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ABSTRACT

A coordinated control philosophy, for load balancing leading to frequency
stabilisation, of an active distribution system with solid oxide fuel cell (SOFC),
photovoltaic (PV) generator, diesel engine driven synchronous generator (DEG),
some critical and noncritical loads, under islanded operation is proposed in this thesis.
Due to delay involved in hydrogen production cycle, SOFC cannot respond to load
transients immediately when it is the only source to feed the load. Hence, it needs to
be augmented with some quick responding storage elements like battery/capacitor as
energy buffers. A detailed model of SOFC with a battery, an integral part of the
considered active distribution system, is proposed in this thesis. As the output of
SOFC and PV is DC, a feedback linearized sliding mode controller (FBLSMC) based
voltage source inverter (VSI) is developed to interface with the AC system. A
simplified tuning procedure, which is not adequately addressed in the literature, has
been formulated in this thesis for the selection of SMC parameters. The developed
FBLSMC performance is examined for control of SOFC power under different
disturbances and has been extended to a multiple SOFC scenario using the Master-
Slave approach.

On the other hand in case of PV based system the same control approach
(FBLSMC) need to be supplemented with maximum power point (MPP) tracking
(MPPT). Even though perturb and observe (P&O) based MPPT is widely
accomplished and in use for a long time, its parameters design is still an open question
for which a generalized design criterion has been proposed in this thesis. To overcome
the sluggishness of P&O based trackers and operating point dependency of recently
proposed adaptive incremental conductance (INC) based trackers, a TS fuzzy based

INC tracker (TSFINC) has been proposed in this thesis. The superiority of the



proposed tracker is demonstrated against the well designed P&O and recently
proposed adaptive INC based MPP trackers through numerical and experimental
validations. However, for slowly changing insolation scenarios, its performance is not
so encouraging whereas the P&O and adaptive INC based trackers are delivering
unacceptable performance. In this connection, a methodology in which the tracking is
independent of the slope of PV generator output and rate of change of insolation,
termed as adaptive-predictor-corrector based MPP tracker is proposed in this thesis
and its performance has been further improved using artificial neural network (ANN).

At last, a novel control philosophy is designed for the frequency regulation of a
storage-free DEG-PV-SOFC hybrid ac microgrid with all the sources in the frequency
control service (FCS) mode except the PV which can toggle to MPPT based on
whether the demand response control (DRC) is activated or not. Since, PV is a fast
acting sources and is also participating in FCS mode through derating there is no need
of any storage such as battery, super capacitor and fly wheel to improve the frequency
response.

The PV generator is controlled by a neuro-fuzzy controller developed using the
proposed ANN based adaptive-predictor-corrector MPPT algorithm. The ANN has
been trained to generate two voltage references, one is for MPPT and other is for 90%
of maximum power output so as to have a reserve of 10% to support the frequency
response. A PV first, followed by SOFC and DEG philosophy is adopted in the
frequency control approach keeping in mind that the DEG should always produces the
minimum required power. The control loop is so developed that the PV keeps always
10% margin unless otherwise the DEG and SOFC are exhausted with their capacity.

The DRC is called for only when the PV reaches its MPP in the control procedure.

vi



TABLE OF CONTENTS

CERTIFICATE i
ACKNOWLEDGEMENTS il
ABSTRACT v
TABLE OF CONTENTS vii
LIST OF FIGURES xiii
LIST OF TABLES Xxi
LIST OF SYMBOLS xXxiii
LIST OF ABBREVIATIONS XXiX

CHAPTER 1
INTRODUCTION 1
1.1 GENERAL 1
1.2. CONTROL OF RENEWABLE ENERGY BASED DISTRIBUTED GENERATORS 5
1.3. FUEL CELLS 6
1.4. PHOTOVOLTAIC BASED DISTRIBUTED GENERATOR AND ITS CONTROL 7
1.4.1 MAXIMUM POWER POINT TRACKING MECHANISM 8
1.5 FREQUENCY REGULATION IN A RENEWABLE RICH AC HYBRID MICROGRID13

