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ABSTRACT
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Doctor of Philosophy

PROTECTION OF DISTRIBUTION NETWORKS WITH DISTRIBUTED
GENERATION

by Babar Hussain

The share of eectric power from small scale Distributed Generation (DG) connected to low
voltage distribution networks (DNs) is increasing in the eectricity market day by day as this
technology is not only becoming cheaper relative to other resources but is also environmentally
friendly. However, along with these benefits, DG can aso have an adverse impact on operation
of the power systems. For example, voltage regulation, power system stability and protection
coordination can be affected due to connection of DG to DNs. The purpose of this dissertation
is to investigate the potential impact of DG on the protection setup of DNs and to suggest
solutions to solve these problems for safe integration of DG.

The thesis analyzes the potential impacts of DG on DN protection with the help of a case study
of DG installation in atypical DN. The issues discussed include increase in the fault current
level, blinding of protection, sympathetic tripping, reduction in reach of a distance relay, lack
of detection of single-phase to ground (1LG) fault with ungrounded utility side interconnection
transformer configuration and failure of a fuse saving scheme. In respect of the case study,
practical and effective solutions that rely on conventional protection devices and practices, for
example, instantaneous overcurrent relay, zero sequence voltage detection and transfer trip
scheme are proposed.

A novel protection strategy that combines the characteristics of both the time and instantaneous
overcurrent elements along with a smple algorithm for adaptively changing the setting of the
latter is proposed to ensure proper recloser-fuse coordination even in the presence of DG.
Conventiona protection schemes face serious chalenges when they are considered for
protecting an islanded microgrid having an inverter interfaced DG unit and need magjor revision
in order to detect and isolate the faulty portion, as fault currents are very limited in such
systems. Protection coordination issues including lack of sensitivity and selectivity in isolation
of a fault can occur in a microgrid, especialy in an islanded mode of operation. The thesis
presents and critically reviews traditional and state of the art protection strategies in respect of a
microgrid protection.

Total harmonic distortion (THD) based islanding detection schemes that measure the output
current THD of the inverter interfaced DG (I1DG) are discussed and the role of various factors
like uncertainties in filter parameters, variations in the utility THD and the utility impedance on
the performance of these schemesisinvestigated. The simulation results show that the THD in
the inverter output current may be affected (depending upon the design of the controller) by the
variations in the utility THD and the utility impedance. Consequently, the working of THD
based schemes may suffer if these factors are not taken into consideration while selecting the
trip threshold. A large L, (the inductor of the LCL filter facing the grid) can make the output
current THD of theinverter less sensitive to variations in the utility impedance and, thus, makes
the selection of the trip threshold easier. Moreover, through simulations it is shown that
electromagnetic compatibility (EMC) capacitors can also affect the idanding detection schemes
used for 11DG as they can introduce alarge increase in the output current THD of the inverter.



CONTENTS

AB ST RA CT e e e e e e e i

CONTENTS e i
LIST OF TABLES ..o oottt tm e Vi
LIST OF FIGURES ... ...ttt e vii

DECLARATION OF AUTHORSHIP... ..o Xi
ACKNOWLEDGMENTS ...ttt Xii
LIST OF ABREVIATIONS ... oo Xiii

CHAPTER 1 INTRODUCTION

11 GENERAL BACKGROUND ... ... e e e ee e 1
1.2 MOTIVATION ... e e e e e s re e 3
1.3 AIMS AND OBJECTIVES OF THE RESEARCH .......coccoiiii 3
14 CONTRIBUTIONS OF THE THESIS.......o 4
15 OUTLINE OF THE THESIS. ... 4

CHAPTER 2 DISTRIBUTED GENERATION: PROTECTION ASPECTS OF THE

GRID CONNECTED MODE OF OPERATION
21 INTRODUGCTION . .. .ttt ettt e e et et et et e et e e et e e e e et e 7

2.2 RULES FOR THE DESIGN AND COORDINATION OF PROTECTIMEELAYS IN A POWER

S ST E M. e e e 9
0 TS T =T X 11 1 Y 9
A =T ¥ 1o F= g oY P 9
2. T €1 - o {1 o P 9

S T o U ]2

2.2.5 Dependability... ... ..o e e e 9
2.3  ATYPICAL PROTECTION SETUP FOR A RADIAL DISTRIBUTIN FEEDER...................... 9
2.4 THE CASE STUDY ...ttt iit ittt it ettt et et et et ettt et et et et et e e e e e e e et eeeaee eeeeeebretn e 11
25 KEY PROTECTION CHALLENGES FOR DNS WITH DG.....uvuiiiiiiis e e e 13



CONTENTS

2.5.1 Fault current level modifiCation.........cccooii oo 13
2.5.2. Blinding Of ProteCHION. ... et et et e e e e e e e e 14
2.5.3. SYMPAtNetiC triPPING. .. .. ettt et e et et e e e e 16
2.5.4. Reduction in the reach of aadise relay..........cccoo v e, 17
2.5.5. Selection of a suitable inteirigaransformer configuration ................coooiiii . 20
2.6 RECOMMENDATIONS ... ittt e e e e e e et e e et e et e e e e e e e e e 23
2.7 SUMM A R Y L e e e e e e e e e e e e 30

CHAPTER 3 FUSE SAVING STRATEGY IN THE PRESENCE OF DISTRIBUTED
GENERATION
3.1 INTRODUGCTION. .. ¢ttt et e et e e e et et e e e e e e e rm et e e e e re e 31

3.2  WHY FUSE SAVING MAY FAILINDNSWITH DG.....iii i e 32
3.3 LITERATURE REVIEW . ..o e e e e e e e e e e e e 32
3.3.1. Preventive measupeEeposed iN IErature. .. ... ..o v v e e 33
3.3.2. Remedial measumoposed in [Iterature...........coooviiei it e e e 34
3.3.2.1 MISCEIIANEOUS. .. ...t et e e e e e et e e e et e 34
3.3.2.2 AdaptiVe relAYING. ... ettt et e e e e 35
3.3.2.3 Expert systems and agased SChemes.............oo o 36
3.4 THE CASE STUDY: SIMULATION RESULTS AND DISCUBON.......ccvviiiiiiiiiiieii e e 37
3.5 FUSE SAVING ST RATE GY ..t e e e e e e e e e e e e e e e eens 42
3.5.1 Options and considerations for thekhup of the 50 element...............coooiiii i, 43
3.5.1.1 Ipick-up of the 50 elembased on fault currents with NO DG...............ccccivieeennnen. 44
3.5.1.2 Ipick-up of the 50 elembased on fault currents with DG connection................. 44..
3.5.2 Adaptive algorithm ... ... e e 45
3.5.2.Description of the algorithm....... ... e s 48
3.6 HOW RECLOSING WILL BE APPLIED. .. ...ttt e et e e e 54

3.8 SUMMARY

CHAPTER4 MICRODRID PROTECTION



CONTENTS

4.2

4.3

4.4

PROTECTION COORDINATION PROBLEMS IN A MICRERID........c.ociiiiiie e 57
POSSIBLE SOLUTIONS TO KEY PROTECTION CHALLENGES WN ISLANDED
MICROGRID ... .t e e e e e e e e e e e e e e e e e e et e e e et e 59
4.3.1. Use of differential protection SCheme ..........coooiiiiiii i e 59
4.3.2 Use of a balanced combination dedént types of DG units for grid connection................ 60
4.3.3 Voltage based detection teCHNIQUES e et o oe it e e e e e 61
4.3.4 Employing adaptive protection SChEMES. .. ... ...ouiiriii i e e 62
4.3.5. Protection based on symmetrical affdreintial current components...........c...cco.vvvieiiieennnennn. 64
SUMM A R Y e e e e e e e e e e s 65

CHAPTER S ANALYSISOF A GRID CONNECTED VOLTAGE SOURCE

INVERTER
5.1 INTRODUCTION ... e ittt it it e e e e e e e e e e et e e e e et e e e e e e e e e e e en e e e 67
5.2  WORKING PRINCIPLE OF THD BASED ISLANDING DEECTION METHODS...................... 69
5.3 WHY SELECTION OF A TRIP THRESHOLD IS DIFFIQI .......oeiiiiiiiie e e e e 69
5.4 SELECTION OF SIMULATION SOFTWARE ... ...t e e e e e 71
55 SYSTEM TOPOLOGY AND DESCRIPTION. ...ttt it e et et e e e e e e 72
5.5.1. Elements of the Simulink model........... ... 75
5.5.1.1 Three-phase INVEIIE. ... c. vttt et e e e e e e et e e 76
5.5.1.2 PWM QENETALON. .. . ettt ceimmt e ettt e e et et e et e et e et en e eareeaas 76
LT e T I (T P 76
5.5.1.4 ULIlItY SYSTEML .. it oot e e e e e e e 76
5.5.1.5 Analogue to digitahverters (ADCS) ... .....iir ittt e e e e e 77
5.5.1.6 Computational tiBEAY..........c.ooiiitiiiet e e 77
5.5.1.7 REFEIENCE CUIMEBNTcuurr ct ettt e e st e et e e et e e e e e aeee e 77
5.6 LINEAR ANALYSIS OF THE CONTROLLER... ... o e e 80
5.7 ANALYSIS OF THE CONTROLLER WITH THE HELBF SIMULINK MODEL.................... 89
5.7.1. SIMUIALION FTESUITS ... ..ttt et e e e e et et et e e e e e e 90
5.7.1.1 THD in the output @nt for different levels of utility THD.............cooovvviiiininne 90

5.7.1.2 THD in the output @mr when uncertainty in filter parameters is takea

F= Lo oo 11 | 1 91



CONTENTS

5.8 EFFECT OF THE ELECTROMAGNETIC COMPATIBILYT(EMC) CAPACITORS ON

THE PERFORMANCE OF A GRID CONNECTED INREER.........ccoiiiiiiiiiii e 95

5.8.1. Simulation results for the systgith EMC capacitors.............ocoeiiviiniiiiii e i, 96
5.8.1.1 When output voltage @tjas used in the feedforward loop..............ccoovevieiiiinis 96
5.8.1.2 When an ideal sine wiauwgsed in the feedforward [00p...........coooviiiiii i, 99

5.8.2. DiSCUSSION Of the reSUIS. ........ooei e e e e e 100

CHAPTER 6 CONCLUSIONSAND FUTURE WORK
6.2 FUTURE WORK ...ttt it e ettt e et et ettt e e e e e e e e e et e en s 106

APPENDIX A

Al. Table 2.1: Impedances of feeders and Sub-Tllseotest system shown in
FIg. 2.3t e e e e e e e e 109

A2. Table 2.2: Current settings of protection desiinstalled in the test system

ShOWN N Fig. 2.3 e e e e e e e e 109
A3. List of IEEE/ANSI designated protective devinembers used in the thesis...... 109
APPENDIX B
B1. Equations describing the general charactesisti@a recloser and a fuse........... 111

B2. Table 3.1: Fault currents for a 3LG fault 8%20f LF1-1 length for different
combinations of M and N ... e 112

APPENDIX C
C1l. Table 5.1: Parameters and component valugbdmystem shown in Fig.5.1....113
REFERENGCES. ... .ottt ittt et e e e e et e e e e et e e ea e, 115

LIST OF PUBLICATIONS. .. ..o e 143



LIST OF TABLES

Table 2.1: Impedances of feeders and Sub-TLs dfetesystem shown in
FIg. 2.3 109

Table 2.2: Current settings of protection devicesalled in the test system
ShOWN IN Fig. 2.3 e e 109

Table 2.3: Operating times of protection devicesase of a 3LG fault at 90%
of the feeder LF1 length with DGlamithout DG connection............. 15

Table 2.4: Fault currents in case of a 3LG faultitierent locations of the
fEEAEI L L. oo e e e et ————— 16

Table 2.5: Operating zones of the distance reldly and without DG
iNcase of a3LG and 1L G.......oviniiiiiiciic e 18

Table 3.1: Fault currents for a 3LG fault at 25%.B1.-1 length for different
combinationsof Mand N.............ooiiiiiiiiiiii e, 112

Table 5.1: Parameters and component values fay$tem shown in Fig.5.1.....113

Vi



LIST OF FIGURES

Figure 1.1: A typical DG connectiontoa DN...........cociiiieiiiiiiii . 2
Figure 2.1: A typical protection set up for a distition network with DG............ 10
Figure 2.2: A typical time-current coordination eerof a circuit breaker, a recloser

and a lateral fUSE........coouii i 11
Figure 2.3: Single line diagram of a section of@dal DN with DG.................. 12

Figure 2.4: Fault current at different network aisgth and without DG for
the teSt SYSTEM... . e e 14
Figure 2.5: Sympathetic tripping scenario wheny@aCF1 opens for a high

resistive 3LG fault at 30% of fieeder LF 1 length with DG ...........16
Figure 2.6: Distance relay zone settings and ojoeraf the relay in zone 2
for a 3LG fault at 79% of thediwith no DG connection................ 18

Figure 2.7: Failure of the distance relay to opematzone 2 for a 3LG fault
at 79% of the line with DG contien................c.coceee v e 19
Figure 2.8: Operation of the distance relay in z&er a 3LG fault occurring
maximum at 67% of the line Wi connection.......................... 19
Figure 2.9: Fault currents with different DG configtions with delta primary
transformer configuration..............ce e i i 21
Figure 2.10: Fault currents with different DG caguifiations with wye grounded
primary transformer configueetti.....................cooiiiiii 022

Figure 2.11: Voltage rise scenario in the testesystiue to 1LG fault on phase

Coof SUD-TLL...o e, 23
Figure 2.12: Zero Sequence Voltage (VO) rise séemaithe test system due to
ILG fault on SUb-TLL......cco i e e e e, 26

Figure 2.13: Operation of the distance relay inez@rior a 3LG fault occurring at
79% of the line with modifiedtgngs of zone 2 with DG connectiores.
Figure 2.14: Complete protection scheme for teedgstem shown in Fig. 2.3...29.

Figure 3.1: Proper coordination between the reclBSeand the fuse F2 for a

LLL close in fault at LF1-1 withdDG...........cocovviiiiiiiie s 38
Figure 3.2: Fault current magnitudes for a LLLIfau different lengths of
LF1-1 for different values of &hd N............coooviiiiiii i, 39
Figure 3.3: T, of the recloser and MMTs of the fuse for a LLL ltaat different
lengths of the feeder LF1-1hab DG connection....................... 40

Figure 3.4: T, of the recloser and MMTs of the fuse for faultewh in Fig. 3.2

WHheN M=0 and N=10. .. .o e e e e ee e 40
Vii



LIST OF FIGURES

Figure 3.5: T, of the recloser and MMT of the fuse for faults whan Fig. 3.2
When M=3 and N=L10......ccouirii i e e e 41
Figure 3.6: Loss of the fuse-recloser coordinabietween the recloser R3 and
the fuse F2 for a LLL fault at%a®f LF1-1 length when M= 3
ANA N L0 41
Figure 3.7: Adaptive algorithm for modifyingd-up Of the instantaneous element
when a DG unit is connectediscannected from the network....... Al.
Figure 3.8; The proposed TCC for the recloser iristaeous and time OC M=0
while N=0or 10 and when M=3 @D or 5............cooviiiiinnnnnn. 50
Figure 3.9: T, of the recloser R3 with the modified settings #émelfuse F 2 for
a close in LLL fault at feeddf1-1 when M= 3 and N =10............. 51
Figure 3.10: T, of the recloser R3 with the modified settings émelfuse F 2 for
a LLL fault at 10% of the feedé-1-1 length when M= 3 and N =1@2.
Figure 3.11: T, of the 50 and 51 elements of the recloser and MbfTtke fuse
for a LLL fault at the referenpoint when M=0 and N varies from 0

Figure 3.12. T, of the 50 and 51 elements of the recloser and MbfTBe fuse

for a LLL fault at the referenpoint when M=3 and N varies from O

£ 10 T - .
Figure 4.1: voltage restrained overcurrent protecsicheme logic circuit...........! 64
Figure 5.1: The test system comprising of a thplease VSI whose output is

connected to the three-phagk(gtility) system via an LCL filter....74
Figure 5.2: Three phase Simulink model of the $gstem shown in Fig. 5.1...... 78

Figure 5.3: Simulink model of the LCLfilter.............cccov il 79
Figure 5.4: Simulink model of the utility system..................cociiiiii . 79
Figure 5.5: Simulink model of the utility voltagadmonics............................ 80
Figure 5.6: Simulink model of reference currents. .. .cc..co.ccovviiiiii i 80
Figure 5.7: Single phase equivalent of the systeows in Fig. 5.1...................81
Figure 5.8: Block diagram of the single-phase eajeint circuit of the system.....82
Figure 5.9: Simplified Block diagram of the singibase equivalent circuit........ 82
Figure 5.10: Single feedback loop structurd of................ccoiiiiiiiii e, 83
Figure 5.11: The control system with minor feedbladp of I _........................ 85

viii



LIST OF FIGURES

Figure 5.12: Simplified control system with mineetiback loop of . ................. 86
Figure 5.13: The proposed per phase controller........ ..o 86
Figure 5.14: Root locus of th&(s) for different values of inner loop gakg.......... 87
Figure. 5.15: Bode diagram @#,(s) for differentvalues ofkc andKe................... 88

Figure 5.16: Waveform of the output current withmoal filter parameters
and with 2.5% utility THD. ..o e, 91
Figure 5.17: THD in output current with nominatéit parameters and with
different utility THD leVels...... oo 91
Figure 5.18: THD in output current with maximum wes of filter parameters
and with different utility THBVelS.............cooviiiiiiii 12092
Figure5.19: THD in output current with minimum vesuof filter parameters
and with different utility THRVeIlS............coiiiiiiii e 92
Figure 5.20: Waveform of the output current wien200 uH.L; andC
have their nominal values aggiin Table 5.1............................ 93
Figure. 5.21: THD in output current with differerglues ofL, and with
different utility THD levels... ... 93
Figure 5.22: Frequency plot of N(s) for differeiatwes of utility impedance.......94
Figure 5.23: The system shown in Fig. 5.1 with Eb#Pacitors...................... 95
Figure 5.24: Waveform of thig,; andl,¢ from the system without EMC
capacitors when time delaynalded whileL,=120uH................... 96
Figure 5.25: Waveform df,; andl,« from the system with EMC capacitors
when time delay compensatioenabled whileL,; =120uH................ 97
Figure 5.26: Waveform df,: andl,¢ from the system with EMC capacitors
when time delay compensatioanabled whild, =240pH.................97

Figure 5.27: Waveform of,J; and |t from the system with EMC capacitors when
time delay compensation is disabWade L, =120puH...................... 98

Figure 5.28: Waveform df,: andl,« from the system with EMC capacitors
when time delay compensat®disabled whilé, =60pH................... 98
Figure 5.29: Waveform df,: andl,¢ from the system with EMC capacitors
when time delay compensatiotdissabled and an ideal sine wave
is used in the feedforward lodprelL, =120uH while the utility
THD Z4.890. ...ttt 99

Figure 5.30: Waveform df,: andl,¢ from the system with EMC capacitors



LIST OF FIGURES

when time delay compensatiotisabled and an ideal sine wave

is used in the feedforward lodprel, -120uH while the utility



DECLARATION OF AUTHORSHIP

[, Babar Hussain,
declare that the thesis entitled

“Protection of Distribution Networks with Distributed Generation”

and the work presented in the thesis are both my own, and have been generated
by me as the result of my own original research. | confirm that:

= this work was done wholly or mainly while in candidature for a research degree
at this University;

= where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been
clearly stated;

= where | have consulted the published work of others, this is always clearly
attributed;

= where | have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work;

= | have acknowledged all main sources of help;

= where the thesis is based on work done by myself jointly with others, | have
made clear exactly what was done by others and what | have contributed
myself;

= parts of this work have been published as:

1-“Integration of distributed generation into the grid: protection challenges and solutions”
The 10" IET International Conference on Developmentsin Power System Protection (DPSP
2010), Manchester, 29 March — 1 April 2010.

2-“Impact studies of Distributed Generation on power Quality and Protection setup of an
Existing Distribution Network”, BEEDAM 2010, Pisa, Italy, 14-16 June 2010.

3- “Effect of variations in filter parameters, utility total harmonic distortion and utility

impedance on the performance of a grid connected inveléa’national Conference on
Energy Systems Engineering (ICESE 2010), Islamabad, 25 -27 October 2010

Signed:
Date:

Xi



"In the name of Allah, most Gracious, most Compassionate”

ACKNOWLEDGMENTS

All praise is due to Allah, the Lord of all worlds. And may peace and blessings be

upon the most honourable of the Messengers (M uhammac%) and upon his
family and companions, and all those who followed them in righteousness, until the

day of Judgement.

First of all, | would like to thank Allah, the all Mighty, who is the creator and the

sustainer of thisuniverse and al that it contains and whom we have to return.

| am extremely grateful to my supervisor Dr. Suleiman Abu-Sharkh for his invaluable

support, kind guidance and encouragement throughout my research work.

| owe specia thanks to Mr. Sgjid Hussain and Dr. Mohammad A Abu-Sara for their

support and guidance.

| am especially thankful to the whole of my family; parents, brothers, sisters and wife

who always prayed for my success.

Xii



LIST OF ABBREVIATIONS

CB
C&P
CT
CTI
DG
DN
DRs
DSP
EMI

FCL
GPS
|IEEE
IGBT
IIDG

Ke
LL
LLG

LLL

LOG
LOM
1LG

3LG
MCC
MM
oC
PCC

PE
PMUs
PWM

Circuit Breaker

Control and Protection
Current transformer
Coordination Time Interval
Distributed Generation
Distribution Network
Distributed Resources
Digital Signal Processor
Electromagnetic Interference

Fault Current Limiter

Global Positioning System

Institute of Electrical and Electronic Engineers
Insulated Gate Bipolar Transistor

Inverter Interfaced Distributed Generation
Outer Feedback Loop Proportional Gain
Minor Feedback Loop Proportional Gain
Phase to Phase

Phase-to-Phase-to-Ground

Three-Phase

Loss of Grid
Loss of Mains
Single Phase to Ground Fault

Three Phase to Ground Fault
Maximum Coordination Current
Minimum Melt

Overcurrent

Point of Common Coupling

Power Electronics
Phasor Measurement Units
Pulse Width Modulation

Xiii



LIST OF ABBREVIATIONS

RFC
RP

TCC

THD
VS
8V

Recl oser- Fuse coordination
Reference Point

Short Circuits

Time Current Characteristics

Total Harmonic Distortion
Voltage Source Inverter

Zero Sequence Voltage

Xiv



CHAPTER1 INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 GENERAL BACKGROUND

Distributed Generation (DG) involves electricity generation from generators which rely
on non-conventional and renewable energy sources like wind, solar, tidal, or small-scale
hydro and are either connected to the low voltage distribution network (DN) or to the
loads directly. The structure which evolves as a result of the direct connection of the DG
to loads is often named as a microgrid. DG is becoming more and more important as it
relies mostly on renewable sources of energy i.e. wind, solar, tidal, etc as compared to the
traditional generation which is heavily dependent on fossil fuels. Factors like scarcity of
fossil fuels, ever increasing prices of oil and gas, environmental implications of thermal
generation and hydro dams, are pushing the world towards DG which relies mainly on
renewable energy sources. Availability of high tech generators have made the generation
of electricity using renewable sources quite competitive. Moreover, due to the availability
of different interfacing units in the market, it is now possible to connect DG to the main
grid safely and effectively. Among other favorable factors for the use of DG are,
reduction in transmission and distribution costs as DG is located close to load centers,
availability of highly efficient plants having capacity from 10KW to 15MW, quick
installation and less space requirement for installation, the liberalization of the electricity
market that is attracting new players in the power generation sector, flexibility to choose
from different combinations of cost and reliability, reduction in investments for grid
upgrade, etc. All these factors are encouraging energy experts to make more rigorous
efforts to investigate and explore DG as a viable option to meet the future energy needs of

the world.



