Contents

Abstract

Contents

List of Tables

List of Figures

List of Abbreviations

1 Introduction

1.1 Motivation . . . . . . . ..o
1.2 Research background . . . . . . .. .. ... ... ... ...
1.3 Micro Grid Architecture . . . . . . ... ...
1.4 Solar Power Generation. . . . . . . . . ... .. ... .....
1.5 Fuel Cell Energy Conversion System . . . . ... .. ... ..

1.5.1  Fuel Cell Model Development . . . . . ... ... ...

1.5.2  Working Principle of fuel cell . . . .. ... ... ...

1.6 High Voltage Gain DC-DC Converter Requirements

1.6.1 High Voltage Gain Capability . . . .. ... ... ...
1.6.2  Variability in Source Voltage . . . . . . . .. ... ...
1.6.3 High Density and High Efficiency . . . .. .. .. ...
1.6.4 Control Flexibility and Modularity . . . .. ... ...
1.7 Literature Review . . . . . . . . ... ... ...
1.7.1 Review of High Gain DC/DC Converter . . ... ...
1.8 Organization of the Thesis . . . . . .. ... ... ... ....

vii

Page

vil

xi

xiil

xix



2 Integrated Boost-Luo Converter with Reduced Voltage Stress for Re-

newable Application 19
2.1 Introduction . . . . . . . .. 19
2.2 Converter Analysis . . . . . . . ... 20
2.2.1 Discontinuous Conduction Mode (DCM) . . . . ... ... ... .. 22
2.2.2  Voltage and Current Stress of Devices . . . . . . .. .. .. ... .. 25
2.2.3 Inductor Selection . . . . . . .. ..o 25
2.2.4 Capacitor Selection . . . . . . . . . . ... 26

2.3 Practical Gain and Efficiency Analysis . . . . . ... ... ... ... ... 27
2.3.1 Practical gain calculation. . . . . ... ... ... ... ... ... . 27
2.3.2 Efficiency Analysis . . . .. ... ... oo 30

2.4 Comparative Analysis . . . . . . . . . ... 32
2.4.1 Comparison of Voltage Gain . . . . . . . . ... .. ... .. .... 34

2.4.2  Comparison of Voltage and Current Stress . . . . . ... ... ... 34
2.4.3 Dynamic Analysis of Proposed Converter . . . . . . ... ... ... 36

2.5 Experimental Result and Validation . . . . . . . ... ... ... ...... 39
2.6 Conclusion . . . . . . . . . 43
3 Boost-Cuk Converter with Coupled Inductor for PV application 45
3.1 Introduction . . . . . . . .. 45
3.1.1 Topological Evolution of High Gain DC-DC Converter . . . . . .. 47

3.2 Description of the Proposed Circuit . . . . . .. .. .. ... ... ..... 47
3.2.1 Mode 1 Operation . . . . . .. .. .. . ... 47
3.2.2 Mode 2 Operation . . . . . . . . .. ... 49
3.2.3 Mode 3 Operation . . . ... . ... .. ... ... 49

3.3 Parameter design and dynamic modeling . . . . .. .. ... ... ... 52
3.3.1 Parameter Design . . . . . . .. ... ..o 52
3.3.2 Dynamic Analysis . . . . . . . .. ... 56

3.4 Result and Discussion . . . . . . . ... L Lo 64
3.5 Conclusion . . . . . . . .. 66

High Gain Converter with Reduced Voltage Stress and Source Current

Ripple for FC application 69

viii



4.1 Introduction . . . . . . . . . 69

4.1.1 Topological Evolution . . . . .. ... ... ... ... . ...... 70
4.2 Circuit Description and Operating Principle . . . . . ... . ... ... .. 70
4.2.1 Modes of Operation . . . . . . .. .. .. ... ... . 72
4.2.2 Voltage Gain . . . . . . . .. 74
4.2.3 Non-ideal Gain Calculation . . . . . .. ... ... ... ... ... 76
4.3 Design and Analysis of Proposed Converter . . . . . . . . . ... ... ... 83
4.3.1 Calculation of Parameters . . . . . . ... ... ... ... .. ... 84
4.3.2  Dynamic Analysis of Proposed Converter . . . . . . .. .. ... .. 86
4.3.3 Efficiency of Proposed Converter . . . . . .. ... ... ... ... 89
4.4 Comparative Analysis . . . . . . . . .. 93
4.4.1 Comparison of Voltage Gain . . . . . . . . . ... .. ... .. ... 93
4.4.2 Comparison of Voltage and Current Stress . . . . .. .. ... ... 93
4.5 Simulation and Experimental Results . . . . . . .. .. ... ... ... .. 94
4.5.1 Simulation Test . . . . . . .. ... oo 94
4.5.2 Experimental Test . . . . . . . . .. ... ... ... .. 96
4.6 Conclusion . . . . . . . . L 99