CHAPTER 2
MODELLING OF DIFFERENT GENERATORS IN A MICROGRID 21
2.1 INTRODUCTION 21
2.2 FUEL CELLS 21
2.2.1 Solid Oxide Fuel Cells 23
2.2.2 SOFC Dynamic and Steady State Modeling 23
2.3 MODELING OF BATTERY 32
24  PHOTOVOLTAIC POWER GENERATOR 33
2.4.1 PV generator Modeling 34
2.4.2 Dynamic Modeling of PV generator 36
2.5 DIESEL GENERATOR 38
2.6 POWER AND FREQUENCY DEVIATION 39

2.7. SUMMARY 40

vil



CHAPTER 3
CONTROL OF REAL AND REACTIVE POWER IN A FUEL CELL BASED ACTIVE

DISTRIBUTION SYSTEM 41
3.1. INTRODUCTION 41
3.2. FUEL CELL POWERED ACTIVE DISTRIBUTION SYSTEM 45
3.3 DC/DC CONVERTER FOR FUEL CELL AND ITS DESIGN 45
3.4 DC/DC CONVERTER FOR BATTERY AND ITS DESIGN 48
3.5 DC/AC SPWM CONVERTER 51
3.6. FEEDBACK LINEARIZATION AND ITS SIGNIFICANCE 53
3.6.1. Formulation and Application of Feedback Linearization for the Control of VSI
Based DG 54
3.7. FORMULATION AND APPLICATION OF SLIDING MODE CONTROL 56
3.7.1 Defining Sliding Surface and Proof of Stability 57
3.7.2 Selection Criterion for P 59
3.8 DERIVING THE CURRENT REFERENCES 62
3.9 PERFORMANCE ANALYSIS 64
3.9.1. Set Point Control of Real and Reactive Power Feedings 65
3.9.2 Independent Control of Real and Reactive Power 67
3.9.3 Continuous Variation of Grid Frequency 68
3.9.4 Fast Change in System Frequency 69
3.9.5 Fast Change in System Grid Frequency with DG under Constant Power Exchange
Mode 71
3.10 Master-Slave Control Strategy for Multi DG Operation 73
3.10.1 SOFC based Multi DG System Modeling 73
3.10.2 Master-Slave Control Strategy for Control of Real and Reactive Power feedings
by Multi DG System 74
3.11 SUMMARY 80
CHAPTER 4
CONTROL OF PHOTOVOLTAIC GENERATOR BASED ACTIVE DISTRIBUTION
SYSTEM FOR MAXIMUM POWER EXTRACTION 83
4.1 INTRODUCTION 84
4.2 STATE-OF-ART OF MPPT MECHANISMS FOR PV SYSTEMS 86

4.3 PV GENERATOR BASED GRID INTEGRATED DISTRIBUTED GENERATOR 89

4.4 CONTROL OF PV GENERATOR BASED GRID INTEGRATED DISTRIBUTED
GENERATOR 91

4.4.1 Deriving the Reference quantities 92

viii



4.4.2 Application of Feedback Linearization to the VSI for the control of PV Generator93

4.4.3 Formulation and Application of SMC to PV based Distributed Generator
4.5 THE PERTURB AND OBSERVE MPPT MECHANISM

4.5.1 The Operating Principle of P&O Mechanism
4.6 VALIDATION OF THE PROPOSED CONTROL ARCHITECTURE
WITH P&O ALGORITHM
4.7 ERROR BASED ADAPTIVE INCREMENTAL CONDUCTANCE
MPPT MECHANISM

4.7.1 Large signal conductance

4.7.2 Incremental conductance
4.8 PROPOSED TSFINC MPPT MECHANISM

4.8.1 TS Fuzzy Controller for MPPT

4.8.2 Design and Working of TS Fuzzy Controller

4.9 PERFORMANCE ANALYSIS OF “P&0O”, “ERROR BASED INC” AND THE
PROPOSED “TSFINC” MPPT MECHANISMS

4.9.1 Performance Comparison of MPPT Algorithms
4.9.2 Control Methodology and Performance Comparison under Partial Shading
4.9.3 Performance Comparison with Real Insolation Data
4.9.4 Dependence on the Parameters
4.9.5 Merits of the Proposed Algorithm
4. 10 EXPERIMENTAL VALIDATION