CHAPTER1 INTRODUCTION

DG offers many technical, economical and environmental benefits both when connected
to the main grid as well as when supplying independent loads in the form of a microgrid.
The benefits offered by DG in grid connected mode among others include provision of
emergency backup in case of utility outages, increased reliability, reduction in voltage
sags, energy savings through peak shaving and relieving the utility from the burden of
investing in generation for future needs. While operating in the form of a microgrid, DG
can help on several fronts e.g. control of reactive and active power, mitigation of voltage
sag, and correction of the system imbalance. A typical DG connection to a DN is shown
in the Fig. 1.1. When circuit breaker B1 is closed, DG is operating in grid connected
mode of operation whereas when circuit breaker B1 is open, DG is operating in islanded
mode of operation. An island is formed when a portion of a grid is energized solely by
DG while that portion of the grid is electrically separated from the rest of the power
system. An intentional islanded mode of operation of DG may be referred to as microgrid
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11/25
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CHAPTER1 INTRODUCTION

1.2 MOTIVATION

The share of electric power from DG isincreasing in the electricity market day by day as
this technology is not only becoming cheaper relative to the other resources but is aso
environmentally friendly. But uncertainty still exists about the potential impact of DG if
connected to an existing DN and about potential solutions to problems that may arise as a
result of that connection. Along with these benefits, DG can also have an adverse impact
on operation of the power systems e.g. voltage regulation, power system stability and
existing protection coordination can suffer due to the connection of DG. For an effective
integration of DG into DNs, extensive research aimed at understanding all aspects of DG

connection/operation is needed.

Due to the crucial role of a protection system in the safe operation of a power system, an
investigation of the impact of DG on existing protection schemes is very important.
Effective DG integration calls for a review of traditional power system protection
concepts and strategies. New protection solutions are required to cope with the new
challenges caused by active DNsi.e. DNs that are capable of bidirectional power flow. In
the aforementioned perspective, the present research work was undertaken.

1.3 AIMSAND OBJECTIVESOF THE RESEARCH

The main purpose of this dissertation is to investigate the potential impacts of DG on the
protection setup of a typical DN and to suggest effective and practical solutions
employing traditional protection practices for the safe integration of DG into DNs. The

objectives of the thesis can be summarized as below:

* Toidentify important protection issues and the scenarios in which these issues can
arise when DG is connected to existing DNs.

* To identify the limitations of traditional protection practices in coping with the
new protection challenges.

* To suggest effective and practical solutions employing traditional protection

techniques and methods to solve these problems.
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» Tocritically review protection challenges and their solutions specific to microgrid
operation.

* To investigate the performance of the total harmonic distortion (THD) based
islanding detection schemes with respect to the inverter interfaced DG (11DG).

14 CONTRIBUTIONSOF THE THESIS

The contributions of the thesis can be summarized as below:

* Practical solutions involving existing protection practices and protective
equipment are proposed to solve the protection coordination problems resulting
from DG ingtallation in atypical DN.

* A new protection strategy is proposed that combines the characteristics of both the
time and instantaneous overcurrent (OC) elements along with a simple algorithm
for adaptively changing the setting of the latter to ensure proper recloser-fuse
coordination even in the presence of DG.

e The limitation of the THD based idanding detection schemes in respect of the
IIDG isidentified.

* The impact of electromagnetic compatibility (EMC) capacitors on the

performance of a voltage source grid connected inverter isidentified.

1.5 OUTLINE OF THE THESIS

The thesisis organized as follows:

Chapter 2 investigates the potential protection challenges, based on a simulation case
study of a DG installation in a typical DN, which provides practical insight into DG
integration issues and their solutions. The discussion reflects on long established rules for
the design and coordination of protective relays in a power system i.e. selectivity,
redundancy, grading, security, and dependability. In light of the simulation results,
effective and practical solutions employing traditional protection practices are proposed

to address the identified protection issues.

Chapter 3 explores the potential impacts of DG on recloser-fuse coordination (RFC)

through simulations of different fault scenarios with different DG configurations. An
4
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alternative protection strategy is proposed that benefits from the characteristics of both
time and instantaneous OC elements for maintaining RFC in a practical DN. Moreover, a
simple agorithm is described to adaptively change the setting of the instantaneous OC
element to ensure proper recloser-fuse coordination (i.e. fuse saving) under the worst fault

conditions.

Chapter 4 discusses the challenges which conventional protection schemes may face
when they are considered for protecting an islanded microgrid with an 11DG. Protection
coordination issues such as lack of sensitivity and selectivity in isolation of a fault can
occur in amicrogrid especially in an islanded mode of operation due to the availability of
a limited short circuit current. The chapter presents and critically reviews traditional and
state of the art protection strategiesin respect of microgrid protection.

In chapter 5, THD based islanding detection schemes i.e. schemes that measure the output
current THD, for the I1DG are discussed and the role of various factors like uncertainties
in filter parameters, variations in the grid (utility) THD and the grid impedance on the
performance of these schemesisinvestigated. The simulation results show that the THD
in the inverter output current may be affected (depending upon the design of the
controller) by the variations in the utility THD and the utility impedance and,
consequently, the working of THD based schemes may suffer if these factors are not
taken into consideration while selecting the trip threshold. A large L, (the inductor of the
LCL filter facing the grid) can make the output current THD of the inverter less sensitive
to variations in the utility impedance.

Moreover, interactions between electromagnetic compatibility (EMC) capacitors and grid
impedance are also discussed and their impact on performance (behaviour of the output
current) of a voltage source grid connected inverter is also investigated through
simulations. These simulations show that EMC capacitors can also affect the islanding
detection schemes used for IIDG as they can introduce a large increase in the output
current THD of the inverter. The identification of the impact of EMC capacitors on the

performance of an inverter isanovel contribution of thisthesis.

Finally, chapter 6 describes the conclusions and future work.
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In the reference section, an extensive list of the relevant literature is included in

chronological order to guide the reader to the relevant material.
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CHAPTER 2

DISTRIBUTED GENERATION: PROTECTION
ASPECTSOF THE GRID CONNECTED MODE
OF OPERATION

2.1 INTRODUCTION

The integration of Distributed Generation (DG) ilistribution networks (DNs) calls for
a review of traditional power system protection cgpts and strategies. New protection
solutions are required to cope with the new chglsncaused by the activeness of DNs
(i.e. being capable of bidirectional power flow)ndértainty still exists about potential
DG impacts if connected to an existing DN and alpmiéntial solutions to problems that
may arise as a result of that connection. Coordinaproblems between different
protective devices e.g. between a circuit breakerautorecloser and a fuse, can occur
due to changes in the magnitude and direction effdult current [1]. The level of
penetration of DG and the type of interfacing sceem. whether the DG system is based
on direct coupling of rotating machines like syrmtous or induction generators or it is
interfaced through a power electronic convertehwvelectronic current limiting, have a
fundamental impact on the protection scheme a®tletermine the level of short circuit
current in the system. The key protection issuese@a by DG connection to a DN are:
modifications in fault current level, failure ofatlitional device discrimination strategies,
reduction in reach of overcurrent (OC) and impedamdays (i.e. blinding of protection),
bi-directionality of fault current resulting in syrathetic tripping, unintentional islanding
of DG, miscoordination between a breaker, an aatoser and a fuse causing failure of a

fuse saving scheme, and mal-operation of an auts®c
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These protection issues have been discussed irtlite since the 1980s and an
exhaustive list of relevant literature [1-116] xluded in References in chronological
order. Most of the literature only identifies issuwithout proposing any solutions.
However, some papers e.g. [52, 60, 92], have atusised potential solutions. In order
to have a better insight into the issues and swirtions based on traditional protection
practices, further investigation is needed. Moreoas the protection issues caused by
connection of DG may differ from network to netwdqdepending upon size, type and
location of DG, and network topology), so do théusons i.e. the solutions are unique
for different DNs.

This chapter investigates the potential protectiballenges based on a simulation case
study of a DG installation in a typical DN, providi practical insight into DG integration
issues and their solutions. The discussion reflectiong established rules for the design
and coordination of protective relays in a powestssn i.e. selectivity, redundancy,
grading, security, and dependability [11] light of the simulation results, effective and
practical solutions employing traditional proteatipractices are proposed to address the
identified protection issue&ection 2.2 describes rules for the design anddoaation of
protective relays in a power system. Section 2r8sents a brief overview of
conventional protection principles and practicasDdls. Section 2.4 introduces the case

study. In section 2.5, important protection issueiding;

» fault current level increase,

* blinding of protection,

= sympathetic tripping,

» reduction in reach of a distance relay,

» lack of detection of single-phase to ground (1L@ith ungrounded utility
side interconnection transformer configurations,

» failure of a fuse saving scheme

and scenarios in which they can arise in the pasehDG, are analyzed with the help of
the case study. Section 2.6 explores differentiplessolutions to address these issues.

Finally, section 2.7 summarizes the chapter.



CHAPTER 2: DISTRIBUTED GENERATION: PROTECTION ASPEGS OF THE GRID
CONNECTED MODE OF OPERATION

2.2 RULESFOR THE DESIGN AND COORDINATION OF
PROTECTIVE RELAYSIN A POWER SYSTEM

The rules that a good protection system should esnboe [113]:

2.2.1 Sdlectivity

Selectivity means that a protection system, in acddault, should isolate only the faulty

part or the smallest possible part containing &utf

2.2.2 Redundancy

In order to improve reliability, a protection systeneeds to take into account redundant
function of relays. In a system, redundant fundaliies are properly planned as a backup
protection. Redundancy is achieved by combininfgsht protection principles together,
for example combining distance and differentialtpetion in the case of transmission

lines.

2.2.3 Grading

Grading of relay characteristics ensures clearcgeity and redundancy. This measure
helps in achieving high redundancy without disabline selectivity.

2.2.4 Security

This is the ability of a protection system to emstinat all power system events and
transients that are not faults are rejected so hleaithy parts of the system are not

disconnected unnecessatrily.

2.2.5 Dependability

This is the ability of a protection system to deétand disconnect all faults within the

protected zone.

23 ATYPICAL PROTECTION SETUP FOR A RADIAL
DISTRIBUTION FEEDER
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The basic objective of protection coordination ower systems is to achieve selectivity
i.e. to switch off only the faulted component andeave the rest of the power system in
service in order to minimize discontinuity of suppnd to ensure stability. Proper
coordination ensures that there is neither a madioe of protective devices nor a
duplication of their operation. A typical protectiset up for a radial distribution feeder is
shown in Fig. 2.1. Traditional distribution systeimsve a simple protection scheme as
they carry unidirectional current [11]. A circuitdaker (CB) or recloser equipped with
instantaneous and time OC protection elementscatdal at the beginning of the radial
feeder to provide protection against phase andngtdaults. The laterals usually employ

fuses with inverse-time OC characteristics for @ctibn against faults.

__ Feeders

HVILV ——
) - Substation L e
Main Utility Trasformer
Source
~ G }
Transmissio CB - i i
i CB reclosure Sectionali;
Load

L Primary Bus

T Fuse

Figure 2.1: A protectiset up for a simple radial feeder.

The traditional time coordination between a cirdariéaker, a recloser and a lateral fuse
for a radial distribution feeder is shown in Fig2 231, 70, 110-113]. To achieve
selectivity in the isolation of a fault, protectidevices in series are time coordinated such
that the upstream device electrically closest eéoghort circuit or overload opens first to
isolate the faulty section. This minimizes the dgeaaused by a fault or overload while
allowing upstream protective devices to remaineaidoand to continue to carry the normal
load current. An autorecloser, in its fast modepération, is set to operate earlier than
the lateral fuse to avoid turning a temporary faub a permanent one. This practice is
known as fuse saving. The feeder headend circe@Kkar provides an overall back-up

protection since its characteristic curve lies abal the other curves.

10
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Figure 2.2: A typical time-current coordinatioha circuit breaker, a recloser and a

lateral fuse.
Appropriate protective device (relay) coordinatisnensured by a relay pickup current
setting (pick-up) Of 50% of the minimum line end phase-to-phase) (lalult current (l.).
Relay current settings of 125-200% of full loadreat (load), i.€., bick-up >125-200% jpad,
prevents unnecessary tripping of the feeder wheis verloaded. An instantaneous
element with a setting of four to six times gfdor 125% of the three-phase fault current
(L) at the first downstream protective device is usedrotect the system against
severe disturbances [110-113]. However, this timerdination will be lost if a change
occurs either in the magnitude or direction of @tfaurrent flowing through any of these
protective devices.

24 THE CASE STUDY

Fig. 2.3 shows a single line diagram of a typicatribution network section which is
henceforth referred to as the test system [117]is Thst system is simulated to
demonstrate and investigate the impact of DG on [bkection. A typical 25 kV
distribution network is configured down stream %25 kV substation named as main
substation. The utility grid upstream of the sutistais represented by a Thevenin
equivalent of a voltage source and a series impedasith short circuit (SC) level of 637
MVA and X/R ratio of 8.38 at the 69 kV input bushél network is equipped with a 69

/25 kV, 15 MVA substation load tap-changing tramsfer, with a delta-wye grounded
11
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configuration. The transformer has a series egentaimpedance of 7.8% and connects
the DN to the 69 kV subtransmission system. Thei®hkhodelled by two load feeders,
named as LF1 and LF2, emanating from the 25 kV Bbhe.system loads are considered

as constant impedances that make no contributitimetéault current.

Twenty wind turbines with a total rated capacity3& MW are connected to the 25 kV
bus through two 25 kV collector feeders named ak &t CF2. The DG unit is an actual
wind power plant. The wind-turbines use inducti@negrators with a rated capacity of
1.65 MW each (with a power factor of 0.95 laggimg)d are connected to the network
through 0.6/25 kV, 1.8 MVA step up transformerss&a on geographical distribution,
ten wind turbines are grouped together and are headas an equivalent single machine,
designated as DG 1 in Fig. 2.3, with a total cayaaf 16.5 MW. The location of all the
generators of DG1 is such that their contributitmdifferent faults are almost the same.
Similarly, the remaining ten wind-turbines are grved together and are modelled as an

equivalent single machine, named as DG 2 in FR).\&ith a total capacity of 16.5 MW.

BUS4 BUS5
25kV 25KV

Recloser,R4 20k
51/51N m BUS7 BUSS
LF2 25kV 25kV
LF1
SN LF1 21 km .
i i LF1
Main Substation RecloserR3
69125 KV 18MVA
BUSI BUS2 Joe z=8% -
69kV 69kV or Recloser,R2
Distance F1 51/51N 4KM |
q CF2 | < & \ﬁ BUS13
Yl BUS6 BUS10 1BMVA 26KV
s ™ 25KV BUSY 25KV
Utiity Equivalent | CB1 25KV
Source
100 MVA (Base)
637 SC MVA leéigl 1 18MVA BUS12
XIR =838 60 km 7=8% 066KV
Sub-TL2
w3
5151N = j & | @
BUS3
69KV Recloser,R1 | Q Y—l 18MVA
2

Figure 2.3: Single line diagram of a section ofypidal DN with DG where Sub-TL
stands for sub-transmission line, CF and LF remtesmllector and load feeders
respectively. IEEE/ANSI designated protective devicmbers are used [118].

The contributions of DG2 units to different faudie also assumed to be the same. Each

generator is provided with capacitor banks at igminal for reactive power

12
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compensation. The total reactive power requiredebgh induction generator at full

generation and 1 per unit voltage is about 740 kVAR

IEEE/ANSI designated protective device numbers ased in this thesis [118]. A
description of these numbers is given in AppendixAAdistance relay (i.e. 21) (SEL
321-mho type) is installed at the bus 1 end of Skb-TL1 to protect against faults at
Sub-TL1 and Sub-TL2 and to provide back up protector some parts of the DN shown
in Fig. 2.3. An OC fuse F1 (SS-PM 34-200) is insthlon the high voltage side of
transformer T1 to provide protection against transer internal faults and backup
protection against feeder faults. Load and colletéeders are equipped with reclosers
R1, R2, R3, and R4 that contain time OC phase amging fault relays (i.e. 51/51N) for
protection against phase and ground faults. Therecibse feature is disabled for the
reclosers Rland R2. The impedance values of theranbmission lines (Sub-TLs) and
the feeders along with pickup current settings«(ly) of the various protective devices
are shown in Tables 2.1 and 2.2 that are givenppeAdix A. IEEE/ANSI designated
protective device numbers are used in Fig. 2.3 ][1A&escription of these numbers is
also given in Appendix A. A commercial software kage (ASPEN OneLiner) is used to
simulate different faults to determine short citdevels and to investigate their impact on

protection coordination including the reach of digtance relay.

25 KEY PROTECTION CHALLENGESFOR DNsWITH DG

2.5.1 Fault current level modification

The connection of a single large DG unit or iIgdéanumber of small DG units that use
synchronous or induction generators to the DN uliiér the fault current level as both
types of generator contribute to it. The contribntiof DG units to fault current is
determined by their location, type, size, type rdakiface with the grid, grid impedance
and network configuration [56, 60]. For exampleh fault location in the test system is
at bus 8 i.e. downstream of the point of commonpting (PCC) of DG2 with the grid,
then total fault current at the fault location vk

lFr =lrc + IFpcit IFpe2 (2.1)

13
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where E.r represents the total fault current at the faudatmn whereas:ls, Ir.pc1 and k.

paz2Stand for fault current contributions from the g1 and DG2 respectively.

Fig. 2.4 shows the change in fault current for r@ehphase to ground (3LG) fault and a
single phase to ground (1LG) fault for different @@nfigurations for the test system. It
is clear from Fig. 2.4 that after the introductiohDG, the fault current (transient) has
increased by 28.5% in the case of a 3LG at buy B1B6 in the case of a 3LG at bus 4
and by 22.6% in the case of a 3LG fault at the &uSimilarly, an increase in fault

current also occurs in the case of a 1LG faulsagaar from Fig. 2.4.

This change in fault current level can disturb fiisse, fuse-recloser and relay-relay
coordination [29]. Moreover, all DNs, by design,vlaa characteristic short-circuit
capacity. The selection of protective switchgead aquipment is based on this short-
circuit capacity. Due to the fault current conttibn by DG, this short-circuit limit can

be exceeded and thus the thermal and mechanicarar of switchgear and other

network equipment can be endangered.

4800
4400 -
4000 -
3600
3200 - @ w/o DG, 3LG
2800 1 m with DG, 3LG
2400 -

1600 - O with DG, 1LG

1200

800 +

400 -
0 T T

Bus 2 Bus 4 Bus 8

Fault current (A)

Fault location

Figure 2.4: Fault current at different network siseth and without DG for the
test system.

2.5.2. Blinding of protection

Although DG increases the fault current levels, filnglt current seen by the upstream

protection devices decreases when DG is locategeeet the fault point and the feeding

14
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station. For example, if the fault location in tiest system is downstream of the PCC of
DG2 with the grid, the recloser R3 will only seeethault current supplied by the
upstream sources i.e. utility source and DG1. Sihrseis only one part of the actual fault
current, upstream protection devices may not fonctiroperly i.e. blinding of protection
(delayed tripping, reduction in reach of a relay mv tripping at all) and other
coordination problems may occur. The blinding aftpction is most likely to happen in
case of a high impedance fault point [37, 43, H6jthe test system, delayed tripping of
the recloser R3 equipped with OC element with isgetime characteristics (51) is
witnessed in case of a 3LG fault at 90% of the éedd-1 length with DG connection as
shown in Table 2.3. It is clear from the table thathe case of the said fault, the 51
element operated in 0.11s when no DG was connexiddit operated in 0.13s when
either both DG1 and DG2 or only DG2 was connected.

Table 2.3: Operating times of protection devices in casa 8LG fault at 90% of the feeder LF1 length
with DG and without DG connection

Configuration of | Operating time(s)
the test system
ocC ocC ocC
relay at | relayat | relay at
LF1 CF1 CF2
W/O DG 0.11 N/O N/O
With DG 1 0.09 0.24 N/O
With DG 2 0.13 N/O 0.24
With both DGs 0.13 0.32 0.32

To observe underreaching of an OC relay due to D€sgmce, an instantaneous OC
element (i.e. 50) is added to the recloser Ra..p of the 50 element is selected as 1300A
to ensure that it operates only against high magdeifaults occurring either on the feeder
LF1 or on the feeder LF1-1.With this setting, as ¢ seen from Table 2.4, the 50
element will operate for 3LG faults occurring u@s% of the feeder LF1-1 length with
no DG connection. But when DG is connected to teevark, the OC relay will only
operate for close in faults at the feeder LF1-1usTheach of the relay has been reduced

due to presence of DG in the network.

15
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Table 2.4: Fault currents in the case of a 3LG fault atadiéht locations of the feeder LFLz} stands for
fault current through the recloser R3

No. of No. of Fault location | It (A) | Irr3(A)
units at | units at (% of feeder
DG1 DG2 length)

0 0 closein 1551 1551
0 0 1p 1450 1450
0 0 2b 1320 1320
0 14 close in 2358 1421
0 10 10 2133 1285
0 10 25 1863 1123

2.5.3. Sympathetic tripping

Sometimes DG can contribute to a fault on a feéekbfrom the same substation or even

to a fault at higher voltage levels resulting imaoessary operation of a protective device

for faults in an outside zone, i.e., a zone thaiusside its jurisdiction of operation. [42,
52, 60, 64, 65, 84]. An unexpected contributiomfra DG unit can lead to a situation

when a bidirectional relay operates with anoth&yrevhich actually sees the fault. Thus,

the protection scheme will no longer be selectivé may result in unnecessary isolation

of a healthy feeder or a DG unit. For example,réioser R1 at CF1 can unnecessarily

operate for a high resistive 3LG faulttae feedel F1 as a result of infeed to the fault

from DG1 through the substation bus bar as show#ign2.5.

BUS2
B9.kV
99995
q ;Y
|

BUS4

20KV
99995

-

LF2

BUSS
LKV

RPf0.51s

LFg

BUST

2%BKY BUSS

HkV

LF1

1008P-19
BUS9

kY

BUS10
0.66kv

LF1
99995

LF1-1

| |o

CF2 | $ 'DGQ
T3 BUS12 18 MVA
0.66kV

| «v o

| oet
18 MVA

| $
BUSH 1
BRY

BUS13
HkV

Figure 2.5: Sympathetic tripping scenario whenyela CF1 opens for a high resistive
3LG fault at 30% of the feeder LF1 length with b&tG1 and DG2.
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2.5.4. Reduction in thereach of a distancerelay

The reach of a distance relay (also known as impaglaelay) is the maximum fault
distance that causes the relay to trigger in aateltmpedance zone, or in a certain
amount of time depending upon its configuration.e Thact that line impedance is
proportional to the line length is used by the atise relay for calculating the distance
from the relay location to the faultvhen the measured apparent impedance (Z), which is
the ratio of applied voltage to current acquirededdy location,is less than impedance
setting (Zse), 1.€. Z < Zse; Which mostly happens in case of faults, the reldiyoperate

to clear the fault. Due to the presence of DG,stadce relay may not operate according
to its defined zone settings. When a fault occansrstream of the PCC of DG with the
utility, the impedance measured by an upstreany rneifl be higher than the real fault
impedance (as seen from the relay) as is clear frenfollowing mathematical derivation
[64,114].