High Gain Multiport Converter for Fuel cell Photovoltaic based DC

Microgrid 101
5.1 Imtroduction . . . . . . . .. 101
5.2 Design and Architecture of Hybrid Energy Systems . . . . ... ... ... 102
5.2.1 Model Development of BESS. . . . . . ... ... ... ... ..., 103
5.3 Power Management . . . . . ... ..o 104
5.4 Simulation and Results . . . . . .. .. .. oo 106
5.5 Circuit description and operating principle of proposed converter . . . . . . 111
5.5.1 Structure and Operation Modes of the Converter . . . . ... ... 111
5.6 Design and Analysis of Converter . . . . . . . . ... ... ... .. ... . 117
5.6.1 Inductance calculation . . . . . .. ... .. oo 117
5.6.2 Capcitance calculation . . . . . . ... ... ... ... ... . ... 119
5.7 Comparative analysis . . . . . . . . . ..o 120
5.8 Dynamic analysis of proposed converter . . . . . . . . .. ... ... .. .. 121

ix



5.8.1 Decoupled control system . . . ... ... ... 0L
5.9 Experimental result and Discussion . . . . . . . ... ... ... ......

5.10 Conclusion . . . . . . . .

6 Conclusions and Future Scope
6.1 Conclusions . . . . . . . . ..

6.2 Future Scope . . . . . . L

References

List of Publication

129
129
130

131

147



List of Tables

Chapter 2
2.1 Voltage Stress across Switch and Diodes . . . . . . .. ... .. ... ... 25
2.2 Current Stress through Switch, Diodes, and Capacitors . . . . . . . . . .. 26
2.3 Design value of Parameters . . . . . . . .. .. ... 0L 27
2.4  Device Specifications . . . . .. ... 29
2.5 Comparison of Proposed Topology with Existing Topologies . . . . . . .. 33

Chapter 3
3.1 Design Parameters . . . . . . . . ... L 53
3.2 Reactive Components . . . . . . . . . . .. ... 54
3.3  Device Specifications . . . . . . .. ... L 54
3.4 Comparison of Proposed Topology with other Topologies . . . . . . . . .. 95
4.1 Design Parameters . . . . . . ... oo L 85
4.2 Reactive Components . . . . . . . . . ... 85

Chapter 4
4.3 Device Specifications . . . . . . . ... 86
4.4  Comparison of Proposed Topology with Existing Topologies . . . . . . . . 92
5.1  Comparison of Proposed Topology with Existing Topologies . . . . . . . . 118
5.2 Design Parameters . . . . . . ... oo oL 120
5.3 Reactive components . . . . . . .. ..o 120

X1



xil



List of Figures

Chapter 1
1.1  Energy Consumption in the U.S. by End-Use Sector (Source: EIA Report). 2
1.2 Share of Global Energy Consumption (Source: BP Statistical Review of
World Energy). . . . . . . .. 3
1.3 Worldwide Carbon Emissions from Energy (Source: International Energy
Agency, 2023 Report). . . . . . .. 3
1.4 Annual growth in renewable energy capacity (Source: IRENA Interna-
tional Renewable Energy Agency). . . . . . . . . . ... ... ... 4
1.5 Worldwide annual Installed Capacity of Solar Photovoltaic (PV) Systems [1]. 5
1.6 Worldwide Installed Capacity of Fuel Cell (FC) Systems [2]. . . . . . . .. 5
1.7 Configuration of a typical microgrid system. . . . . . . . .. .. ... ... 7
1.8 Equivalent circuit diagram of a PV panel. . . . . . . ... ... ... ... 8
1.9 (a) IV curve of PV (b) Characteristic curve of PV panel. . . .. ... .. 8
1.10 Schematic view of PEM water electrolysis working principle [3]. . . . . . . 10

