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ABSTRACT

High living standards and dependency on electrical gadgets and appliances have increased the
world wide electricity consumption. This energy demand is met out by utilizing the conventional
resources (coal, diesel, petrol etc.) as well as renewable resources such as solar, wind, tidal, bio-
gas etc. The energy demand for each and every area is not fulfilled by the existing power grid
due to the remoteness of the places. Moreover, sometimes the power cuts lasting from few
minutes to several hours occur in metropolitan cities during peak hours. The microgrid can be a
good alternative to support the local demand and to fill this energy gap. The microgrid consists
of various small scale distributed generations based on renewables (wind, solar, hydro etc.) and
sometimes conventional resources (fossil fuel, gas etc.) and energy storage devices (battery
banks, superconducting capacitors, electric vehicles etc.) to feed the local loads. It is capable of
connecting or disconnecting from the utility grid to operate in grid connected or in isolated mode
of operations.

This research work deals with the supplying power to the loads under such scenarios of far
distant places where the grid is not feasible and the other scenario when the system is suffering
from energy crisis due to the grid outages. The microgrid topologies (wind-diesel, wind-hydro
and wind-solar) are proposed to feed the local loads in isolated mode for rural electrification.
Various control algorithms are implemented for satisfactory performance of these microgrids
under steady state and dynamic conditions. These algorithms provide voltage control, harmonics
elimination, reactive power compensation and power balancing. The brushless generators such
as, squirrel cage induction generator (SCIG), permanent magnet synchronous generator (PMSG),
synchronous reluctance generator (SyRG) and permanent magnet brushless DC generator

(PMBLDCG) are used for power generation in remote areas as they are maintenance free. For



the variable speed wind generation and solar power generation, the maximum power tracking
(MPPT) is realized using perturb and observe (P&QO) and incremental conductance (INC)
approaches. The BESS (Battery Energy Storage System) is used to provide load leveling during
wind fluctuations, solar PV (Photo-Voltaic) insolation changes and load variations. Such
microgrids provide power quality solutions and are able to maintain the power balancing.

Another important function of the microgrid is its synchronization and de-synchronization from
the utility grid. The grid outage is very common even in advanced cities where electrical power
shedings/ cuts persist for few minutes to several hours. During such conditions, the microgrids
can serve the system at local level and when the grid is appeared they can be synchronized with
the AC mains. If the renewable generation is high, renewable power can be fed to the utility grid
and during high demand and lower renewable generation, the grid can feed the loads. The
microgrid has to operate in two modes, islanded mode and grid connected mode with the voltage
control and current control algorithms. Another control called synchronization control is used for
STS (Static Transfer Switch) closing/ opening for smooth transition between two modes. This is
in order to make the synchronization and de-synchronization process seamless and transient free.
The microgrid configurations with wind and solar PV generators, operation in isolated mode and
their synchronization and de-synchronization with the utility grid are investigated in detail. In
grid tied operation, the microgrid feeds power to the utility grid during high renewable
generation and low demand condition. The grid power can also be utilized by the loads during
nights or when the renewable generation is insufficient to feed the loads. In such a way, the load
demand is continuously supplied and excess or deficit power generation is managed by the utility

grid.



In another synchronization topology, a diesel generator (DG) set is used with these renewables
so that during an outage when the renewable generation is not enough to meet the load demand,
the DG is synchronized with the PCC (Point of Common Coupling) and starts feeding the local
loads. In this way, the economic utilization of the fossil fuel resource is possible. After clearing
the outage with a grid appearance, the DG is disconnected and the inverter starts operating in an
islanded mode and then synchronized with the utility grid. Now as the renewable power
increases the extra power can be fed to the AC mains and it is used to generate revenues.

These microgrids are capable of supplying power to the remote places as well as to the cities
during outage or emergencies. Their controls are robust and are used to achieve power quality
solutions and to provide power management. The satisfactory performances of these microgrids
are demonstrated with simulation results obtained wusing developed models in
MATLAB/Simulink and their validation is done with experimental results on the developed

prototypes in the laboratory.

Vi



TR
TE IIEUE ET TAT A TUE S W IS garr e A€ ugas o
FRd AT S 87 AT @ | o Aol i sivesyar a Rord & aifod @
¥ wefad 8Re § 39 IRAfGd W W FRT T sH H O TEHE (ATSEss)
AR AN S Hsdew | Risesd, Feder weq@ ¥ o § A
HISPIISH T wigd  Hr fotell Il 9go= & fow fasfaa #r a5 &1 53

ﬁﬁwmﬁwmgm%lﬁﬂmﬁgﬁwamqﬁaémﬁa

AU A A FoAlelA I GATAT & | T Teheiteh dlecst (g, giaifead

foaereT, Rufdea Foft &faqor 3R 3o ddes o= t@a # aohel §1=.‘” g | SRreld

SR ¥ qUH T W Foll Scddieed d Ifd & fow g gU HIGLED

WREE $HT IRl #goTad | Md IRaceefer ag For AR @R Far @
3 aa For Avhvur (@AFgaE R ) & o o 0. 3t 3k s, o
- Tehailenl T ST fohaT a/m B arg A1 @R ol &l HHAAAAA & FAT degd

Sl AT & T St o & 33T & oy =ar § | ¥ Asnfds Neer fr

AUl a6l d Foll Hlolel H Al §é’ gl

ASHEIS & g AT Uge 15 & @y FRess gar ik 3R

SIHPIATSST Gl §| 3MToiehel faohidd AT A 35 1 Tersllel g AUROT ST &



g footell 1 &welfd o B @ &g el 1 g Fndr g1 s IRFEUfaET @

e & T AsHIfEis F TUARET A5 F ST Yeid e agel AR 5 &

ary fApleTsst glet T Flawr gt a1fee| 59 Reguae 916 3cdTest Sgarad A g

ar 39 3o & I8 & gRor fr cyarm & IR S Fe @ud 3fee g 4T

Reguser draR Seddiead HH & o Fof s & o & giaer gl s @i Hcat
I qid & U ASHIIS ThE dur 5 @ord gomell & wAer: fawd (deds)
fa=or gar T (Re) AIFUT dFel F AT FH AT &1 T eI Bopad
fAz=or gumel S f vE. & vE. & 9Ruy A A3 I 3R aRey & v g
$r gfehaT A ST 3T &1 ¢iffve ea Tsdreld & foIT & & 37T gl