The voltage Wmeasured by the relay at its location is;

Ur = Ir. ¢ Zupstream + (Ir-c *+ IF-DG) Zdownstream (2.2)
The impedancé&,, measured by the relay at its location is;
Z; = Ui/ lr.6= Zypsream + Zdownsream + (IF-pG / 1F- 6) Zdownstream (2.3)

where ZpsreaniS the impedance between the relay location andP®€, ZownstreamlS the
impedance between the PCC and the fault point f kg is the fault current
contribution from DG.

The value Zfrom Eq. 3 is equivalent to an apparently increddseilt distance and is due
to increased voltage resulting from an additionéeéd at the PCC. This can affect the
grading of the relays (i.e. relay zone settings), asonsequently, the relays may not
operate in the desired zone. Table 2.5 shows tiggnal zone settings for the distance
relay installed at the Sub-TL1 with no DG connectand the reduced zone settings for
the same relay with DG connection for a 3LG and.& Iault in the test system. It is
clear from the table that in the case of a 3LGtfdhe range of zone 2 decreases to 67%

17
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with DG connection, down from 79% when no DG wasraxted. Similarly, reductions
in reach of other zones can also be noticed. T$tarmte relay is set to operate with a time
delay of 0.6s in case of a fault in zone 2. Norgafiduction generators will stop feeding
the faults occurring in zone 2 by that time. Howevkere is a possibility (i.e. in case of
worst fault scenario) that the induction generatdue the presence of either the capacitor
banks or the stray capacitances, may feed a faatine 2 for 0.6s or even longer. A good

protection practice is to design the system fomtbest fault scenario.

Table 2.5: Operating zones of the distance relay with arttiauit DG in case of a 3LG and 1L G

Zones | Relay Distance relay operating
settings | range
(% of 3 phase fault 1 phase fault
line w/o with | wio [with
length) | DG DG DG | DG
Zonel| 40 40 40 39 39
Zone 2| 80 79 67 79 74
Zone 3| 110 100 96 100 100

In Figs. 2.6, 2.7 and 2.8, the reduction in ranjeooe 2 due to DG infeed is shown with
the help of an RX Diagram. The said diagram remiss¢éhe area of resistance and
reactance covered by each of the relay zones angadkition of a fault relative to the

relay zones. The magnitude of the impedance is sHpwthe length of the radius vector

whereas the phase angle is represented by théopasitthe vector.
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Figure 2.6: Distance relay zone settings and diperaf the relay in zone 2 for a 3LG

fault at 79% of the line with no DG connection. Tingpedance of the line (in primary

ohms) is shown as a slanted line from the orighre Tault impedance (V/1) is plotted as a
point on the complex plane.
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Figure 2.7: Failure of the distance relay to ofeena zone 2 for a 3LG fault at 79% of the
line with DG connection.
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X
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“ / / \ (Ve-Va)/(Ic-la)= 13.68@61.2 sec Ohm (51.30 Ohm).
|/ 30— y o | (Va-Wo)/(la-Ib)=13.68@61.2 sec Ohm (51.30 Ohm).
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\\ \ 2@ \\ | / /' B-C UNIT: Zone 2 Tripped.
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~ A-B UNIT: Zone 2 Tripped.
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FAULT DESCRIPTION: R

-20- Interm. Faulton: 0 BUS2 69.KV-0 BUS3 69.KV 1L 3LG 42.80%(67.00%)

Figure 2.8: Operation of the distance relay inez@rfor a 3LG fault occurring maximum
at 67% of the line with DG connection.

2.5.5. Selection of a suitableinterfacing transformer configuration

The interaction of DG with the grid is to a greatemt determined by the connections of
the interfacing transformer. Transformer configimatand grounding arrangements
selected for DG connection to the grid must be cibfe with the grid to save the

system from voltage swells and overvoltages, am$@guent damage [29]. According to
IEEE 1547 standard, the grounding scheme of theiid&connection should not cause
overvoltages that exceed the ratings of equipmenhected to the area electric power
system and should not disrupt the coordination rolugd fault protection on the area
electric power system [115]. Among the five comnyaméed interconnection transformer
connections are, delta (primary or high voltageekiddelta (secondary or low voltage
side), delta (primary) - wye grounded (secondawye ungrounded (primary) - delta

(secondary), wye grounded (primary) - delta (seaoy)d wye grounded (primary) - wye

grounded (secondary) [29, 42, 52,116].

The transformer with delta or ungrounded wye onutiléy side does not act as a ground
source for the system i.e. there is no zero segupath between the utility and DG. So
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this configuration would not allow any zero sequecarrent (i.e. from the DG side) to
disturb the utility ground relay coordination asndae established by comparing results
shown in Figs. 2.9 and 2.10. The results in bo#sehfigures are for the test system
shown in Fig. 2.3. Fig. 2.9 shows fault currenteew both DG1 and DG2 are connected
through a delta (primary) - wye grounded (secondamgerconnection transformer
whereas Fig. 2.10 represents fault currents whewea grounded (primary) - delta
(secondary) interconnection transformer is usedsoAground faults on the utility side
would not affect loads on the DG side (if any) iflelta primary configuration is used.

This is not true when a wye grounded primary camfigjon is employed.

4800
4400
4000
3600

3200 @ w/o DG

2800 1 m with DG1 only
2400 )
2000 - O with DG2 only

1600 - O with both DGs

1200 +
800 -
400 | AlT
0

Bus 4 close in- At 90% of LF1- Bus4 close in- At 90% of LF1-
3LG 3LG 1LG 1LG

Location and type of fault

Fault current (A)

Figure 2.9: Fault currents with different DG configtions with delta primary
transformer configuration.

An interconnection transformer with a wye groungetnary configurationprovides a

ground source for the system which ensures thhtyuside ground faults are detected
easily. Also, there would be no overvoltages dugrmund faults on the utility side.

However, the presence of zero sequence currenteouwyill increase the ground fault
current level on the utility side as is shown ig.F2.10. This could have an adverse
impact on ground relay coordination of the utilitiycould, depending upon the ratio of
DG source impedance to the substation ground immedashort out some of the zero

sequence fault current)l from the substation ground relaygn some cases, the
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magnitude of the diverted tould be large enough to restrain the substatioanrgl fault
relays from operation. Moreover, reduction ¢rak seen from substation relays can also

reduce the reach of these relays, which may restdilure of fuse saving schemes.

4800
4400 -
4000
3600
3200 - @ w/o DG

2800 - m with DG1 only

2400 - .
2000 - O with DG2 only

1600 - O with both DGs

1200 -
800
0

Bus 4 close in- At 90% of LF1- Bus4 close in- At 90% of LF1-
3LG 3LG 1LG 1LG

Location and type of fault

Fault current (A)

Figure 2.10: Fault currents with different DG dgnofations with a wye grounded
primary transformer configuration.

One serious implication of interconnection trangfers with a delta primary
configuration is that with this configuration, detien of utility side 1LG faults becomes
difficult. This drawback can have serious implicas when the utility CB opens in
response to a 1LG fault on the utility feeder while DG unit is still connected. As the
resultant system lacks a grounding path becausetilitg ground source is separated by
the opening of utility CB, line to neutral voltag@4 n) on the open ended healthy phases
can approach line to line voltages, (Y To investigate this phenomenon, the test system
understudy is modelled in PSCAD/EMTDC. A sustaiaé® fault is applied on sub-TL1
and the circuit breaker CB1 is opened at 0.11s.iW\the breaker opens, voltage on open
ended healthy phases rises to 1.8 per unit (p.i§ ekear from Fig. 2.11. This happens
especially when at the time of opening of circugdker CB1, DG nearly matches the
capacity of the load on the feeder. This can subibe line to neutral connected
equipment to severe overvoltages and damagesatgraton of connected distribution

transformers.
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Figure 2.11: Voltage rise scenario in the testesystlue to 1LG fault on phase C of Sub-
TL1.

2.6 RECOMMENDATIONS

In this section, a solution is proposed based aditional protection tools and practices.
The basic philosophy behind the proposed solutsotoidesign an effective protection
strategy that is practical, selective and relialde utilizes traditional or commercially
available protective devices, techniques and conication channels. To reduce the
implementation cost, the proposed solution makesofign optimal number of protective
devices but, of course, without sacrificing selattiand reliability. In accordance with
IEEE Standard 1547 [115], islanded operation of D@ts is not considered. The
following modifications and additions are recommeahdfor implementation on the

interconnection point (point of common couplingfam the 69 kV line:

* To stop DG units from feeding faults on the 25 kislor beyond:

= Nondirectional overcurrent relays enclosed in #dasers R1 and R2 should
be replaced by directional OC units (67/67N). Thek up settings of these
relays should be set greater than the normal atgénts of DG1 and DG2 so

that no operation takes place under normal workmgditions. On detection
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of a fault current flowing in a reverse directioa.itowards the 25 kV bus, the
directional units will trip the respective reclosétl and R2 to disconnect DG
from the network.

= Even with the introduction of a directional unitthé recloser R1, the issue of
blinding of protection and sympathetic tripping nret be solved completely.
Blinding of the recloser R3 can still occur asthe case of a fault on the load
feeder LF1 beyond the bus 6, the recloser R3, deroto see the full fault
current flowing through it, will have to wait fohe disruption of the fault
current infeed from DG2 by the recloser R2. Sooperation will be a bit
slower than its operation in the absence of DG2nil&ily, sympathetic
tripping may occur in the case of some high impedaiaults at the feeder
LF1 even with the addition of a directional unitla recloser R1.

» To solve the problem of blinding of protection, oogtion is to select new
time current characteristics (TCC) for the 51 eletnegf the recloser R3 by
taking into consideration contributions from DG. tBin this case,
maloperation of the recloser R3 might occur whea $gstem is working
without DG. The problem of sympathetic tripping daa solved by selecting
new TCC for the 51 element of the recloser R1 wittime delay. However,
this needs great care; if the selected time delagad large, DG1 may keep on
feeding faults for an extended period even wheruthigy source is separated
from the network by the opening of the couplingdixer. An alternate solution
is to upgrade the recloser R3 with the additioranfinstantaneous element
(50). The 50 element with a careful current piclagiting and with a total
response time of a couple of cycles can solve lwdththese problems.
Moreover, this 50 element is also essential forueng fuse saving in the
presence of DG as is discussed in the next chapter.

* To ensure continuity of supply to the load feedelld and LF2 from the
utility source in the case of faults on collecteeders CF1 and CF2, the
reclosers R1 and R2 should be set to operate fhsterany other protection of

the network.
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A multifunction voltage relay (MVR1) along with #e voltage transformers
(VTs) is proposed for the 25 kV bus to monitor atomal conditions i.e. islanding
due to the tripping of proposed circuit breaker GB21LG fault on the 25 kV
network fed by the DG units. The multifunction \age relay will include the
following functions; under, over, instantaneous art sequence voltage (ZSV)
measurement functions (i.e. 27, 59, 591, 59N (3\&@Y)l under, over, and rate of
change of frequency (ROCOF) measurement functiors 81U/O/R). For
detection of 1LG faults, the relay will rely upohet ZSV (i.e. 3V0) detection
principle i.e.
3Vo = Vat Vit Ve (2.4)

where \4, Vy, and V. are three phase to ground voltagése 3VO0 voltages will be
derived from VTs broken delta secondary configoratvhose primaries would be
connected line to ground. On detection of an iglagndondition or 1LG fault, the
relay will trip the relcoser R1 and R2 and thusefively separate DG from the

network.

A multifunction protective relay (MPR1) with funotis 50/50N, 51/51N, 67/67N
and a 25 kV circuit breaker CB2 is recommended ifistallation on the
downstream side of the transformer T1. This reldlyprovide fast interruption of
fault currents that will feed the transformer faultt will also provide primary
protection for the 25 kV bus which has become & loam generation bus after
the connection of DG units. Moreover, it will asta local back up in the event of
failure of the reclosers R1, R2, R3 and R4.

Islanding can occur in the test system if DG uodstinue to energize the network

in spite of the opening of the circuit breaker CBhe solution includes;

= Application of a suitable anti-islanding protectiecheme
An addition of multifunction voltage relay (MVR2)ang with three voltage
transformers (VTs) on the 69 kV side of the transier T1 would ensure anti-
islanding protection and fast detection of 1LG fauldleing fed from the DG
units. It will also fix the problem of voltage rigm open ended healthy phases

of the 69 KV line in the event of the opening of LBrhe multifunction
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voltage relay will include 27, 59, 591, 59N (3VQ)nictions. For detection of
1LG faults, the relay will rely upon the ZSV deteatprinciple. ZSV which is
otherwise zero in a balanced system will rise witen69 kV line becomes
ungrounded as circuit breaker CB1 opens for a 14@t fwhich is being fed
by DG. To observe this phenomenon, the test sysier® modelled in
PSCAD/EMTDC software. A sustained 1LG fault was legghbon sub-TL1
and the circuit breaker CB1 was opened at 0.11e. slimulation results are
shown in Fig. 2.12 which clearly show a significaise in ZSV ‘VO’ (which
otherwise is very low) at the instant when the wirbreaker CB1 opens. For
ZSV detection, the primaries of VTs will be wye oected between terminals
of the transformer T1 and ground, whereas secagglavill be connected in
the open delta configuration. In the case of a 4@t on the 69 kV line, the
relay, by measuring ZSV from open delta secondawéksend trip signals to
the circuit breaker CB2 and to the reclosers R1R&dto isolate the DG units
and to inhibit islanding. A trip signal to the aiit breaker CB2 and the
recloser R1 can be arranged locally, whilst anytable communication
channel e.g. fiber optics, power line carrier, cadr microwave can be used

for tripping the recloser R2.

Main : Graphs
= V1 = \/2 = \/0

25.01 VO

Voltage(kV)

Figure 2.12: Zero Sequence Voltage (VO) rise séenarthe test system due to 1LG fault on
Sub-TL1. V1 and V2 stand for positive sequence amaative sequence voltages
respectively.

» Use of a transfer trip (TT) scheme
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Use of a direct transfer trip (TT) scheme from tiveuit breaker CB1 to the
reclosers R1 and R2 can also avert islanding. $meously, with the
opening of the circuit breaker CB1, a trip signall Wwe sent to the reclosers
R1 and R2 to disconnect the DG units from the ndtvand thus forestall
islanding. Any suitable communication channel asitineed earlier can be
used for transmitting the signal.
Both of the above mentioned schemes will ensuttarmaneous trip of the DG
units from the system.
* In case of opening of the reclosers R1 or R2, tidvidual wind induction
generators that are equipped with common islandlatgction functions i.e.
27/59, 81U/O, will trip.

» So far as the underreaching of the distance relay41l) installed at the busl1 end
of the Sub-TL1 is concerned, readjustment of zattngs or addition of an extra
zone can make the relay operate in the correct.zéoe example, if the
impedance setting of zone 2 is increased from 18Hh to 16.91 ohm, then it
will cover 79% of the line even in presence of D& shown in Fig. 2.13.
However, the distance relay can over reach if tl@g¢ @nits are disconnected.
Therefore, these conditions should be checked tsurenthat there is no

miscoordination with the adjacent zone 2.
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CTR=800/5 PTR=600/1 Min I= 0.25A
Zone 1: Z=6.96 sec Ohm @ 63.8 deg. T=0.0s
Zone 2: Z=16.91 s=.c Ohm @ 63.8 deg. T=0.60s
Zone 3: Z=19.10 sec Ohm @ 63.8 deg. T=1.50s
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| “ 30+ “ (Va-Vb)/(la-Ib)= 16.76@60.6 sec Ohm (62.84 Ohm).
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N\ 7 A-B UNIT: Zone 2 Tripped.
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FAULT DESCRIPTION:
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Figure 2.13: Operation of the distance relay inez@ for a 3LG fault occurring at 79%
of the line with modified settings of zone 2 witiGzonnection.

» Another solution for the problems of blinding obgection, relay underreach, and

failure of the fuse saving scheme is to set thayeeli.e. the 51 units of the

reclosers R1 and R3, and the distance relay aff&akfor two groups of settings;

one group for operation without DG and the otherugrfor operation with DG.

Any suitable communication link e.g. fiber optiasmicrowave, can be provided

between the relevant relays and the DG units sothigaformer can update their

settings according to the status of the latters™il help to avoid the need of

very delicate settings for the relays and potewnlgager of maloperations.

The complete protection setup for the test sysgesmown in Fig. 2.14.
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Figure 2.14: Complete protection scheme for tkeggstem shown in Fig. 2.3 to ensure safe integraf DG. Broken lines show transfer trip
(TT) scheme from the circuit breaker CB1 to thewirbreaker CB2, the reclosers R1 and R2 wheretisdlilines represent TT scheme from
the circuit breaker CB2 to the reclosers R1 and R2.
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2.7 SUMMARY

The chapter has analyzed the potential impact ofobR®N protection with the help of a
case study involving DG installation in a typicaND Different scenarios, such as
sympathetic tripping or underreaching of a distarelay, where an existing protection
setup can fail to safely accommodate DG have bdsoussed and reinforced by
simulation results from the case study. These suenshould be considered to determine
whether or not to upgrade the current protectiostesy to ensure reliability and
selectivity of the protection scheme even after @@&nection. A practical solution that
relies on conventional protection practices hasieposed in respect of the case study.
The proposed solution ensures reliable, high-speei@ction and minimizes the negative
impacts of DG on the protection set up of the DKeTpoint is made tha properly
designed protection scheme with careful selectimh setting of protective devices can
allow safe connection of DG to existing DNs to rétag full benefits of DG.
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CHAPTER 3

FUSE SAVING STRATEGY IN THE PRESENCE OF
DISTRIBUTED GENERATION

3.1 INTRODUCTION

To ensure reliability of supply i.e. to avoid proged discontinuity of service due to
temporary faults, utilities normally employ a fusaving strategy. Through this strategy,
utilities try to ‘save’ the fuse on the circuit fmlving temporary faults by de-energizing
the line with the fast operation of an upstrearermipting device (i.e. recloser) before the
fuse has a chance to be damaged. The interrupernged then recloses and restores
power beyond the fuse. This is achieved througtlpemntyg coordinating time current
characteristics (TCC) curves of a recloser andsa.fiThis is a useful practice as it saves
expensive fuse replacement and unnecessatgnded consumer service interruption
which otherwise could be quite burdensome as teanpdaults constitute 70 to 80% of
faults occurring in distribution networks (DNs). Wever, in the case of a permanent fault
beyond the fuse, upon completion of recloser fastienshots, the fuse blows to clear the
fault while the recloser is waiting to operate tslow curve. However, installation of
DG on distribution circuits may affect the timingpardination between substation
relaying and the fuse due to additional fault cotrreontribution from the distributed
resource. Due to miscoordination caused by DG thteethe fault, the fuse could blow

first or both the fuse and interrupting device cooperate at the same time.

This chapter describes an alternative protectioratesyy that benefits from the
characteristics of both time and instantaneous &ICahd 50) elements for maintaining
recloser-fuse coordination (RFC) in a practical DMoreover, a simple algorithm is
proposed to adaptively change the setting of thel&Ment to ensure fuse saving under

the worst fault conditions. Section 3.2 explains ifmportance of a fuse saving practice.
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In section 3.3, various solutions proposed in ttexdture for maintaining RFC in DNs
with embedded DG have been critically reviewedsdnotion 3.4, the potential impacts of
DG on RFC are investigated in the case of thestegem through simulations of different
fault scenarios with different DG configurationsielresults are analyzed for developing
a solution strategy. In section 3.5, a scheme apgsed to restore proper RFC for fuse
saving even in the presence of DG. A reclosingtessa for the feeder with DG is
described in section 3.6. In section 3.7, some rehens are made in respect of the
application and implementation of the proposedtsfya Finally, section 3.8 gives a

summary of the chapter.

3.2 WHY FUSE SAVING MAY FAIL INDNsWITH DG

As shown in Fig. 2.2 in chapter 2, the coordinati@tween a recloser and a fuse will be
valid only if the fault current is between the mamim fault current of the feeder@hin)
and the maximum fault current of the feeder{y and if there is some margin between
the operating times of these two devices. Thiseisabse between_hin and k.max the
recloser fast characteristic curve lies below theimum melt (MM) characteristic of the
fuse and the recloser slow characteristic curve bdove the total clearing (TC)
characteristic of the fuse. However, integratiordistributed generation (DG) into DNSs,
depending upon the size, type and location of D@y naffect the recloser-fuse
coordination (RFC) [8, 31, 112-113]. The RF miscioation can occur when the fault
current becomes greater than,ix due to the additional fault current contributioorh
DG. It can also happen, when due to the locatio®@f the fault current seen by a
recloser is less than the current that passes ghraufuse even when fault current is
betweenlg.min and Emax AS a result, the fuse could blow first or batie fuse and the

recloser could operate at the same time.

3.3 LITERATURE REVIEW

Various measures proposed in the literature fomtaaiing protection coordination in
power systems, particularly for maintaining RFMINs with DG, can be broadly divided
into two categories: preventive and remedial. Pméve measures are those which aim at

limiting the contribution of DG to such an extehat the original RFC of the network is
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not disturbed as proposed in [27, 70, 87, 30, 120-1Remedial measures are those
which recommend changes in settings of protectigeicgs to maintain RFC in the
presence of DG as discussed in [8, 45, 52, 541 Z%,150].

3.3.1. Preventive measures proposed in literature

In [5], the authors recommend that protection seliég should be checked whenever a
new DG unit is connected to a DN and settings arowrrent (OC) devices should be
recalculated to maintain it. In [120, 70, 87, 122], a method based on the mathematical
equations of characteristics of protective deviseslescribed for determination of the
maximum size of DG that can be integrated into #iystem without causing RF
miscoordination. In [30] miscoordination betweenotpctive devices has been
investigated for different DG sizes and locationthwhe help of an actual distribution
network. It is suggested that, generally, the amly to maintain coordination without
modifying the protection scheme in the presencB®fis an instant disconnection of all
DG connected to the system in the case of a faulce DG is offline, the original
protection coordination i.e. the one prior to th& Ponnection, will be restored. But this
scheme can’t work in certain conditions where thdtflevel is such that the coordination
margin between operating times of recloser and iEis¢émost negligible i.e. by the time
the DG is disconnected, the fuse would already ladn. The use of a fault current
limiter (FCL) for maintaining protection coordinati when DG is connected to the DN is
discussed in [123-127]. But there are some isstmslthcks associated with the use of
FCLs:

* FCL is a relatively new device and needs more mactesting and field
experience to become a reliable solution for fawitrent limiting in electric
networks.

* In a DN with a high level of DG penetration, op#ihtocation of a fault current
limiter and selection of its best impedance mayghtwedlenging.

* Due to decreased fault current with the applicabban FCL, readjustment of a
recloser Jickup Settings or change of a fuse may be necessamstore recloser-
fuse coordination.

* Power losses in electrical networks under normaragon are increased by
FCLs.
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» Standardized testing protocols are not developed ye

3.3.2. Remedial measures proposed in literature

3.3.2.1 Miscellaneous

By showing the impact of different DG types andesion fuse melting time, reference

[8] proposes the change of fuse size, or the setedf faster relays or recloser settings

with fuse change outs as the most likely optiondnsuring recloser-fuse coordination.

