUR1560 diodes, copper-based printed circuit board (PCB) and
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connecting wires as per the availability in the lab. The PWM pulses required for
the boost converter and asymmetrical inverter are generated with the use of the
DSP2812 processor and DIGILENT ATLYS Spartan-6 FPGA board,
respectively. TLP250 based driver circuit is used for driving the MOSFETs. A
regulated DC power supply is used as an input source to the front-end boost
converter. The output of the asymmetrical MLI is connected to load resistance
through LC and CMF. To measure the leakage current, parasitic capacitance Cpy
in series with Rpis connected at node N as shown in Fig. 4.1. The waveforms are
captured using DPO 3034 with the help of the current probe TCP 0030 and
differential voltage probe TMDP0200.

Control desk

Fig. 4.9. Experimental prototype for the proposed power conditioner.

From Fig. 4.10, it is observed that the input voltage is 96 V and input
current of the multi-output boost converter is continuous in nature; which
confirms that conduction mode of operation is continuous and also the voltages
across capacitor C/ and C2 are balanced and preserved corresponding to the turns
ratio (2:1) of HFT. It is essential to deal with high penetration of power into the
grid and reactive power capability in the future PV inverters [43]. Therefore a
newly designed inverter should allow the reactive power flow without affecting
the levels in the output. From Fig. 4.11, it is noticed that the waveforms of seven-
level voltage, load voltage and current for unity, 0.9 lagging power factor (200 €,
300 mH,) and 0.9 leading power factor (135 Q, 50 uF) loads respectively; it is
evident that the proposed power conditioner and its modulation scheme suitable

for both real and reactive power flow.
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The experimental THD of load voltage and currents are measured using
MDO3024 and YOKOGOWA WT3I10E digital power analyzer, as given in Fig.
4.12. The measured %THD of the filtered output voltage and current is 1.10%,
which is well below the IEC61000-3-2 standard [99]. Figs. 4.13(a) and (b)
illustrate the simulation and experimental results of the inverter terminal voltages
(Van, Ven) and Vey. It is observed that the CMV has both switching and grid
frequency variations. To eliminate the switching frequency components and to
reduce the leakage current magnitude below the grid standards, a CMF is
connected across the terminal of the inverter, which forms a low-pass filter circuit

as explained in section 4.3.

Table 4.2 System parameters

Parameters Specification
Power (P) 750 W
DC-link voltage (V4. 380V
AC output voltage (Vipeq) 230V
Fundamental frequency (f) 50 Hz
Switching frequency (f;) 20 kHz
Inductors (L Ley, Lp) 2 mH, 2 mH, 3 mH
Capacitors (Can s Cam p» Cpc s Cpy) 1 uF, 2 pF,1000 pF, 21 nF
Resistors (Ry, Ry, R,,) 220,100Q,22Q
Core type: ETD 42/21/15
High frequency transformer Magnetizing inductance (L,,): 8.2 mH
Leakage inductance referred to primary: 66 pnH
Turns ratio: 2:1
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Fig. 4.10. Input voltage, current and DC-link voltage waveforms of

(a) simulation and (b) experiment.
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Figs. 4.13(c) and (d) depict the measured waveforms of PV terminal
voltage and leakage current in both simulation and experimentation; it is
observed that high-frequency voltage transitions in Vy , are attenuated and the
RMS magnitude of leakage current is limited to 14 mA, which indicates the

effectiveness of the proposed power conditioner along with CM filter.
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Fig. 4.13. Simulation and experimental waveforms of the (a) and (b) Terminal voltages V4,

Vv and Ve (c) and (d) Vg and leakage current.
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Fig. 4.14. Simulation results of V., and leakage current.
Further, to demonstrate the practical limitation of the leakage current, three
different grounding resistances and parasitic capacitances are considered as per

the reference to evolve the leakage current magnitude [12]. From Fig. 4.14, it is
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noticed that in all nine cases, the RMS leakage current magnitude does not
exceed VDE 126-1-1 grid standards. Therefore the proposed topology, along with

CMF is effective in limiting the leakage current.
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Fig. 4.15 Comparison of Vy ,, leakage current ijqqe and its RMS value without and with

CM filter. (a) Ref [77]; (b) Ref [78]; (c) Ref [79]; (d) proposed topology.

Fig. 4.15 illustrates the comparison of leakage currents and the
corresponding PV terminal voltages for different configurations presented in
references [77], [78], [79]. The simulation study for all the configurations is
carried out for the same conditions as given in Table 4.2. Based on the
configuration and PWM control strategy, the PV terminal to ground voltage Vy o
contains switching frequency or grid frequency or both of different amplitudes.
From Fig. 4.15(a), it is noticed that V., of the configuration reported in [77]
contains only grid frequency variations of two different amplitudes; hence the
resultant value of RMS leakage current is 38 mA. Figs. 4.15(b) and (c) depict
Vin-g and ijeakage Of the configurations reported in [78]-[79]. It is noticed that both
switching frequency and grid frequency variations of four different amplitudes

are present in V., which results in the leakage current of 170 mA and 340 mA
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respectively. From Fig. 4.15(d), it is observed that V)., of the proposed power
conditioner consists of both switching and grid frequency variations of three
different amplitudes; hence the resultant value of RMS leakage current is 125

mA.

All these inverters with such leakage currents are not feasible for PV
applications directly without providing isolation. Therefore, a common-mode
filter is connected across terminals of the inverter by employing common-mode
path from split capacitor to the negative terminal of PV source for attenuating
high-frequency variations in the common-mode voltage, as explained in section
4. Hence, the leakage current is reduced to 20 mA, 21 mA and 22 mA for the
topologies reported in [77]-[79] respectively, as shown in Fig. 4.15. However, the
proposed power conditioner has a leakage current of 14 mA. In addition to that,
the overall component count and cost of the proposed power conditioner is low
and the efficiency is more as compared with other topologies. Therefore, from the
above discussion, it can be emphasized that the proposed power conditioner
along with CMF limits the leakage current well below the grid standards with
lower component count and higher efficiency for unity and non-unity power

factor conditions.
4.5.1. Dynamic Performance

A simple PI controller is realized in a digital signal processor (DSP) using
an embedded code generator toolbox in MATLAB. The capacitor voltages are in
the ratio of 2:1 with the HFT and hence the control of C/ voltage automatically
regulates the total DC-link voltage. Thus, the measurement of DC capacitor
voltage CI requires a voltage sensor for computing the total DC-link voltage. The
sensed C/ voltage scaled down to the required level and then fed into the DSP
through analog to conversion (ADC). To maintain the DC-link voltage of 350 V,
capacitor voltage C/ is sensed and compared with a set reference value of 230 V;
then, the error is fed to the P/ controller, which produces the required duty ratio.
For generating the driving pulses to switches S/ and S/', the duty ratio is

compared with a triangular wave of frequency 20 kHz.
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Fig. 4.16. Generation of the control pulses using DSP.

Fig. 4.16 shows the implementation of the PI controller using an
embedded code generator toolbox using MATLAB, where the DSP
TMS320F2812 board is selected for the pulse generation. The sensed analog
signal is converted into an equivalent digital value by using Eq. (4.19) and then
given to the PI controller as an actual signal. The set reference value is calculated
as per the requirement, i.e. 4095%(2.3-0)*0.33=3139.5=3140. Finally, both are
compared and the error fed PI controller to generate the desired duty ratio for
regulating the DC-link voltage as 350 V irrespective of the disturbances. The
detailed explanation of the use of each and every block of the controller is clearly

described in the ref [100].

(Input analog value—ADCLO)
3

Digital value = 4095 * (4.19)

Where, ADCLO is the lowest operating voltage (ideally zero).

To test the dynamic performance of the proposed power conditioner, the
system is tested in two different conditions, i.e. (i) changes in input voltage and
(i1) step change in load. Fig. 4.17(a) shows the constant capacitor voltage C/
despite changes to the input voltage from 80 V to 90 V and then to 85 V. It can
be noticed that the capacitor voltage C/ reaches steady state immediately after a
slight deviation during the transitions in input voltage. Further, the inverter is
tested for step-change in load current by 40% and the their corresponding
experimental results are given in Figs. 4.17(b) and (¢) respectively. In both cases,
the filtered output voltage and dc bus voltage V-, are maintained almost constant

for step changes in load. It is clearly evident that the model exhibits fast dynamic
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response in one fundamental cycle of operation for the wide variation in input
voltage as well as a load, which validates the effectiveness of the controller.
Therefore, from the above discussion, it can be concluded that the dynamic
performance of the proposed power conditioner is capable of feeding the power

into the grid under intermittent changes of PV characteristics.
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4.6. Evaluation of Losses

This section deals with the evaluation of losses of different two-stage
seven-level PV inverters to highlight the merits of the proposed system. The
losses are calculated using steady-state equations referred in [34], [101]-[103]
and PSIM thermal module simulations have also been performed to validate the
losses obtained. Based on the on-state resistance and blocking voltage, various
switches and diodes selected for the evaluation of losses and they are given in
Table 4.3. The expressions used for the calculation of switching and conduction

losses of the MOSFET are as follows:

0

| Vb(ton—i_toﬁ") Sl.
Poy j=————— ||ir|d0 4.20
sw_rT o o 9£2|’L| ( )
1 1 ,

Por =51Vl + g Vs + 5oV fow (421)

1 T
Pe = [tV gy (W (0)d (or) (4.22)

0

Where, Psy 1, Psw pare the switching losses of MOSFET for inverter and front-
end boost converter respectively. V', denotes the blocking voltage of the switch,

T., t,n and t,; denote inverter switching period and operating times of the

switches, 6, and 6, are angles of the starting and the ending of an interval with

ZL| = Lnax

switching losses, M, sin@ , M, is modulation index, i, 1S maximum

load current. I, C,, are average current and output capacitance. Where Pc is

conduction loss of the MOSFET, i(t)=1,, sinar , vg,(t)=i(t)R,, dgy(t)=M, sinax.

The expressions used for the calculation of conduction and reverse-recovery

losses of the diodes are as follows;

1 V.4
P p= Eﬂ iV, (£)D o (1 )d (2t ) (4.23)
P o =5 10570051, )ty o) (@24
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Pc p, Pg g denotes conduction and reverse-recovery loss in diode
respectively. Where, i(t) = Ly sin(wt), Va(t) = Viti(t)Rak, Daioge(t) = 1-Msin(wt),
Vr is the voltage drop in diode under off condition, R, is the on-drop resistance,
Va 1s the blocking voltage of the diode, /,, is the reverse-recovery current and ¢,
is turn-off time of the diode. Table 4.4 elaborates on the operation of switches in
various seven-level inverter topologies for grid-connected PV systems. It has
been observed that the proposed topology has the least component count and the
number of switching devices at each output level generation is low, which results
in high efficiency of the proposed topology compared to other topologies. Fig.
4.18 depicts a comparison of the blocking voltage of each switching device used
in various inverters. Fig. 4.19 illustrates the comparison of loss distribution

among various components for different MLI configurations.