1.11 (a) Equivalent circuit of a fuel cell (b) Characteristic curve of the fuel cell. 11

Chapter 2
2.1  Proposed step-up converter. . . . . . . . ... 20
2.2 ON mode operation. . . . . . . . . . .. .. 21
2.3  Off mode operation. . . . . . . .. .. 21
2.4  Key waveform for CCM operation. . . . . . .. . ... ... .. .. ..., 22
2.5  Key waveform for DCM operation. . . . . . . ... ... ... ... .... 23
2.6 Converter operation in DCM. . . . . . . ... . ... ... ... ...... 23
2.7 Normalized boundary time constant vs. duty cycle. . . . . . ... ... .. 25

xiii



2.8 Practical circuit of proposed converter. . . . . . ... ... ... L. 27
2.9 Impact of Parasitic Parameters on Voltage Gain. . . . . . . .. .. .. .. 29
2.10 Loss distribution of switch, diodes, and passive components. . . . . . . . . 32
2.11 Gain comparison with the proposed converter. . . . . . . . . . . .. .. .. 34
2.12 Normalized voltage stress of switch comparison with other converters. . . . 35
2.13 Normalized voltage stress of diode comparison with other converters. . . . 35
2.14 Normalised current stress of switch comparison with other converters. . . . 35
2.15 Frequency response of converter with controller and without controller. . . 38
2.16 Experimental results at duty cycle D = 0.7 are presented. Fig. (a) Output
voltage Vo, input voltage V;,, and inductor current. Fig. (b) shows the
voltage stress across the switch and diode Dy. . . . . . .. . ... ... .. 39
2.17 Fig (a) Stress across Dy and Dj in comparison to Output voltage V. Fig
(b) Stress across D5 and D, in comparison to Output voltage Vp. . . . . . 40
2.18 Experimental result for a dynamic response for: (a) CH1 shows capacitor
on (4, CH2 shows capacitor on Cy (b) CH1 shows input, CH2 shows output
voltage, CH3 shows capacitor voltage on C3, and CH4 shows capacitor
voltage on Cly. . . . . . L oL 40
2.19 Experimental result for a dynamic response for: (a) Load change from
600 © to 300 €2 (b) Load change from 300 © to 600 €. . . . ... ... .. 41
2.20 Experimental result for a dynamic response for: (a) Reference voltage
change from 300V to 325V (b) Reference voltage change from 325V to 300V. 41
2.21 Experimental result for a dynamic response for: (a) Reference tracking
waveform (b) Load change from 300 © to 600 . . . . .. ... ... ... 42
2.22 Proposed laboratory prototype setup. . . . . . ... ... 42
2.23 Efficiency Vs. output power (Watt) curve. . . . . . . ... .. ... 42
Chapter 3
3.1  Derivation of proposed converter: (a) Boost converter (b) Type-1 (c) Pro-
posed (type-2). . . . . . 46
3.2 Circuit diagram of proposed converter. . . . . . . . .. ... ... ..... 47
3.3 Key waveform of the proposed converter. . . . . . . .. ... ... .. ... 48

Xiv



3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14

3.15

3.16

3.17

3.18
3.19

3.20

3.21

3.22

3.23
3.24
3.25
3.26

Converter operation in mode-1. . . . . . . . . . .. ... ... ... ... 49

Converter operation in mode-2. . . . . . . . . . ... ... ... ... .. 50
Converter operation in mode-3. . . . . . . . . .. ... ... ... ... .. 50
Comparison of voltage gain. . . . . . . . . . .. ... oL, 54
Comparison of normalized switch stress. . . . . . . .. ... ... ... .. 95
Bode diagram for open loop and closed loop system. . . . ... ... ... 59
Simulated waveform of current Ir; and Ip1q. . . . . . . . . L. 59
Simulated result showing voltage stress across diode D1y, D1 and Dy. . . . 60
Voltage across capacitor C; and Cy. . . . . . . . ... ... 60
Switch stress comparison to output voltage. . . . . . . . ... . ... ... 60