Changes in the type of fuse or its size are praposgl28] when it is not possible to save

the fuse over the entire fault current range. hawnstances where it is not possible to
save a fuse due to a high fault contribution frof, Ehe use of sectionalizers is discussed
in [52] as a potential solution.

Reference [45] proposes modifying the TCC of theloger fast curve for maximum
possible fault current on the basis of the fusestboser ratio i.e. ratio of the fuse current
I to the recloser curreng l.e. (/Ig) and then coordinate it with the fuse curve. Tig th
end, the use of an adaptive microprocessor baséases is recommended. The curves of
both phase and ground units need to be modifiedratgly. When the system is restored
by the recloser fast mode operation, the origie#ireys of the recloser fast curve again
become valid, as in accordance with current utpitsictice, the DG should have already
been removed before the recloser closes for thetime. Through simulation results, it

is shown that the scheme can maintain RF coordimapainst all sorts of faults.

In [129], it is proposed to modify the TCC of thecloser fast curve based on the
minimum value of #/Irto ensure RFC even in the presence of DG. To acksimihis,
the use of a microprocessor based recloser is meemated. It is shown that the revised
characteristic curve is valid even when DG is ds@rted asglyin is calculated on the
basis of no DG connection andqy is calculated with DG connection. The curves of
both phase and ground units need to be modifiedratgly. Through simulation results,
it is shown that the scheme can maintain RFC apaihsorts of faults. However, the
schemes discussed in [45, 129] may not be vergtefeewhen it comes to maintaining
coordination in the worst fault conditions as vl discussed later in the chapter.
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Mindful of the fact that recloser-fuse coordinatioas its limitations at higher fault levels
i.e. for fault currents above a certain level, oser operation can occur simultaneously
with fuse blowing, an intelligent fuse saving scleeis described in [130]. An optimized
TCC curve is developed that allows both fuse-blgwand fuse-saving in accordance
with the fault current level. To this end, the austfuse-save curve is truncated at the
maximum coordination current (MCC) which is defiregithe current where fuse saving
can no longer be guaranteed by the recloser. Agaprd this scheme, the fuse-saving
TCC curve will be active only for a partial rangketiee available fault currents i.e. upto
MCC. Tripping on the recloser fuse-saving curvd teke place only when it can ensure
fuse saving. In circumstances where fuse savingtipossible, the fast tripping operation
of the upstream recloser shifts to a delayed ctonalow the fuse to operate. Thus, for a
fault beyond the fuse and with the fault level ggeaghan MCC, only the fuse will
operate. This will ensure that the recloser ane fisn’t operate for the same fault. If a
high magnitude fault is on the main line i.e. oader LF1-1 in the network studied in this
thesis, instead of being beyond a fuse, then awtilipbe triggered on the delayed TCC

curve of the recloser.

The scheme has its merits but it has a down siole.¢o it will ensure fuse saving only
over a partial range of available fault currentee IMCC will not be fixed as it will

change depending upon the size, type and locafi@oi.e. for the network studied in
this thesis, MCC will vary depending upon numbertlod DG units at DG1 or DGZ2.
Moreover, high magnitude faults on the main lindl wut more stress on the network

components as they will be cleared by the recldstyed curve instead of the fast curve.

3.3.2.2 Adaptive relaying

Adaptive protection is as an online activity thaidiiies the preferred protective response
to a change in system conditions or requirements itimely manner by means of
externally generated signals or control action.eReafces [131-133, 55, 134-140] discuss
strategies relying on an adaptivgxl, of OC relays to detect faults (normal or high
impedance) in DNs that otherwise remain undetedtedto fixed settings of OC relays or
due to introduction of DG into the network. Mosttbkese strategies rely on modifying

relay settings in real time as operating conditiofighe system change i.&jclup IS
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updated according to currently available short wirccurrent and actual loading

conditions.

Adaptive protection schemes described in [54, 1gdpose dividing the DN into various
zones with a reasonable balance of load and DGaam gone. The schemes aim at
maintaining protection coordination while keepingsnof the DG online during a fault
by allowing islanded operation of DG. But due te thcation of DG units with respect to
the loads and the fluctuating nature of power fthese units as well as of utility loads, it
might not be possible to establish zones that lifulfie required criteria. Moreover,
provision for islanded operation of DG is not dabkle as according to present utility

practice, islanding is not allowed.

A scheme is proposed in [142] to keep protectionrdimation intact during a fault
without creating an island or DG disconnection stignsuring that the conventional
overcurrent protection devices i.e. OC relays,aseis or fuses, don't lose their proper

coordination. But this scheme is intended onlynfi@shed networks.

3.3.2.3 Expert systems and agent based schemes

Expert systems have been used to solve protectiordination problems in distribution
systems in [143-145]. In [146&n expert system is applied as a decision toaleatify
coordination problems when DG is connected to #tevark and to modify the settings of
protection devices for improving the coordinationthe new scenario. The principle of
expert systems, which essentially mimics human mgpas to solve complicated
problems by using knowledge base and inferenceepsas whereas other approaches use
data and programs. The expert system feeds ingatuing a graphical user interface

and develops coordination settings based on pdasrdnd short-circuit analyses.

A multi-agent approach for achieving proper pratectoordination in power systems in
the presence of DG has been discussed in [147-M@&je simulation results will be
helpful to evaluate the feasibility of the approakth[150], an adaptive agent based self
healing protection strategy is proposed and thraigtulation results of a power system
with DG, it is shown that its performance is bettegin a traditional protection scheme.
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These schemes based either on expert systemsnoultagent systems are claimed to be
effective in achieving proper protection coordioatiin power systems with embedded
DG. However, these systems are expensive as wdiffesilt to realize and maintain due

to their complexity. Moreover, due to lack of triaoinal experience with these systems, it

will take time before they get practical acceptance

34 THE CASE STUDY: SSMULATION RESULTSAND
DISCUSSION

To illustrate the impact of DG on the fuse savingesne, the time coordination between
the recloser R3 and the fuse F2 (150K) of theggstem shown in Fig. 2.3 and described
in section 2.4 has been investigated. The coordimas based on the TCC of the recloser
and MM and TC characteristics of the fuse as shawrFig 3.1 (a mathematical
description of the TCC is given in Appendix B). Tweclosing attempts i.e. one in fast
mode and one in slow mode, are planned. The caatidmholds well for different faults
with no DG connection. For example, in the casa tiree-phase (LLL) close in fault at
the feeder LF1-1, the recloser fast curve opelat@07s, whereas MM time (MMT) for
the fuse is 0.29s as shown in Fig. 3.1. The relageat and operating time is shown both
as points on the curves and as text within thergesm boxes.

However, when DG is connected to the test systban tlepending upon the DG size,
type, location, and the nature and location of tfathhere is a real chance of RF
miscoordination i.e. fuse blowing, even in cas¢eofiporary faults. It can be noticed from
Fig. 3.1 that chances of RF miscoordination areimam when the fault current is high.

Generally, maximum fault current is expected in ¢hee of a bolted LLL fault (which is

hence forth mentioned as an LLL fault). So to iigede the RFC limitations i.e. the

conditions where it is not possible to save thesfus LLL fault has been simulated at
different lengths of LF1-1 with different DG coniigations.
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Figure 3.1: Proper coordination between the rexl&®3 and the fuse F2 for an LLL (i.e.
3LG with zero ground resistance) close in faulLi&l-1 without DG. ‘T and ‘1’ stand
for the recloser fast and slow characteristics esimespectively while ‘2’ represents the
fuse characteristics curve. The relay current gretating time is shown both as points on
the curves and as text within the description boxes

The total fault currents and the fault currentsxd®gthe recloser and the fuse obtained by
simulating an LLL fault at different lengths of tfeeder LF1-1 are shown in Fig 3.2. The
results are for different values of M and N, whbteand N are numbers of DG units at
DG1 and DG2 respectively. It is clear from the fegthat the fault currents seen by the
recloser R3 and the fuse are different. This isabee the recloser is not seeing the fault
current contribution from DG2 as the latter is cectied downstream of the former. This

is not true in case of the fuse i.e. the fuse ge=svhole fault current.
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Figure 3.2: Fault current magnitudes for a LLLIfaat different lengths of LF1-1 for
different values of M and N where M and N are numlg DG units at DG1 and DG2
respectively.

The operating times @J) of the recloser time OC phase element i.e. 51INANJ's of the
fuse for fault currents presented in Fig. 3.2 dr@ns in Figs. 3.3 to 3.6. A coordination
time interval (CTI) of 0.1s (i.e.100 ms) is assun@dccount for CB opening time, errors
and tolerances in CTs and relays. This CTI seerasore@ble as modern reclosers are
capable of opening their contacts within two cyclas described in [112], depending
upon the size of the fuse, its melting time carrdmuced upto 75% of its original melt
time in case of repeated recloser operations. Bweedn the case understudy, only one
reclose attempt is allowed, the phenomena of heatraulation due to repeated recloser
operations is not necessarily of concern here. IRefr cases when M=1or 2 and N=10,
are not included as in these cases conclusionthareame. Moreover, results for single-
phase to ground or two-phase to ground faults aks@ not considered here as they are
cleared by the recloser R3 ground OC time element 51N, without causing RF

miscoordination.
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Figure 3.3: T, of the recloser and MMTs of the fuse for an LLulfaat different lengths
of the feeder LF1-1 with no DG connection.
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Figure 3.4: T, of the recloser and MMTs of the fuse for faultewh in Fig. 3.2 when
M=0 and N=10.
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Figure 3.5: T, of the recloser and MMTs of the fuse for faultewh in Fig. 3.2 when
M=3 and N=10.
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Figure 3.6: Loss of the fuse-recloser coordinabetween the recloser R3 and the fuse
F2 for an LLL fault at 10% of LF1-1 length when N3=and N =10.
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A comparison of , of the recloser R3 i.e. 51 element, with MMTs loé fuse as shown

in Figs. 3.3 to 3.5 makes it clear that;

* Fuse saving will be ensured by the recloser agaithgihase faults i.e. phase to
phase (LL) and LLL faults, over the entire lengftire feeder LF1-1 when no DG
is connected to the network.

* When DG is connected to the network, it may nopbssible to ensure a CTI of
100 ms between operation of the recloser fast caneethe fuse in case of LLL
faults upto 25% of the feeder LF1-1 length wher B/and N =10 i.e. fuse saving

can not be ensured in that case.

From now onwards, an LLL fault upto 25% of the feetlF1-1 length will be referred to
as the reference fault and the location corresponth 25% of the feeder LF1-1 length

will be referred to as the reference point (RP).

3.5 Fuse Saving Strategy

As discussed in the previous section (on the lddr$gs. 3.3 to 3.5), a recloser equipped
with a 51element can ensure fuse saving only agiiwsfault currents in the presence of
DG. That is to say, against phase to phase andimigédance LLL over the entire length

of LF1-1 and against bolted LLL faults only beyahe reference point (RP). This is due
to the fact that in case of low fault currents, @glo time margins are available for a
recloser to operate before the fuse has any chtangew. This is not true in the case of

high fault currents e.g. for bolted faults upto ®E. The increased fault currents along
with the down stream location of DG make it diffictor a recloser to operate before a

fuse with a safe time margin.

Therefore, modification of the TCC of the recloggnecessary to save the fuse in the
event of temporary faults when DG is connectechirtetwork. One way to do it is to
follow the procedure described in [45, 129] i.e.difioation in the fast curve of the
recloser on the basis of the ratio gfahd k, as mentioned earlier. However, here, this
method does not give the desired results. The nimr@TI for the test system is 0.04 s
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in the case of an LLL close in fault at the feetléd-1 when M= 3 and N =10. By
modifying the recloser fast curve as describedtt [L29], the new CTI for the same fault
will be 0.073s whereas for a fault at 10% of thedier LF1-1 length for the same case, it
will be 0.096s. In both cases, it is less thanrdgired margin of 0.1s. Moreover, with
the application of this method, the whole of thelaser fast curve is modified. This is
undesirable as in the case of the test system, iB€oordination is witnessed only over a
quarter of the feeder LF1-1 i.e. up to the RP.ddion, the recloser also sees faults on
LF1 where fuse saving is not a matter of concerrthése cases, upgrading the recloser
R2 with an instantaneous directional OC elemest @7) with a suitable trip threshold,
which has a total response time (relay operatimg tplus CB opening time) of 2.5 to 5
cycles, may not work. As time margins in the sciersadiscussed above are very small,
the fuse might get damaged before the recloser dRletes its operation to separate

DG2 from the network.

Alternatively, the use of the 50 element along wita 51 element is proposed here. CTI
for the aforementioned faults can be increasedrdctoser having an instantaneous OC
phase element (50) in addition to the 51 elemsntised. The 50 element with an
operating time of 0.015s when a fault current edlsats }c-up Will clear all phase faults
occurring upto the RP with a reasonable time marljithe operating time of the 50
element is compared with fuse blowing times showifrigs. 3.3 to 3.5, it can be found
that most of the faults will be cleared with a Giflmore than 100ms. Even in cases
where it is not possible to have CTI of 100 ms fog.an LLL close in fault at LF1-1
when M= 3 and N =10, a recloser with a 50 elemdhtensure a CTI of .085s and for a
fault at 10% of the feeder LF1-1 length for the satase, it will ensure a CTI of 0.115s.
This shows an improvement in CTI in comparisondsutts obtained by following the
technique described in [45, 129].

3.5.1 Options and considerations for the selection of I ic-up Of the 50 element

lpick-up O the 50 element should be such that it opem@tgsagainst high magnitude faults
that are unlikely to be cleared by a 51 elemenglgaft is undesirable to set the 50
element to operate against the low magnitude faeltdault occurring beyond RP. As if

set too low, it may maltrip when the current monaeihy rises in some conditions without
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a fault, e.g., due to transformer inrush currentald load start conditions. Its setting
should be such that it operates only for faultoupe RP irrespective of the number of
DG units connected.pidk.up Of the 50 element can be based either on faultents

calculated without considering DG contribution or fault currents determined with DG

contribution, as discussed in the following subsest

3.5.1.1 I yigk-up Of the 50 element based on fault currentswith no DG

If the setting of the 50 element is done withoutsidering the contribution from DG, it
will underreach i.e. the area protected by theyr&dl reduce if, subsequently, DG is
connected downstream of the recloser. For examplthe case studyyid-up Of 1290A

for the 50 element will ensure that the recloselt wperate for the reference faults
without DG connection as can be noticed from Fi§. 3Vith this setting, when DG is
connected downstream of the recloser, then therJatiepending upon number of DG
units connected, may not operate in the case thalteference faults. It will operate only
for faults occurring below the RP. For example, wi= 0 and N = 2, the fault current
seen by the recloser for an LLL fault at the RPn¢y 1262 A, whereas the total fault

current is 1486 A. In this case, the recloser willlerreach.

3.5.1.2 I yiek-up Of the 50 element based on fault currents with DG connection

If the setting of the 50 element is done with DGitabution taken into account, it will
overreach if, subsequently, DG which is connectedvrstream of the recloser is
disconnected from the circuit. For example, in¢hse study,pik-up Of L095A for the 50
element will ensure that the relay will operate feference faults with DG connection.
With this setting, when downstream connected DGtsumare disconnected, the 50
element, depending upon number of DG units discctiede may operate for faults
occurring beyond the RP and thus encroach intatéa of the 51 element operation. For
example, when all the DG units are disconnecteeln tthe 50 element withpidk.up Of
1095A will operate for faults upto 55% of LF1-1 ¢gh as can be noticed from Fig. 3.3

i.e. it will overreach.

Thus, a fixed dickup Of the 50 element based either on fault currerth wio DG
connection or based on fault current with DG cotioac has its limitations. To
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overcome this problem, an adaptive setting of teelement needs to be adoptétie
strategy is to set the initiglid.up Of the element either on the basis of fault cureeith

no DG connection or on the basis of fault curreithvidG connection, then later on
adaptively change the setting when a DG unit isnected or disconnected from the
network. In this chapter, the reference (i.e. ajtlyic-up Of the 50 element is based on the
fault current calculated at the RP in the casendflal fault with no DG connection. This
setting is adaptive, i.e. it will change when eaddG unit is added or removed from the
network to ensure that the recloser with the 5tnelg operates for all reference faults
with a CTl of 100 ms.

Keeping in mind the proposed adaptive change intingst a multifunctional
microprocessor based recloser is necessary satthah be programmed as required.
Therefore, replacement of the existing recloseh\aitnicroprocessor based recloser with
communication capabilities that incorporates bolle tnstantaneous and time OC
elements is recommended. A microprocessor basetbseec that is capable of
communicating with DG, can adaptively change itdirsgs online in accordance with
different DG configurations. Moreover, due to thaitability of discrete pick up current
settings and numerous built in time-current curvies possible to incorporate the TCC

of both the 50 and 51 elements in one unit.

3.5.2 Adaptive algorithm

To enable the 50 element to adaptively modifygts.l, a simple algorithm is developed
that can be programmed into the recloser contgitlalong with some essential data that
can be stored in a data ba3é&e algorithm is shown in Fig. 3.7 in the form oflew
chart In the flow chart,

M and N stand for number of DG units connected @i2nd DG2 respectively,
Iset stands for the referencgcl.yp Of the 50 element. It can have four different ealu

depending upon values of M while N =0,
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lreq IS the reduction in fault current flowing throutite recloser R3 in the case of faults at
the feeder LF1-1 when a single DG unit is connecte®G2; its value is different for
different combinations of M and N,

I stands for Jick-up Of the 50 element when MO and N> 1, subscripts a, b, ¢, and d are
defined on the basis otd for various combinations of M and N.

The data that is required to be stored in a relatya dase includes different possible
values of dsrand Jeq lsetis calculated on the basis of the fault currehg tesult from a
LLL fault at 25% of the feeder LF1-1 length forféifent combinations of M and N. The
magnitudes of these fault currents are shown inleT84dl given in Appendix B. To
implement this algorithm, a communication link iscessary between the recloser and
various DG units so that the former can updateating when the latter are connected or
disconnected from the network. It can be accometiskasily as modern reclosers have

remote communication capability
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3.5.2.1 Description of the algorithm

Through fault analysis of the test system, fauttenis due to an LLL fault at

different locations of the LF1-1 with no DG connenti.e. M=0 and N=0, are

found and corresponding operating times of thel&ment and fuse are noted.

The same step is repeated with all DG units comdecA fault location

farthest from the fuse end of the feeder whers itat possible to have a CTI

of 100ms with a 51 element (i.e. 25% of the feddet-1 length) is selected
as a reference location to use as a basis fortsgldgc.up of the 50 element.

Fault current due to an LLL fault at the referehoeation when no DG is

connected i.e. M=0 and N=0, is obtained from tlep $t

The referencepki-up (i.€. ke Of the 50 element when M=0 i.e. 1290 A, is

based on the fault current magnitude obtainedep Ht.

* Whenever a unit is added at DG2 or subsequentlyoveth after
connection i.e. the value of N changes while M="Qi.,p of the 50
element is reset adaptively. This is done by figdithe corresponding
reduction or increase in utility fault current cobtition (leg flowing
through the recloser R3 in the case of an LLL fadturring at the
reference location and then adding or deductinfroin the reference
setting. Thus when a DG unit is connected or diseoted at DG2 ,kx-up
of the 50 element also decreases or increasesdaughyr’.

If DG1 is online and has one unit connected i.e. Mthen irrespective of the

number of DG units at DG2, the referengg.lp(i.e. kejof the 50 element will

depend upon the fault current that will resulthie tase of an LLL fault at the
reference location with M=1 and N=0. If the refarerbc.up0f the element is
not changed from when M=0 and N=0, then, subsetyyenhen M=1 and

N=0, it will operate for an LLL fault occurring apgpximately upto 35% of

LF1-1 length, as in that case, fault current at pleent will be about 1290 A.

* Whenever a unit is added at DG2 or subsequentlyoveth after
connection while M=1, the process described in $\apeated but with

M=1 for updating settings of the 50 element.
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VI-  If DG1 is online and has two units connected i.es B) then irrespective of
the number of DG units at DG2, the referengg.Jp (i.e. key Of the 50
element will depend upon the fault current that vabult in the case of LLL
at the reference location with M=2 and N=0.

Whenever a unit is added at DG2 or subsequentlpvethafter connection,
while M=2, the process described in 1V is repedtetdwith M=2 for updating
settings of the 50 element.

VIl- If DG1 is online and has three units connected Mth@n irrespective of
number of DG units at DG2, the referenggclp(i.e. key of the 50 element
will depend upon the fault current that will resirtthe case of LLL at the
reference location with M=3 and N=0.

Whenever a unit is added at DG2 or subsequentlyverh after connection
while M=3, the process described in 1V is repedtedwith M=3 for updating

settings of the 50 element.

Fig. 3.8 shows the new TCIGr the 50 and 51 elements of the recloser R3 eftést
system obtained in accordance with the proposedridign for the cases when M=0
while N= 0 or 10 and when M=3 and N=0 or 5. As tennoticed from these figures,
lpick-up Of the 50 element will be different for each okske cases i.e. it is modified
according to the values of M and N. It will be 1290@hen M= 0 and N= 0 while it will
be 1095A when M= 0 and N= 10. Similarly, it will & &00A when M= 3 and N= 0 while
it will be 1370A when M= 3 and N= 5. TCtr the 50 and 51 elements for other
combinations of M and N can also be achieved blpyohg the procedure described
above.

To evaluate the effectiveness of the proposed sehamLLL close in fault and an LLL
fault at 10% of feeder LF1-1 length were modellsdh the recloser R3 settings
modified in accordance with the proposed algorithhen M= 3 and N =10. Both of the
faults were cleared by the recloser 50 element watfCTI of 0.085s and 0.115s

respectively as shown in Figs. 3.9 and 3.10.
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Figure 3.8: The proposed TCC for the recloser matzeous and time OC elements
when M=0 and N= 0 or 10, and when M=3 and N= 0.0tHand ‘1s’ are the fast and
slow characteristic curves of the recloser whel®ds the fuse characteristic curve.
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Figure 3.9: T, of the recloser R3 with the modified settings #melfuse F 2 for a close in
LLL fault at feeder LF1-1 when M= 3 and N =10.
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Figure 3.10: §, of the recloser R3 with the modified settings #melfuse F 2 for an LLL
fault at 10% of the feeder LF1-1 length when M=n8 &l =10.
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Figs. 3.11 and 3.12 show the fault currents, cpording T, of the 50 and 51 elements,
and MMTs of the fuse in the case of an LLL faulttet RP for different combinations of
M and N. For the results shown in these figures, ghttings of the 50 element were
obtained by implementing the proposed algorithmMiatlab, while the required input
data for the algorithm was found by simulating drlLfault at the RP with different

possible values of M and N.

From the results presented in Figs. 3.11 and & i2¢lear that the proposed algorithm is
valid and the recloser witRid«-up modified in accordance with the proposed algorittan
ensure fuse saving with an acceptable time margithe presence of DG even in the

worst fault conditions.

LLL fault at reference point when M=0 while N varies from 0 to 10
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Figure 3.11: T, of the 50 and 51 elements of the recloser and MMfThe fuse for an
LLL fault at the reference point when M=0 while ries from 0 to 10.

53



CHAPTER 3: FUSE SAVING STRATEGY IN THE PRESENCE OFSTRIBUTED GENERATION

LLL fault at reference point when M=3 while N varies from O to 10
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Figure 3.12: T, of the 50 and 51 elements of the recloser and MMfThe fuse for an
LLL fault at the reference point when M=3 while ries from 0 to 10.