ASHITAS A U5 F o4 T 3T gt T Yollell &1 GAT arg, arg a2 @

FAl 3cddice ASHITIS TAeadrd (PifehmIRAA) o AT TANT A AT I-T gl Th

et R & AT I8 A1 A5ta e & Ty FAdhags g SfAwEAEsT gl

& Fecdl A forar a3 g1 arfe o1 IS yoda o 81 3R Reguad Foil &7 Sccures
o T g o SNl fawsy #X ASHIfIS & v yomrel A o § 3N g fis
& g RAFRAEST FT ol Yalg H FaTd F ad 8l difer 318 3aaifed Far

(fSoTell) & 31T 9red & ST Foh

GRS ) Fiﬂ?l’fdsiﬁlgqgudl NG I8 § JUT 3T A Igr fostenr Hir



Felfd IFR BT § 3T TR HT ASHIIS T 3ToT faofell Scduiee &l HATETH

& Thll & Sl fAIATOT Tehofioh S J&T, deI Fofl T 0Tl &F FGa drely
d Foll Holel TUMAT XA dTell 1 o1 HAShIASH T FRT HUleA &THT [@eerereT
aRUTAT & T Aloe/AAAAS diFedk TUT GAEcHS IROMHA o Tichid

(Setersy) &= & &g 1 715 &



TABLE OF CONTENTS

Certificate
Acknowledgements
Abstract

Table of Contents
List of Figures

List of Abbreviations
List of Symbols

CHAPTER I INTRODUCTION

1.1 General

1.2  State of Art on Microgrids
1.3  Scope of Work

1.4  Outlines of Chapters

CHAPTER I LITERATURE REVIEW

2.1 General
2.2 Literature Survey
22.1 Microgrid Definition, Functioning and Standards
2.2.2  Wind Energy Conversion Systems for Microgrid Formation

2.2.3 Diesel Generator and Battery Storage System for Hybrid
Microgrid Formation

2.2.4 Solar Photovoltaic and Hydro Power Generating Systems for
Microgrid Formation

2.2.5  Control Techniques for Voltage Source Converter used in
Microgrid

2.2.6  Control Techniques for Microgrid Seamless Transition

2.3  ldentified Research Areas

24 Conclusions

vii

~N N e

11-22

11
11
13
14
16

17

19

19
21
22



CHAPTER III  CLASSIFICATION, CONFIGURATIONS AND

31
32

33

34

35

DESIGN OF MICROGRIDS

General

Classification of Microgrids

3.2.1 Isolated Microgrids

3.2.2 Grid Connected Microgrids

3.2.3 Hybrid Microgrids

3.24 Renewable Based Microgrids

3.25 Variable Speed Wind Based Microgrid
3.2.6 Constant Speed Wind Based Microgrid

Configurations of Wind Based Microgrids with Other Renewable and
Conventional Resources
3.3.1  Wind-Diesel Based Microgrids

3.3.2  Wind-Hydro Based Microgrid
3.3.3  Wind-Solar Based Microgrid
3.3.4  Wind Based Microgrid and Utility Grid for Seamless Transition

3.3.5 Wind-Solar Based Microgrid and Utility Grid for Seamless
Transition

3.3.6  Wind-Solar- Diesel Hybrid Microgrid and Utility Grid for
Seamless Transition

Design of Microgrids

34.1 Selection of DC Bus Voltage

34.2 Selection of Battery Storage

34.3 Selection of Interfacing Inductor of VSC and RC Filter
34.4 Selection of Inductor for Boost Converter

Conclusions

CHAPTER IV . CONTROL AND IMPLEMENTATION OF

41
4.2
43

THREE PHASE THREE WIRE (3P3W) WIND-
DIESEL BASED MICROGRID

General
Configuration of Three-Phase Three-Wire Wind- Diesel Based Microgrid
Control Algorithms For Wind-Diesel based Microgrid

43.1 Calculation for In-phase and Quadrature Templates of Source
Voltages
43.2 Enhanced Phase Locked Loop (EPLL) Based Control Algorithm

4.3.2.1 Extraction of Active and Reactive Components of Load
Currents Using EPLL

viii

23-34

23
24
24
24

24
25
25
25
25

26

27
27
29

30

30

32
32
33
33
34
34

35-72

35
35
37
37

37
38



44
4.5

4.6

4.7

4.3.3

43.22 Computation of Fundamental Active and Reactive
Components of Source Currents
4.3.2.3 Derivation of Three Phase Reference Source Currents

Back Propagation Feed Forward (BPFF) Based Control Algorithm

4.3.3.1 Extraction of Active and Reactive Components of Load
Currents Using BPFF

4.3.3.2 Computation of Fundamental Active and Reactive
Components of Source Currents

4.3.3.3 Derivation of Three Phase Reference Source Currents

Modeling of 3P3W Wind-Diesel Microgrid in MATLAB Environment
Hardware Implementation on Wind Diesel Microgrid

451

452

453

Interfacing Circuit of Voltage Sensor and Signal Conditioning
Circuit

Interfacing Circuit of Current Sensor and Signal Conditioning
Circuit

Isolation and Amplification Circuit for Gate Driver Circuit

Results and Discussion

46.2

46.3

46.4

46.1 Simulated Performance of 3P3W Wind-Diesel
Microgrid with EPLL Algorithm
46.1.1 MPPT Performance under Wind Variation

46.1.2 Intermediate Signal Performance of Control
Algorithm
46.1.3  Steady State Performance of Microgrid

46.1.4  Dynamic Performance of Microgrid

Experimental Performance of 3P3W Wind-Diesel Microgrid with
EPLL Algorithm
46.21 Intermediate Signal Performance of Control Algorithm

4.6.2.2 Steady State Performance of Microgrid
4.6.2.3 Dynamic Performance of Microgrid

Simulated Performance of 3P3W Wind-Diesel Microgrid with
BPFF Algorithm
46.3.1 Intermediate Signal Performance of Control Algorithm

4.6.3.2 Steady State Performance of Microgrid
4.6.3.3 Dynamic Performance of Microgrid

Experimental Performance of 3P3W Wind-Diesel Microgrid with
BPFF Algorithm
46.41 Intermediate Signal Performance of Control Algorithm