Table 4.3. Selection of switches and diodes

Device | Part number | Rating

FCA76N60N | 400V/76A
MOSFET | IRF300P227 | 300V/50A
IRFP4127PbF | 250V/75A
Diode | RURIS1560S | 600V/15A

400 -

=
“Q
x
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A

Ref [77] Ref [78] Ref]79] Proposed

Fig. 4.18. Blocking voltages of the switches used in various MLI topologies.
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Table 4.4. Operation of various switches in different topologies

11 11 v v VI
S.No | Reference number | I
S | D/P | N|P/N|PIN|P|N
1 Ref [77] 419 |3 (1414|133 (2|2|4|4
2 | Ref [78] 3/ 8 (5|15|15{6(6|0]0|2]2
3 Ref [79] 41103 |15|15|6] 60022
4 Proposed Topology |3 | 8 |3 |13 |13 (4|4 2|2 |22

I — Number of switches and diodes in conduction during freewheeling period;

I — Total number of devices used in the given topology S -switches; D —Diodes;

IIT —Number of diodes and switches in conduction during one cycle of two-stage system
P- Positive cycle; N- Negative cycle;

IV — Number of switches operating at higher switching frequency loss of the two-stage

system,

V — Number of switches operating at medium switching frequency loss of the two-
stage system,

VI — Number of switches operating at lower switching frequency loss of the two-stage

system.

From Fig. 4.19, it is evident that the efficiency of the proposed two-stage
configuration is higher in comparison with other recently proposed topologies
presented in [77]-[79]. The power transferred by HFT is less than the one-third of
the total output of the PV source in all the above-mentioned topologies. Hence
the degradation of power efficiency with the use of HFT is not a severe problem.
To validate the theoretical losses, a PSIM thermal module is developed and
simulated at various loading conditions. The PSIM thermal module enables a
quick way of estimating the switching and conduction losses of semiconductor
switches based on real device characteristics. Finally, Fig. 4.20 (a) & (b) depicts
the efficiency curve of the proposed power conditioner based on theoretical and
PSIM thermal module analysis. Both the results are very close to each other and
also it is noticed that a slight increase in efficiency of the configuration for the
input voltage changes from 80V to 100V. This ensures that the efficiency of the

proposed configuration is more than 90% at different input voltages.
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4.7. Comparison of the Proposed Inverter with Existing Two-

Stage PV Inverter Topologies

The detailed comparisons with the existing two-stage seven-level

inverters are given in Table 4.5 to highlight the merits of the proposed power

conditioner; it is observed that the total component count, leakage current and

blocking voltages are less compared with the topologies in [76, 78 & 79].

Whereas, the leakage current and blocking voltages of Ref. [77] are close to the

proposed topology, but it is augmented with an extra semiconductor device and

parasitic resistance losses as shown in Fig. 4.19. Moreover, the use of bulky and

low-frequency transformer at AC side is eliminated. Furthermore, the proposed

common-mode filter solution can be employed for the topologies reported in Refs

[77]-[79] to minimize the leakage current.

Table 4.5. Comparison of different seven-level inverter topologies

Parameter Ref [76] | Ref [77] | Ref [78] | Ref [79] | Proposed

LF 2 4 2 2 2
MOSFETS

OLF 5 5 6 8 6
Diodes 9 3 5 3 3
DC capacitors 3 2 2 2 2
HFT - 1 1 1 1
Reactive power capability Yes* Yes No Yes Yes

Without CMF | 165mA | 38mA 170mA | 340mA 125mA
Leakage current

With CMF 18mA 20mA 21mA 22mA 14mA

MOSFET 6.5V, 4V 4e 5Vae 6V 4V e
Blocking Voltage

Diode SVdc 1.35 Vdc 1.65 Vdc 1.65 Vdc 1.65 Vdc

LF=line-frequency, OLF= other than line-frequency, Yes*=possible with modified

modulation technique, CMF=common-mode filter, V4=Total DC-link voltage.

110




4.8. Summary

In this chapter, a new single-phase two-stage seven-level power
conditioner suitable for the PVPGS is presented. The proposed single-phase
seven-level power conditioner employs a front-end DC-DC boost converter and
an asymmetrical seven-level inverter. This topology uses only eight power
semiconductor switches in comparison with other topologies for the realization of
seven-level output, which leads to improved efficiency. The proposed power
conditioner ensures guaranteed balancing of DC-link capacitor voltages with
simple control. Besides, the leakage current is limited effectively within the
VDEO126-1-1 grid standards. The developed controller shows better performance
by regulating the output voltage and injecting current into the grid for intermittent
changes in PV. The experimental results are in good correlation with the

simulation results, which proves the capability of the proposed topology.
4.9. Contributions

a) Registers high efficiency and lower component count for the
realization of seven-level output voltage as compared to the
conventional topologies.

b) High-frequency oscillations in the voltage across PV parasitic
capacitance are eliminated, and thereby the leakage current is reduced
below the VDE-01260-1-1 grid standards.

c) It provides the reactive power support for the grid-connected PVPGS.

4.10. Papers Published

1) Sateesh Kumar Kuncham, Kirubakaran = Annamalai, and
Subrahmanyam Nallamothu. "Single-Phase Two-Stage Seven-Level
Power Conditioner for Photovoltaic Power Generation System"
IEEFE Journal of Emerging and Selected Topics in Power Electronics,
vol.8 (1), pp. 794-804, Apr. 2019.
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Chapter 5
A Two-Stage Hybrid Transformerless Multilevel

Inverter

5.1. Introduction

The two-stage inverter which was introduced in the previous chapter,
requires an HFT and a common-mode filter for boosting the low PV voltage and
for the elimination of high-frequency oscillations in CMV respectively. To
overcome these drawbacks, a new structure of single-phase two-stage hybrid
transformerless MLI for PVPGS is presented in this chapter. The proposed
topology comprises a multilevel boost converter (MLBC) and a symmetrical
hybrid MLI. The MLBC combines the boosting and switched capacitor voltage
functions to produce self-balanced multiple voltage levels. The proposed MLI is
derived from the combination of bi-directional switches, a half-bridge and a
diode clamped branch, which can eliminate high-frequency oscillations in the
total common-mode voltage and is capable of suppressing leakage current as per
DIN-VDE 01261-1 grid standards. It offers the advantages of scalability, reactive
power capability, reduced THD and filter size.

This chapter presents the modes of operation of the proposed inverter to
generate seven-level output under both positive and negative power regions.
Comparative studies are also undertaken to show the merits of the proposed
configurations with other classical MLIs and recently proposed two-stage inverter
topologies. The proposed inverter is simulated in MATLAB/SIMULINK
environment and an experimental setup has been built in the laboratory to

validate the effectiveness of the recommended configuration.
5.2. System Description

The schematic arrangement of the proposed two-stage transformerless
grid-connected PV inverter is shown in Fig. 5.1. This two-stage configuration
comprises MLBC and a symmetrical hybrid MLI. The MLBC produces N

number of boosted voltage levels from the input PV source to meet the DC-link
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voltage requirement without using an HFT and extreme duty cycle ratio; also
each device blocks only (1/N) times DC-link voltage. It has significant
advantages of (i) higher efficiency with reduced voltage stress across the devices
and (ii) guaranteed balancing of the DC-link capacitors by clamping the diodes

based on the capacitor voltages.

The proposed hybrid MLI converts multilevel DC to AC. The gate pulses
to the inverter switches are generated through a modified sinusoidal level-shifted
pulse width modulation (SLS-PWM). It enables the inverter to operate under all
types of loading conditions such as unity, lagging and leading power factors
without changing the CMV behavior. Moreover, the magnitude of RMS leakage
current is well below the grid standards with the simple asymmetrical filter
inductor. Furthermore, the number of levels in the output voltage of MLBC and
hybrid MLI can be increased by adding a basic unit. The complete closed-loop
control diagram for MPPT and grid current injection of the two-stage system
[76], [104] is shown in Fig. 5.1. The detailed operation of MLBC, hybrid MLI,

control strategy and CMV analysis are explained in the following sections.
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Hybrid Multilevel
Inverter
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Fig. 5.1. Proposed two-stage grid-connected PV inverter.
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5.3. Operation of the Multilevel boost Converter

Fig. 5.2 shows the three-level DC-DC converter, which is derived from
conventional boost converter using diodes and capacitors [105]. One of the main
advantages of MLBC is its capability of balancing DC capacitors without adding
additional circuitry. The three-level boost converter act as a front-end converter
to boost the input DC voltage. The working of the MLBC circuit is depicted in
Figs. 5.2(a) and (b). Where different switching states of the power devices are
described below. In Fig. 5.2(a), when the switch Sb is in ON state, inductor L, is
connected to the input DC source (Vi,). Under this condition, if the capacitor
C4’s voltage is less than C1’s voltage, then C1 clamps C4’s voltage through a
diode Dy, and switch Sb. Simultaneously, if the voltage across C4+C5 is less than
the voltage across C1+C2, then C1 and C2 clamp the voltage across C4 and C5
through a Dy, and Sb.

: [+ o+
% D, % D,
X p,, 7 * Dy
v: '
CS = '\ CS_/==
Fy, A
\ T C2 Vdc / | = C2 Vdc
2D, \ I %D,
c4 = | \ €4 =
. \ -
L # Dy, i L, A D,
—T—"]‘{\—T} i== C1 TJWL | = c1
. N
O v, ks O Vi \— 'EI* Sb
| / | !

(a) (b)
Fig. 5.2. Operating condition of the switch (a) on-state (b) off state.

Similarly, in Fig. 5.2(b), when Sb is in OFF state, inductor current
conducts Dy; and charges the capacitor C1. When Dy; conducts, C4 and the
voltage Vi, plus the inductor’s voltage clamp the voltage across C1 and C2
through Dys3. Similarly, the voltage across the inductor plus Vi,, C4 and C5 clamp
the voltage across C1, C2 and C3 through Dys. It is important to note that diodes

Dy, Dy3 and Dys conduct synchronously in the circuit and they are complemented
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with the diodes Dys4, Dy and Sb. The total DC-link voltage (Vq4) and input
inductor current (I1) can be expressed in terms of the input voltage (Vi,) and duty
ratio as per Egs. 5.1 and 5.2 respectively. Ry is the output resistance and D is the
duty ratio of the MLBC. The total number of capacitors and diodes required for
‘N’ level DC output are (2N-1). The voltage across the capacitors ‘V.’ and the
blocking voltage ‘Vy’ of switch and diode are expressed by Eq. 5.3.

y N, 1

dc (I—D) (5 )
NV

/[, =—< 52

L (I—D) RO ( )

V=V, = Iz/v (5.3)

5.4. Proposed Hybrid Transformerless Multilevel Inverter

The proposed MLI is derived by combining the common emitter bi-
directional MOSFET branches and a hybrid-bridge three-level inverter. The
hybrid-bridge inverter consists of a half-bridge leg with S1, S2 and an NPC leg
with S3, S4, S5, S6, D1 and D2; this enables the polarity generation for the three-
level DC voltages. The common emitter bi-directional branch can select capacitor
voltages such as V¢i, (Vc1+tVe), (VeitVeatVes) and so on based on the selected

number of output voltage levels (N).
5.4.1. Operating States of the Inverter in Different Modes

In this section, the detailed switching configurations adopted for unity
power factor of the grid (v, and i, positive, v, and 1, negative) and non-unity
power factor conditions of the grid (vg positive, i, negative and v, negative, ig
positive) of seven-level inverter and the modified SLS-PWM are presented. Fig.
5.3 shows the proposed seven-level inverter topology. Moreover, it is assumed
that the voltage across each DC-link capacitor is equal throughout the analysis

(i.e., Vc1=Vc2=Vc3=V).
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Fig. 5.3. Proposed hybrid seven-level inverter topology.
Case. I: Positive grid voltage and grid current

Assume both the grid voltage (v,) and current (iy) are positive, the voltage
levels can be expressed as (VcitVeatVes)=Vae, (VeitVe)= (2/3)Vye and V=
(1/3)Vg.. Fig. 5.4(a) corresponds to state 1 in Table. 5.1, switches S1, S5, S6 and
S7 are turned ON while switches S2, S3, S4, S8, S9 and S10 are turned OFF,
which corresponds to the normal operation of a hybrid-bridge inverter. In this
case, Vap= (Vc1tVetVes) and the output current flows from MLBC to load
through S1 and returns through S5 and S6. Fig. 5.4(b) corresponds to state 2 in
Table. 5.1, switch S1 is OFF, while S7 and the body diode of S8 are turned ON
(S5 and S6 remain ON) and the switches S2, S3, S4, S9 and S10 are turned OFF.
In this case, Vag= (Vc1+V¢2) and the output current flows from the lower two
capacitors to the load through switches S7 and the body diode of S8, S5 and Sé6.
Fig. 5.4(c) corresponds to state 3 in Table. 5.1, switches S9 and the body diode of
S10 are turned ON (S5 and S6 remain ON) and the switches S2, S3, S4, S7 and
S8 are turned OFF. In this case, Vag=V; and the output current flows from the
lower capacitor to the load through switches S9, the body diode of S10, S5 and
Se.