3.6 HOW RECLOSING WILL BE APPLIED

The role of an auto reclosure is very importantastoring the system after a fault that
lasts for a very short interval. However, in theeaf a DN with DG, two main problems
may result from automatic reconnection of the tytiéifter a short interval [29, 52]. The
first problem is that the automatic reclosure atiemay fail as a result of feeding of the
fault from the DG. The second problem is that duadtive power unbalance, a change in
frequency may occur in the islanded part of thel.ghn this scenario, an attempt at
reclosing the switch would couple two asynchronpugberating systems which can
cause serious damages to distributed generatawglbas give rise to high voltages and
currents in the DN. Moreover, conventional reclesse designed to reconnect the circuit
only if the substation side is energized and theosjie side is unenergized. However, in
the case of DG, there would be active sources ah baes of the recloser, thus

hampering its working.

The reclosing scheme in the case of the test systegtanned while taking care of the

above mentioned factors. Ideally, whenever theossel R3 operates due to a trigger from
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either of the 51 or 50 elements, a trip signal sthbe sent simultaneously to reclosers R1
and R2 to disconnect DG1 and DG2 from the netw®his is in accordance with IEEE
standard 1547 that requires DG to be disconneatddruabnormal system conditions so
that its fault contribution can not disturb the stixig protection coordination [115].
However, due to the location of DG1, it is not daisie to separate it from the network in
case of a fault either on the feeder LF1 or onféleeler LF1-1. If it remains connected, it
will continue to feed loads on the feeder LF2 alongh the utility source. So
disconnection of only DG2 is recommended whenelerrécloser R3 trips in case of a
fault either on the feeder LF1 or on the feeder-lFThis will not only stop formation of
an undesirable island but also avert out of phgsehsonization and subsequent potential
damage to DG equipment. When DG2 is separated tinenmetwork, a reclosing attempt
will be made by the fast curve of recloser R3 tstare the supply. To ensure that the
reclosing attempt is successful, instead of amamaheous reclosing attempt, delayed
reclosing is recommended i.e. an increase of ttlege interval from the usual 0.3 s to 1s
should be considered. If this attempt is succesBIGI2 will be reconnected to the system
with proper synchronization. If the attempt is ursssful, then if the fault is at LF1-1, it
will be cleared by the fuse. If it is at LF1, thignwill be cleared by the recloser R3 slow
curve. When the recloser R3 closes for the firsetand the fault is cleared, the original
network along with initial settings of the reclodR8 i.e. settings for operation without
DG2, will be restored. The settings of the reclos®3 will be updated when,
subsequently, units of DG2 are reconnected acaptdithe proposed algorithm.

3.7 OBSERVATIONS

Although, the protection strategy is described #&orparticular network, it can be
successfully applied to restore RFC in similar reeks. Algorithms for adaptively
changing Jick-up Of @ recloser in response to varying network camfigjons can be
derived by following the method introduced in sectB.5 As RF miscoordination due to
single-phase to ground or two-phase to grounddasiihot observed in the test system, it
is not discussed here. However, in networks whied®es happen, a strategy similar to

the one described in this chapter may be adopted.
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Protection schemes requiring communication linkevben various protection devices
are unpopular due to their high cost. But thanksteichnological developments in
communications and availability of wireless comnmation channels, such schemes can
be implemented in a cost-effective manner. Moreowaultifunctional microprocessor
based reclosers are already in use for power sygtetaction. So, this scheme could be

practical and may successfully be implemented inad@ower networks.

3.8 SUMMARY

In this chapter, the impact of DG on RFC (i.e. ofuse saving scheme) of a traditional
DN has been investigated. Various solutions progpasethe literature to ensure fuse
saving even in presence of DG have been reviewhdufh simulation results it is
shown that fuse saving might not be possible irtagercircumstances when DG is
connected to the network. Limitations of time deldyand instantaneous overcurrent
(OC) relays (i.e. 50 and 51) in respect of fuseigpwhen DG is connected to the
network have been discussed. Moreover, it is shinahit may not be possible to ensure
fuse saving with different DG sizes and configwas if the 50 element has a fixggd

up- 1O compensate for this drawback, a simple algoritisnproposed for an online
adaptive change ofidk.yp Of the 50 element in response to different DG igumtions.
The method to derive adaptive relay settings ie disscribed in detail. The simulation
results obtained by adaptively changing relay sgétiin response to changing DG
configuration confirm that the settings selectedotietically in accordance with the
proposed strategy hold well in operation. The mettvoapply reclosing is also discussed.
Assumptions made during the analysis are justifiad it is shown that the suggested
solution is general in nature. The salient featofehe proposed scheme is that it is
practical as it combines the characteristics ohlibe 51 and 50 elements along with a
simple algorithm for adaptively changing the settof the latter to ensure fuse saving in

the presence of DG
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CHAPTER 4

MICROGRID PROTECTION

4.1 INTRODUCTION

For the purpose of this discussion, microgrids casepof low voltage distribution
systems with small distributed generation (DG) sesrand controllable loads and are
capable of operating either in the grid connectedienor islanded mode. The concept of
the microgrid is becoming popular as microgrids expected to provide environmental
and economic benefits to end customers, utilittessociety. However, for their effective
operation, potential technical challenges relateduotection and control need to be
addressed. Protection coordination issues, sutdtkof sensitivity and selectivity in the
isolation of a fault, can occur in a microgrid esp#y in an islanded mode of operation.
This chapter discusses protection issues and dgale arising when a microgrid is
operating in an islanded mode. It presents andalitif reviews traditional and state of

the art protection strategies in respect of a ngigdoprotection.

Section 4.2 explains why protection coordinatioalpdems occur in a microgrid. Section
4.3, describes the possible solutions to key ptiatechallenges in an islanded microgrid.

Finally, section 4.4 concludes the chapter.

4.2 PROTECTION COORDINATION PROBLEMSIN MICRORIDS

Most of the micro-sources and energy storage dsvee not suitable for direct
connection to the grid and are, therefore, intediato the grid through power electronics
(PE) interfaces i.e. converters. However, a PE edsv leads to a number of protection
related challenges in a microgrid, especially in igtanded mode of operation.
Availability of a sufficient level of short-circuiturrent is not guaranteed when a

microgrid is working in an islanded mode since tleigel may drop down substantially
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after disconnection from the stiff medium voltagedgThis becomes even worse in the
case of a microgrid where most of the microsouraes connected by means of a
converter that has a built-in fault current limitat In most cases, the contribution of
converter based microsources to fault current nealrbited to twice the load current or
even less than that [151]. Some of the overcurf@) relays will be unresponsive to
this low level of fault current; others that mighspond will be delayed in their operation.
The undetected fault situation can lead to highagas not withstanding the low fault
currents. Moreover, if the fault remains undetedtedoo long, it can spread through the

entire system and can cause damage to equipment.

In traditional power systems that have a generammce at one end of the network, the
fault current decreases as the distance from thecsdncreases. This happens as the
impedance offered to the fault current increasethaslistance of a fault from the source
increases. This phenomenon is used for discrintnadif devices that use fault current
magnitude. However, in the case of an islandedagral having an inverter interfaced
distributed generation (IIDG) unit, as the maximfault current is limited, the fault level
at different locations along the feeder will be a#hconstant. Hence, the traditional

current based discrimination strategies would nartkw

In a microgrid, there are multiple DG sources ledadt different locations with respect to
the loads, so the direction and amplitude of sleoduit currents will vary. In fact,
operating conditions of a microgrid may be condyarthanging because of the
intermittent microsources (wind and solar) and qu#d load variation. Also, a network
topology may be regularly changed for loss minimara or for other economic or
operational reasons. Moreover, controllable islapfddifferent size and content may be
formed as a result of faults in the main grid @ide a microgrid. In such circumstances,
loss of relay coordination may occur due to vasiain direction and amplitude of a short
circuit current. A general OC protection with a glen setting group may become

inadequate, i.e. it may fail to ensure selectiintysolation of a fault.
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Thus, in order to cope with issues of bidirectiopawer flow and low short-circuit
current level, in a microgrid dominated by micros@s that are interfaced through PE

interfaces, new fault detection and protectiontsgi@s are required.

4.3 POSSIBLE SOLUTIONSTO KEY PROTECTION CHALLEN-
GESIN MICROGRIDS

Conventional protection schemes face serious aigdle when they are considered for
protecting islanded microgrids with an IIDG unitdaneed major revision in order to
detect and isolate the faulty portion in preserfdexoted fault currents in such systems.

The various possible solutions to cope with thebfanm can be broadly divided into three

categories:

» Uprating of a PE inverter i.e. use of invertersihgwigh fault current capability
[152].

* Introduction of an energy storage device in a ngdo that is capable of

supplying large current in case of a fault [153].

* In depth analysis of the fault behaviour of anndgkd microgrid with an 1IDG unit
to comprehend the behaviour of system voltagescan@nts [154,155]. This will
in turn help in defining alternative fault detecti@and alternative protection
strategies that, instead of relying on a large tfawirrent, depend on other

parameters like change in voltage of a system alaefault [156].

4.3.1. Use of differential protection scheme

In [157] the authors have proposed a differentiatgrtion scheme to overcome the
problem of low fault currents in the case of anlassd microgrid having [IDG. A
protection scheme based on differential relaysiscsed as its operation is independent
of the fault current magnitude as opposed to treraurrent relays. No new algorithm has
been developed in this particular study, but ittaiaty shows a new application of
differential protection which is traditionally usédr transformer protection. Of course,
this scheme solves the problem of low fault curianthe case of an 1IDG, but a lot of

other issues are neglected. The proposed protecitieme might not be able to
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differentiate between a fault current and an owtlaurrent. Nuisance tripping might
result whenever the system is overloaded. Traditidifferential protection schemes, in
some instances, are unable to differentiate cdyrdxttween internal faults and other
abnormal conditions. Moreover, mismatch of the ewntrrtransformers can also be a

source of malfunction.

For the coordinated clearing of a fault in an issdlamicrogrid to ensure selectivity, it is
important that different distributed resources ([PRan effectively communicate with

each other. To this end, evolving a distributiorstegn version of the pilot wire line

differential scheme (pilot wire is used to pick@#ult conditions at a remote location) may
be the need of the hour [151].

4.3.2 Useof a balanced combination of different types of DG unitsfor grid connection

Another way to ensure the proper protection ob#ied microgrid is to use DG systems
with synchronous generators or to use invertersnigavigh fault current capability or to
use a proper combination of both type of DG unitstisat conventional protection
schemes can be properly used. This combinationenglre large fault currents that can
be detected by conventional protection schemesoQifse, for the large size inverter, you
need large size power electronic switches, indscamid capacitors, etc, thus making the
system expensive. It may be added that in the chi®v voltage circuits, fault current
should be at least three times greater than themmuax load current for its clearance by

overcurrent relays.

Directional relays can be used to clear the faithiwthe microgrid provided they see the
fault current exceeding the maximum load currenthieir tripping direction. However,
this is not always true as in the case of micragridults are fed from different directions
[151].

The protection scheme for an islanded microgrideavily dependent on the type of the
controller used for the inverter, as the contradletively limits the available fault current
from an IIDG [158,159]. This fact has been shownthe said literature, where two
different controllers i.e. one using dqO (direcisavquadratic axis and zero sequence)

coordinates and the other using three-phase(alllioates, are employed to control a
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standalone four leg inverter supplying a microghidboth the cases, the fault current is
quite small but its magnitude is different. As aul¢ of reduced fault current, the

overcurrent based protection schemes become lesdied as they require more time to
detect and, subsequently, clear the fault and #tectivity of protection scheme is

reduced [156]. That's why it is important to anaythe fault behavior of an IIDG system
to understand the behavior of network voltages @mdents so that a suitable protection
scheme can be selected. One of the options totdetalt in such a system is to make
use of voltage sequence components. It is possiblealculate the values of voltage
source components for different types of faultaithe theory of the interconnection of

equivalent sequence networks in the event of & fmalpplicable here [158].

4.3.3 Voltage based detection techniques

Another method to detect low magnitude fault currento make use of the large
depression in network voltage in the event of dt fdi60]. However, keeping in mind the
small size of a microgrid (i.e. electrically smathe voltage depression might not have a
sufficient gradient to allow for discrimination tiie protection devices. This calls for
measurement of some other parameter/s to supplethentindervoltage based fault
detection. Simple device discrimination can be @add by current detection along with
definite time delays.

This scheme, if adopted in a conventional systeith clearly subject the system to high
stresses due to delayed clearance time (resultioigp fdefinite time delays) in the
presence of a large fault current. However, ahédase of an islanded microgrid with
lIDG, the fault current would be restricted, thdiniée time delay would not pose any
serious problems. The duration of delays can bersé¢he basis of sensitivity of loads or
generation to undervoltage. Adequate discriminapaths can be set up for possible
networks that can exist within a microgrid by séleg different delays for forward and
reverse direction flow of the fault current. Moreoy this protection scheme doesn’t

require any communication between the relays sinifplementation.

The literature [156] proposes various voltage deieanethods to protect networks with
a low fault current. One of the suggested methodkes use of the Clarke and Park

transformations [161] to transform a set of insgarbus three phase utility voltages into
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a synchronously rotating two axis coordinate systéhe resultant voltage is compared
with a reference value to detect the presence efdisturbance. In the case of an
unsymmetrical fault, the utility voltage ‘dq’ compents have a ripple on top of the DC
term. These components are first notch filtered #ugsh compared with a reference for
the detection of the disturbance.

Another voltage detection method makes use of #oe that the sum of two squared
orthogonal sinusoidal waveforms is equal to a @risvalue [162]. The necessary 90
degree phase shift is achieved by passing eacle pludtege through an all pass filter.
The output is obtained by summing the squared sabfiehe two signals for each phase

and then compared with the reference after filtrato detect any disturbance.

The above mentioned schemes have their limitatidhs. performance of the schemes
can suffer due to time delays and filtering actiorihe time required for detection of
faults in each case is different as it depends upertype of the fault as well as on the
magnitude of the voltage at the faulty feeder atrttoment of the occurrence of the fault.

Time delay is also introduced by filtering action.

A novel scheme based on current traveling wavesbaisdvoltages is proposed in [163]

for the protection of a microgrid. In the said stige current traveling waves are used to
identify a faulted feeder while the bus bar voleagee used to determine whether an
event is caused by a fault or a switch operaticowetler, simulation results necessary to

evaluate the authenticity of the scheme are missing

4.3.4 Employing adaptive protection schemes

Adaptive protection schemes are presented as aiaofor microgrid protection working
either in grid connected or islanded mode. Thedoakilosophy behind these schemes is
automatic readjustment of the relay settings whes microgrid changes from grid
connected to isolated mode and vice versa. Indle of islanded microgrid, the adaptive
protection strategy can be used by assigning eéifitetrip settings for different levels of
fault current which, in turn, are linked to diffetemagnitudes of system voltage drops

resulting from a disturbance in the system. Alsglay settings must be updated in

62



CHAPTER 4: MICROGRID PROTECTION

response to changes in a microgrid. Otherwiseysetzay maloperate or in the worst case

scenario, may fail to operate when required [164].

A protection strategy for a micro-grid operatingher in an islanded mode or parallel
mode is described in [165]. The sample microgridiisded into four protection zones
with the help of circuit breakers. Different faatinditions i.e. single phase to ground and
phase to phase faults, are simulated in differemteg, and results are presented to
confirm the validity of the scheme. However, thibame has its downside. For selective
clearance of the faults occurring in different zgngp-to-date knowledge of the loads and
status of various zones of the microgrid is neededwithout this knowledge, the relay
settings can’t be modified in accordance with thenging system conditions.

As discussed earlier, a fault in the system canltr@s severe voltage depression in the
entire network (due to low impedances within théwoek) in the case of an islanded
microgrid with an 1IDG unit. In such a scenariolestivity can’t be assured with the use
of voltage measurement alone. A possible solutiay be the use of a voltage restrained
overcurrent technique [156]. The logic scheme at technique is shown in Fig. 4.1. A
large depression in voltage (which happens mostlthe case of a short circuit as
opposed to an overload) will result in the selectad a lower current threshold, this
would effectively move the time-current charactigzidown and thus tripping time would
be reduced. In contrast to this, tripping times lddae longer in the case of overloads, as
small voltage depression would not be able to $witee scheme to the lower setting.
Thus the system would retain the longer time sgttorresponding with long-term
characteristics.

This scheme, although looking promising, has itawdracks. It is not clear how the
scheme will perform if there is little differenca magnitude of a voltage depression
resulting from short circuit and overload condiBoThe scheme seems to make use of
the principle of relays with inverse time charaisties i.e. the larger the fault current, the
smaller the response time. Also, long clearing $inre case of faults causing small
voltage drops pose the risk of fault currents gfirepin the entire network. This can

cause stress in the network.
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Figure 4.1: voltage restrained overcurrentgeton scheme logic circuit

4.3.5. Protection based on symmetrical and differential current components

The literature [166] suggests the detection ohglsiphase to ground (1LG) and a phase
to phase (LL) fault by making use of symmetricalreat components. Symmetrical
components consist of positive, negative, and seruence quantities. Basically,
positive-sequence quantities are those presenhglimalanced, three-phase conditions.
Positive sequence quantities make up the norm&dged and currents observed on power
systems during typical, steady-state conditionsgdiige-sequence quantities are a
measure of the amount of unbalance existing onvepsystem. Mostly, zero-sequence
guantities are associated with ground being inwlvean unbalanced condition. Since
negative- and zero-sequence quantities are uspadlgent in substantial levels only
during unbalanced, faulty conditions on a powetesys they are often used to determine
that a faulty condition exists on a power systemg&tive-sequence can be used to detect
LL, 1LG, and phase-to-phase-to-ground (LLG) faullero-sequence can be used to
detect 1LG and LLG faults. A threshold is assigteeach of the symmetrical current
components to prevent the microgrid protection afreg under unbalanced load

conditions.
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44 SUMMARY

Different protection issues that may occur in arogcid operating in an islanded mode of
operation i.e. lack of protection sensitivity arglestivity, have been discussed in this
chapter. These issues should be taken into acdourdesigning a reliable protection
scheme for a microgrid. Traditional and statehef &rt protection strategies in respect of
microgrid protection have been critically reviewe@iechniques and strategies, such as,
analysis of current using digital signal procesdiogcharacteristic signatures of faults
[167], development of a real-time fault locatiorchieique having the capability of
determining exact fault locations in all situatipmsmipedance methods, zero sequence
current and/or voltage detection based relaying, @ifferential methods using current
and voltage parameters [151], have the potentiab&veloping more robust protection
schemes to cope with the new challenges.
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CHAPTER 5

ISLANDING DETECTION FOR THE INVERTER
INTERFACED DISTRIBUTED GENERATION

5.1 INTRODUCTION

According to current technical recommendations &83/1, G59/1, G75, ETR-113/1,
IEEE-1547, distributed generation (DG) should béomnatically disconnected from a
distribution network (DN) when the utility’s maimgrce is disconnected from the network.
This is ensured through a protection scheme whgotommonly known as anti-islanding
protection or loss of mains (LOM) protection. Tohate to existing standards and
regulations, an anti-islanding feature such as slanding detection algorithm, is
incorporated as a mandatory feature in the coetraf commercially available inverters
that are used to connect distributed energy soustehs as fuel cells, photovoltaic,
microturbines and wind turbines to the grid. Thedgorithms are used as the local
protection functions to prevent energization ofeal network from DG when islanding

occurs as well as to prevent any out-of-synchronmisciosure of DG units [168].

The various existing islanding detection strategmay broadly be divided into three
categories; active, passive and communication bsisategies. Passive islanding detection
techniques are based on measuring a system paréhetied comparing it with a preset
threshold. Variations in various parameters suchadtage, frequency and total harmonic
distortion (THD) of current or voltage are contimsty monitored at the interconnection
point of DG with the grid. When islanding occurgngrally, a significant change occurs in
values of these parameters. This property is use@raindication that islanding has
occurred. In the active islanding detection scherdegurbances such as low frequency
inter-harmonic currents are injected locally intee tsystem and responses of these
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disturbances are used to detect islanding conditidhe communication-based schemes
use telecommunication means to alert and trip D@&miklands are formed. These schemes
include power line signaling and transfer trip. dogrehensive survey of these strategies is

given in literature [169-172].

In this chapter, THD based islanding detection sw® i.e. schemes that measure the
output current THD, for the inverter interfaced QEG) are discussed and the role of
various factors like uncertainties in filter parders, variations in the grid (utility) THD
and the grid impedance on the performance of tlsebemes is investigated through
simulation. To this end, the test system i.e. a three phase RWAge source inverter
(VSI) with a two-loop feedback structure connectedhe grid (utility) through an LCL
filter, has been modelled in Matlab/Simulink. Theaglation results obtained from the test
system show that THD in the inverter output curmaaty be affected (depending upon the
design of the controller) by the variations in thdity THD and the utility impedance.
Consequently, the working of THD based schemes suffgr if these factors are not taken
into consideration while selecting the trip thrdshdoreover, interactions between EMC
capacitors and grid impedance are also discuss#dhair impact on the performance of a
voltage source grid connected inverter i.e. detation of working of the inverter, is also
investigated through simulations. These simulatishew that EMC capacitors can also
affect the islanding detection schemes used foertey interfaced Distributed Generation
(IIDG) as they can introduce a large increase & dhtput current THD of the inverter.
This phenomenon has not yet been taken into camgide by researchers while

investigating the performance of an inverter.

Section 5.2 discusses the working principle of TH&sed islanding detection methods.
Section 5.3 explains why it is difficult to selettrip threshold for THD based islanding
detection methods. Section 5.4 explains aboutrtigortance and selection of simulation
software. Section 5.5 describes the test systenidgp that comprises of a VSI along with
its controller which is connected to the grid tigbuan LCL filter. In section 5.6, linear

analysis of the controller is presented. Sectidghdescribes the impact of various factors
like uncertainties in the filter parameters, vaoas$ in the utility THD and the utility

impedance on the output current THD of the inverteat has a simple proportional
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controller, with the help of the Simulink model.cBen 5.8 investigates the affect of EMC
capacitors on the performance (behaviour of the@uwucurrent) of the inverter in grid
connected mode of operation. Finally, section Bfctudes the chapter.

5.2 WORKING PRINCIPLE OF THD BASED ISLANDING
DETECTION METHODS

Islanding detection methods based on THD measureofi@ither the output voltage or the

output current of the inverter are discussed initeeature [173-181]. In these methods, the
inverter monitors the THD of either the invertemtéal voltage or the output current and
shuts down if this THD exceeds the trip threshdlthe rationale is that, in normal

operation, the DN acts as a stiff (low impedancelfage source, maintaining a voltage
with low distortion (THD) on the inverter terminal$n the case of islanding, two

mechanisms are expected to cause an increaseag&dlHD. Firstly, the impedance at the
inverter terminals increases due to disconnectioth® low impedance DN and only the
local load (with much higher impedance than thel)gremains connected to DG. As a
result, the inverter output current harmonics mayse increased levels of voltage
harmonics in the terminal voltage. Secondly, noedr loads within the island e.g.

distribution step-down transformers, may be excligdhe output current of the inverter
[173]. Due to current excitation, the voltage resgmof the non-linear loads can be highly
distorted [175,176,182].