4.6.4.2 Steady State Performance of Microgrid
4.6.43 Dynamic Performance of Microgrid

Conclusions

39

40
40
41

43

43
43
46
47

51

53

54
54

54
55

56
57
57

58
59
63
64

64
65
66
66

67
67
70
72



CHAPTER V ~ CONTROL AND IMPLEMENTATION OF
THREE PHASE FOUR WIRE (3P4W) WIND-
DIESEL BASED MICROGRID
51 General
5.2 Configuration of Three Phase Four Wire Wind- Diesel Based Microgrid
5.3 Least Logarithmic Absolute Difference (LLAD) Control Algorithm For
Wind-Diesel Based Microgrid
531 Calculation of In-phase and Quadrature Templates of Source
Voltages
53.2 Extraction of Active and Reactive Components of Load Currents
Using LLAD Algorithm
5.3.3 Computation of Fundamental Active and Reactive Components of
Source Currents
534 Derivation of Three Phase Reference Source Currents

54  Modeling of 3P4W Wind-Diesel Microgrid in MATLAB Environment with
LLAD Algorithm
5.5  Hardware Implementation on 3P4W Wind Diesel Microgrid

5.6 Results and Discussion

56.1 Simulated Performance of 3P4W Wind-Diesel Microgrid with
LLAD Algorithm
5.6.1.1 Intermediate Signal Performance of Control Algorithm

5.6.1.2 Steady State Performance of Microgrid
5.6.1.3 Dynamic Performance of Microgrid

5.6.2 Experimental Performance of 3P4W Wind-Diesel Microgrid with
LLAD Algorithm
5.6.2.1 Intermediate Signal Performance of Control Algorithm

5.6.2.2 Steady State Performance of Microgrid
5.6.2.3 Dynamic Performance of Microgrid
5.7 Conclusions

CHAPTER VI CONTROL IMPLEMENTATION OF THREE
PHASE THREE WIRE (3P3W) WIND-HYDRO
MICROGRID

6.1 General

6.2 Configuration of Three Phase Three Wire Wind- Hydro Microgrid
6.3 RZALMS Control Algorithm For Wind-Hydro Microgrid

6.3.1 Calculation for In-phase and Quadrature Templates of Source
Voltages

6.3.2 Extraction of Active and Reactive Components of Load Currents
Using Sparse Algorithm

6.3.3 Computation of Fundamental Active and Reactive Components of

X

73-90

73
73
74

74

76

77

77
78

80
81
81

81
82
83
84

84
86
89
90

91-111

91
91
92
92

93

95



6.4
6.5
6.6

6.7

Source Currents
6.3.4 Derivation of Three Phase Reference Source Currents
Modeling of 3P3W Wind-Hydro Microgrid in MATLAB Environment
Hardware Implementation on 3P3W Wind Hydro Microgrid
Results and Discussion

6.6.1 Simulated Performance of 3P3W Wind-Hydro Microgrid with
RZALMS Algorithm
6.6.1.1  Intermediate Signal Performance of Control Algorithm

6.6.1.2 Steady State Performance of Microgrid
6.6.1.3 Dynamic Performance of Microgrid

6.6.2 Experimental Performance of 3P3W Wind-Hydro Microgrid with
RZALMS Algorithm
6.6.2.1 Intermediate Signal Performance of Control Algorithm

6.6.2.2 Steady State Performance of Microgrid
6.6.2.3 Dynamic Performance of Microgrid
Conclusions

CHAPTER VIIT CONTROL AND IMPLEMENTATION OF

7.1
7.2
7.3

74
75
7.6

THREE PHASE THREE WIRE (3P3W) WIND-
SOLAR MICROGRID
General

Configuration of Three Phase Three Wire Wind-Solar Microgrid

Normalized Sign Least Mean Fourth (NSLMF) Control Algorithm For

Wind- Solar Microgrid

7.3.1 Calculation for In-phase and Quadrature Templates of Source
Voltages

7.3.2 Extraction of Active and Reactive Components of Load Currents

7.3.3 Computation of Fundamental Active and Reactive Components of
Source Currents
7.3.4 Derivation of Three Phase Reference Source Currents

Modeling of 3P3W Wind-Solar Microgrid in MATLAB Environment
Hardware Implementation on 3P3W Wind Solar Microgrid
Results and Discussion

76.1 Simulated Performance of 3P3W Wind-Diesel Microgrid with
NSLMF Algorithm
7.6.1.1 Intermediate Signal Performance of Control Algorithm

7.6.1.2 Steady State Performance of Microgrid
7.6.1.3 Dynamic Performance of Microgrid
7.6.2 Experimental Performance of 3P3W Wind-Hydro Microgrid with

Xi

95
95
98
99
99

99
100
100
102

103
104
107
111

112-134

112
112
113

114

114
116

117
117
117
118
121

121
121
122
124



7.7

NSLMF Algorithm
7.6.21 Intermediate Signal Performance of Control Algorithm
7.6.2.2 Steady State Performance of Microgrid
7.6.2.3 Dynamic Performance of Microgrid
Conclusions

CHAPTER VIII CONTROL AND IMPLEMENTATION OF

8.1
8.2
8.3

8.4

8.5
8.6

8.7

SEAMLESS TRANSITION BETWEEN WIND
BASED MICROGRID AND UTILITY GRID
General

Configuration of Wind Based Microgrid for Seamless Transfer
Control Algorithms of Microgrid in Different Modes of Operations

8.3.1 Isolated Mode of Operation
8.3.1.1. Voltage Control Algorithm

8.3.2  Grid Connected Mode of Operation
8.3.2.1  Current Control Algorithm
8.3.3 Grid Frequency Estimation and Load Angle Correction

Modeling of Wind Based Microgrid for Seamless Transfer in MATLAB
Environment
Hardware Implementation on Wind Based Microgrid

Results and Discussion

8.6.1 Simulated Performance of Wind Based Microgrid under
Linear/Nonlinear Loads
8.6.1.1 Island Mode of Operation with Wind Speed Variation

8.6.1.2 Steady State Performance of Microgrid Islanded and
Grid Connected Modes of Operations

8.6.1.3 Dynamic Performance of Microgrid During Grid
Synchronization and De-Synchronization Process

8.6.2  Experimental Performance of Wind Based Microgrid under

Linear/Nonlinear Loads

8.6.2.1 Steady State Performance of Microgrid Islanded and
Grid Connected Modes of Operations

8.6.2.2 Dynamic Performance of Microgrid During Grid
Synchronization and De-Synchronization Process

8.6.2.3 Microgrid Dynamics with Wind Speed Variation

Conclusions

Xii

124
125
131
134

135-164

135
135
136

137
137

138
138
140
141

141
142
142

142
144

145

148

149

157

158
163



CHAPTER IX CONTROL AND IMPLEMENTATION OF 165-197
SEAMLESS TRANSITION BETWEEN WIND-
SOLAR MICROGRID AND UTILITY GRID

9.1 General 165
9.2 Configuration of Wind-Solar based Microgrid for Seamless Transfer 166
9.3  Control Algorithms of Microgrid in Different Modes of Operations 167
9.3.1 Isolated Mode of Operation 167
9.3.1.1. Voltage Control Algorithm 167