Case. II: Negative grid voltage and grid current

When both the grid voltage (v) and currents (i;) are negative, voltage
levels (VcitVeatVes) = -Vae, (VeatVes) = -(2/3)Vge and Vs = -(1/3)Vg are
produced as shown in Fig 5.4. Fig. 5.4(d) corresponds to state 6 in Table. 5.1,
switches S2, S3, S4 and S10 are turned ON while the switches S1, S5, S6, S7, S8
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and S9 are turned OFF, which corresponds to the normal operation of a hybrid-
bridge inverter. In this case, Vag= -(Vci+Vea+Ves3) and the output current flows
from load to MLBC through S3, S4 and returns through S2. Fig. 5.4(e)
corresponds to state 7 in Table. 5.1, the body diode of S9 and S10 are turned ON
(S3 and S4 remain ON) and the switches S1, S2, S5, S6, S7 and S8 are turned
OFF. In this case, Vag = -(V21+Ve3) and the output current flows from the load to
the upper two capacitors through switches S10, body diode of S9, S3 and S4. Fig.
5.4(f) corresponds to state 8 in Table. 5.1, switches S8 and the body diode of S7,
are turned ON (S3 and S4 remain ON) and the switches S1, S2, S5, S6, S9 and
S10 are turned OFF. In this case, Vg = -V¢3 and the output current flows from

the load to top capacitor through switch S8, the body diode of S7, S3 and S4.

2+
|l

s7 |8 SLEA pig

4@—@—‘ N
[q L?J D2& |
S9! s10  S2Jma

|3<+
1L

Vi Cﬁ

IR
I

(a) (b)
+ + =& S3
Vo Vo
B S7 (S8
+ +
v O Veq valD v
N S10 S2f + | s9 s10
Vg Vo
° - S6
(c) (d)
+
Vo Vo

s7 |s8 SLER D13
A
N
ZORE:
D24
sol s10 s2 3

i
Vo -
S6

© ®

Fig. 5.4. Operating modes of the proposed topology when v, i, are positive and v, i, are
negative respectively (a) Vag= (Vc1+VetVes), (state 1 in Table. 5.1), (b) Vag= (Vc1+Ve2)
(state 2 in Table. 5.1), (c) Vap= V¢ (state 3 in Table. 5.1), (d) Vag= -(Vc1tVetVes) (state
6 in Table. 5.1), (¢) Vag= -(V2tV3) (state 7 in Table. 5.1), (f) Vag= -Vs(state 8 in Table.
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Case. III: Positive grid voltage and negative grid current

When the grid voltage (vy) is positive and gird current (i;) is negative,
voltage levels (Vci+VeatVes) = Vae, (VertVer) = (2/3)Vge and V= (1/3) V. are
produced as shown in Fig. 5.5 and the related states are given in Table. 5.1. For
all the states in this mode, current flows from the grid to MLBC; return path for
currents are provided by the body diodes of S5 and S6. From Fig 5.5(a), the
output voltage Vag= (Vc1+V2t+Ves) is produced and the current flows through
the body diode of SI. In Fig. 5.5(b), S8 and body diode of S7 are conducting to
complete the path for the current and the output voltage Vag= (Vc1+V2). In state
3, Fig. 5.5(c), S10 and body diode of S9 are conducting to complete the current
path and the output voltage Vg= V.

Case. I'V: Negative grid voltage and positive grid current

When the grid voltage (v,) is negative and current is positive (ig), voltage
levels (Vc1+VetVes) = -Vae, (VeatVes) = -(2/3)Vye and Vs = -(1/3)Vy are
produced as shown in Fig. 5.5 and the related states are given Table. 5.1. All the
states in this mode, current flows from the MLBC to grid, return path for current
is provided by the body diodes of S3 and S4. From Fig. 5.5(d), the body diode of
S2 conducts to complete the current path and output voltage Vag = -
(VcitVert+Ves). From Fig. 5.5(e), S9 and body diode of S10 are conducting to
complete the current path and the output voltage Vag = -(Vc2+Ves). From Fig.
5.5(f), S7 and body diode of S8 are conducting to complete the current path and

output voltage Vag=-Vs.
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Fig. 5.5. Operating modes of the proposed topology when v, positive and i, negative, v,
negative and i, positive respectively. (a) Vag = (VcitVeatVes) (state 1 in Table. 5.1), (b)
Vag= (Vcit V) (state 2 in Table. 5.1), (¢) Vag=V( (state 3 in Table. 5.1), (d) Vap = -
(Vc1+tVertVes) (state 6 in Table. 5.1), (e) Vag=-(VcatVes) (state 7 in Table. 5.1), (f) Vag= -
(Vc3) (state 8 in Table. 5.1).

Table 5.1. Common-mode voltage calculation.

State Van | Vax Vem Vom Va1 [Viemv=Va)
1 A% 0 1.5V 3V -1.5V 0
2 2V 0 v 2V -V 0
3 A" 0 0.5V A" -0.5V 0
4 0 0 0 0 0 0
5 3V 3V 3V 0 0 3V
6 0 A% 1.5V -3V 1.5V A%
7 A" A% 2V 2V A" A%
8 2V A% 2.5V -V 0.5V A%

* Where V= (1/3)V
de

Case. V: Freewheeling Period

Finally, freewheeling states can be produced in two different forms, as
shown in Fig. 5.6. In positive half cycle, switches S4, S5 and S6 are turned ON as
shown in Fig. 5.6(a) and state 4 in Table. 5.1. In the negative half cycle switches
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S3, S4 and S5 are turned ON as shown in Fig 5.6(b), which corresponds to state 5
in Table. 5.1. To clamp the voltages Van and Vgy to either zero or Vg in the
freewheeling period, switches S6 and S3 are turned ON respectively. Therefore,
the total common-mode voltage (Vrcmy) has only two voltage variations as
shown in Table. 5.1. It is evident that in both the cases, the current can flow in

any direction through the diodes D1 and D2.

i<y

s7 158 SLEE pig
Aca—hn—‘ A
[q @ D24
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Fig. 5.6. Operating modes of the proposed topology in zero states (Vag=0); (a) state 4 in
Table. 5.1, (b) state 5 in Table. 5.1.
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5.5. Modified SLS-PWM Technique with Reactive Power
Capability

The sinusoidal level-shifted pulse width modulation (SLS-PWM)
technique is adapted for the output voltage generation. In this section, a detailed
implementation of the modified SLS-PWM is discussed. The seven-level output
voltage waveform is synthesized using the states explained in the above section
and they are split into four modes of operation. Fig. 5.7 shows various operating

modes of the grid and detailed switching patterns for the proposed inverter

topology.

For better visualization of the switching pattern, switching frequency ()
is selected as 2 kHz and demonstrated for one cycle of operation. It can be
noticed that switches Sland S2 are conducting at the top level, which corresponds
to positive v, and negative v, respectively. S3 and S6 operate at the fundamental
frequency of the grid and are complementary. Switch S4 conducts in the positive
half cycle and S5 conducts in the negative half cycle. Moreover, switches S4 and
S5 also conduct in the freewheeling states to provide the current path under any

current direction.
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Fig. 5.7. Switching patterns for the inverter switches with reactive power capability.
Mode 1: The grid voltage and currents are positive.
Mode 2: The grid voltage and currents are negative.
Mode 3: The grid voltage is positive and current is negative.
Mode 4: The grid voltage is negative and current is positive.

Switches S7, S8, S9 and S10 along with their body diodes conduct in (2/3)V.
and (1/3)Vq. levels in any mode of operation, as shown in Fig. 5.4 and 5.5. To
avoid the current dependent the commutation of bi-directional MOSFET branch,
gate pulses given to switches (S7, S8) and (S9, S10) are different. A detailed
analysis is given in reference [24]. The modulation index (M,) and the output

voltage of the inverter are as follows.

|4

ref
M, = 54
¢ 3re -4
M, RV,

(5.5)

¢ 2
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Where V. is the peak value of reference sine wave and V. is amplitude of the
carrier waveforms. Fig. 5.8(a) illustrates SLS-PWM technique for the seven-level
inverter with one sinusoidal reference wave and six triangular carrier waves (C1,
C2, C3, C4, C5 and C6). Fig. 5.8(b) shows the detailed implementation of the
SLS-PWM technique. The Boolean logic functions derived for the control of

switching devices are given in Eq. 5.6.
S1=C, S2=F,83=G,S4=G+4

S5=G+D, S6=G.s7-5+r0 p,58=(E®@D)+(BOC)

S9=(4®B)+(E®F) S10=(4®B)+E (5.6)
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i - N -l
Vier -~ Cc1
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Fig. 5.8. (a) Seven-level SLS-PWM technique, (b) Implementation of SLS-PWM.
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5.6. Common-mode voltage Analysis

The CMV analysis of the proposed inverter is carried out regarding the
guidelines addressed in Ref [9]. The differential-mode voltage (Vpm) and
common-mode voltage (Vcm) of the inverter are used to analyze the total
common-mode voltage (Vremy) in each state of the inverter. In the proposed
transformerless seven-level configuration, the filter inductor is placed between
the inverter phase and grid (L;=Lrand L,=0). Therefore, the voltage source (Vs;)
is produced due to asymmetries in line impedances and also asymmetries in the

parasitic capacitances between the switches and ground as expressed in Eq. (5.9).
Voru=Vag=Van—Vsn (5.7)

Vo = (VAN + VBN) *0.5 (5.8)

Va =Vosh Ly =L) 241 +L,)) =05V, (5.9)

Veum Vs1=-0.5Vpm
N @ ( I'U ) o J‘U“’“ - Z
CPVI//CPVZ —s VTCMV g Rg
ileakage
€ g

Fig. 5.9. Equivalent common-mode model for the proposed topology.

Fig. 5.9 illustrates the equivalent common-mode model of the proposed
configuration. From Fig. 5.1; it can be noticed that the equivalent voltage
between terminals N and Z are referred to Vyiemy, which directly feeds two
impedances in the circuit path, such as equivalent parasitic capacitance Cpy
(Cov1//Cpya=Cpy1+Cpyv2) of the PV source and the ground resistance R, From the
Eq. (5.11), the magnitude of leakage current mainly depends on Cpy and
variations in the total CMV. From Table. 5.1, it is observed that Vrcmy has 0’
during the positive half cycle i.e. state 1 to 4 and “Vg.” during the negative half

cycle i.e., states 5 to 8. The transition between the two values is observed at zero
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states; hence Vrcmy commutates at the line frequency. Therefore iicakage 1S
maintained almost close to zero most of the time, except at zero crossings, where
it exhibits a large spike due to sudden variation in dViy,,/dt during the transition.
Table. 5.1 shows the total common-mode voltage calculation in different states,
where it is assumed that all the DC link capacitors are of equal magnitude i.e.,

Vcei=Ver=Ves= (1/3)Vge.