5.3 WHY SELECTION OF A TRIPTHRESHOLD ISDIFFICULT

Selection of an appropriate trip threshold thatvyates reliable islanding protection, but
does not lead to nuisance tripping of the inverieran issue with passive islanding
detection schemes including those based on THD unement [176]. It is clear that the
selected trip threshold should be higher than th® That can be expected in the grid
voltage but it should be lower than the THD thatl we produced during islanding.
However, this threshold is difficult to select piaally due to a number of reasons.

To maintain power quality, standards like ANSI/IEBGE9 and IEEE 1547 [183, 115],
stipulate that for utility connection mode, totarimonic distortion (THD)of the output
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current of the inverter should be a maximum of 3% meet this criterion with some safety
margin, the inverters are usually designed to haweer distortion than the standard.
However, the DN voltage may have voltage THD of 6f4more if there are significant

local non-linear loads on high impedance lines. é&doer, when THD in the output current
of the inverter is 5% (the maximum allowable limit)is possible in the presence of RLC
loads that the THD in the voltage measured at tmengon node of the load and utility is
5%. This is due o the fact that the parallel RLwdt can exhibit low-pass characteristics
that attenuate the higher frequencies. In this,dass clear that the THD threshold will

have to be set lower than 5% [174]. In additior, dstortion level may change rapidly as

nonlinear loads are switched on and off.

THD in the output current of the inverter, depemgdupon the design of the controller, is
also influenced by grid impedance. This is becanggid connected mode, along with the
filter components, the resonance frequency of fstem is also determined by the grid
impedance [181,184]. The resonance frequency wittaking into consideration the grid
impedance is given by the following equation;

-1 5.1

fres Zﬂm

When a stiff voltage such as the grid is connectbd, resonance frequency will be

modified according to the following equation;

1

f =
res LfL
ST

Where ¢ and C represent inductance and capacitance dfltdtrewhereas | represents

5.2

the grid side impedance.

Due to changes in the resonance frequency causegtidbympedance, amplification of
certain harmonics may take place which may resulmal-operation of a THD based
islanding scheme, leading to unnecessary separati@G from the system. Thus, if the

THD trip threshold is selected for ideal conditiiff grid case) it may be ineffective in
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weak grid conditions (high grid impedance). On tomtrary, if the THD threshold has
been selected for the worst condition (weak gridegait may be ineffective when the
system is working in stiff grid case. Moreover, THiDthe output current of the inverter,
depending upon the design of the controller, i® @fected by the THD of the utility
voltage. The last two phenomenons i.e. affect tityutimpedance and utility voltage THD
on the output current THD of the inverter have beerestigated here with the help of

simulation studies.

54 SELECTION OF SIMULATION SOFTWARE

Advances in the field of computer simulation ana@nmprocessor technology have allowed
various control schemes involving power electromicbe more flexible and easy to follow.
Different computer simulation programs such BSpice, Matlab, and Simulink help to
investigate circuit waveforms, dynamic and steadyesbehavior of control systems. This
tool is very helpful to determine the behavior ofcacuit before it is practically

implemented. Thus, by simulation, it is easierttalg the influence of different parameters
on system behavior compared to the hardware expatation in a laboratory which

requires significant time and money. In the indaktsector, computer simulations are

being used in combination with hardware implemearato optimize the design process.

Knowledge of the nature of simulation, its limitats and the assumptions that are made, is
important to trust the accuracy of simulation result also helps in appreciating the
problems associated with modeling and simulatiooc@ss and consequently, making
results more accurate. The complexity of the aathatacteristics of switching devices is a
major problem in their modeling in power electroniccuits. This is why accurate models
of real switching devices are not always availablagnetic components like inductors also
suffer from this drawback. A clear evaluation o€ thbjectives of simulation helps in
obtaining the results without making the model ofil@uit unnecessarily complex, thus

saving precious modeling and computation times]185

During their transition from one switching state ttee other, switching circuits (both
passive and active) exhibit extreme nonlinearitigisThonlinearity needs to be taken into

account while deciding upon a suitable computetation tool. The software should be
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capable of performing this type of simulation. libsld also have the capability to run the
simulations with the appropriate resolution to esent the smallest time constant in the
simulation model with acceptable accuracy. Switghaoircuit simulations normally take
quite a long time due to the large difference betwéhe smallest and the largest time
constants in the circuit (which can be several rdd magnitude). So, software must be
efficient in solving numerical problems. Simultansly, this software should also

represent the controller comfortably.

Since extensive programming is required for modglime circuit and manipulating the
results in high level languages like C or FORTRAtN, wise to use a package like Matlab,
which is specifically developed with built-in comuent features. Matlab is a well-known
computer package for high-performance numericalpdation and visualization. It has an
edge over programming languages like C and FORTRANM is user-friendly due to the
convenient built-in features and various specidlimmlboxes. As Matlab performs array
and matrix manipulations easily, it solves numérpgrablems in a fraction of the time of
other software packages like SPICE [186]. Simulenk.extension to Matlab, is a powerful
graphical pre-processor developed specificallysiorulations of dynamic systems. Circuit
models in Simulink are available as block diagrars.addition to block libraries
containing various functions, which are suppliedhwthe software, the users have the
flexibility to create their own blocks with the usé S-function written in C or Matlab M-
files. This flexibility is not available in circuibriented simulators. The Control System
Toolbox and the Signal Processing Toolbox, avadall Matlab along with other
toolboxes, provide the tools for control systemigiesind manipulation of results from the
simulation. Of course, Matlab/Simulink has its dewde too; it is not easy to model the
inductor saturation phenomenon which becomes qupertant at high power. However, it
produces results that are accurate enough. ThatysMatlab is used to carry out computer

simulation studies for this project.

5.5 SYSTEM TOPOLOGY AND DESCRIPTION

Utility connected power electronic inverters arediso connect renewable energy sources
such as solar, wind, or marine to the distributanutility grid. They convert variable
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frequency AC or DC into 50/60 Hz fixed frequency AG inject into the grid and/or to
supply to local loads. The inverter is operated¢urrent control mode when connected to
the utility which dictates the output voltage. Tangput current of the inverter is controlled
to have a low harmonic distortion. A good currenaliy is normally achieved by usiray
combination of a well designed pulse width modugfWM) inverter, an output filter and
a robust feedback current control strategy. Theiltesshow that variations in utility
impedance can make the system unstable due toegdandwidth or due to changes in
the resonance frequency. To ensure robustnesdetiign of the controller should be for a
large set of the utility impedances and the utilityD values, ensuring the controller will
be stable in all grid conditions [187-197].

The circuit diagram of the test system is showfig 5.1. It comprises a three-phase VSI
whose output is connected to the three-phase gtility) system via an LCL filter. The
controller has a two-loop feedback structure ire.oater grid current loop and an inner
filter capacitor current loop with a simple proponal controller in both the loops (similar
to that described in [191]). It also incorporatesgrd voltage feedforward loop to
compensate for the effect of utility voltage harneadisturbances. Classical control design
methods are used to determine the nominal contrpdeameters. After the description of
the controller, designed in Matlab/Simulink, théan&eiour of the output current THD of the

inverter has been investigated.
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Figure 5.1: The test system comprising of a thplease VSI whose output is connected to
the three-phase grid (utility) system via an Ldtefi. In Fig.k. andk stand for proportional
(P) gain in the inner and the outer feedback laeppectively.

Insulated gate bipolar transistors (IGBTs) are usedwitches. As the output voltage is
being dictated by the utility, the inverter is ogted in current-control mode. The output
current is controlled to be sinusoidal and in syooilsm with the utility voltage so that the

power flows from the dc side to the utility side.

The choice of the LCL filter is due to its superp@rformance as compared to LC and L
filters. In systems where an LC filter is used, tiesonance frequency of the filter is
determined by the utility impedance. So the dampihtie system is difficult due to utility

impendence uncertainty. In systems where only @éogphductors are used, large size
inductors are required to limit the di/dt and herbe ripple current. In case of high rating
devices, the losses in the inductors can't be igmhoMoreover, larger inductors are
significantly more expensive than smaller ones. L&¢& filter topology allows the use of

smaller inductors, thus ensuring minimal lossest,csize and weight of the whole system.
Moreover, this configuration also offers a big atkage in high power systems where the

switching frequency is limited [188,198]. Howevthis configuration has a down side, too.
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It requires a carefully designed current controhenich is more complex and expensive, in

order to avoid the problems caused by filter reaoaa

The aim of the controller design is to achieve actfed output current THD (to improve
power quality) at minimum cost. The selection ofdrter power electronic devices is
normally for a given system current and voltagéngatFor a given filter topology, the dc

link voltage is determined by the requirement to@lthe current, in the desired direction,

e.g. in this case into the utility. The PWM switdp frequency and maximum current
ripple are determined by allowable losses in thegyaswitches. The selection of the value
of the inductor L is based on the switching frequency, dc link \gdgtand maximum ripple
current. The capacitance value is selected such ithaimpedance at the switching
frequency is much lower than that of the inductar The inductor L represents an actual
inductance in the filter and is thus, separate fritnva utility impedance. The utility
impedance can be modelled by changing the valug dhe inductor kL is important as it
serves the following three purposes:
* It ensures the filtration of switching frequencyrr@mt harmonics even if the
impedance of a utility is lower than that of capars.
* It makes the controller performance less sensitwevariations in the utility
impedance.
» It facilitates wireless paralleling of multiple $gms connected to an isolated load

(normally in voltage control mode).

The L; inductors are much larger and hence, more expemrsivampared toolinductors
since the former has to carry both the fundameatad the high frequency ripple

components of the current.

5.5.1. Elements of the Simulink model

The simulink model of the voltage source grid canteé inverter is shown in Fig. 5.2. The

model comprises of two main sections [191]:

» Electrical section comprising of dc-link, inverteCL filter, and the utility.
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e Controller section comprising of current measunaetsieADC’s, PWM generator,

reference currents, feedforward signals, summatpmrators and gains.

55.1.1 Three-phaseinverter

The Universal Bridge Block is set up to be a thpbase inverter. IGBTs are selected as
switching devices with diodes across them. Thechiig time is set to a typical IGBT
switching time (0.2ms). The on-state voltage dromss the IGBTs and the diodes is set to
be 1.5V.

55.1.2 PWM generator

A PWM generator block is available in Simulink. Tdulating signal is compared with
a triangular carrier signal to produce the switghtommands: one for the upper switch and
the other for the lower switch. The carrier frequeis chosen to be 8 kHz.

55.1.3 LCL Filter

A special configuration is used to connect filteapacitors to the DC link as shown in Fig.
5.3. For each phase, two capacitors of the val@ea€® connected to the dc-link (one to the
+dc-link and one to the —dc-link). The capacitorrent measurements for each phase will
be the summation of the currents flowing in the teapacitors. The equivalent series
resistances (ESR) of the inductors and the capacitave been ignored because these
resistances improve the resonance damping of gterayand the simulation condition is to
take the worst case scenario.

5.5.1.4 Utility system

With regard to the utility grid, the assumptiontieat it behaves like a three-phase stiff
voltage source, which is not affected by the currajected into it. It is modelled as a
balanced three-phase voltage with amplitude of \23Q (line to neutral) and a frequency
of 50Hz as shown in Fig. 5.4. The voltage harmoaiestaken into account by adding the
most dominant harmonics i.e®35", 7", etc as voltage sources in series as shown in Fig.
5.5.
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5.5.1.5 Analogueto digital converters (ADCs)

An Analogue to Digital Converter (ADC) is modellbg a sample and hold circuit (zero
order hold) as shown in feedback loops in Fig. Bl sampling frequency is set to 16
kHz.

5.5.1.6 Computational time delay

As digital signal processing needs some time téop@r calculations, adding a time delay
element in the system is important. This time dédlag a great effect on the controller
performance and has to be included in the compinaulation model. Computational time
can be modelled by a transport delay block prightozero-order hold block so that all the

measurements are delayed by computational time.
5.5.1.7 Reference Current

Reference current is a simple sinusoidal signah ainplitude of 100A as shown in Fig.
5.6.
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Figure 5.2: Three phase Simulink model oftdst system shown in Fig. 5.1
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Figure 5.6: Simulimlodel of reference currents

5.6 LINEARANALYSISOF THE CONTROLLER

The analysis and the design of the current coetradl based on a single-phase equivalent
circuit of the inverter and filter circuit as shownFig. 5.7. The circuit was first derived for
star (or delta) connected filter capacitors in [[L9%8 Fig. 5.7, the voltage soureg, stands

for the voltage difference between the neutral pamd the middle of the dc link and in

control terms represent a source of disturbanceerhby phase interaction which is given

by;

V,, +V,, TV,
Vg = _% 5.3
The above equation shows the dependence of thee plmagling voltages, upon the

switching state of all three phases. The valudeMbltagevy, jumps between the values of

Ve Ve 4 Ve 4 Voo

6 2 2 6
The filter capacitors of the system shown in Fid. &e connected to the dc link instead of
being connected in star or delta configuration. €egsence of this filter topology is that it

removes the phase interaction as proved in [191].
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The following equations can be derived from thegldmphase equivalent circuit, shown in

Fig. 5.7, assuming thag, is equal to zero.

di,
v —-v. =L — 54
n C Ll dt
i -0, =i 5.5
. =c 5.6
dt
v -y, =L, 3 5.7
dt

The block diagram of the single phase circuit basethe above equations is shown in Fig.
5.8. An expression for the output current of theuwt in the s domain can be derived as
shown below [189];

1 Vv L Cs® +1

T LS +(LrL)s " (LLOS +(L+Lys " >

The above equation can be represented in the biagkam form as shown in Fig. 5.9.

Vma | PWM | > >
- Vln ic l
v, ~—-C
v, @ T v,

Figure 5.7: Single phase equivetd the system shown in Fig. 5.1
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Figure 5.8: Block diagram of the s@aghase equivalent circuit of the system
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Figure 5.9: Simplified Block diagram of the singibase equivalent circuit

In [191], the output current,is used as the main feedback control signal andeyen

subtracted from the reference current. This streagishown in block diagram form in Fig.
5.10.
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Figure 5.10: Single feedbbudp structure ofl, .
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As it is evident from the figure, the output cuttrean be calculated as

2
k B LCs™+1 Vv 59

l, = |
2 (LLO)S +(L,+L)s+k @ (LLL)S +(L,+L)s+k "

wherek stands for controller transfer function in theesutedback loop.
According to linear control theory, the referemi@nsfer function T(s) can be defined as;

T(s) = K 5.10

(LLC)S +(L,+L,)s+k

and the disturbance transfer function S(s) candbieed as;

2
) = LCs +1 5.11
(LLC)S +(L, +L,)s+k
The characteristic equation of both the transfacfions T(s) and S(s) is;
(LL,C)S’ +(L,+L,)s+k=0 5.12
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As the above mentioned characteristic equationsldlok $term, so the system is clearly
unstable according to the Routh-Hurwitz Stabilityt€¥ion, which states that if any of the
coefficients of the characteristic equation are@z@rnegative in the presence of at least one
positive coefficient, then the system is unstableensure that the system is stable and the
resonance is damped, ahterm has to be introduced into the characterisgigagon. A

close examination of the system shows that expmessi the capacitor currerif contains

the required sterm;

|, =L,Cs’l,+sCV, 5.13

A minor feedback loop ofl, multiplied by the gaink_(i.e. minor feedback loop gain)
provides the required damping term for the systeon.derivation of the transfer functions,
the implementation of the minor feedback loogkdf, is represented in block diagram form
as shown in Fig. 5.11. The simplified model is show Fig. 5.12. Let the open loop

function G,(s) that relates the output current to the invertdtage be defined as;

Gi(s) = 3 1 > 5.14
(LLC)s’+k.LCs"+(L,+L,))s

Similarly, let the disturbance transfer functiondefined as,

D,(s) =V, (LCs’ +k.Cs+1) 5.15

The closed loop transfer function relating the atitpurrenti,to the reference current,

(assuming the PWM inverter transfer function istyintan now be expressed as;

__KE9GO |, __ G
FTIHKEGE) ! 1HK(EG,6)

D,(s)V,(s) 5.16
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It is clear that the transfer function of the cofied plant G (s)and the disturbance
transfer functionD, (s) are functions of the minor feedback loop dainmeaning they are

independent of the controller in the outer feedbdmBp. An increase in controller
parameters adds an extra degree of freedom inrdegighe controller. The complete
proposed per phase controller with the minor feekldaop of the capacitor current is
shown in the Fig. 5.13ence, the plant transfer functi@i(s) and the disturbance transfer
functionD4(s) are functions of the inner loop gaka only, and are independent of the outer
loop gaink. The controllers in the inner and outer loop asighed to give good transient

and steady state response, with good disturbanastios capability [191].

e

|-1CS2 +1 k.Cs

\Y/

u

**************************************************************

mod

- K PwM " - -
S K *@*(QLZC)sMLﬁLZ)s e

Figure 5.11: The control system with minor feedbldp of I _. |, is
incorporated into the plant transfer function.
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Figure 5.12: Simplified control system with mineetiback loop of .. | is
incorporated into the plant transfer function.
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Figure 5.13: The proposed per phase controller.

The analysis of the open loop transfer funct@xts) is used to select the loop gains. To
determine the effect of the loop gains on the temgsesponse of the system, the root locus
of the open loop transfer functigdy(s) has been plotted for different values of theem
loop gaink. as shown in Fig. 5.14. As expected, increasingaimer loop gairk will
decrease the relative stability by pushing the edokop poles to the right. However,
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increasingk. improves the transient response by pushing thdemumt locus to the left.
Hence increasind. and decreasingg improve the transient response by increasing the
stability margins and reducing the overshoot aritlirsg time. Ideally, a higher value &f

is required as it reduces the steady state eritat tuill compromise the relative stability as
discussed earlier. On the other hand, a high valu@ compromises disturbance rejection
as is clear from Eg. 5.15. So the selection of Igaps is a compromise between transient
stability and utility harmonic disturbance rejectiadBode plots for the transfer function
Ga(s) of the system with different valuesloandk. are shown in Fig. 5.15The phase and
gain margins for the system whier 1.8 andk. = 2.0 were calculated to be 25 degrees and
2.62 dB respectively as shown in Fig. 5.15.

6
I
————— k= 1, ke=1 ! =
—— — k= 1.8, kc=2 | =
a4 k= 3, kc=3 | = .
1 =
| //
g 2 - |
é xfﬁfl ==
I
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? |
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I
|
4l |
I
|
-6 |
3 2 1

Figure 5.14: Root locus of @s) for different values of inner loop gaka
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Bode Diagram
G (k=1, kc=1)
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z
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Fig. 5.15: Bode diagraht,(s) for differentvalues ok andke.

In addition to the two feedback loops, a feedfodverop of the capacitor voltagé. as
shown in Figs.5.1 and 5.13, is also implementedh(\ai positive sign) to compensate for
the effect of the grid voltage disturbance. The ac#ipr voltageV.; is used in the
feedforward loop instead of using the utility vgiéaas the latter is difficult to measure in

practice. According to Eq. 5.15, the feedforwarddransfer function should be;

F(s)=LCs*+K_Cs+1 5.17
The ideal feedforward transfer function involveSeatentiation of the utility voltage signal,
which is undesirable in practice. This was overcdimemplementing a slow feedforward
loop that measures the steady state harmonicseolutility voltage and calculates the
derivative by simply shifting the signal by 90 degs and multiplying it bys@ where fis
the harmonic frequency. In fact, compensation fdy the fundamental 50 Hz component

provides satisfactory results for typical utilitydD values [191].
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5.7 ANALYSIS OF THE CONTROLLER WITH THE HELP OF
SIMULINK MODEL

Power electronic inverters using an LCL filter fmterfacing to the grid have better
harmonic attenuation and high dynamic performahtmyvever, due the LCL filter, these
systems need complex current control strategiemdmtain system stability. Moreover,
these systems are more vulnerable to interferemee §rid background distortion due to
resonance phenomena and due to the lower harmormpediance offered to the grid
[190,200-210]. The £component shown in Figs. 5.1 and 5.2 is used tdeinchanges in
the utility impedance, which in general is unknoamd may vary significantly as different
loads are switched on and off. This, together witicertainty in L and C, arising from
limited tolerances, can be a major challenge todesign of a controller. The normal
practice is to design a controller using nominaipaeter values. But in practice inverters
are known to become unstable or to fail to meet T$fecifications when installed at a
different location (i.e. with different utility imgdlance and THD) or when certain loads are

connected.

The behaviour of the output current THD has beepstigated by using the system model
shown in Figs. 5.1 and 5.2 by selecting differeotnbinations of filter parameters, the
utility impedance and the utility THD. These inugations were undertaken in order to
gain an idea of the working of THD based islandihgtection schemes in practical
conditions. The operating parameters and the coemngowmalues of the test system are

shown in Table 5.1 given in Appendix C.
The output current THD of the invertesr examined while the system is connected to the

utility grid that is modelled with different THD Vels, i.e. 2.5%, 4.85%, and 7.5%. THD in

the current is calculated according to the follagviarmula;

THD =12 5.18
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Where |, and I, stand for rms values of the h harmonic current #red fundamental

frequency current in the input current respectijy&éB5].

Only the dominant odd harmonics up td"1&e modelled. A predefined THD is used to
look at the behaviour of the output current THDtle known distortion environment.

Three cases have been examined:

* In the first case, filter parameters are assighed nominal values as mentioned in
Table 5.1.

* In the second case, uncertainties are introducdilten parameters i.eC changes
by 20% and L and L, change by 10% of their nominal values as givehahle 5.1.

* In the third case, different values are assumed Liprto account for utility
impedance variations while other filter parametetin their nominal values as

shown in Table 5.1.

5.7.1. Simulation results

For correct results, the value of THD in the systartput current was calculated using two
methods i.e. a THD block and a Fast Fourier Transf¢FFT) block. Both of these

methods gave similar results. Therefore, measurenfieom THD block are included only.

5.7.1.1 THD in the output current for different levels of the utility THD

First of all, simulation case studies are carriatifor the system with nominal values of the
LCL filter components as is given in Table 5.1. Thput current waveform and THD are
shown in Figs. 5.16 and 5.17.
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Figure 5.16: Waveform of the output current withmnal filter parameters and with 2.5%
utility THD. Controller parameters arkes1.8,k=2.
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Figure 5.17: THD in output current with nomindtdr parameters and with different utility
THD levels.

5.7.1.2 THD in the output current when uncertainty in the filter parametersis taken into
account

(2). THD in the output current for the maximum values of the filter parameters:

Secondly, simulation is done with all the filtearameters increased to the maximum of
their uncertainty level i.e. inductance value (Bstbeen increased by 10% and capacitance
value (C) has been increased by 20%. The finalegafor these parameters arex 1253

uH, L,=55uH, and C=288:F. The output current THD is shown in Fig. 5.18.
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Figure 5.18: THD in output current with maximum wes of filter parameters and with
different utility THD levels.

(2). THD in the output current for the minimum values of the filter parameters:

Thirdly, the simulation is run with all thiglter parameters decreased to the minimum of
their uncertainty level i.e. inductance value (f)decreased by 10% and capacitance value
(C) is decreased by 20%. The final values for thpgameters then are;#4.207uH, L, =
45uH, and C=192uF. The output current THD is shown in Fig. 5.19.
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--®--k=1,kc=1
9p ——— k=1.8,kc=2 e 7

—+ - k=3,kc=3 _ -

THDin output curent (%0

L L L L L L L
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
THD in utility voltage (%6)

Figure 5.19: THD in output current with minimumlwas of filter parameters and with
different utility THD levels.
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(3). THD inthe output current for the different values of L:
Another scenario is investigated by assigning ckffié values to 4 to account for
variations in utility impedance while other filtparameters retain their nominal values. The

results of these case studies are presented inF=Rfsand 5.21.
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o
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time, s

Figure 5.20: Waveform of the output current whex200 uH. L1 and C have their
nominal values as given in Table 5.1. Utility THB 2.5%. Controller parameters are;
k=1.8,k.=2.
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Figure. 5.21: THD in output current with differevalues of L and with different utility
THD levels. Controller parameters ake;l.8,k=2.