9.3.2 Grid Connected Mode of Operation 168
8.3.2.1  Current Control Algorithm 168

9.3.3 Grid Frequency Estimation and Load Angle Correction 170

9.4 Modeling of Wind-Solar Microgrid for Seamless Transfer in MATLAB 171
Environment
9.5 Hardware Implementation on 3P3W Wind Hydro Microgrid 172

9.6 Results and Discussion 174

9.6.1 Simulated Performance of Wind Based Microgrid under Linear/ 174
Nonlinear Loads
9.6.1.1 Island Mode of Operation with Wind Speed and PV 175
Insolation Variation
9.6.1.2 Steady State Performance of Microgrid Islanded and Grid 176
Connected Modes of Operations
9.6.1.3 Dynamic Performance of Microgrid During Grid 177
Synchronization and De-Synchronization Process
9.6.2 Experimental Performance of Wind Solar Microgrid under Linear/ 181
Nonlinear Loads
9.6.21 Steady State Performance of Microgrid Islanded and 181
Grid Connected Modes of Operations
9.6.2.2 Dynamic Performance of Microgrid During Grid 189
Synchronization and De-Synchronization Process
9.6.2.3 Microgrid Dynamics with Wind Speed Variation and PV 191
Insolation Change
9.7  Conclusions 196

CHAPTER X CONTROL AND IMPLEMENTATION OF 198-224
SEAMLESS TRANSITION BETWEEN WIND-
SOLAR-DIESEL MICROGRID AND UTILITY GRID

10.1 General 198

10.2 Configuration and Operating Principle 199
10.3  Control Algorithms of Microgrid in Different Modes of Operations 200

Xiii



103.1 Voltage Control Algorithm 200

10.3.2 Current Control Algorithm 200
10.3.3 Grid Frequency Estimation and Load Angle Correction 201
104  Modeling of Wind-Solar-Diesel based Microgrid for Seamless Transfer in 203
MATLAB Environment
10.5 Hardware Implementation on Wind-Solar-Diesel Microgrid 204
10.6  Results and Discussion 205
10.6.1 Simulated Results for Microgrid under Nonlinear Loads 206
10.6.1.1 Island Mode of Operation with Wind Speed 206
Variation and Insolation Change
10.6.1.2 Steady State Performance of Microgrid under Island, 206
Grid Tied and diesel Modes of Operation
10.6.1.3 Dynamic Performance of the Microgrid 209
10.6.2 Experimental Performance of Wind Based Microgrid under 212
Nonlinear Loads
10.6.2.1 Steady State Performance of Microgrid under 213
Various Modes of Operations
10.6.2.2 Dynamic Performance of the Microgrid 220
10.7  Conclusions 224

CHAPTER XI MAIN CONCLUSIONS AND SUGGESTIONS FOR  225-232

FURTHER WORK
111  General 225
11.2  Main Conclusions 227
11.3  Suggestions for Further Work 231
REFERENCES 233
APPENDICES 247
LIST OF PUBLICATIONS 248
BIO-DATA 250

Xiv



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

Fig.

3.1
3.2
3.3
3.4
3.5
3.6
3.7
4.1
4.2
4.3

4.4

Fig.4.5

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

Fig.

4.6
4.7
48
4.9
4.10 (a-b)
4.11
4.12
4.13
4.14
4.15

4.16

LIST OF FIGURES

Three-Phase Three-Wire Wind-Diesel Microgrid
Three-Phase Four-Wire Wind-Diesel Microgrid

Three-Phase Three-Wire Wind-Hydro Microgrid
Three-Phase Three-Wire Wind-Solar Microgrid

Wind Energy based Microgrid with Utility Grid

Wind-Solar Microgrid with Utility Grid

Wind-Solar-Diesel Microgrid with Utility Grid

Three-Phase Three-Wire Wind-Diesel Microgrid (SyRG)
Three-Phase Three-Wire Wind-Diesel Microgrid (SCIG)
Schematic Diagram of EPLL Control Algorithm

Schematic Diagram of BPFF Control Algorithm

MATLAB Model of Wind-Diesel Microgrid

Variable Speed Wind Turbine Model with MPPT

VSC with Battery Bank and Wind Energy Conversion System (WECS)
MATLAB Model of EPLL Control Algorithm

EPLL for Estimation of Fundamental Component of Phase ‘a’
MATLAB Models of BPFF Control Algorithm

Photograph of Hardware Set-up

Photograph of PCC (Point of Common Coupling) and BESS
Photograph of Diesel Generators (SyRG and PMSG)
Photograph of Nonlinear load used in Hardware Set-up
Interfacing Circuit of Voltage Sensor and Signal Conditioning

PCB Developed in Laboratory for Voltage Sensing and Signal Conditioning

XV



Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4.17
4.18
4.19
4.20
4.21

4.22

Fig.4.23

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

4.24

4.25

4.26

4.27

4.28
4.29

4.30
431

4.32

4.33

Circuit

Interfacing Circuit of Voltage Sensor and Signal Conditioning

Interfacing Circuit of Voltage Sensor and Signal Conditioning

Gating Signal Optical Isolation and its Signal Conditioning

Gating Signal Optical Isolation PCB

MPPT’ Performance under Wind Speed Reduction (11 m/s-8 m/s)
Intermediate Parameters of EPLL Control Algorithm under Nonlinear Load

Steady State Performance of the Microgrid (a) source voltage (va), (b)
source current (i) and (c) load current (i_,), with their THD values.