Viesv=Vem Ve =Vpn (5.10)
) dVv;
Ueakage— Cpy ZZC;MV (5.11)

5.7. Simulation Results

In order to verify the theoretical concept as aforementioned, the
simulation work is carried out in MATLAB/SIMULINK software. The SLS-
PWM technique is implemented to generate the control pulses for hybrid inverter
using the switching logic given in section 5.5. Various parameters selected for the
simulation work are as follows: input DC voltage Vi, = 65V, D=0.5, Piyeq = 1.2
kW, for unity power factor operation, Switching frequency f;= 20 kHz, M,= 0.84,
passive elements Ly = 0.5 mH (20% of Al,), C1=C2=C3=C4=C5=1300 pF (1%
of AVyc), Ly = 1 mH (20% of Airp p), Cr =4 pF, Cpy= 20 nF and Ry= 100 Q.

Fig. 5.10(a) shows simulation results of input voltage, current and drain-
source voltage (Vps) of Sb. The voltages across the DC-link capacitors V¢, Ve,
Vs and also total DC-link voltage are shown in Fig. 5.10(b) and (¢) respectively.
From Fig. 5.10, it is noticed that the front end MLBC is operating in continuous

conduction mode (CCM) and generating a three-level balanced DC-link voltage.
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Fig. 5.10. Simulation results of MLBC; (a) input voltage, current and

drain-source voltage of Sb, (b) balanced capacitor voltages (c) total DC-link voltage.

The total DC output voltage of the MLBC is further fed to the inverter stage
to produce seven-level output voltage, as shown in Fig. 5.11(a). The filtered
output voltage and load current waveforms for unity, (0.58) lagging and (0.58)
leading power factors of the load are given in Fig. 5.11(b), (c) and (d)
respectively. It can be noticed that the proposed topology is capable of supplying

reactive power, as explained in Section. 5.4.
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Fig. 5.11. Simulation results for the proposed seven-level inverter: (a) seven-level output
voltage (b), (c) and (d) v; and i, at unity, lagging (0.58) and leading (0.58) power factor

operations respectively.
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The measured FFT spectrums for the seven-level MLI output waveforms
are given in Fig 5.12. Fig 5.12(a) depicts the total harmonic distortion (THD) of
seven-level voltage and Fig 5.12(b) and (c) depict the load voltage and current
after the LC filter respectively. It can be noticed that the measured THD of
voltage reduced from 23.71% to 1.45% after filtering and the current THD is
1.45%. This confirms that the designed LC filter effectively attenuates the
harmonic content and it is within the limits of IEEE1547 grid standards.
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Fig. 5.12. THD spectrums of the seven-level MLI: (a) terminal voltage Vap and,
(b) load voltage and, (c) load current with R load.

Figs. 5.13.(a)-(d) illustrate the measured waveforms of terminal voltages
Van, Ven, Vem and ijearqge respectively. It is to be noted that uncontrolled spikes
in the leakage current appear with grid frequency variation due to changes in
Vremy. Moreover, the magnitude of the spikes depends on the Vryemv and
parasitic capacitance (Cpy) formed by the PV source. The transitions in Vycmy, at
every zero crossing generates a spike, as shown in Fig. 5.13.(d). Here, the root
mean square (RMS) value of leakage current is 40mA, which is much below the
DIN VDE 0126-1-1 grid standards. The ground resistance may help to suppress
these peaks of the leakage current [88].

127



400
400
™\ ™\ ™\ ™A
300 (\/
- 300 [
< 7z
> z
200 > 00|
100 100 }
00.6 0.62 0.64 0.66 0.68 0.7 %.6 0.62 0.64 0.66 0.68 0.
(a) (b)
40! T ‘ ; 3 i i
)
30
= 1
&) v
> 20 ":zj
<]
10
-2k
-3 i i i i
0.6 . 0.62 0.64 0.66 0.68 0.7 0.6 0.62 0.64 0.66 0.68
Time(sec) —— Time(sec)—»
(©) (d)
Fig. 5.13. Simulation results of seven-level inverter; (a) voltage Van,
(b) voltage Vrcmy (=Ven), (¢) CMV and (d) Leakage current ij.4xqge-
400) 400 400)
300 300, L_3[!0
é 200 EZZ[IO EZUO
= = >
> 100] > 100; 100|
Cpv = 10nF , Rg=10Q Cpv = 10nF , Rg=50Q Cpv = 10nF , Rg=100Q
. RVIS)=80 mA| _ ° §=37mA = RMS)=26 mA
e VAL sl - N s i
ST T T TETT T T
5| = -S| 5|
10| H L L L -10* L L L -10
Cpv = 20nF , Rg=10Q Cpv = 20nF , Rg=50Q 1 Cpv =20nF , Rg=100Q
10) M
10
= RMS)=110 mA 5 5 -
zs /( ) . RMS)=sdmA | = | *RMS 40 TA
=) 5 S0
ST T
5 =~ i
-10 y ‘ ‘ ‘
06 ojaz 0.64 0“66 068 % o6 062 06d 066 068 07 06 062 064 066 068 0.7
Time(sec)—— Time(sec) — Time(sec) —>

Fig. 5.14. Total common-mode voltage Vrcemv (=Van) and leakage current (ijcakage) at three

different parasitic capacitance and ground resistance conditions.
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To prove the effectiveness of the proposed topology in limiting RMS
leakage current, three different combinations of ground resistances and parasitic
capacitances are considered to evolve at the leakage current magnitude. From
Fig. 5.14, it can be noticed that in all three cases, the RMS leakage current does
not exceed German DIN VDE 126-1-1 grid standards. Hence, the proposed

circuit configuration is effective in limiting the leakage current.

Fig. 5.15 illustrates the performance of the proposed system with MPPT
and grid-connected mode for changes in PV insolation from 1000 W/m?® to 600
W/m®. Two series (Ns) and three parallel (Np) combinations of PV-MLU255HC
panels were used as PV sources. Specifications of the PV panel at standard test
conditions are; Voltage at maximum power Vypp=31.2 V, Current at maximum
power Iypp=8.18A and Maximum power Pypp=255W. Simple Perturb and
Observation algorithm is used for MPPT operation. It can be noticed that the dc-
link voltage and grid voltage is well regulated and corresponding changes in the

power levels were also observed at 0.6 sec.
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Fig. 5.15. Voltage and power results of grid-connected two-stage inverter when insolation

changes from 1000 W/m” to 600 W/m”
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To show the modularity of the proposed two-stage system, five-level
generation is presented through Fig. 5.16 with a reduction in one basic unit as
compared to seven-level operation. Figs 5.17(a) and (b) show the balanced DC-
link voltages and the total DC output voltage of the two-stage MLBC, which is
fed to the inverter stage to produce five-level output voltage as shown in Fig.
5.17(c). The filtered output voltage and their corresponding load current for unity

power factor (UPF) operation are given in Fig. 5.17(d).
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Fig. 5.16. Proposed two-stage five-level inverter.
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Fig. 5.17. Simulation results of the proposed five-level inverter; (a) DC capacitor voltages,
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(b) DC-link voltage, (c) five-level inverter voltage and, (d) output load voltage and current
after the LC filter.
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5.8. Experimental Results

To verify the effectiveness of the proposed two-stage system, a 200 W
experimental prototype was built with available lab components as a proof of
concept. Fig. 5.18 shows the experimental prototype, which consists of power
circuits with switches IRF460, diodes MUR1520, TLP250 based driver circuits,
controllers and loads. The PWM pulses to the MOSFET switches in the inverter
are produced by DIGILENT ATLYS Spartan-6 FPGA board with Ma = 0.84.
DSP TMS320F28335 is used for the generation of control pulse to the MOSFET
used in MLBC.

Control PC

e —.
|DPO3034|

Fig. 5.18. Experimental setup.

The specifications of various components for the experiment are as
follows: Input DC voltage Vi, = 31 V, switching frequency (f;) as 20 kHz, duty
ratio D = 0.5, boost inductor Ly = 0.6 mH (20% of Ali,), DC-link capacitors
C1=C2=C3=C4=C5 = 1000 pF (1% of AVqc), L= 1mH (20% of Airp p), Cr =3
uF, C, = 20 nF and R, = 100 Q. The waveforms are captured using DPO 3034
with the help of differential voltage probe TMDP0200 and current probe TCP
0030. The experimental results for the proposed two-stage seven-level inverter
are given in Figs 5.19 to 5.23. Fig. 5.19(a) depicts the input voltage, current and
drain-source voltage. It is observed that the input current is continuous in nature,
which confirms that the MLBC is operating in CCM. The balanced DC-link
voltages of the MLBC are depicted in Fig. 5.19(b).
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Fig. 5.19. Experimental results of the MLBC; (a) input voltage, current and drain-source
voltage of Sb, (b) balanced DC-link voltages.

The measured total DC-link voltage across the output of MLBC, seven-
level output voltage, filtered output voltage and load current are shown in Fig
5.20(a) and (b) respectively. Figs. 5.20(c) and (d) show the waveforms of seven-
level inverter under 0.58 lagging load and 0.58 leading load conditions. This
shows that the proposed configuration is capable of controlling the reactive
power without affecting the common-mode voltage behavior and multilevel

output quality.
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Fig. 5.20. Experimental results of the proposed topology (a) total DC-link voltage and seven-

<
i
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level voltage; load voltage and current under (b) UPF, (c) 0.58 lagging and, (d) 0.58 leading

conditions respectively.

Further, the dynamic response of the proposed multilevel inverter is
obtained by implementing a simple PI controller in DSP TMS320F2812

controller, as explained in the previous chapter. Figs 5.21(a) and (b) show the
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dynamic response of the proposed system under step change in load from 350 Q
to 150 Q and vice-versa. Similarly, it can be noticed that, from Fig. 5.21(c) the
DC-link voltage is kept constant as the input DC voltage changes from 25V to
35V and then to 30V. It shows that the proposed two-stage system and its
modulation scheme can effectively feed power into the grid under temperature
and insolation changes of the PV source. Here the currents in Figs. 5.21(a) and

(b) are multiplied by a factor of three to better visualize the response.
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Fig. 5.21. Experimental results of the proposed topology (a) and (b) step change in load
current from high to low and low to high at constant output voltage and (c) transient voltage

variations in input voltage and their corresponding DC-link voltage.
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Fig. 5.22(a) shows the waveforms of the inverter terminal voltage Van,
Ven and Veum. Fig. 5.22(b) shows the voltage waveform across the input DC
source positive terminal to ground and corresponding leakage current flowing
through the parasitic capacitor. It can be observed that the voltage across Cpy
varies at grid frequency. Consequently, the leakage current consists of sudden
spikes when there is a transition of voltage V., from zero to V. as explained in
section 5.5. The RMS value of ijearage reaches 7.146 mA, which is well below 300
mA limit imposed by German DINVDEO126-1-1 grid standards. The
experimental performance of the proposed system shows that the absence of
high-frequency transitions in the CMV. Therefore, the leakage current ijukqge 15

significantly reduced.
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Fig. 5.22. Experimental results of the proposed topology (a) terminal voltages of Van, Van
and Vcum and (b) terminal voltage across DC source to ground Vi, and corresponding leakage

current.