Inductor current of L;(Channel-1), Ly; in (Channel-2), output voltage in
(Channel-4) and (Channel-3) show input voltage . . . ... ... ... .. 61
Output voltage (channel-4) with 60% duty (channel-1), 50 V input (channel-

B) e 61
Voltage stress across switch comparison to output voltage shown in (channel-

1) and (channel-4). . . . . .. ... Lo 61
Voltag stress across switch show in (channel-3), diode Dy in (channel-2)

and output voltage in (channel-4). . . . . . . ... . L. 62
Capacitor voltage C and Cy shown in (channel-2) and (channel-3). . . . . 62
Output side closed loop result: (channel-4) shows output voltage and
(channel-1) change in output current during step change in load. . . . . . 62
Output side closed loop result: (channel-4) shows output voltage and
(channel-1) change in output current during step change in load. . . . . . 63
Input side closed loop result: (channel-4) shows output voltage and (channel-

1) output current and (channel-3) shows step change (fall) in input voltage. 63
Input side closed loop result: (channel-4) shows output voltage and (channel-

1) output current and (channel-3) shows step change (rise) in input voltage. 63

Laboratry experimental setup for the proposed converter. . . . . ... .. 64
Efficiency curve of the proposed converter. . . . . . . ... ... ... ... 64
MPPT algorithm flow chart for incremental conductance. . . . . . . . .. 66
MPPT Tracking curve with fixed irradiance for proposed system. . . . . . 66

XV



Chapter 4

4.1

4.2

4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15

4.16

4.17

4.18

4.19

Integration of high gain converter with DC bus. . . . . . . ... ... ... 69

Evalution of proposed converter: (a) Boost converter (b) Type-1 (¢) Pro-

posed (type-2). . . . . .. 71
Proposed converter circuit configuration. . . . . . . . ... 71
Proposed converter interleaved circuit configuration. . . . . . . ... ... 72
Basic circuit operation in mode-1. . . . . . . .. ... L. 73
Basic circuit operation in mode-2. . . . . .. .. ... 73
Basic circuit operation in mode-3. . . . . ... . ... 74
Key waveform of the proposed converter: (a) CCM and (b) DCM. . . . . . 75
Non-ideal circuit of the proposed converter. . . . . . .. .. .. ... ... 7
Impact of parasitic parameters on voltage gain. . . . . . .. .. ... ... 79
Theoretical efficiency curves with respect to duty ratio. . . . . . . . . . .. 80
Converter operation in DCM. . . . . . . .. ... .. ... ... ...... 81
Normalized boundary time constant vs. duty cycle. . . . . . . ... .. .. 83
Circuit diagram with a parameter for small signal analysis. . . . . . . . .. 87
Percentage loss distribution of switches, diodes and passive components. . 91

Comparison of proposed topology: (a) Voltage gain Vs. duty cycle and
(b) Switch voltage stresses Vs. duty cycle. . . . . ... ... ... ... .. 93

Comparison of proposed topology: (a) Diode voltage stresses and (b)

Switch current stresses. . . . . . ... 94

Matlab simulation based result Fig (a) current ripple cancellation, Sy con-
trol duty to control the output voltage shown in Fig (b), and Fig (c¢) show

voltage stress across switches Sp, Sy; and S, . . . ... 95

Simulation result Fig (a) shows the voltage stress across diodes Dy, Dy and
Dy, Fig (b) shows the input (V;) and output (V,, Vies and Vies) voltages
during a simulation of a sudden shift in the load of the negative pole and
Fig (c) Waveforms for the output currents (i,3 and i,4) in a simulation for

a scenario where the load on the negative pole changes. . . . . . . . . . .. 95

Xvi



4.20 Experimental result Fig (a) current ripple cancellation, Fig (b) show S;

and Sy fixed duty (ripple cancellation) and S3 control duty to control the

output voltage shown in channel CH4, input voltage shown in CH1, Fig (c)

shows CH3-capacitor voltage Cy, CH2-capacitor voltage C;, CH4-Output

voltage. . . . .. 96
4.21 Experimental results show stress across switches and diodes in comparison

to output voltage. . . . . . . ... 97
4.22 Experimental result of the proposed converter at 1kW: Fig (a) current