Dynamic Performance of Microgrid under Nonlinear Loads

Intermedlate Signals of Control Algorlthm at Nonllnear Load- (@) ia, iLfa, Ipa

Fig. 4.26 Steady State Performance of Mlcrogrld under Nonlinear Load (a-
C) Vgab, lga, Igb, Igc (d-F) Vgan, lcca, lccb, fccc (9-1) Vap, 1a b, ic (j-I) Harmonic
content of source currents (ia, ip, ic), (M-0) Vap, La, 1L, ILc (P-q) Harmonic
content of load currents (ia, iLp) (r) Harmonic content of line voltage (Vab)
(s-u) compensating currents (ica, Ico, Icc) (V-W) Ps & PL (X) Vab, ipmeLpce (Y)
Vin, lin (2) Vi, lot (zX) Pg (zy) Qce-

Dynamic Performance of Microgrid under Nonlinear Loads (@) iLa, Vap, la, and
ica- (0) iz, 1a ipuBrpC and Iy (C) iLa, la, ipvaroC and Iy

Intermediate Signals of Microgrid under Nonlinear Load

Steady State Performance of the Microgrid (a) source voltage (vp), (b)
source current (i) and (c) load current (i.p), with their THD values.

Microgrid Performance at Nonlinear Load under Load Unbalance

Intermediate Parameters of EPLL Control Algorithm under Nonlinear Load

Fig. 4.32 Steady State Performance of Microgrid under Nonlinear Load (a-
C) Vgab, lga, Ighs Igc (A-F) Vgan, fccar feehy lece (9-1) Vab, la, b, ¢ (i-K) Harmonic
content of source currents (ia, ip, ic), (M-0) Vap, lca, lcb, lec (P) Harmonic
content of source voltage (g-r) Ps & P (S) Pot (t)Ver, Ibt (U) Vab, ipmeLpcs (V-
X) Vap, Ira, Iub, e (Y-z) Harmonic content of load currents (iLa, in) (zX) Pq

(zy) Qcc.

Dynamic Performance of Microgrid under Nonlinear Loads- () iLa, Ib, ica
and Vay. (b-C) iLa, lbt, IpmeLpc and lo (d) iy, ip, IpmeLpc and Iy,

XVi



Fig. 5.1
Fig. 5.2
Fig.5.3
Fig. 5.4
Fig. 5.5
Fig. 5.6
Fig. 5.7
Fig.5.8

Fig. 5.9

Fig.5.10
Fig. 5.11

Fig. 5.12

Fig. 5.13

Fig. 6.1
Fig. 6.2
Fig.6.3
Fig. 6.4
Fig. 6.5
Fig. 6.6
Fig. 6.7

Three-Phase Four-Wire Wind-Diesel Microgrid

Schematic Diagram of LMLS Control Algorithm

MATLAB Model of Three-Phase Four-Wire Wind-Diesel Microgrid
Diesel Power Generation System

VSC with Battery Bank and Wind Energy Conversion System (WECS)
Variable Speed Wind Turbine Model with MPPT

MATLAB Model of LMLS Control Algorithm

Intermediate Signals of LMLS Control Algorithm under Nonlinear Load

Steady State Performance of the Microgrid (a) source voltage (va), (b)
source current (i) and (c) load current (i_,), with their THD values.

Dynamic Performance of the Microgrid under Nonlinear Loads

Intermediate signals of Control Algorithm with Nonlinear Loads- (a) iLa,
Vab, ipaand Ipavg (b) iLa, iqa, ipa and iqa (C) iLa, Iqavg, Iv and Iqt.

Steady State Performance of Microgrid under Nonlinear Load (a-C) Vap, Ia,
Iy, Ic (d-f) Harmonic content of source currents (i, i, ic), (9-1) Vab, iLa, ILb, ILc
(-1) Harmonic content of load currents (iLa, b, i) (M-0) compensating
currents (ica, Icp, Icc) (P-r) neutral currents (in, iLn, icn) (S) Harmonic content of
source voltage (t-u) Ps & P, (v-x) per phase powers (PiLa, PLb, Pic) (Y) Vab,
ipmeLDCG (Z2) Ve lo (2Z) Vi, It

Dynamic Performance of Microgrid under Nonlinear Loads (a) iLa, Vab, Ia,
and ica- (b) iLa, |Ln, Icn and In (d) iLa, ia, IPMBLDC and |bt.

Three-Phase Three-Wire Wind-Hydro Microgrid

Schematic Diagram of RZALMS Control Algorithm

MATLAB Model of Wind-Hydro Microgrid

Hydro Power Generation System

VSC with Battery Bank and Wind Energy Conversion System (WECS)
Variable Speed Wind Turbine Model with MPPT

MATLAB Model of RZALMS Control Algorithm

XVii



Fig. 6.8

Fig.6.9

Fig.6.10

Fig. 6.11

Fig. 6.12

Fig. 6.13

Fig. 6.14

Fig. 6.15

Fig. 6.16

Fig. 7.1
Fig. 7.2
Fig.7.3
Fig. 7.4
Fig. 7.5
Fig. 7.6
Fig. 7.7

Fig. 7.8

Intermediate Parameters of RZALMS Control Algorithm under Nonlinear
Load

Steady State Performance of the Microgrid (a) source voltage (va), (b)
source current (i) and (c) load current (i_,), with their THD values.

Dynamic Performance of the Microgrid under Nonlinear Load
Intermediate Signals of Control Algorithm with Nonlinear Loads- (a) Ipa,
ipa, iqa; and ia, (b) iLa, Ipavg, Iqavg, and Iv, (C) iLa, Ipf,qu, and ia ) (d) iLa, ipa ) iqa )

and iy

Steady State Performance of Microgrid under Nonlinear Load (a) Ps (b) PL
(c) PVSC (d) Pbt (e) Pw (f-h)Vap, ia, Ib, ic (i-k) Harmonic content of source
currents (ia, In, Ic), (I-N) Vap, iLa, b, ILc (0-q) Harmonic content of load
currents (ira, iLp, irc) i (r) Harmonic content of source voltage (s-U) ) Van,
ILa, ILby 1Le (V)Voe, ot (t) Ve, ipmeLDcG:

Steady State Performance of Microgrid under Nonlinear Load (a-C) Vap, Ia,
Iy, Ic (d-f) Harmonic content of source currents (i, i, ic), (9-1) Vab, iLa, ILb, ILc
(j-1) Harmonic content of load currents (iLa, iLb, iLc) (M-n) Ps & P (0-Q) Van,
iLa, ILb, ILc (r) Harmonic content of source voltage (S) Vb, ot (t) Vab, IpmeLDCG

Dynamic Performance of Microgrid with Wind Speed Variation under
Nonlinear Load: (a-b) Vap, iLa, ipmBLDCG, lbt.

Dynamic Response of Microgrid during Load Unbalance: (a-b) iLa, Vap, Ia
and i (c-d) iLa, Vap, iz and ly.