In addition, the experimental THD of the proposed configuration is
measured using DPO 3034 and YOKOGAWT310E digital power meter, shown
in Figures 5.23(a) and (b). It is observed that the filtered output voltage and their
corresponding load current THD of 1.45% show good agreement with the

simulation results and also meet IEEE1547 grid standards.

e
|

[
+

SN AT T ™ yd =
, ) N
B S LA R a // N\ /< Nk i
o L P ~ i 2A/div
250V/div

1KV 10A

THD = 1.45%

100V e

THD = 1.45%

10v 100mA

10V 10mA

" 1mA .I”Iul_ Laa PSS |
100mv 1.I 1 ||1.0_ Laa L T mA-J o 2 3 W0

™ EET spectrum ™ FFT spectrum
(a) (b)
Fig. 5.23. Experimental FFT spectrums for the proposed seven-level MLI

(a) load voltage, (b) load current.
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Further, to verify the modularity feature of the proposed configuration,
the experimental prototype is restructured for the generation of five-level
operation. Fig. 5.24 shows the experimental results of the five-level inverter
under UPF operation. The measured DC-link voltage across the output of MLBC,
five-level inverter output voltage and filtered output voltage and their
corresponding load current respectively are shown in Figs. 5.24(a) and (b). From
there, the experimental results are found to be in good agreement with the
simulation results. The CMV and leakage current justifies that the proposed

transformerless hybrid PV inverter is well suited for grid-connected PV

applications.
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Fig. 5.24. Experimental results of the proposed two-stage five-level inverter (a) DC-link and

level voltage, (b) filtered output voltage and current waveforms under UPF.
5.9. Comparison with the Existing Topologies

In this section, a comparison of the two-stage topologies with the
proposed system is given to highlight its merits. From Table 5.2, it can be noticed
that the boosting factor of the proposed two-stage system is double without using
HFT and extreme duty ratio. Hence, it requires fewer number PV panels
connected in series to maintain required DC-link voltage, which improves the
performance of MPPT and also efficiency. Moreover, the modular structure of
the topology enables an increase in the number of levels in output voltage, which
leads to an enhancement in the quality of output power with reduced filter size.
Furthermore, the magnitude of leakage current is limited below the DIN
VDEO0126-1-1 grid standard without employing LFT or EMC filter, which
increases the efficiency and reduces the size of the overall two-stage system.
Finally, reactive power capability is achieved with a circuit structure and with

modified SLS-PWM. But, the limitation of the proposed method is that an
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increase in the number of components used. However, the overall performance of
the proposed two-stage system is better than the existing topologies in refs [77]-

[79].

Table 5.2 Comparison various two-stage configurations.

Part Name Ref[77] | Ref[78] | Ref[79] | Proposed
MOSFET 9 8 10 11

Diode 3 5 3 7

HFT 1 1 1 -
Capacitor 2 2 2 5
Boosting factor 1.5kV;, | 1.5kVi, | 1.5kV;, | 3kVi,
Modularity - - - Yes
Leakage current - - - <300mA
LFT or EMC filter Yes Yes Yes -

Voltage stress of MOSFET | 4.58V. | 6V, TV de 8.33V4e
Blocking voltage of Diode | 1.08Vy. | 2.33Vy. | 2.33Vy | 3.33Vq.
Reactive power possibility | Yes* No Yes* Yes

Table 5.3. Comparison of the proposed topology

with conventional MLI topologies

Part Name DC | FC | CHB | Proposed
MOSFET 12 12 12 10
Diodes 30 0 0 2
DC-link 6 6 3 3
Capacitors
Auxiliary 0 15 0 0
DC Sources 1 1 3 1
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In Table 5.3, a comparison of conventional seven-level inverters with the
proposed hybrid inverter is given in Refs [10], [51]. The total number of active
and passive components and DC sources required for the realization of seven-
level output are fewer in comparison with conventional multilevel inverters.

Hence the cost and size of the proposed inverter is lower.

Table 5.4. Parameters and devices used for the calculation of efficiency

Parameter Vo F f, L, D M, |L; Cs C1-C5 | Cpy
Value 230V | 50Hz | 20kHz | 0.5mH | 0.5 | 0.84 | ImH | 4pF | 1300puF | 20nF
Device S1 to S6 S8 and S9 S7, S10 and Sb Diodes -
Part number FCA76N60N | IRF300P227 IRFP4127PbF RURIS1560S | -
Rating 400V/76A 300V/50A 250V/75A 600V/15A -

5.10. Efficiency Calculation

Generally, losses in the semiconductor devices depend on the conduction
period and the corresponding blocking voltage. The selection of switches is based
on the blocking voltage with lower on-state resistance enhances the overall
efficiency of the system. Table 5.4 lists the various parameters, switches and
diodes and their corresponding part number used for the calculation of efficiency
in both theoretical and PSIM studies. The theoretical evaluation of losses is
carried out using the standard equations were discussed in the previous chapter
(section 4.6). To validate the losses, PSIM thermal module is implemented for the

proposed configuration with the real parts as datasheets.

Fig. 5.25 illustrates the developed two-stage configuration of the PSIM
thermal module (where thermal resistances and parasitic resistances are not
shown for simplicity of the drawing). Distribution of losses due to various
switches and diodes using PSIM are drawn in Fig. 5.26. It is observed that the
switching losses are reduced considerably in comparison with conduction losses.
Switches S3, S4, S5 and S6 operate almost close to grid frequency and the
blocking voltage is V4., thereby the losses are equal. The clamping diodes used in

the NPC leg conduct only in the freewheeling period; hence the losses are very
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low. Losses across switches S1 and S2 are equal because the blocking voltage
and operating frequency are the same. The bi-directional switches S7 and S8 are
operating at different frequencies and blocking voltages. For example, switch S7
blocks voltage of (2/3)V4. and switch S8 blocks voltage of (1/3)V,. and also they
are operating at different frequencies. Therefore, the losses in the bi-directional
branch switches are different in the proposed inverter. The power loss in the
boost converter switch Sb and diodes (Dy;-Dys) are shown in Fig. 5.26(b).
Finally, from Fig. 5.27, it can be concluded that the efficiency of both the
theoretical and PSIM simulation match so well that it validates the performance

of the developed system.
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Fig. 5.25. PSIM thermal module model for the proposed two-stage seven-level ML
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Fig. 5.26. Distribution of power losses in the semiconductor switches of (a) hybrid seven-
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5.11. Summary

A single-phase two-stage hybrid multilevel inverter for grid-connected
PV applications is presented. The self-balanced capacitor voltage capability of
the MLBC enables low control complexity and modularity for any level output of
DC and also provides high boosting gain. The proposed multilevel inverter
structure and its modulation technique provide the bi-directional path to the
current in all modes of operation. Besides, reactive power control is also possible

without affecting common-mode voltage behavior and the output levels in the
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multilevel inverter. The leakage current is within the limits of German DIN
VDEO126-1-1 grid standards due to grid frequency variations in total CMV.
Thus, the proposed two-stage system provides high-quality output power and
efficiency for the grid-connected PVPGS.

5.12. Contributions

a) Requires lower switch count for the realization of seven-level output
voltage in comparison with traditional NPC, FC, and CHB topologies.

b) Functions like boosting of the PV voltage, balancing the DC-link
capacitor voltages, and the reduction of leakage current can be
achieved without the use of high-frequency transformer.

c¢) The modified SPWM scheme provides the bi-directional current path
to the inverter for supporting the reactive power flow without

disturbing the waveform quality.

d) Moreover, both converter and the inverter are modular to obtain the

more number of output voltage levels.
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Chapter 6
A Two-Stage T-type Hybrid Five-Level Transformerless

Inverter

6.1. Introduction

The two-stage hybrid MLI proposed in chapter 5 has the advantage of
high voltage gain, self-balancing of the DC-link capacitor voltages, reactive
power capability and the reduction of leakage current without the use of the
isolation transformer. However, due to the sudden transition in Vycyy from ‘Vdc’
to ‘0’ induces a sudden spike in the leakage current. Sometimes, it can cross the
grid standards due to the intermittent nature of the PV parasitic capacitance. In
addition to that, the front-end boost converter requires more number of capacitors
and diodes to realize the boosting and multilevel operation. Therefore, to address
the above-said problems, this chapter presents a two-stage T-type hybrid five-
level TLI for grid-connected PV applications. The proposed T-type hybrid five-
level inverter and its SLS-PWM scheme offers, (i) Reduced leakage current by
eliminating the high-frequency variations and sudden transitions in the voltage
across PV parasitic capacitance (Cpy), (i) A path for the negative current in all
the modes of operation under unity and non-unity power factor conditions of the

grid without degrading the waveform quality.

Moreover, in this chapter, the proposed inverter is integrated with a
traditional three-level boost converter (3LBC) for boosting the lower PV voltage
to higher DC-link voltage and also to extract maximum power from the PV
source. The 3LBC will provide high efficiency and reduced input inductor size
for the same power rating over the conventional boost converter. Simulation
results of the proposed system are presented using MATLAB software and a 500
W experimental prototype is constructed and tested in the laboratory to validate
the feasibility of the recommended configuration. Finally, a comparison of the
proposed inverter with other five-level TLI topologies is presented to highlight its

merits.
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6.2. System Description

Fig. 6.1 depicts the schematic arrangement of the proposed two-stage
inverter configuration. It comprises a 3LBC followed by a proposed T-type
hybrid five-level TLI with the symmetrical placement of the filter circuit. 3LBC
serves the functions of both voltage boosting and MPPT by employing a simple
closed-loop control system. Further, the proposed inverter produces output AC
voltage by switching MOSFETs using the SLS-PWM scheme, which enhances
the inverter operation at all power factors without affecting the CMV. Moreover,
symmetrical placement of the LCL filter circuit provides a common-mode
conducting path to the inverter for limiting the magnitude of leakage current

below the grid standards. Operation and control of 3LBC is explained as follows,

3LBC | T-type Hybrid Five-Level inverter | LCL Filter
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Fig. 6.1.Proposed two-stage T-type hybrid five-level TLL
6.2.1. Front-end 3LBC

Fig. 6.2 depicts the front end 3LBC given in [106], which comprises of
boost inductor L, two DC-link capacitors C; and C, and two switches S;; and Sp,.
Depending on switching states, the 3LBC has four modes of operation, as shown
in Fig. 6.3. Mode 2 and Mode 3 occur when either Sy; or Sp»1s turned ON. Mode
1 and Mode 4 occur when S;; and S, are turned ON or OFF respectively. It is
noticed that there are two operating regions based on the value of duty ratio D. In
regionl, R1 (0<D<0.5) allows the converter to operate in Modes 2, 3 and 4. In
region2, R2 (0.5<D<1) enable the converter to operate in Modes1, 2 and 3.
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The control pulses for the switches S;; and Sy, are generated with a simple
control circuit, as depicted in Fig. 6.2, where the reference duty cycle (D) is
generated from the MPPT controller to track maximum PV power. Further, to
balance the DC-link capacitor voltages duty ratio AD is produced with a simple
PI controller and then it is passed through the PWM circuit to generate the
control pulses Sp; and Sp,. Eq. (6.1) gives the relation between input PV voltage
and DC-link voltage. Where, Vpy and V. indicate the PV source voltage and total
DC-link voltage respectively.