4.11 LIMITATION OF “P&0O”, “ERROR BASED ADAPTIVE INC” AND THE
PROPOSED “TSFINC” MPP TRACKERS

4.12 EXISTING ALTERNATIVES AND THEIR LIMITATIONS
4.13 ADAPTIVE-PREDICTOR-CORRECTOR MECHANISM
4.13.1 Methodology for Fabricating the Tracking Reference
4. 13.2 Principle of Operation while Tracking the MPP
4. 13.3 ANN based Adaptive Predictor-Corrector for MPP Tracking

94
95
96

100

100

103

103

104

105

108

108

109

111
112
114
121
125
129
129

133
138
142
143
144
146

4.13.4 Performance Analysis of the Proposed Adaptive-Predictor-Corrector based MPP

Tracker
4.13.5 Performance Comparison with other Adaptive MPP Trackers
4.13.6 Experimental Validation
4.13.7 Remedy for Parameter Changes due to Ageing
4.13.8 Merits of the Proposed Tracker
4.14 SUMMARY

X

150
157
160
162
164
165



CHAPTER 5
NEURO-FUZZY CONTROLLER FOR DIESEL-PV HYBRID MICROGRID BASED

ACTIVE DISTRIBUTION SYSTEM 169
5.1 INTRODUCTION 170
5.2 STATE-OF-ART OF EXISTING CONTROL METHODOLOGIES FOR DEG-PV
HYBRID MICROGRID CONTROL 171
5.3 DEG-PV BASED HYBRID AC MICROGRID 173
5.4 SYSTEM PERFORMANCE WITH CONVENTIONAL CONTROL PHILOSOPHY 175
5.5 PROPOSED NEURO-FUZZY CONTROLLER 177
5.5.1 Fuzzy Controller for PV Generation Control 179
5.6 PERFORMANCE ANALYSIS WITH PROPOSED NEURO- 180
FUZZY CONTROLLER 180
5.6.1 Microgrid in Grid Connected Mode 181
5.6.3 Microgrid Transition from Grid Connected Mode to Isolated Mode and
Coordinated Control of Generators for Insolation Changes 189
5.7 SUMMARY 192
CHAPTER 6
STORAGE FREE SMART ENERGY MANAGEMENT FOR FREQUENCY CONTROL IN
A DIESEL-PV-FUEL CELL BASED HYBRID AC MICROGRID 195
6.1 INTRODUCTION 196
6.2 STATE-OF-ART OF HYBRID MICROGRID AND ITS CONTROL 198
6.3 PROPOSED SOLUTION FOR THE CONTROL OF STORAGE FREE HYBRID AC
MICROGRID 199
6.4 STORAGE FREE DEG-PV-FC BASED HYBRID MICROGRID 200
6.5 CONTROL OF STORAGE FREE HYBRID AC MICROGRID 200
6.5.1 Demand Response Control 204
6.5.2 Overall Control of Microgrid without any Storage 205
6.6 PERFORMANCE ANALYSIS OF THE PROPOSED CONTROL PHILOSOPHY FOR
THE CONTROL OF DDE-PV-FC BASED HYBRID AC MICROGRID 209
CHAPTER 7
SUMMARY AND CONCLUSIONS 223
7.1 SUMMARY OF THE PRESENT WORK 223
7.2 CONCLUSIONS OF THE PRESENT WORK 228

7.3 SUGGESTIONS FOR THE FUTURE RESEARCH 229



REFERENCES 231

PUBLICATIONS AND AWARDS 247

BIO-DATA 251

X1



	Final Thesis_Chandrasekhar Perumalla_2009EEZ8060.pdf