Dynamic Response of Microgrid during Load Variation (a-b) Va, iLa, 12 and
Ibt © Vab, iLa, ia and Ibt (d) Vab, iLa, im and Ibt

Three-Phase Wind-Solar Microgrid

Schematic Diagram of NSLMF Control Algorithm

MATLAB Model of Wind-Hydro Microgrid

Constant Speed Wind Power Generation System

VSC with Battery Bank and Wind Energy Conversion System (WECS)
Solar Model with MPPT

MATLAB Model of NSLMF Control Algorithm

Intermediate Parameters of NSLMF Control Algorithm under Nonlinear
Load

XViii



Fig.7.9

Fig.7.10
Fig. 7.11

Fig. 7.12

Fig. 7.13

Fig. 7.14

Fig. 7.15

Fig. 7.16

Fig. 7.17

Fig. 8.1
Fig. 8.2
Fig. 8.3
Fig. 8.4 (a)
Fig. 8.4(b)
Fig.8.5
Fig. 8.6
Fig. 8.7
Fig. 8.8

Steady State Performance of the Microgrid (a) source voltage (va), (b)
source current (i) and (c) load current (i_,), with their THD values.

Dynamic Performance of the Microgrid under Nonlinear Load

Intermediate Signals of Control Algorithm under Nonlinear Loads (a) I,
ipa, iqa; and Mi, (b) iLa, Ipav, Iqa, and Iv, (C) iLa, Ipf,qu, and ia ) (d) iLa, ipa ) iqa )
and i,

Fig. 7.12 Steady State Performance of Microgrid under Nonlinear Load (a)
Ps (b) PL () Pvsc (d) Pot (€) Ppyv (f-h) Vab, ia, In, ic (i-k) Harmonic content of

source currents (i, ip, ic), (I-N) Vap, iLa, iLp, iLc (0-q) Harmonic content of load
currents (iLa, ILb, ILc) (r) Harmonic content of source voltage (S-U) Vab, Ica, ich,

icc (V'X) Vgab, iga, igb, igc (y'ZX) Vab, icca, iccb, iccc (Zy) Pg (ZZ) Qcc

MPPT Performance at 1000 W/m? Insolation

Steady State Performance of Microgrid under Nonlinear Load (a) Ps (b) P.
(¢) Pvsc (d) Py (€) Ppv (f) Van, 1a, (9) Harmonic content of source currents
(ia), () Vab, iLa (r) Harmonic content of source voltage (j) Vab, ica,(K) Vv lpv

Dynamic Response of Microgridwith Insolation Change under Nonlinear
Load (a-b) ira, Vab, lpv and lg

Dynamic Response of Microgrid with Load Unbalance under Nonlinear
Load (a-b) ira, Vab, 1a and ica (C-d) ipa, Vap, 1a @nd Iyt (€-F) iLa, Van, lpv and Iy

Dynamic Response of Microgrid during Load Unbalance: (a-b) Vap, iLa, Ia
and lpt © Vap, iLa, 1a @nd Iyt (d) Vap, iLa, imand Iy

Wind Energy based Microgrid with Utility Grid

Voltage Control for Islanded Operation of Microgrid
Current Control for Grid Tied Operation

Model of SRF-PLL for VVoltage Angle Extraction

Phase angle matching using a PI controller

MATLAB Model of Wind based Microgrid with Utility Grid
Variable Speed Wind Turbine Model with MPPT

MATLAB Model of Control Algorithms

Island Mode of Operation of Microgrid under Linear Load

Xix



Fig.

8.9

Fig.8.10

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8.11
8.12
8.13
8.14
8.15

8.16

8.17

8.18

8.19

8.20

8.21

8.22

Island Operation of Microgrid under Nonlinear Load

Voltage and Current Waveforms of Grid and Load Quantities with Their
Harmonic Spectra

Synchronization of Microgrid under Linear Load
Synchronization of Microgrid under Nonlinear Load
De-synchronization of Microgrid under Linear Load
De-synchronization of Microgrid under Nonlinear Load

Steady State Performance in Islanded Mode under Linear Load (a-c) Load
currents (iLanc) and Vg (d-f) VSC currents (icanc) and Via (g) Harmonic
content of load voltage (h) P (i) Pvsc () wind power (Pw) (K) Iw,Vw (1)
Battery power (Pp).

Steady State Performance in Islanded Mode under Nonlinear Load (a-c)
Load currents (ianc) and Visp (d-f) VSC currents (ic arc) and Via (Q)
Harmonic content of load current (h) P. (i) Pvsc (j) wind power (Py) (k)
Battery power (Py:) (I) Harmonic content of load voltage

Steady State Performance in Grid Tied Mode under Linear Load (a-c) Grid
currents (iLae) and Vi (d-f) Harmonic content of grid currents (g)
Harmonic content of line voltage (h-j) Load currents (i anc) and Via Pvsc
(k-m) VSC currents (ic_anc) Wind Vs (n) wind power (Py) (0) solar power
(Ppv) (P) Pysc () Pg (r) PL (S)Pr

Steady State Performance in Grid Tied Mode under Nonlinear Load (a-c)
Grid currents (iLanc) and Vg (d-f) Harmonic content of grid currents (g)
Harmonic content of line voltage (h-j) Load currents (iLac) and Vga (K)
Harmonic content of load current (I-n) VSC currents (icanc) wind Vga, (0)
wind power (Pw) (p) Pusc (d) Pg(r) PL(S) Po

Steady State Response Of Vgab, Iga, Vian, iLa Under Linear and Nonlinear
Loads

Synchronization Process under Linear and Nonlinear Loads (a-b) Vgan, lga,
VL ab, iLa (C'd) iga, eg, esa

De-synchronization Process under Linear and Nonlinear Loads (a-b) vga, lga,
Via, iLa (C'd) iga, eg, esa

Wind Speed and Insolation Variation under Nonlinear Loads- (a-b) Vi, iga,
ILa, Ivsc (€-d) ) VeV, lot, Vi, lw (-F) ) Lw, Ig, Ig, 1 ga

XX



Fig. 8.23

Fig. 8.24

Fig. 8.25

Fig. 9.1
Fig. 9.2
Fig. 9.3
Fig. 9.4 (a)
Fig.9.4
Fig.9.5
Fig. 9.6
Fig. 9.7
Fig. 9.8
Fig. 9.9
Fig. 9.10
Fig.9.11

Fig. 9.12
Fig. 9.13
Fig. 9.14
Fig. 9.15

Fig. 9.16

Steady State Performance in Islanded Mode (a) Load current (i.c) VSC
currents (iec) (c) Harmonic content of line voltage (d) Pp () Py (f) wind
power (Pw) (@) Put