VPV
vV, =—— 6.1
dc (1 _D) ( )
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p > — "V — N A
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Sp =& Cr o= Vo
VPV Vdc

Fig. 6.2. Block diagram of 3LBC with PI control.
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Fig. 6.3. Gate pulses and inductor current of 3LBC: (a) region 1, (b) region 2.
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6.3. Proposed T-Type Hybrid TLI

6.3.1. Circuit Structure

The proposed five-level TLI, as depicted in Fig. 6.4 comprises a half-
bridge leg (S1, S2), a neutral point clamping (NPC) branch (D1, D2, S3, 54, S5
and S6) and a T-type bi-directional clamping branch (§7, §8). The combination of
half-bridge leg and NPC branch forms a hybrid structure and it is further
enhanced with T-type bi-directional clamping branch to build a T-type hybrid
five-level inverter. Hybrid structure generates the polarity and the bi-directional
MOSFET branch enables the capacitor selection for five-level output and also

clamps the inverter terminal voltages to V./2 during the freewheeling period.
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Fig. 6.4. Proposed T-Type Hybrid Five-level TLIL

6.3.2. Operating States

Table. 6.1 shows the operating states of the proposed inverter topology.
State 1 and State 2 correspond to (Ve;+Ve2) and Vo, State 3 corresponds to zero
voltage level of the inverter, State 4 and State 5 correspond to -V¢; and -

(Vcrt+Ves) respectively.

State 1: In this state, V3= (Vci+Ve2) and the current flows either from
3LBC to grid or vice-versa as shown in Fig. 6.5(a). When the current flows from
3LBC to the grid, switches S/, S5 and S6 are in conduction. If the current flows
from the grid to 3LBC, body diodes of the switches S/, S5 and S6 are in
conduction. Throughout this state, DC-link capacitors are in series and they are

connected in parallel to the grid.
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Table 6.1. Switching logic of the inverter

State | Voltage (Vp) | S1 | S2 | S3 | S4 | S5 | S6 | S7 | S8
State 1 VertVer) 170]0]0]1]1 0
State 2 Ve 000011 1
State 3 0 oOj(ojof1(|11]o0 1
State 4 -Va oOoj(o(1(1y01}0O0 1
StateS | -(VartVe) O(1 |1 |1]0]0]0]1

State 2: In this state, V3=V > and the current flows either from 3LBC to
grid or vice-versa, as shown in Fig. 6.5(b). When current flows from 3LBC to the
grid, switches S5, S6, S7 and body diode of S8 are in conduction. If the current
flows from the grid to 3LBC, switch S8 and body diodes of the switches S5, S6

and §7 are in conduction. Throughout this state DC-link capacitor

connected parallel to the grid.
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Fig. 6.5. Operating states of the inverter: (a) State 1 (V3= (Ver + V),
(b) State 2 (VAB: VC2)-
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State 3: In this state, V5= 0, which provides a freewheeling path in the
positive as well as negative half cycles of the grid. Switches S4, S5, S7, S8, DI
and D2 are turned-ON, as shown in Fig. 6.6. During this state, any of the two
above said switches and two diodes would conduct based on the direction of the
current. Moreover, throughout this state PV source is isolated from the grid and
also the potentials of V,o and Vpp are clamped to mid-point of DC-link
capacitors. Therefore, the effect of switch junction capacitance and the amplitude
variations in CMV are reduced [107]. The detailed explanation on CMV

behaviour for the proposed system will be given in Section 6.4.
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Fig. 6.6. Operation of the inverter during state 3 (V,3=0).

State 4: In this state, V5= -V; and the current flows either from the grid
to 3LBC or vice-versa, as shown in Fig. 6.7(a). When current flows from the grid
to 3LBC, switches S3, §4, S8 and body diode of S7 are in conduction. If the
current flows from 3LBC to grid, switch S7 and body diodes of the switches S3,
S4 and S8 are in conduction. Throughout this state, DC-link capacitor C/ is

connected parallel to the grid.

State 5: In this state, V3 = -(Vc;+Ve2) and the current flows either from
the grid to 3LBC or vice-versa, as shown in Fig. 6.7(b). When, the current flows
from the grid to 3LBC, switches S2, §3 and S4 are in conduction. If the current
flows from 3LBC to grid, body diodes of the switches S2, S3 and S4 are in
conduction. Throughout this state, DC-link capacitors are in series and they are

connected parallel to the grid.

From all operating states of the inverter, it is observed that switches S/

and S2 are conducting only in the top levels of the output voltage. S3 and S6 are
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conducting in the negative and positive cycles except for zero level, respectively.
S4 and S5 are conducting in the negative and positive half cycles of the grid
respectively. §7 and S8 are conducting according to the selection of voltage
levels. Usually, switches S4, S5 and D1, D2 are enough to provide zero state, but
it will float the terminal voltages of the inverter, which causes an imbalance in
the CMV due to junction capacitances of the switches. Therefore, to clamp the
CMV at V;/2 switches S7 and S§ are also in conduction during zero states.
Moreover, this provides a path for current in any direction to realize the reactive
power control capability of the inverter with similar CMV behavior. Therefore,
the proposed T-type hybrid five-level inverter is capable of producing voltage
levels in the output under different power factor conditions of the grid without

affecting the waveform quality.
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Fig. 6.7. Operating states of the inverter (a) State 4 (V3= - V¢y),
(b) State 5 (Vug=-( VertVea)
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6.3.3. Closed-loop Control

The reactive power capability of the proposed two-stage system is tested
by using closed-loop control technique referred to [45] and it is depicted in Fig.
6.8. It comprises of an orthogonal signal generator (OSG) based power
calculator, improved Proportional-Resonant (PR) controller [95] and LSPWM
logic block for generating control pulses (G/ to G8) to the inverter switches as
shown in Fig. 6.9.

Pref

+

P, actual =

LSPWM (—>

0SG Power
calculation

|— 3| Logic Block

I

Carrierj (S1-S58)

wt

IV VAVAY o e S v
VAVar - AVAVA T e

Fig. 6.9. Switching pulse generation corresponding to its operating states of

the proposed inverter.
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6.4. Common-mode Voltage Analysis

Leakage current flow is one of the major problems in grid-connected TLI
for PV power generation systems. High-frequency oscillations present in the
CMV will electrify the resonant circuit and leads to flow of leakage current
(leakage) from the grid to PV source. To analyze the CMV behaviour, an
equivalent circuit of the proposed inverter is drawn in Fig. 6.10(a). Where V4o
and Vpp are the inverter terminal voltages with respect to ‘O’ as shown in Fig.
6.4. From the definitions [45], the CMV and differential-mode voltage (DMV)

are expressed as follow,

V,, +V
Vey = % (6.2)
VDM = VAB = VAO - VBO (6-3)
L2-11
V, =V, —— 6.4
CM-DM DM 2(L2+L1) (6.4)
Viewy =Vew +Vew-pu (6.5)

Where Veyand Vpy, are the CMV and DMV respectively. Usually, the
variations in the CMV depends on the structure and control scheme employed for
the switching of the inverter. Moreover, depending on the placement of filter
inductors, an additional CMV (Vepu) exists and it is given in Eq. (6.4). Thus,
total common-mode voltage (Vrcyy) consists of both Vey and Vepyrpy  as
expressed in Eq. (6.5). If the filter inductor is placed asymmetrically such as
LI=L; and L2= 0, Vespy =-0.5Vpy and Vrey= Vso. In opposite to that, if
L1=L2=0.5L; (for well-designed inductors with symmetrically structured
magnetic), Vewpy =0 and Vieyy = Ven. Equivalent circuit of the inverter in terms
of CMV and DMV as depicted in Fig. 6.10(b). According to operating states of
the proposed inverter and on-off positions of the switches presented in Section
6.3.2, the variations in Vreyy (=Ven) can be evaluated in each state of operation

as follows:
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Fig. 6.10. (a). Common-mode equivalent circuit of the proposed TLIL, (b) Equivalent circuit

in terms of CMV and DMV and (c) Simplified circuit.
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State 3: Ve = %(VAO V)= %(Viﬂlj Ly (6.8)

2 2 2

State 5: Vyyyy = %(VAO V)= %(0+ Vdc):%Vdc (6.10)

From Egs. (6.6)-(6.10), it is noted that the variations in Ve for the
proposed topology are restricted to (1/4)*V,. to (3/4)*V 4, due to clamping of
inverter terminal voltages to half of the DC-link voltage during zero state.
Moreover, the difference in amplitude of Vycyy is only (1/4)*V,;. while
transferring from one state to another state vice-versa, as shown in Fig. 6.9. But
the high-frequency variations in Ve will directly affect the voltage across Cpy
(1.e., V) and also results in higher leakage current as shown in Eq. (6.11). To
reduce the effect of Vrcyy on Vi, in the proposed topology, a common-mode
conducting path is provided for the inverter from split filter capacitors to the
negative terminal of DC source as shown in Fig. 6.1. The low-frequency
components such as grid voltage (50 Hz), ripple voltage (100 Hz) and DMV do
not affect leakage current. Hence, they are neglected in the simplified circuit of
the proposed TLI, as shown in Fig. 6.10(c) [9]. A small value of damping resistor

(Ry) 1s also ignored for easy analysis.

. dVy_,
lleakage = CPV dt (6 1 1)
Vo= - VTCMV(‘”)
Y -0 (05L, \2C,. 5/ C))
~Viewr (©)
VN—g — TCMV
. coz (6.12)
(OI’
(02
Alw)=201og| |1 - e
r (6.13)
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From the simplified circuit as shown in Fig. 6.10(c), the total voltage variations
in Vy,g 1s determined by Eq. (6.12). Where ‘w’ and ‘w,’ are the switching and
resonant frequencies in rad/sec respectively. The attenuation factor A(w) is
applied to the Vycypis shown in Eq. (6.13). Smaller w, leads to higher attenuation
on Vreyy. Thus, the major contributor for voltage variations in Vg is attenuated
with a factor A(w). Also, the LC circuit formed by the common-mode conducting
path of the inverter results in the trapezoidal waveform of Vy, with the
fundamental frequency. Hence, the magnitude of leakage current is limited below
the grid standards for the proposed topology. Further, the proposed solution does
not affect the active and reactive power injection into the grid due to the

symmetrical placement of the filter inductors.
6.5. Simulation Results

MATLAB/Simulink results are presented to validate the performance of
the proposed two-stage system integrated with closed-loop control under dynamic
changes in both active and reactive powers. Various system parameters used for
the proposed configuration in both simulation and experimentation are given in
the Table 6.2. The PV panel is modeled with a 200 V DC source and the

capacitance of 60 nF is connected between the terminals of DC source to the

ground for emulating the PV parasitic capacitance.

Table 6.2. System Parameters

S. No | Parameters Value

1 Power rating 500 W

2 Input voltage 200V

3 AC output voltage 230V, 50 Hz

4 Switching frequency f; 10 kHz

5 Inductor L, L; L, 3mH, 6 mH, 1.2 mH

6 Capacitors C1, C2, C; Cpy | 1 mF, 1mF, 2 pF, 60 nF
7 R,and R, 5Q and 10 Q

8 MOSFET IRFP460N

9 Diode RURP1560
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In Fig. 6.11, active power (P) is changing by maintaining reactive power
(Q) as constant and in Fig. 6.12 it is vice-versa. Subplots of Figs. 6.11 and 6.12
consists of reference and actual active, reactive powers, DC-link voltage and
individual capacitor voltages, V4p, vy and i, and also common-mode voltage
(Vcum) of the inverter repectively. Grid current (ip) is scaled by a factor of 70 for
better visibility during reference power changes. From Figs. 6.11 and 6.12, it is
observed that active and reactive powers are effectively tracked the reference
powers by maintaining constant and balanced DC-link voltage. Moreover, the bi-
directional current path provided by the LSPWM scheme enables the inverter to
operate in a reactive power region without having any spikes in grid voltage and

current.