Simulation results presented in Figs .5.17-5.19 &r®ll, show that for all the cases

investigated, THD in the output current is lessth& when utility THD is less than 5%
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while filter parameter tolerances are taken intooaat. It is also clear from Fig. 5.21 that
THD in the output current slightly increaseslasis increased upto 500H but it starts
decreasing when,Lis approximately equal to 8QGH or greater than thafhus, output
THD is affected due to variation in utility impedam This can be explained by examining
the disturbance-output relationship of the syst&he disturbance-output function can be
derived by settingd: =0 in Eq. 5.16, which gives;

_1,(s) _ —Gl—(S)D (s)

NO=V 9~ 1+kE)G(6)

5.19
Fig.5.22 shows the disturbance rejection plot iffecent values of utility impedance £).

It is clear from Fig. 5.22 that attenuation of hanits upto the 8 will be the same
irrespective of the magnitude op.LHowever, as L is increased upto 5QGH, attenuation

of higher order harmonics i.e. higher thaf, 8vill decrease as resonance peaks will be
shifted to the left. In the worst case scenariopléiwation of certain harmonics can also
occur that will result in a very large THD. When is approximately equal to 8QfH or
greater than that, attenuation of the harmonickimgtease as the resonance peak becomes
more damped as can be seen from Figs. 5.21 and 5.22

40 n [ i [ [
* + 2= 50uH
o O OL=250H
o — - —12=500uH
= - L2=so0
= 0@ — L=1000M |
> |- L21250uH
=20
_40 Lo Lo L \\
1 2 3 4
10 10 10 10

Frequency (Hz)
Figure 5.22: Frequency plot of Ni(g)different values of utility impedance.
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5.8 EFFECT OF THE ELECTROMAGNETIC COMPATIBILITY
(EMC) CAPACITORS ON THE PERFORMANCE OF A GRID
CONNECTED INVERTER

Electromagnetic compatibility (EMC) capacitors amé&roduced in the inverter circuit to

provide a specific path to the switching frequeayrent components. If this path is not
provided, then the current will flow through stregpacitances present in different parts of
the system i.e. heat sink and chassis. This cufnemse) will spread throughout the system
and will affect the working of the components oé teystem like inductors and DC link

capacitors. EMC capacitors prevent this noise frbappening. However, with the

introduction of the EMC capacitors, the otherwisabke system was found to become
unstable for different values of filter parametarsl utility impedance. This phenomenon,
although quite important as it can affect the paniance of an inverter, has not yet been
taken into consideration by researchers investigathe performance (behaviour of the

output current) of an inverter.

Here the behaviour of the system with EMC capasjtas shown in Fig. 5.23, is analysed
by assigning different values to system parameférs.standard values for the system are
the same as mentioned in Table 5.1. The value of Elpacitance is 5uF while controller

parameters aré=2 andk.=2.

EMC Capacitor

N T

3 Y a C 0? C
b “ "o @;i”b
- Cc o e .=
MM - M @
= I

A5 A d A3 -

EMC Capacitor

.
Drivers <— Controller
[

Figure 5.23: The system showFig. 5.1 with EMC capacitors.
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5.8.1. Simulation resultsfor the system with EMC capacitors

5.8.1.1 When output voltage (Vou) is used in the feedforward loop
In all the simulation cases mentioned below, théTiA the utility voltage Y,) is modelled

as 4.8% and the output voltagg,f) is used in the feedforward loop.

(2). The controller is stable without EMC capacitass shown in Figs. 5.24. When £
120pH, the THD in output current,{) was 1.8%.
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Figure 5.24: Waveform of thg,l and Jes from the system without EMC capacitors
when time delay is enabled whilg=120uH. }, is the output current whilegd is
the reference current.

(2). The controller is unstable with EMC capacitors whane delay compensation is
enabled as shown in Fig. 5.25 except when2BOuH as shown in Fig. 5.26. Whep=L
120uH, the THD indy was 18.6% and whent 240uH, the THD ing,; was 0.16%.
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Figure 5.25: Waveform ofJ; and J¢s from the system with EMC capacitors when

time delay compensation is enabled wHile=120uH
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Figure 5.26: Waveform of; and | from the system with EMC capacitors when

time delay compensation is enabled while240uH

(3). The controller is unstable with EMC capacitottsew time delay compensation is

disabled while L=120uH or 240uH, as shown in Fig. 5.27 for the ealsen L, =120uH.
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However, it is stable when,£60uH as shown in Fig. 5.28. Whep=L120uH, the THD in
lout Was 43.6% and whenyt 60uH, the THD indy was 0.9%.
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Figure 5.27: Waveform of and J¢s from the system with EMC capacitors when
time delay compensation is disabled whijee120uH
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Figure 5.28: Waveform ofJ; and s from the system with EMC capacitors when
time delay compensation is disabled whije®OuH
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5.8.1.2 When an ideal sinewave isused in the feedforward loop
In all the simulation cases mentioned below, theDTH the utility voltage (V) was

modelled as 4.8% and an ideal sine waas used in the Feedforward loop.

(2). The controller is stable with EMC capacitors b steady state error is very large
when time delay is disabled and an ideal sine wavesed in the feedforward loop as
shown in Fig. 5.29. Here;=120uH while utility THD = 4.8%.
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Figure 5.29: Waveform of; and | from the system with EMC capacitors when
time delay compensation is disabled and an islealwave is used in feedforward
loop. Here k =120uH while the utility THD = 4.8%.

(2). The controller is stable with EMC capacitors whéme delay is disabled and an ideal
sine wave is used in the feedforward loop as shiowrig. 5.30. Here £=120uH while
utility THD = 0.
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Figure 5.30: Waveform ofJ; and |t from the system with EMC capacitors when
time delay compensation is disabled and an isieal wave is used in feedforward
loop. Here kL =120uH while the utility THD = 0.

5.8.2. Discussion of theresults

From the results shown in Figs. 5.24 to 5.30, éns& that there is a relationship between
grid impedance, time delay compensator and EMC aimpa. EMC capacitors and grid
impedance cause some resonance frequencies tor sgipee output voltage and if this
voltage is used in the time delay compensator dhénfeedforward loop, then the system
becomes unstable. More investigations, i.e. mathieadamodeling and simulations, are

needed to understand the full significance of piisnomenon which is outside the scope of
this thesis.

5.9 SUMMARY

This chapter has investigated the role of uncer&snn the filter parameters, the utility
impedance and the utility THD on the performancehef THD based islanding detection
schemes for the IIDG. The simulation results ol#dirirom the test system i.e. VSI
connected to the grid through an LCL filter, shdwatt depending upon the design of the
controller, THD in the inverter output current magry with changes in the utility
impedance and the utility THD. Consequently, wogkai the THD based schemes may not
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be effective in islanding detection if these fastare not taken into consideration. A large
L, can reduce the impact of grid impedance on resmnérequency and hence, makes
THD in output current of the inverter less sensgitte variations in the utility impedance.
Thus with a large 4 the selection of THD threshold becomes relativatypte. Moreover,
through simulations, it is shown that EMC capasitcan also affect the islanding detection
schemes used for [IDG as they can introduce a liaxgease in the output current THD of
the inverter. The identification of this phenomenan novel and hence, further

investigations are needed to appreciate its tigrfgiance.
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CHAPTER 6

CONCLUSIONSAND FUTURE WORK

6.1 CONCLUSIONS

The thesis is concerned with the affects of Disteld Generation (DG) on protection of
distribution networks (DNSs). It identifies the pot&l problems that can arise when DG is
connected to a DN and proposes some solutionsiéosdfe integration of DG. Although
the work has been focussed on the simulation afsa study involving DG installation in
a specific DN, we can draw generic as well as s@aticular conclusions from the

investigations of the case study.

The simulation results of the case study show @Gt can cause various protection
related issues including, increase in the faultrantr level, blinding of protection,

sympathetic tripping, reduction in reach of a distarelay, lack of detection of 1LG with
ungrounded utility side interconnection transforngenfiguration and failure of a fuse

saving scheme.

These problems can be solved by a skillful and wvatige application of the traditional
protection practices and approaches as has beeedby designing a protection scheme
for the case study. For example, the problems iofilnig of protection and sympathetic
tripping can be solved by upgrading the feeder reratirecloser with the addition of an
instantaneous overcurrent element (50). When asfvemer with delta or ungrounded
wye on the utility side is used for DG connectiammultifunction voltage relay that relies
upon zero sequence voltage detection principles, loa used to detect abnormal
conditions of islanding due to the tripping of thtdity main circuit breaker or 1LG faults

on the utility network being fed by the DG units.
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Proper recloser-fuse coordination can be restoved & the presence of DG by making
use of the novel fuse saving strategy (proposedClvapter 3) that combines the
characteristics of both the time and instantan€d@slements (i.e. 51 and 50) along with

a simple algorithm for adaptively changing theisgtbf the latter.

Although the proposed solutions work for the sedchetwork, they may have their
limitations when applied to more complex meshedwvodts. The setting of the trip
threshold for the 50 element to solve the probleshsblinding of protection and
sympathetic tripping may be a delicate task, kegmmmind different inrush and starting
currents of transformers and motors in a compléwaosk. Similarly, it may be difficult,

in practice, to adaptively set the 50 element store the recloser-fuse coordination (fuse
saving scheme) as the difference between the &possible settings of the 50 element
(depending upon the number of DG units connecteal) be small for the conventional

relay setting practice.

The solution of distance relay underreach (causgdDi connection) involving

readjustment of the relay zone settings has itsndwle, too. The distance relay can over
reach if the DG units are, subsequently, discomakefrom the network. As the distance
between the various protective devices involvethentransfer trip scheme (designed for
the case study for antiislanding protection) is I§nthe use of the transfer trip scheme
may be economical and reliable. However, the cadtraliability may be an issue when a

transfer trip scheme is applied for antiislandingt@ction in large complex networks.

Protection coordination issues such as lack ofigets and selectivity in isolation of a

fault, can occur in a microgrid due to the bidirecal flow of the fault current and the

low short-circuit current level, especially in atanded mode of operation. Conventional
protection schemes are ineffective in protectingstanded microgrid having an inverter
interfaced DG (IIDG) and need major revision in@rdo detect and isolate the faulty
portion in presence of limited fault currents inclBusystems. Innovative protection
schemes and strategies relying on differentialymetp voltage detection techniques,
adaptive relaying, and detection of symmetrical difiterential current components may

be used to solve these issues.
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THD in the inverter output current may be affec{ddpending upon the design of the
controller) by the variations in the utlity THD dnthe utility impedance and,
consequently, the working of the THD based islagdietection schemes may suffer, if
these factors are not taken into considerationengelecting the trip threshold. A large L
(the inductor of the LCL filter facing the grid) manake the selection of the trip threshold
more reliable and easier as it makes the outpuecuTHD of the inverter less sensitive
to variations in the utility impedance. However,ttwia large Lk, the filter becomes

expensive and bulky.

Electromagnetic compatibility (EMC) capacitors chave an impact on performance
(behaviour of the output current) of a voltage seuyrid connected inverter as shown by
the simulation results. There is a relationshipwieen grid impedance, time delay
compensator and EMC capacitors. EMC capacitors gndl impedance cause some
resonance frequencies to appear at the outputgeolththis voltage is used in the time
delay compensator or in the feedforward loop, ttiensystem becomes unstable. This
factor, if not taken into consideration, will affebe working of the THD based islanding

detection schemes.
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6.2 FUTURE WORK

Due to a continuous increase in industrial and doimenergy demands, power grids are
expected to operate to their maximum capacity. iltegration of DG in the grid has also
raised some issues. That's why there is an incdeased for new protection concepts,
strategies and tools for accurate and better mamigaf a network, to ensure its safe
working. Many areas of future work can be extenfteth the ideas and contents of this

thesis.

More research is needed for the effective and madmplementation of the proposed
fuse saving strategy. The hardware requirementarfafficient and reliable operation of
the scheme should be studied. It needs to be dewunhow accurately the delicate
current pickup settings for the instantaneous G&neht of the scheme can be set. The
accuracy of the current transformers needs to Bmared. This issue is very important as
the difference between various possible settingh@fOC element (depending upon the

number of DG units connected) may be small forcthreventional relay setting practices.

Investigations are needed to determine whetheobit s possible to make use of the 50
element with adaptive current pickup settings (pwilg proposed for solving the
problems of blinding of protection, sympathetipping and recloser-fuse coordination)
for protecting the microgrid (that will result ihtentional islanding is allowed). If it is
possible, then adjustments to the current picktgmgs of the 50 element will have to be
determined to enable it to work in coordination hwitther protective devices in the

microgrid.

Instead of using a physicab in an LCL filter which has its drawbacks, a vitturaductor
can be introduced in the system to make the THRdaslanding detection schemes
more reliable by reducing the impact of utility iegfance on the output current THD. The
concept of virtual impedance is used in [211 -224 Jnimick real impedance for control
design purposes. It is shown in [215, 219] thaaddition of an output current derivative
feedback in the control algorithm is equivalentingcluding a virtual inductor in the
circuit. Virtual L, may be an option but more research (including timalcresults) is

needed to check the working of a THD based islapdietection scheme with a virtual

10¢€
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inductor i.e. whether or not it reliably detecte thlanding and to identify any issues that
need to be taken care of to make it more reliabte @actical. The working of the THD
based islanding detection schemes also need twbstigated when multiple 1IDG units
with different control strategies are employed inedwork. Moreover, the possibility of
complementing THD measurements along with measurewieother parameters, like
voltage or frequency, for islanding detection (ieehybrid islanding detection scheme)

should also be explored.

The possibility of using THD based islanding datatschemes/setups for fault detection
in a microgrid mode of operation should also besatered. It may be possible that the
islanding detection setup may well also be usedrgslrt of a protection scheme for a

microgrid mode of operation. This will reduce thestof the protection setup.

More investigations, involving mathematical modgliand simulations, are needed to
appreciate the full significance of the relatiopsbetween grid impedance, time delay
compensator and EMC capacitors and their impad¢herperformance (behaviour of the
output current) of a grid connected inverter. Téxgrcise will help in making the THD

based islanding detection schemes more effectigegamble.

To solve the protection coordination issues caubgdDG connection to meshed
networks, that may not be solved by applicatiotheftraditional protection practices and

approaches proposed in the thesis, modern ideaeamaiques like;

» adaptive protection schemes,

» phasor measurement units (PMUSs) that rely on aalpbsitioning system
(GPS) time signal for extremely accurate time-stagnpof the power
system information [222-223], and

» intelligent protection systems i.e. expert systand multiagent systems
[143-149],
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need to be further explored (through simulationd practical applications) to increase
their reliability and effectiveness, whilst also kimg them user friendly by reducing their

complexity and cost.

The techniques and strategies involving analysisuofent using digital signal processing
for characteristic signatures of faults [167], depenent of a real-time fault location

technique having capability of determining exaailtfadocation in all situations, use of

impedance methods, zero sequence current andiaigeotietection based relaying, and
differential methods using current and voltage pei@rs [151] have the potential for
developing more robust protection schemes andefihier, need to be further explored to
cope with the new challenges in the case of micigmiotection.

10¢
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APPENDIX A

Al. Table 2.1: Impedances of feeders and Sub-TLs of the test system shown in
Fig. 2.3

Z" 55k feeders 0.2138+j0.2880
Q/km

Z" 69 kv sub-TL 0.2767+0.5673
Q/km

Z%9 kv sub-TL 0.5509+j1.4514
Q/km

B submL 0.00803014065 Q
/km

BY sup-L 0.00481803678
Q/km

A2. Table 2.2: Current settings of protection devices installed in the test system
shown in Fig. 2.3

Protective Fuse | OC oC Earth Earth ocC ocC Fuse
equipment F1 relay | relay | fault fault relay |relay | F2

at at relay at| relay at| at at

LF1 LF2 LF1 LF2 CF1 |CF1
Settings (A) | 200 290 290 140 140 450 45( 380

A3. List of IEEE/ANSI designated protective device numbersused in thethesis

27- Distance relay

50- Instantaneous overcurrent (OC) relay,
51- Time OC relay,

51N-  Neutral time OC relay

50- Overvoltage relay

59I- Instantaneous overvoltage relay

59N-  Neutral overvoltage relay
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67- Directional OC relay
67N-  Neutral directional OC relay
81U/O- Under and Over frequency relay

81R- Residual frequency relay
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APPENDIX B

B1. Equations describing the general char acteristics of arecloser and a fuse
The general characteristics of a recloser invergee tOC element can be
mathematically expressed by the following equafid®].

A

t) =Tl 5~

+B| (3.1)

Wheret is the operating time of the devidds the fault current seen by the device; TD
is time dial settingM is the ratio of | / Jick-up Where }ick.up is device current set poir,

B, p are constants for selected curve characteristics.

Similarly, fuses also have inverse-time OC chara&ttes. Minimum melting (MM)
and total clearing (TC) time for a fuse is usuaéipresented by the straight lirfé Ibg-
log plot. A betterathematical approximation of the fuse characier@t the log—log
curve, to be used in the protection setting, usesand-order polynomial function.
However, the interested range of the curve appemahstraight line within minimum
and maximum values of the fault current (i.emih and Emay, Which is known as the
coordination range i.e. as long as the magnitude$awt current are within the
coordination range, the fuses are coordinated. Mae a linear equation greatly
simplifies the calculations. Thus, fuse characterisurve can be described by the

general equation [121];
log(t) =a.log(l )+b (3.2)

wheretand | are the associated time and current, and theiciegiffs a and b can be

found by curve fitting.
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B2. Table 3.1: Fault currentsfor a 3L G fault at 25% of LF1-1 length for different

combinationsof M and N

M NI Hrota | F-utitity lepci(A) | lers(A) | IrpcAA)
(") (")

0 0 1320 1320 @ 1320 0

1 0 1403 1288 118 1403 0

2 0 1476 1259 221 1476 0

3 0 1539 1233 311 1539 0

In the table, d.rotal is the total fault currentiLiy is the fault current contribution from

the utility source; dps1 and E.ps2 are the fault current contributions from DG1 and

DG2 respectively;Hrs is the fault current that flows through the reelo&3 i.e. the
fault current seen by the 51 and 51 elements.
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APPENDIX C

Cl. Tableb5.1: Parametersand component valuesfor the system shown in Fig.5.1

Parameter Value
Rated powe 80kVA
Utility Phase 230 V (rms)
voltage
DC Link Voltage 900 V(dc)
Inductor L, 230 £ 23 pH
InductorL, 5045 pH
CapacitanceC 240+48pF
Switching 8 kHz
Frequency

113



APPENDIX

114



REFERENCES

REFERENCES

[1] D. T. Rizy and T. W. Reddoch, “Distribution Sgm Protection with Dispersed
Storage and Generation (DSG) Deviceliternational Conference on Distribution

Fusing Varennes, Quebec, November 1981.

[2] M.J. Rook, L.E. Goff, G.J. Potochney, L.J.w&il, “Application of Protective
Relays on a Large Industrial-Utility Tie with Indual Cogeneratiofi |EEE
Transactions on Power Apparatus and Systeros, PAS-100, No. 6, pp. 2804-2812,
1981.

[3] H. Kirkham, D. Nightingale, and T. Koerner, “Brgy Management System Design
with Dispersed Storage and GeneratidBEE Transactions on Power Apparatus and
Systemsyol. PAS-100, No. 7, pp. 3432-3441, 1981.

[4] G. L. Park and O.W. Zastrow, "Interconnectiagsues Concerning Consumer-
Owned Wind Electric GeneratordEEE Transactions on Power Apparatus and
SystemsVol. PAS-101, No.7, pp. 2375-2382, 1982.

[5] J. B. Patton and D. Curtice, “Analysis of utilprotection problems associated with
small wind turbine interconnectionsfEEE Transactions on Power Applications and
systemsVol. PAS-101, No.10, pp. 3957-3966, 1982.

[6] Y. Pourcin, J. Fourgous, and B. Battalia, “Tedal and economic aspects of the
connection of small generating plant to public M¥daLV distribution networks
operated by Electricite de Francé’ Proceedings of the 7th International Conf. on
Electric Distributian, “CIRED”, Belgium, a.02. 1983.

[7] H. Kirkham and R. Das, “Effect of voltage cauwitin utility interactive dispersed

storage and generation system&EEE Transactions Power Apparatus and Systems
Vol. PAS-103, pp. 2277-2282, 1984.

115



REFERENCES

[8] R. Dugan, D. Rizy, “Electric distribution pradhs associated with the
interconnection of small, dispersed generation @yl IEEE Transactions on Power
Applications and Systemgol. PAS-103, No. 6, pp.1121-1127, June 1984.

[9] B. Fardanesh and E.F. Richards, “Distributiorystém Protection with
Decentralized Generation Introduced into the Sy&téEEE Transactions On Industry
Applications Vol. IA-20, No. 1, pp. 122-130, 1984.

[10] R. C. Dugan, S.A. Thomas, and D.T. Rizy, “brating Dispersed Storage and
Generation (DSG) with an Automated Distribution t8ys,” IEEE Transactions on
Power Apparatus and Systenvol. PAS-103, No. 6, p. 1142-1146, 1984.

[11] N. Nichols, “The electrical considerationsdogeneration,IEEE Transactions on
Industry ApplicationsVol. IA-21, pp.754-761, 1985.

[12] D.T. Rizy, W.T. Jewell, and J.P. Stovall, “Oatonal and Design Considerations
for Electric Distribution Systems with Dispersedo@ige and Generation (D$G
IEEE Transactions on Power Apparatus and Syst&ols,PAS-104, No. 10, pp. 2864-
2871, 1985.

[13] T. R. Bowe, S. Igbal, W. D. Dapkus, D. TzRi“A Decision Analysis Model to
Determine the Appropriate Level of Protection fbe tSmall Power producer/ utility
InterconnectionlEEE Transactions on Power Deliveiyol. 1. No.3, pp. 78-89, 1986.

[14] P. A. Nobile, “Power system studies for cogatien: What's really needed?,”
IEEE Transactions on Industry Applicationol. IA-23, pp. 777-785, 1987.

[15] L. J. POWELL, “An Industrial View of Utility ©generation Protection

Requirements,IEEE Transactions on Industry Applicationsol. 24, No 1.pp 75-81,
1988.

116



REFERENCES

[16] R. H. Jones, et al., “Intertie protection ehsumer-owned sources of generation, 3
MVA or less: summary report of an IEEE working gooreport” IEEE Transactions
on Power Deliveryyol. 5, No., pp. 924-929, 1990.

[17] W. J. S. Rogers, “The Parallel operation ohepating plant within a regional
electricity company’s distribution network,” ifEE Colloquium on “The Parallel
Operation of Generating Plant within a Public Elecity Network” Chester, UK, pp.
1-9, Feb. 1991.

[18] S. K. Salman, F. Jiang, and W. J. S. Rogerbe“effect of private generators on
the voltage control of 11 kV networks and on thesrafion of certain protective
relays,” in Athens Power Tech: IEEE/NTUA Inter. Conf. on ModBower Systems

Athens, pp. 591-595, Sept. 5-8, 1993.