Steady State Performance In Grid Tied Mode (a) Grid current (ig) (b) Load
current (i) (c)VSC currents (icc) (d) P. (e) wind power (Pw) (f) Pw (Q)
vac (h) I:)bt

Synchronization and De-synchronization Process under Nonlinear Load: (a-
b) Vgab, Iga, Viab, iLa

Wind-Solar Microgrid with Utility Grid

Voltage Control Algorithm for Island Operation of Microgrid
Current Control Algorithm for Grid Tied Operation

Model of SRF-PLL for VVoltage Angle Extraction

Phase Angle Matching using a PI Controller

MATLAB Model of Wind-Solar Microgrid with Grid Synchronization
Variable Speed Wind Turbine Model with MPPT

Solar Model with MPPT

MATLAB Model of Control Algorithms

Island Operation of Microgrid under Linear Load

Island Operation of Microgrid under Nonlinear Load

Voltage and Current Waveforms of Grid and Load Quantities with Their
Harmonic Spectra

Synchronization of Microgrid under Linear Load

Synchronization of Microgrid under Nonlinear Load

De-synchronization of Microgrid under Linear Load

De-synchronization of Microgrid under Nonlinear Load

Steady State Performance in Islanded Mode under Linear Load (a) P, (b-d)
Load currents (iLac) and Viay, (€) Pysc (f-h) VSC currents (i anc) and Via (i)

Harmonic content of load voltage (j) wind power (Pw) (k) solar power (Ppy)
(1) Battery power (Pyy).

XXi



Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

9.17

9.18

9.19

9.20
9.21

9.22

9.23

9.24

9.25

9.26

9.27

101
10.2

10.3

Steady State Performance in Islanded Mode under Nonlinear Load (a) P (b-
d) Load currents (iLac) and Via (e) Harmonic content of load current (f)
Pvsc (9-1) VSC currents (ic_anc) and Viap (j) wind power (Py) (k) solar power
(Ppv) (1) Battery power (Pwt) (m) Harmonic content of load voltage

Steady State Performance in Grid Tied Mode under Linear Load (a-c) Grid
currents (iLae) and Vi (d-f) Harmonic content of grid currents (g)
Harmonic content of line voltage (h-j) Load currents (iLanc) and Via Pvsc
(k-m) VSC currents (icanc) wind Vi, (n) wind power (Py) (0) solar power

(Ppv) (p) Pusc () Pg () P (s)Pot

Steady State Performance in Grid Tied Mode under nonlinear Load (a-c)
Grid currents (iLanc) and Vg (d-f) Harmonic content of grid currents (g)
Harmonic content of line voltage (h-j) Load currents (iLac) and Vga (K)
Harmonic content of load current (i-n) VSC currents (icanc) wind Vga, (0)
wind power (Pw) (p) solar power (Ppy) () Pusc (1) Pg (S) PL (t)Pot

MPPT Performance at 1000 W/m? Insolation
Steady State Response of Vga, lga, Via, iLa Under Linear and Nonlinear Loads

Synchronization Process under Linear and Nonlinear Loads: (a-b) Vga, lga,
Via, iLa (C'd) iga, eg, esa

De-synchronization Process under Linear and Nonlinear Loads: (a-b) Vga,
Iga, Vias iLa (C'd) iga, eg, esa

Wind Speed and Insolation Variation under Linear and Nonlinear Loads (a-
b) Via, iga, iVSC, iLa (C'd) ) VDC, Ibt,”wind, Ipv (e'f) ) ILd, Ipv, Iwind, Igt

Steady State Performance in Islanded Mode (a) Load current (i) VSC
currents (icc) (c) Harmonic content of line voltage (d) Pp () Py (f) wind

power (Pw) (9) Peot.

Steady State Performance under Grid Tied Mode (a) Grid current (ig) (b)
Load current (ic) (c)VSC currents (icc) (d) PL (€) Pg (f) wind power (Pw)
(@) Ppv (h) Pus (i) Po.

Synchronization and De-synchronization Process under Nonlinear Load: (a-
b) Vgab, Iga, Viab, iLa

Wind-Solar-Diesel Microgrid with Utility Grid
Voltage Control Algorithm for Island Operation of Microgrid

Current Control Algorithm for Grid Tied/ DG Operation

XXii



Fig.10.4(a)
Fig.10.4(b)

Fig. 10.5

Fig. 10.6
Fig. 10.7
Fig. 10.8
Fig. 10.9

Fig. 10.10

Fig. 10.11

Fig.10.12
Fig.10.13

Fig.10.14

Fig.10.15

Fig.10.16

Fig.10.17

Fig.10.18

Phase Angle Extraction using EPLL
Phase Angle Matching using a PI Controller

MATLAB Model of Wind-Solar-Diesel Microgrid with  Grid
Synchronization

Variable Speed Wind Turbine Model with MPPT
Solar Model with MPPT
MATLAB Model of Control Algorithms

Hardware Photograph of Voltage Source Converter (VSC), Static Transfer
Switch (STS) and Diesel Generator (SCIG)

Island Operation of Microgrid under Nonlinear Load

Voltage and current waveforms of grid tied mode and voltage waveform of
diesel generator with their harmonic spectra

Synchronization of Microgrid under Nonlinear Load
De-synchronization of Microgrid from Grid under Nonlinear Load

Diesel Generator Synchronization with Wind-Solar Microgrid under
Nonlinear Load

Steady State Performance of Microgrid in Island Mode under Noninear
Load (a-c) Load currents (iLac) and Via (d-f) VSC currents (ic anc) and
Viab (@) Po (h) Pysc (i) solar power (Ppv) (j) wind power (Pw) (k) Battery
power (Py) (I) Harmonic content of load voltage

Steady State Performance of Microgrid in Grid Tied Mode under Nonlinear
Load (a-c) Grid currents (iga), Load currents (i.), VSC currents (ica) with
Vg (d-f) Harmonic content of line voltage, load current and grid current
(@) Pg (h) PL (i) Pusc (1) wind power (Pw) (k) solar power (Ppy) (1) Pot

Steady State Performance of Hybrid Microgrid in Island Mode under
Nonlinear Load (a-c) Source currents (isanc) and Vg (d-f) Load currents
(iLanc) and Vap (g-1) VSC currents (icanc) and Vi a Harmonic content of load
current (j) Ps (k) P (I) Pvsc (m) solar power (Py) (n) wind power (Pw) (0)
Battery power (Pyt) (p) Harmonic content of load voltage