P.ris changing from 500 W to 300 W and settled at 400 W

500 : J ' (a)...

300

200

-200

400 [~

300

200

400 -~

0.55 0.6 0'6s 0.7 0.75 0.8 0.85

Fig. 6.11. Simulation results of the proposed two-stage system when P, is changing
from 500 W to 300 W and setteled at 400 W, (a) sudden changes in P,.; (b) constant
0,5 (¢) total DC-link voltage and capacitor voltages CI and C2, (d)V 3, (e) vy and 70*i,,
® Ve
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Fig. 6.12. Simulation results of the proposed two-stage system when O, is changing from
150 VAR to 0 VAR and setteled at -150 VAR, (a) constant P,.; (b) sudden changes in O,
(c) total DC-link voltage and capacitor voltages CI and C2, (d)V43, (e) v, and 70*i,, (f) Veur

Further, the common-mode characteristic curves of the proposed topology
are depicted in Fig. 6.13. Subplots of Fig. 6.13 consists of Vio, Vo, Ver, Vg
and Tjeqrage T€SPECtively. Due to clamping of the inverter terminal voltages during
the freewheeling period, the difference in amplitude variations of Viycyy is
restricted to (1/4)*V,;. while transferring from one state to another state vice-
versa. Moreover, to attenuate such high frequency and low amplitude variations
in Vreyy, a common-mode conducting path is provided for the inverter.
Therefore, the total high-frequency variations and sudden transitions are absent in
Vn.g, which results in the reduction of leakage current as shown in subplot of Fig.
6.13. The rms value of the leakage current 16.6 mA is measured from the
simulations of proposed symmetrical TLI for the specifications given in Table 6.2

and also it is well below the grid standards.
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Fig. 6.13 Common-mode characteristics of the proposed TLI topology.

6.6. Experimental Results

To validate the simulation studies of the proposed two-stage system, a
500 W experimental test setup is built based on the available lab facility and it is
shown in Fig. 6.14. Various passive components employed for the development
of proto-type are designed based on the analysis given in chapter 3. The
parameters and components used for the experimental setup are given in Table
6.2. To show the leakage current flow with Cpy due to oscillations in CMV, an
equivalent capacitor is modelled and connected across the DC terminal and

ground.

vt (1 :r Two-stage T-Type Five-level Hybrid 1
| VOUAGE SENSOTS 1 and Xlinx ATLYS board__} ; inverter circuit

Fig. 6.14. Experimental prototype.
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Fig. 6.15(a) shows the balanced voltages across the DC-link capacitors
obtained from the simple control (as shown in Fig. 6.2) implemented using
ATLYS Spartan-6 FPGA board [65]. Figs. 6.15(b), (c¢) and (d) shows the output
waveforms of the inverter under unity, 0.9 lagging (200 Q, 300 mH) and 0.9
leading (135 Q, 50uF) power factor conditions respectively, which confirms the
effectiveness of the proposed modulation scheme and topology for controlling the
reactive power without affecting the waveform quality and multilevel operation.
Moreover, %THD of the load current represented in Fig. 6.16(a), (b) and (c) are
measured using CSV (comma separated values) data obtained from MDO 3024

and which is less than IEC61000-3-2 standard.
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Fig. 6.15. (a) Input voltage, DC voltages waveforms of 3LBC, Five-level voltage (V3), load
voltage (Vqa), load current (ij,.q) and leakage current (ijearqg.) under (b) Unity power factor,

(c) Lagging power factor, (d) Leading power factor.
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Fig. 6.16. FFT spectrums of load current under (a) Unity power factor, (b) Lagging power

factor, (c) Leading power factor.

Fig. 6.17 shows the CMV behavior of the proposed configuration. The
terminal voltage Vo, Vzo and V¢ waveforms are given in Fig. 6.17(a). By
observing the PV terminal voltage Vy . in Fig. 6.17(b), it is confirmed that the
common-mode path introduced by the LCL filter effectively limits the high-
frequency variations and sudden transitions in the voltage across Cpy. The
measured value of the RMS leakage current is 17.42 mA, which is very close to
the simulation value and also well below than 200 mA as per German
DINVDEO0126-1-1 standard. Moreover, the leakage current reduction is
guaranteed irrespective of the operating power factor because of the similar CMV

characteristics at all three power factor conditions.

Tek stop - T i B I ek Prevu T I
e | = Veu
200 V/div

Vio 7 ) i, 2, _
N | || [ | .200 Z | |
3 e ! Vg i " “ Il “ n “ “ " ] H
200 Vidiv FFT spectrum of ieaage Ueakage
100 mA/div

M 10.0mA 5.00kHz

(a) (b)
Fig. 6.17. (a) Inverter terminal voltages V4o, Vzo, Veu, (b) PV negative terminal to ground

voltage (Vy ,) and leakage current (ijqxqge)-

Further, the dynamic performance of the proposed two-stage system
under different power factor conditions of the grid is verified using real-time
validation with OPAL-RT OP4500 modules, as explained in Chapter 3. Fig.
6.18(a) shows the step-change in reference power from 300 W to 500 W and then
settled at 400 W. Figs. 6.18(b) and (c) show the step-change reactive power from
0 to =150 VAR respectively for grid-connected operation.
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Fig. 6.18. (a) Dynamic performance of the proposed two-stage system (a) Step change in real

power, Step change in reactive power (b) Lagging (c) Leading.

It can be noticed that the inverter is capable of providing reactive power

support at all power factors without degrading the quality of output waveforms.

Further, the efficiency versus output power curve of the proposed two-stage

system is evaluated using steady-state formulas referred to chapter 4. The

maximum efficiency of 97.24% is attained for the proposed two-stage system as

shown in Fig. 6.19.
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Fig. 6.19. Efficiency curve.

6.7. Comparison of the Proposed TLI with other Five-Level TLI
Topologies

In this section, a comparison of the proposed topology with other recently
reported five-level TLI topologies is presented. Simulations are performed using
PSIM thermal module real-time devices (MOSFET-FCA76N60N and Diode-
MUR1560) for obtaining the common-mode -characteristics, Fast Fourier
transform (FFT) of leakage current and loss distribution among various devices.
Fig. 6.20 illustrates the comparison of PV terminal voltage (V.,) and leakage
current for different topologies reported in Refs [56]-[59] with the proposed
topology respectively. All the topologies are simulated under the same test
conditions as given in Table 6.2. Generally, the variations in V., depends on the
topology structure and the modulation scheme employed for the switching of an

inverter.

From Eq. (6.11), it is evident that the magnitude of leakage current is
directly proportional to the total variations in Vy.gand size of the Cpy. Fig. 6.20(a)
shows the waveforms of V., and ijeakqge for topologies presented in [56]-[59], it is
observed that Vy, is varying suddenly from V, to 0 while transferring from
positive half-cycle to negative half-cycle. Fig. 6.20(b) shows the waveforms of
Vn.g and ijeakqge for the topologies presented in [60]-[61], where Vy., has sudden
variations while transferring from +0.5V,. level to £V, level and vice-versa.
These sudden variations of V., results in more spikes in the leakage current. Fig.

6.20(c) depicts the waveforms of Vi.gand ijeqrage for the topology presented in ref
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[62], where the redundant states formed by the derived CHB inverter eliminates
both high frequency and sudden transitions in V... Similarly, Vy.eand ijurage Of
the proposed inverter topology are depicted in Fig. 6.20(d), where clamping of
the inverter terminal voltages to half of the DC-link voltage and common-mode
conducting path of the inverter eliminates both high frequency and sudden

transitions in Vy.g .
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Fig. 6.20 Voltage across Cpy and leakage current of the, (a) Topologies [56]-[59],
(b) Topologies [60]-[61], (c) Topology [62] and (d) Proposed topology.
Moreover, the measured RMS values of the leakage current for the
topologies reported in [56]-[59] is 180 mA, topologies reported in [60]-[61] is 57
mA, topology published in [62] is 13 mA and for the proposed topology is 16 mA

respectively. Thus, the size of the additional common-mode filter is significantly
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reduced for the proposed topology and derived CHB topology in comparison with
the others. Usually, the low impedance path offered by Cpy at resonant frequency
causes higher leakage current and the same is noticed in FFT spectrum as

illustrated in Fig. 6.21.
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Fig. 6.21. FFT spectrum of the, (a) Topologies [56]-[59], (b) Topologies [60]-[61], (c)
Topology [62] and (d) Proposed topology.

Further, to realize the practical limitation of leakage current under various
environmental conditions, the topologies were simulated at different parasitic
capacitances and grounding resistances as shown in Figs. 6.22(a) and (b)
respectively. From the above discussion and simulation Figs. 6.20 to 6.22, it is
concluded that the derived CHB and the proposed inverter topology offers very
less leakage current in comparison with other five-level topologies proposed in

[56]-[61].
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Fig. 6.22. (a) Parasitic capacitances versus leakage current curve,

(b) Ground resistance versus leakage current.

Further, detailed comparisons of the proposed topology with other five-
level topologies are given in Table 6.3, Table 6.4 and Table. 6.5 in terms of
device count, leakage current magnitude, reactive power capability, etc. It is
noticed that the total number of PV sources required for the proposed topology is
less than the CMLI-I [60], CMLI-II [61] and derived CHB topologies. Also, the
total number of components is less in comparison with the FBNPC [56], HS5-
Heric [58] and derived CHB [62] topologies. Moreover, the proposed inverter
structure and its modulation scheme effectively minimizes the leakage current
and also supports the reactive power control. From Table 6.4, it is observed that
the proposed topology requires fewer conducting devices in comparison with the
FB-NPC and derived CHB. Thus, the proposed T-type hybrid five-level TLI is

expected to show lower losses and high efficiency.
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Table 6.3. Comparison of various multilevel topologies with proposed configuration

FBNPC HS-Heric Derived CMLI-1 CMLI-1I Derived CHB
Topology Proposed
[56] [58] Heric [59] [60] [61] [62]
No.of PV Sources 1 1 1 2 2 2 1
MOSFETs 8 8 8 8 7 10 8
Diodes 4 4 2 0 0 0 2
Filter inductor placement Asymmetrical | Asymmetrical | Asymmetrical | Symmetrical | Symmetrical Symmetrical Symmetrical
Voltage across Cpy Square Square Square Close to sine | Close to sine Sine Trapezoidal
Leakage current (RMS) 181.4 mA 181 mA 180.3 mA 56.5 mA 57.1 mA 13.7 mA 16.7 mA
Size of the CMF Large Large Large Medium Medium Small Small
Reactive power capability Yes No No No No No Yes
Freewheeling states during ) Not Not Not Not Not
Realized ' . . Realized
negative power transfer Realized Realized Realized Realized Realized
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Table 6.4. Comparison of conducting devices and blocking voltages for various MLI topologies with proposed configuration

FBNPC H5-Heric Derived Heric CMLI-1 | CMLI-II Derived
Topology Proposed
[56] [58] [59] [60] [61] CHB [62]
Vie 4 2 2 3 3 4 3
PP
No.of 0.5*V,, 4 2 2 2 3 3 3
MOSFETs FP 0 4 1 1 1 1 1 1
conducting -0.5%V,, 4 3 2 2 3 3 3
NP
Ve 4 3 2 3 3 4 3
Vie 0 0 0 0 0 0 0
PP
0.5%V,, 1 1 1 1 1 1 1
No.of diodes
FP 0 0 1 1 1 1 1 1
conducting
-0.5%V,, 1 1 1 1 1 1 1
NP
Ve 0 0 0 0 0 0 0
Total devices conducting in one cycle 22 14 12 14 16 18 16
Total blocking MOSFET 4*V 4. T*V 4o T*V 4 T*V e 6*Vye 6*V,. 6*V,.
voltage Diode 2*Vye 3*V4e Ve 0 0 0 2%V,