ripple cancellation, Fig (b) show voltage stress across switches Sy, S1; and

Ss, input voltage shown in CH1 Fig (¢) shows CH4-output, CH2, and CH3

show duty cycle. . . . . . . . 97
4.23 Experimental setup of fuel cell with proposed converter. . . . .. . .. .. 98
4.24 Dynamics of fuel cell connected with grid system. . . . . . ... ... ... 98
4.25 Waveforms for the output currents (i,3 and 7,4) scenario where the load

on the negative pole changes. . . . . . . . .. ... ... L. 99
4.26 Efficiency curve with output power. . . . . . . . .. ..o 99

Chapter 5

5.1  Block diagram of PV, FC, and Battery with DC microgrid model . . . . . 102
5.2 Circuit diagram of Bidirectional converter . . . . . . ... ... ... ... 104
5.3  Charcteristics of battery . . . . . . . ... oo 104
5.4  Energy flow diagram . . . . ... ..o 105
5.5 Simulink hybrid model of PV, FC, and Battery . . . . . .. ... ... .. 106
5.6  Control loop for converter and grid . . . . . . ... .. ... ... ... 107
5.7 Interleaved 4-Phase current . . . . . . . .. ..o 107
5.8 At t=0.25 sec solar irradiance change 500WW/m? to 1000W/m? . . . . . . . 107
5.9 At t=0.65 sec fuel cell flow rate change 15 litre/min to 25 litre/min . . . . 108
5.10 SoC of battery . . . . . . . .. 108
5.11 Grid voltage during all operation . . . . . . .. .. ... ... ... ..., 108
5.12 Waveform shows load changes 802 to 402 . . . . . . . . . . .. ... ... 109
5.13 Four Port Converter . . . . . . . . . . . . ... 110



5.14
5.15

5.16
5.17

5.18

5.19

5.20

0.21

0.22

5.23

5.24

5.25

Circuit diagram of the proposed converter . . . . . . ... ... ... ...
Key Waveform of Proposed Converter (a) Power Operation mode Stage-1:
(b) Power Operation mode Stage-2: (c) Power Operation mode Stage-3:
Both Sources Vi, and Vo supply power toload . . . . .. ... ... ...
Both sources and battery discharge to the load, Figs. (a), (b), and (c)
show the switching state of operation . . . . . . . .. ... ... ... ...
Both sources supply power to the load and charge to the battery, Figs. (a)
and (b) show the switching state of operation . . . . . . ... .. ... ..
Control diagram with a feedback loop, power calculation, modes diagnosis
and control unit . . . . ... oL
(a) PWM signal S; and S; for only source supply power to load (b) Output
voltage (channel-1), input voltage V;; (channel-3) and input voltage Vi,
(chanmel-4) . . . . . . .
(a) PWM signal Sy, Se, and S3 for discharging mode (b) Input inductor
current I (channel-1), inductor current /75 (channel-3), inductor current
Ips (channel-3) . . . .. ..o
Source voltage Vi (channel-2), source voltage Vo (channel-3), battery
voltage V, (channel-4) . . . . . . ... ... Lo o
(a) PWM signal S;, S3, and Sy for charging mode (b) Input inductor cur-
rent /1 (channel-1), inductor current /75 (channel-3) and battery current
(channel-3) . . . . . .
(a) Channel-1 showing the battery discharging current (b) Channel-1 show-
ing battery charging current Channel-3 maintaining the output voltage
constant . . ... e

Experimental setup for the proposed converter . . . . ... .. ... ...

XViil

. 112



List of Abbreviations

PV

FC

MPPT

BESS

CICM

CCM

DC

DCM

Voc

Isc

EO

EMI

EMC

Vact

Vcon

Vohm

Photovoltaic

Fuel cell

Maximum Power Point Tracking
Battery Energy Storage
Continuous Inductor Current Mode
Continuous Conduction Mode
Direct Current

Discontinuous Conduction Mode
Open Circuit Voltage

Short Circuit Current

Standard Electrode Potential (V)
Electro Magnetic Interference
Electro Magnetic Compatibility
Activation Drop (V)
Concentration Drop (V)

Ohmic Drop (V)

Fuel cell Output Voltage(V)

Xix