Steady State Performance of DG System Island Mode under Nonlinear
Load (a-c) Source currents (isac) and Via (d-f) Load currents (iLanc) and
Viab (g-1) VSC currents (icanc) and Vs Harmonic content of load current (j)
Ps (k) PL (I) Pysc (m) Battery power (Py) (n) PL (0) Py (p) Harmonic

XXiii



content of load voltage

Fig.10.19 Synchronization and De-synchronization processes under nonlinear loads:
(a'b) Vga, Iga, Vias iLa (C'd) iga, eg, esa

Fig.10.20 Wind Speed and Insolation Variation under Nonlinear Loads- (a) Viab, iga,
iVSC, iLa (b) VDC, Ibt, Iw, Ipv (C) VDC, Iw, Ipv, Igd

Fig.10.21 DG Dynamics under linear and nonlinear loads:(a) Viab, Isa, lot, iLa (D) Viab,
isa, iLa, |bt (C) VLab, iga, iLa, |bt

XXiv



LIST OF ABBREVIATIONS

ADC Analog to Digital Channel

BESS Battery Energy Storage System

BPFF Back Propagation Feed Forward

CERTS The Consortium for Electric Reliability Technology Solutions

CIGRE The International Council on Large Electric Systems (French: Conseil

International des Grands Réseaux Electriques)

CCA Current Control Algorithm

DBR Diode Bridge Rectifier

DFIG Doubly Fed Induction Generator
DSO Digital storage Oscillator
DSTATCOM Distributed Static Compensator
EPLL Enhanced Phase Lock Loop

GW Giga Watts

IEEE Institute of Electrical and Electronics Engineers
IGBT Insulated Gate Bipolar Transistor
INC Incremental Conductance

kWh Kilo Watt Hour

LMS Least Mean Square

LMLS Least Mean Logarithmic Square
LPF Low Pass Filter

MG Microgrid

MPPT Maximum Power Point Tracking
NN Neural Network

NSLMF Normalized Sign Least Mean Fourth
PCB Printed Circuit Board

PCC Point of Common Coupling

Pl Proportional and Integral

PLL Phase Lock Loop

PQ Power Quality

PSO Particle Swarm Optimization

XXV



PWM
PMSG
P&O
RZALMS
RMS
RC filter
SA
SCIG
SHC
SRF
STS
SyRG
THD
usD
VCA
VSC
WECS
ZCD

Pulse Width Modulation

Permanente Magnet Synchronous Generator
Perturb and Observe

Reweighted Zero Attractor Least Mean Square
Root Mean Square

Ripple Filter

Sign Algorithm

Squirrel Cage Induction Generator

Sample and Hold Circuit

Synchronous Reference Frame

Static Transfer Switch

Synchronous Reluctance Generator

Total Harmonic Distortion

United State Dollar

Voltage Control Algorithm

Voltage Source Converter

Wind Energy Conversion System

Zero Crossing Detector

XXVi



Co

Al

€pa

fi & fis
i, i, ic
o, b, e

lcasIchslce
lccasleeby lece

ot
icn, iLn, in
prl

Igt/gd

iga, igb’ igC

i ga i gn, and i g
iLa,iLb,iLc

i*La, i*Lb, i*Lc
ILg

iLfa

ILpb

lo

Iot
ipa, Ipb, Tpc
Ipavg

lob

i pa
IPMBLDCG
lov
Iga, Iap, fqc
lqavg

iqa

LIST OF SYMBOLS

Parallel capacitance of BESS

peak to peak current ripple of boost converter

Error between actual and desired outputs

Switching frequency

Three phase instantaneous currents

Three phase source reference currents for phase a, b and c
Three phase compensating currents

Three phase excitation currents of the capacitor bank

Charging current

Compensating neutral current of VSC, load neutral current and
system neutral current

Fundamental active power component of the reference source
current

Fundamental reactive power components of reference three phase
source currents

Reference grid current active component
Sensed grid/ generator three phase currents
Reference grid/generator currents

Three phase load currents

Reference load currents

Active component of load current

Fundamental load current component for phase ‘a’

Aggregation function of input layer for active power component of
load current

Wind active component after boosting

Reference active power component

Three phase active power components of load currents
Equivalent per phase of load active power component
Aggregation function for active component of hidden layer
Active reactive component of reference source current
PMBLDC generator current for phase ‘a’

Solar panel current

Three phase reactive power components of load currents
Equivalent per phase reactive power component of load current
Reactive component of reference source current

XXVii



lgi

lrip

Iv

lw & lwing
Iwa, Twb, Iwe
Ki

Kp

Ly

Lo

m

M

Mi

PLa, PLbl PLC

Prt

PS

Pvsc

PW & I:)wind
Rp

Rs

QCC

cand y
S1to Sg
B0, Og & Bgg
Unpa,Upb, Upc
Uga,Ugb, Uqc
Va, Vb, Ve
Vab

Vabe

VO

Verr

Aggregation function for reactive component of hidden layer
Current ripple of interfacing inductor
Current component coming from the PI controller
Current component of Wind

Wind turbine generated currents of phase ‘a, b, ¢’
Integral gain

Proportional gain

Interfacing inductance

Boost inductor

Modulation index

Shifting operator

Adaptive weighted step size

Reference frequency

Battery Power

Grid/Generator Power

Hydro power

Load demand

Single phase load powers

Solar power

Total renewable power

Source power

VSC Power

Wind power

Parallel resistance of BESS

Series connected internal resistance of BESS
Reactive power of capacitor bank

Constants

Gating signals

Grid and load voltage angles

In-phase unit voltage templates

Quadrature phase unit voltage templates
Three phase instantaneous voltages at PCC
Line voltage

Voltages of three phases

DC link voltage

Voltage error

XXViii



Vgt

Vgabc

Vi

Vias Vib, Vie

Via ViV e

Vv

Vw

Vi

V*

Wpal, prl, Wpcl
anl, qul, chl
Xob

Xqb

Grid Voltage

Three phase grid voltage

Line voltage

Load voltages

Reference load voltages

Peak reference voltage magnitude

Solar panel output voltage

Wind speed

Terminal Voltage

Reference terminal voltage

Three phase active power components of load currents
Three phase reactive power components of load currents
Active component of output of input layer neuron
Reactive component of output of input layer neuron

XXiX



	PhD_thesis_geeta.pdf