*PP=Positive period, **FP=Freewheeling period, ***NP=Negative period.
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Evaluation of the switching and conduction losses of each power device is carried
out by using the PSIM thermal module under the same operating conditions as given in
Table. 6.2. Also, the loss distribution of various power switches and diodes for different
topologies are illustrated in Fig. 6.23. It can be visualized that total losses for the proposed
topology is lower than FB-NPC and derived CHB and higher than H5-Heric, derived
Heric, CMLI-1 and CMLI-II. However, it offers minimum leakage current, reactive power
capability and reduced number of PV sources in comparison with the other inverter
topologies. Therefore, the proposed inverter topology is an optimal trade-off in comparison

with other topologies and also a reliable candidate for future PV power generation systems.
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Fig. 6.23. Loss distribution of the various TLIs with proposed topology.
6.8. Summary

In this chapter, a single-phase two-stage T-type hybrid five-level inverter is
presented, which provides boosting, multilevel operation, reactive power control and also
offers minimum leakage current for transformerless PV applications. The 3LBC balances
the DC-link capacitors by using a simple control algorithm, which reduces the control

complexity of the inverter. The proposed inverter topology and its LSPWM technique
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provide a path to the current at different power factor conditions without affecting the
CMV behavior. Moreover, the leakage current flowing through Cpyis limited by clamping
the terminal voltages of the inverter to half of the DC voltage during zero states and also
by introducing common-mode path to the inverter using LCL filter. Both simulation and
experimental results are presented to justify claims of the proposed configuration. Finally,
a detailed comparison with the existing topologies is given to focus on the merits of the

proposed configuration.
6.9. Contributions

a) The front-end power converter provides high efficiency and reduced inductor

size for the same power rating over the conventional boost converter.

b) Eliminates both the high-frequency oscillations and sudden transitions in the
total CMV, which results in a reduction of leakage current below the grid
standard.

¢) Modified PWM scheme enables the bi-directional current path of the inverter to
improve the waveform quality in both unity and non-unity power factor
conditions.

d) The efficiency and power density of the two-stage system is improved due to
the absence of the transformer and additional CMF in the power conversion

stage.

6.10. Papers Published

1) K. Sateesh Kumar, A. Kirubakaran, N. Subrahmanyam “A Novel Two-Stage
Hybrid T-type Five-Level Transformerless Inverter” I[EEE i-PACT
Conference, pp.1-6, 2019.

2) Sateesh Kumar Kuncham, Kirubakaran Annamalai and Subrahmanyam
Nallamothu, “A Two-Stage T-type Hybrid Five-Level Transformerless
Inverter for PV Applications” /EEE Transactions on Power Electronics, vol.

35 (9), pp. 9512-9523, Sep. 2020.

167



Chapter

7

CONCLUSION AND
FUTURE SCOPE

168



Chapter 7

Conclusion and Future Scope

7.1. Conclusion

Photovoltaic power generation systems (PVPGS) has acquired more
importance than other renewable sources of energy due to its rooftop
implementation ability in small and medium power scales connected to the 1-¢
grid. To make the system more simple and reliable a line frequency transformer
is eliminated from the power conversion stage. But, the removal of the
transformer yields a direct connection between the inverter and PV module and it
further results in the flow of leakage current due to PV parasitic capacitance.
Generally, the high-frequency oscillations present in the common-mode voltage
causes the flow of leakage current. Moreover, the flow of leakage current in the
power circuit increases the electromagnetic interference, total harmonic distortion
(THD) and power losses and also decreases the reliability and operational safety.
To overcome the aforesaid drawbacks and make the system highly reliable for
grid-connected PV applications, several topologies were proposed in the
literature by eliminating the high-frequency oscillations in common-mode
voltage (CMV). In contemporary, multilevel inverters are gaining much
popularity in the PV power applications due to their high quality of output power,
reduced filter size and THD.

In this thesis, a detailed literature has been reported based on various
single-phase non-isolated voltage source based inverter topologies for both
single-stage and two-stage PV applications. After reviewing various topologies

the following objectives have been identified for investigation,

» Pertinent and comprehensive literature review on both single-stage

and two-stage inverter topologies for grid-connected PVPGS.

» Development of the new single-stage and two-stage inverter
topologies for PVPGS with the features of lower switch count,
lower leakage current, lower THD, high efficiency, and operability

in negative power region.
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» Operation, Design and Simulation of proposed topologies under

steady state and dynamic conditions.

» Development of a proto-type model for experimental verification

under standalone operation with equivalent DC source.

To address the above problems, this thesis proposes four single-stage
three-level and three two-stage multilevel inverter topologies with the aim of,
namely, (i) operability with a single source, (ii) reduced switch count, (ii1)
leakage current reduction without the use of isolation transformer, (iv) reactive

power capability and (v) high efficiency.

Mindful of these objectives, in the first proposal a bi-directional clamping
(BDC) based H5, Heric, H6 and Hybrid-bridge transformerless inverter
topologies have been presented with improved PWM schemes. BDC branch
reduces the leakage current by clamping the inverter terminal voltages to half of
the DC-link voltage during the freewheeling period and the improved PWM
schemes ensure bi-directional current path while operating in the non-unity
power factor conditions. Thus, the magnitude of leakage current is reduced in the
proposed topologies. Moreover, the proposed topologies are mostly suitable for

string inverters.

In the second proposal, a single-phase two-stage seven-level power
conditioner for grid-connected PVPGS is presented in this thesis, which can be
most suitable for multi-string and module type applications. The proposed single-
phase seven-level power conditioner employs a front end DC-DC boost converter
and an asymmetrical seven-level inverter. This topology uses very few power
semiconductor switches in comparison with other topologies for the realization of
seven-level output, which leads to improved efficiency. Moreover, it ensures
guaranteed balancing of DC-link capacitor voltages with the use of high-
frequency transformer in the front-end converter. Besides, the leakage current is
limited effectively within the VDEO0126-1-1 grid standards by employing an
additional common mode filter. However, the use of high-frequency transformer
and common mode filter reduces the power density and increases the size of the

overall two-stage system.
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Owing to the above problems, a single-phase hybrid transformerless
multilevel inverter is proposed for PV power applications. The self-balanced
capacitor voltage capability of the MLBC enables low control complexity and
modularity for any level of output DC and also provides high boosting gain. The
proposed multilevel inverter structure and its modulation technique provide the
bi-directional path to the current in all modes of operation. Also, reactive power
control is also possible without affecting common-mode voltage behavior and the
output levels in the multilevel inverter. The leakage current is within the limits of
grid standards due to the elimination of the high-frequency oscillations in total
CMV. However, due to the sudden transition in V., from V, to 0 induces a
sudden spike in the leakage current. Sometimes, it can cross the grid standards
due to the intermittent nature of the PV parasitic capacitance. Also, the front-end
boost converter requires more number of capacitors and diodes to realize the

boosting operation.

In order to overcome this shortcoming, a two-stage T-type hybrid five-
level transformerless inverter (TLI) for grid-connected photovoltaic (PV)
applications has been presented. The proposed T-type hybrid five-level inverter
and its level-shifted pulse width modulation scheme offers, reduced leakage
current by eliminating the high frequency variations and sudden transitions in the
voltage across PV parasitic capacitance (Cpy) and provides a path for the negative
current in all the modes of operation under unity and non-unity power factor
conditions of the grid without degrading the waveform quality. Moreover, in this
chapter, the proposed inverter is integrated with a traditional three-level boost
converter (3LBC) for boosting the lower PV voltage to higher DC-link voltage
and also to extract maximum power from the PV source. The 3LBC provides
high efficiency and reduced input inductor size for the same power rating over

the conventional boost converter.

In order to evaluate steady-state and dynamic performance of all the
proposed topologies reported in the thesis, a thorough investigation of all the
topologies has been achieved through simulation studies and experiments. The
simulations are performed in MATLAB/Simulink software and the prototype
models are built using IRFP460 MOSFET modules and TLP250 opto-coupler

driver ICs. The control schemes are implemented in MATLAB Platform using
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Xilinx System Generator Blocks, Spartan 6 FPGA processor and DSP

TMS320F2812/28335 processor for real-time operation. The grid-connected

operation of the proposed topologies is verified using OPAL-RT OP4500 real-

time modules. Moreover, in this study, an exhaustive comparison of various

topologies have been done with the proposed topologies to demonstrate the

merits in terms of component count and voltage stress across the semiconductor

devices, common-mode voltage behavior and leakage current magnitude. Finally,

the performance of the proposed topologies is evaluated through the PSIM

thermal modules, which indicate a maximum efficiency of 90-98%. It ensures

that the proposed topologies are most opted for PVPGS.

7.2.

I1.

Author’s contribution

Bi-directional Clamping Based HS, Heric, H6 and Hybrid-Bridge

Transformerless Inverter Topologies with Reactive Power Capability

Bi-directional clamping based HS5, Heric, H6 and Hybrid TLI topologies
for PVPGS are proposed to achieve,
a) Reduced leakage current by abolishing the fluctuations in Ve due to

switch junctions capacitances.
b) Reactive power capability with a modified SPWM technique.

c) Reduction of the number of components compared to the classical

decoupling and clamping based single-stage three-level inverters.

Single-Phase Two-Stage Seven-Level Power Conditioner for

Photovoltaic Power Generation System

a) Registers high efficiency and lower component count for the
realization of seven-level output voltage as compared to the
conventional topologies.

b) High-frequency oscillations in the voltage across PV parasitic
capacitance are eliminated and thereby the leakage current is reduced
below the VDE-01260-1-1 grid standards.

c¢) It provides the reactive power support for the grid-connected PVPGS.
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I11.

IV.

7.2.

A Single-Phase Two-Stage Hybrid Transformerless Multilevel PV

Inverter

a) Requires lower switch count for the realization of seven-level output
voltage in comparison with traditional NPC, FC and CHB topologies.

b) Functions like boosting of the PV voltage, balancing the DC-link
capacitor voltages and the reduction of leakage current can be
achieved without the use of high-frequency transformer.

¢) The modified SPWM scheme provides the bi-directional current path
to the inverter for supporting the reactive power flow without
disturbing the waveform quality.

d) Both converter and the inverter are modular to obtain the more number
of output voltage levels.

A Two-Stage T-Type Hybrid Five-Level Transformerless Inverter for

PV Applications

a) The front end power converter provides high efficiency and reduced
inductor size for the same power rating over the conventional boost
converter.

b) Eliminates both the high-frequency oscillations and sudden transitions
in the total CMV, which results in a reduction of leakage current
below the grid standard.

c) Modified PWM scheme enables the bi-directional current path of the
inverter to improve the waveform quality in both unity and non-unity
power factor conditions.

d) The efficiency and power density of the two-stage system is improved
due to the absence of the transformer and additional CMF in the power

conversion stage.
Future Scope

The proposed research can be extended further in the following areas:

» Investigation of the proposed configurations for three-phase systems.
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» Investigation of the proposed configurations with PV and grid-connected
systems in order to further evaluate the performance of the system in real-

time.

» Investigation of other single-stage and two-stage multilevel inverter
topologies with reduced switch count, lower leakage current and reactive

power control capability.

» Addressing different control techniques and advanced control algorithms
for grid-connected PVPGS to feed both the real and reactive power into

the grid with reduced control complexity.
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