[19] J. J. Grainger, S. S. H. Lee, “ldentificatiagfinition and evaluation of potential
impacts facing the US electric utility industry owbe next decade,” Report No. LA-
SUB--94-83, November 1993.

[20] M.M. Elkateb and G. Fielding, “Coordinatinggbection and control of dispersed
generation,”In Fifth International Conference on Developmemnts Rower System
Protection pages 131-135, 1993.

[21] N. JENKINS, “Embedded generatioi®bwer Engineering Journapp 145-150,
June 1995.

[22] W.J.S. Rogers, “Impact of embedded generation design, operation and
protection of distribution networks,/EE Colloquium on the Impact of Embedded
Generation on Distribution NetworkBigest N0.1996/194), pages 3/1-3/7, 1996.

[23] S. K. Salman, “Optimising system losses byeetive Communication between

embedded generators and distribution networks,nin Conf. and Exhibition on
Protecting Electrical Networks and Quality of Supphlondon, Jan. 22—-23, 1997.

117



REFERENCES

[24] A. S. Jhutty, “Embedded generation and the lipublectricity system,”|EE
Colloquium on System Implicatiol$ Embedded>eneration and its Protection and

Control, Birmingham, February 1998.

[25] G. Hodgkinson, “System implications of embeddgneration and its protection
and control. PES perspectjian System Implications of Embedded Generation and Its
Protection and Control (Digest No. 1997/277), IEBIIGquium on 1998.

[26] A. R. Wallace, "Protection of embedded gerieraschemes"|EE Colloquium on
Protection and Connection of Renewable Energy 8ystH1-1/5, 1999.

[27] N. Hadjsaid, J. F. Canard, and F. Dumas, “Bispd generation impact on
distribution networks Computer Applications in Power, IEEE2(2): p. 22-28, 1999.

[28] N. Jenkins, R. Allan, P. Crossley, D. Kirschamd G.Strbac, Embedded
Generation’ IEE, London, 2000.

[29] P. P. Barker, R. W. De Mello, “Determining tirapact of distributed generation
on power system: part 1 — radial distribution systé IEEE Power Engineering
Society vol. 3, pp. 1645-1656, 2000.

[30] S. M. Brahma and A. AGirgis, "Impact of distributed generation on fusela
relay coordination: analysis and remedia@s,Proc. Int. Assoc. Sci. Technolevelop,
Clear water FL, pp. 384-3892001.

[31] A. Girgis, S.Brahma, "Effect of Distributed Generation on Prtiter Device
Coordination in Distribution System," Rroc. Large Engineering Systems Conference
on Power EngineeringHalifax, NS, Canada, pp. 115-119, 2001.

[32] S. K. Salman, and I.M. Rida, “Investigatingtimpact of embedded generation on

relay setting of utilities’ electrical feederdEEE Transactions on Power Delivenyol.
16, Issue: 2, April 2001.

118



REFERENCES

[33] M. Guillot, C. Collombet, P. Bertrand, B. Gz “Protection of embedded
generation connected to a distribution network krsg of mains detectionjih Proc.
CIRED, 16th International Conference on Electriddystribution, Amsterdam, 18-21
June, 2001.

[34] C. J. Mozina, ‘“Interconnection protection ofPH generators at
commercial/industrial facilities,IEEE Trans. Industry Applicationssol. 37, 3, pp.
681-688, 2001.

[35] R. C. Dugan and T. E. McDermott, “Operatingnfticts for distributed generation
on distribution systemsJh Rural Electric Power Conferencpages A3/1-A3/6, 2001.

[36] L. A. Kojovic, and R.D. Willoughby, “Integrain of distributed generation in a
typical USA distribution system,” inElectricity Distribution, 2001. Part 1:

Contributions. CIRED. 16th International Conferenaed Exhibition on (IEE Conf.

Publ. No. 482)2001.

[37] R.C. Dugan and T.E. McDermott, “Distributed ngeation,” IEEE Industry
Applications MagazineB(2):19-25, 2002.

[38] Thomas Ackermann, Valery Knyazkin, “Interactiobetween distributed

generation and the distribution network: operatispect,” 2002.

[39] J. C. Gomez, M. M. Morcos, “Coordinating ovenent protection and voltage sag
in distributed generation systemd$®ower Engineering Review, IEERoOIl. 22, Feb.
2002.

[40] J.A.P. Lopes, “Integration of dispersed getieraon distribution networks-impact

studies,” InNIEEE Power Engineering Society Winter Meetivgl. 1, pages 323-328,
2002.

119



REFERENCES

[41] M. T. Doyle, "Reviewing the Impacts of Distribut€kneration on Distribution
System Protection'RPower Engineering Society Summer Meeting, IBBE 1, pp. 103
— 105, 2002.

[42] W.E. Feero, D. C. Dawson, J. Stevens. : td@ation Issues of the Microgrid
Concept", White Paper by the Consortium for Electric Relidhil Technology
Solutions March 2002.

[43] R. C. Dugan, T. E. McDermott, “Operating cact$ for distributed generation
interconnected with utility distribution systems[EEE Industry Applications
Magazine pp. 19 — 25, March — April 2002.

[44] P. Dondi, D. Bayoumi, C. Haederli, D. Julimamd M. Suter, “Network integration
of distributed power generationjburnal of Power Source¥ol. 106, pp. 1-9, 2002.

[45] S. M. Brahma and A. A. Girgis, “Microprocesdmased reclosing to coordinate
fuse and recloser in a system with high penetratiodistributed generationjh Proc.
IEEE Power Engineering Society, Summer Meetira. 1, pp.453-458, 21-25 July,
2002.

[46] R. H. Lasseter et al., “White Paper on Intéigra of Distributed Energy
Resources: The CERTS MicroGrid Conce@ERTS 2002.

[47] M. Megdiche, Y. Besanger, J. Aupied, R. Garnid. Hadjsaid, “Reliability
assessment of distribution systems with distribigederation including fault location
and restoration processti Proc. CIRED, 17th International Conference omdticity
Distribution, Barcelona, 12 — 15,May, 2003.

[48] F. M. Gatta, F. lliceto, S. Lauria, P. Masdt®ehaviour of dispersed generation in
distribution networks during system disturbancesabures to prevent disconnection,”
in Proc. CIRED, 17th International Conference ordficity Distribution Barcelona,
12 — 15 May, 2003.

120



REFERENCES

[49] I. Chilvers, N. Jenkins and P. Crossley, “Diepeent of distribution network
protection schemes to maximize the connection sfriduted generation,in Proc.
CIRED, 17th International Conference on Electricystribution, Barcelona, 12-15
May, 2003.

[50] J. D. kueck, B. J. Kirby, “The distribution €¢m of the future”The Electricity
Journal,16(5): 78-87, 2003.

[51] T. Tran-Quoc, C. Andrieu, and N. Hadjsaid, €haical impacts of small
distributed generation units on LV networks,” IBEE PowerTech 2003Bologna,
Italy, 2003.

[52] Working group D3,"Impact of distributed resoes on distribution relay
protection,” Line protection subcommittee of theMeo System Relay Committee of

the IEEE Power Engineering Society, Aug. 2004.

[53] T. M. de Britto, D. R. Morais, M. A. Marin, &. Rolim, H. H. Zirn and R. F.
Buendgens, “Distributed generation impacts on therdination of protection systems
in distribution networks,” in ProdEEE Power Engineering Society, Transmission and
Distribution Latin América, SaoPaulo, pp. 623-628, 2004.

[54] S. M. Brahma and A. A. Girgis, “Developmentadaptive protection scheme for
distribution systems with high penetration of disited generation,” |IEEE

Transactions on Power Deliveryol. 19, No. 1, pp. 56-63, 2004.

[55] M. Baran and |. EI-Markabi, “Adaptive over cent protection for distribution
feeders with distributed generators)’Proc. IEEE Power Engineering Society Power

Systems Conference and Expositign 715-719, 2004.
[56] K. Kauhaniemi, L. Kumpulainen, “Impact of distrileat generation on the

protection of distribution networksPevelopments in Power System Protection, Eighth
IEE International Conferencgev/ol.1, pp.315-318, April 2004.

121



REFERENCES

[57] L. K. Kumpulainen, K. T. Kauhaniemni, "Analgsif the impact of distributed
generation on automatic reclosingdwer Systems Conference and Exposition, IEEE
PES Vol.1l pp. 603 — 608, 10- 13ct. 2004

[58] L. Kumpulainen and K. Kauhaniemi, “Distributegeneration and reclosing

coordination,”Nordic Distribution and Asset Management Confere2084.

[59] R.H. Lasseter, P. Piagi. "Microgrid: A Conceptualusion”. Proc. of PESC
Aachen, Germany 3625" June 2004.

[60] K. Maki, S. Repo, and P. Jarventausta., “Bffeicwind power based distributed
generation on protection of distribution networl8™ International Conference on

Developments in power System Protectfgm,327-330, 2004.

[61] S. S. Venkata, A. Pahwa, R. E. Brown and R. hristie, "What Future
Distribution Engineers Need to LearhEEE Transactions on Power Systensl. 19,
No. 1, pp 17-23, Feb. 2004.

[62] J. Jager, T. Keil, L. Shang and R. Krebs, “Newtection co-ordination methods
in the presence of distributed generatian” Proc. of Eighth IEE International
Conference on Developments in Power System Protedtol. 1, pp. 319-322, 5-8
April 2004.

[63] Y. Baghzouz, “Voltage Regulation and Over-currentéction Issues in
Distribution Feeders with Distributed Generation cadse Study”Proceedings of the

38th Hawaii International Conference on System i8ms- 2005

[64] M. Geidl, “Protection of Power Systems withsBibuted GeneratiorState of the
Art” , Power Systems Laboratorig TH Zurich, 2005.

[65] “Distribution System Design for Strategic UskDistributed Generation'EPR],
Palo Alto, CA, 2005.

122



REFERENCES

[66] N. Jayawarna, N.Jenkins, M.Barnes, M.LorenizdS. Papthanassiou, N.
Hatziagyriou, “Safety analysis of a microgridint. conference on future power

systemgspp.1-7, 2005.

[67] H. Wan, K.K. Li, K.P. Wong,"A multi-agent approach to protection relay
coordination with distributed generators in indiadtrpower distribution system®,
Industry Applications Conference, Fortieth IA8nual Meeting Conference Record of
the 2005 Vol. 2, pp.830- 8 3 6, Oct. 2005.

[68] M. E. Baran and |. El-Markaby, “Fault analysis distribution feeders with
distributed generators,[EEE Transactions on Power Systenvol. 20, No. 4, pp.
1757-1764, 2005.

[69] H. Al-Nasseri, M.A. Redfern, R. O'Gorman, “Rroting microgrid systems

containing solid-state converter generatidnt, Conf. on Future Power Systen2§05.

[70] S. Chaitusaney and A. Yokoyaménpact of Protection Coordination on Sizes of
Several Distributed Generation Sourteis 7th International Power engineering
ConferencdIPEC) Vol. 2. pp. 669- 674, 2005.

[71] L. Kumpulainen, K. Kauhaniemni, P. Verh@,Vahamaki, "New requirements
for system protection caused by Distributedn&ation”, in Proc. 18h Int. Conf.
on Electricity Distribution (CIREDR)4pp.,Turin, June 2005.

[72] K. Maki, S. Repo, and P. Jarventausta, PtmecCoordination to meet the
requirements of Blinding Problems caused by Disted Generation, WSEAS
Transactions on Circuits and Systems, Vol. 4, |S5ymp. 674-683, July 2005.

[73] B. Hadzi-Kostova and Z. Styczynski, “Networkofection in distribution systems

with dispersed generationin Proc. Transmission and Distribution Conferenaaeda
Exhibition, IEEE PESpp. 321- 3262005/2006.

123



REFERENCES

[74] B. Pettigrew, “Interconnection of a "Green RoWDG to the Distribution System,
A Case Study,” inTransmission and Distribution Conference and Exfohi IEEE
PES 2006.

[75] C. Kwok and A.S. Morched, “Effect of Adding fributed Generation to
Distribution Networks. Case Study 3 - Protectionof@nation Considerations with
Inverter and Machine Based DG”, Report CETC 2008-R), April 2006.

[76] M. Nagpal, F. Plumptre, R. Fulton, T.G. Maitin, “Dispersed generation
interconnection-utility perspective|lEEE Transactions oindustry ApplicationsVol.
42 No. 3, p. 864-872, 2006.

[77] G. Kaur, and M. Y. Vaziri, “Effects of distrited generation (DG)
interconnections on protection of distribution feexy” in Power Engineering Society
General Meeting, IEEE2006.

[78] J. Driesen, P. Vermeyen, R. Belmans, "Probectissues in microgrids with

multiple distributed generation unitg® Power Conversion ConfNagoya, 2007.

[79] H. Nukkhajoei, R. H. Lasseter, “Microgrid Pection”, IEEE PES General
Meeting 2007.

[80] J. I. Marvik, A. Petterteig, and H. K. Hoidale“Analysis of Fault Detection and
Location in Medium Voltage Radial Networks with Bibuted Generation,in Power
Tech, IEEE Lausann007.

[81] R. M. Tumilty et al., “Coordinated ProteatioControl & Automation Schemes
for Microgrids”, Int. Journal of Distributed Energy Resourcesl. 3, pp. 225-241,

2007.

[82] M. Brucoli, T. C. Green, “Fault behaviour islanded microgrids”, "9 Int.

Conference on Electricity Distribution Viennap. 21-24, 2007.

124



REFERENCES

[83] Edward Coster, Johanna Myrzik, Wil Kling, “Efft of distributed generation on
protection of medium voltage cable grids19th International Conference on
Electricity Distribution Vienna, 21-24 May 2007.

[84] “Protection Coordination Planning with Distuted Generation”, Final Report,
CETC, Canada, June 2007.

[85] A. S. Emhemed, G. Burt, and O. Anaya-Lara, gaat of high penetration of
single-phase distributed energy resources on theegron of LV distribution
networks,” inUniversities Power Engineering Conference (UPE@)dtinternational

2007.

[86] J. A. Silva, H. B. Funmilayo, and K.L. Butl®urry, “Impact of Distributed
Generation on the IEEE 34 Node Radial Test Feedtr @vercurrent Protection,” in
Power Symposium, NAPS '07. 39th North Ameri2an?7.

[87] Y. Lu, L. Hua, J. Wu, G. Wu, G. Xu, “A Studyhd=ffect of Dispersed Generator
Capacity on Power System Protectionn Power Engineering Society General
Meeting, IEEE2007.

[88] F. L. Gao and J.D. Cai, “Analysis for distrted generation impacts on current
protection in distribution networks,”Journal of Electric Power Science and
TechnologyVol. 23, No. 3, pp. 58-61, 2008.

[89] Mahadanaarachchi, V.P.; Ramakuma, R.; ImpdicDistributed Generation on
distance protection performance - A revielEEE Power and Energy Society General
Meeting: Conversion and Delivery of Electrical Eggiin the 21st Century, PEBp 1-

7, 2008.

[90] R. A. Walling, R. Saint, R.C. Dugan, J. BurkeA. Kojovic, “Summary of

Distributed Resources Impact on Power Delivery &yst’ IEEE Transactions on
Power DeliveryVol. 23, No. 3, pp. 1636-1644, 2008.

125



REFERENCES

[91] Edward Coster, Johanna Myrzik, Wil Kling, “ggration of distributed generation
in medium voltage grids- protection issuesiternational Journal of Distributed
Energy Resource¥ol. 5, No. 3, pp. 167 — 186, 2009.

[92] S. Conti, “Analysis of Distribution Network &tection Issues in presence of
Dispersed GenerationElectric Power Systems Research Jourivall. 79, Issue 1, pp.
49-56, January 20009.

[93] S. Conti, S. Nicotra, “Procedures for Faultchtion and Isolation to Solve
Selectivity Problems in MV Distribution Networks thi Dispersed Generation,”
Electric Power Systems Research Jourwall. 79, Issue 1, pp. 57-64 January 2009.

[94] S. Conti, L. Raffa, U. Vagliasindi, “Analysis Protection Issues in Autonomous
Micro-grids,” Proc. Of CIRED Prague, 08-11 June, 2009.

[95] S. Conti, S. Raiti, “Integrated Protection 8ofe to Coordinate MV Distribution
Network Devices, DG Interface Protections and MiGmids Operation”)nternational

Conference on Clean Electrical Powegpp 640-646, 2009.

[96] Titti Saksornchai, Bundhit Eua-arporn, “Detémation of Allowable Capacity of
Distributed Generation with Protection Coordinati@onsideration”, Engineering
Journal Vol. 13, (3), pp. 29-44, 2009.

[97] J. A. Martinez, J. Martin-Arnedo, “Impact oistributed generation on distribution
protection and power qualityTEEE Power and Energy Society General Meeting, PES
'09, pp. 1-6, 2009.

[98] K. L. Butler-Purry, and H.B. Funmilayo, “Ovenaent protection issues for radial

distribution systems with distributed generatois,Power & Energy Society General
Meeting, 2009. PES '09. IEEEBO009.

126



REFERENCES

[99] W. Rojewski, Z. A. Styczynski, and J. lzykdws“ Selected problems of
protective relaying for distribution network withsttibuted generation,” ifPower &
Energy Society General Meeting, PES '09. IEEED9.

[100] H. Cheung, et al., “Investigations of impaofdistributed generations on feeder

protections,” inPower & Energy Society General Meeting, PES '02HE2009.

[101] W. El-khattam, T. S. Sidhu, “Resolving thepatt of distributed renewable
generation on directional overcurrent relay coamtion: a case study,Renewable
Power Generation, IET3(4): p. 415-425, 2009.

[102] G. N. Koutroumpezis, A. S. Safigianni, G. Bemetzos, J. G. Kendristakis,
“Investigation of thedistributed generation penetration in a medium ag#t power
distribution networkK International Journal of Energy ResearcNol. 34 Issue
7, pp. 585 —593, Jun 2010.

[103] C. Zhigiang, W. Baohua, “Realization of CurreProtection in Distribution
Network with Distributed Generation,” iRower and Energy Engineering Conference
(APPEEC), Asia-Pacific2010.

[104] C. Mozina, “Impact of Green Power Distribute@eneratiorf Industry
Applications Magazine, IEEE6(4): p. 55-62, 2010.

[105] S. Kwon, C. Shin, W. Jung, “Evaluation of fction coordination with
distributed generation in distribution networks” Developments in Power System
Protection (DPSP), Managing the Change, 10th IETermational Conference on
2010.

[106] B. Hussain, S. M. Sharkh, S. Hussain, "Impsatlies of distributed generation
on power quality and protection setup of an exgstindistribution
network," International Symposium dPower Electronics Electrical Drives Automation
and Motion (SPEEDAMRisa Italy, pp.1243-1246, June 2010.

127



REFERENCES

[107] P. Naisani, et al, “Protection of Distribut€&neration (DG) interconnection,” in
Protective Relay Engineers, 2010 63rd Annual Canrfee for 2010.

[108] E. J. Coster, J. M. A. Myrzik, B. Kruimer, W.Kling, "Integration Issues of
Distributed Generation in Distribution Grid®toceedings of the IEEEVol. 99, No.1,

pp. 28-39, Jan. 2011.

[109] CIGRE Task Force 38.02.19, “System protecsohemes in power networks,”
Final draft v 5.0, 2000.

[110] E. Lakervi and E. J. HolmesElectricity distribution network designin IEE
Power Engineering Series 2llondon, UK: Peter Peregrinus Ltd., on behalfhaf IEE,

1995.

[111] J. M. Gers, E. J. Holme®Rrotection of electricity distribution networks

Institution of Electrical Engineers, London, Unit€oshgdom, 1998.

[112] P.M. Anderson, 199&ower System ProtectiplEEE New York, United States.

[113] J. Lewis Blackburn, T. J. DomirProtective Relaying — Principles and
Applications CRC Press, Third edition, 2007.

[114] GEC Alstom T&D Protective Relays: Application Guidérd ed., Stafford, UK,
1987.

[115] IEEE Standard for Interconnecting Distributed Re®es with Electric Power
SystemslEEE Std. 1547-2003.

[116] Mozina, C.J., Ihterconnect protection of dispersed generatoirs Transmission
and Distribution Conference and Exposition, 200EEAPES 2001.

128



REFERENCES

[117] Dick, E.P, and Narang, A., “Canadian Urbam@&wamnark Distribution Systems”,
report # CETCVarennes 2005-121 (TR), CANMET Eneiiggchnology Centre —

Varennes, Natural Resources Canada, July 20057.36 p

[118] IEEE Standard Electrical Power System Device FamctNumber$ IEEE Std
C37.2-1987, Vol., no., pp.0-1, 1987.

[119] IEEE Standard Inverse-Time Characteristic Equatiémis Overcurrent Relays
IEEE Standard C37.112-1996, September 1996.

[120] S. Chaitusaney and A. Yokoyama, “An apprdgridistributed generation sizing
considering recloser-fuse coordination,” iRroc. IEEE/PES Transmission and
Distribution Conf. Exhibit.pp. 1-6, 2005.

[121] S. Chaitusaney, A. Yokoyama, "Preventionreliability degradation from
recloser-fuse miscoordination due to distributedchegation,” IEEE Transaction on
Power DeliveryVol. 23, No. 4, pp. 2545-2554, 2008.

[122] A. Farzanehrafat, S.A.M. Javadian, S.M.T. Hdae, M.-R. Haghifam,
"Maintaining the Recloser-Fuse Coordination in Bisttion Systems in Presence of
DG by Determining DG’s Size,The 9th IET International conf. on Developments in
Power System Protectippp. 124-129, 2008.

[123] H. H. Zeineldin, E. F. El-Saadany, “Fault @mt limiters to mitigate recloser
fuse miscoordination with Distributed GeneratiobQJth IET International Conference
on Developments in Power System Protection (DPSP)nagiag the Change,
Manchester, UK, pp.1-4, 2010.

[124] W. El-Khattam, T. S. Sidhu, “Restoration ofré&xtional Overcurrent Relay

Coordination in Distributed Generation Systemsikltig Fault Current Limiter’|EEE
Transactions on Power Deliveryol. 23, No. 2, pp.576- 585, 2008.

129



REFERENCES

[125] S. A. A. Shabhriari,, M. Abapour, A. Yazdiad, R. Haghifam, “Minimizing the
impact of distributed generation on distributiorotection system by solid state fault
current limiter”,IEEE Transmission and Distribution Conference axgdsition pp.1-

7, 2010.

[126] J. Kumara, A. Atputharajah, J. Ekanayake, Mumford, “Over current
protection coordination of distribution networksthvifault current limiters”|EEE

Power Engineering Society Meetjmp. 1-7, 2006.

[127] G. Tang and M. R. Iravani, “Application offault current limiter to minimize
distributed generation impact on coordinated relpsotection,” International

Conference on Power Systems Transijévitsntreal, Canada, 2005.

[128] J.F. Witte, S.R. Mendis, M.T. BishopJ.A. Kischefsky, “Computer-aided
recloser applications for distribution systemSgmputer Applications in PowelEEE,
Vol. 5, No. 3, p. 27-32, 1992.

[129] A. Zamani, T. Sidhu, A. Yazdani, “A stratedgr protection coordination in

radial distribution networks with distributed geatrs” IEEE Power and Energy
Society General Meetingp.1-8, 2010.

[130] C. McCarthy, R. O’'Leary, and D. Staszesky 8w fuse-saving philosophy,”
DistribuTECH, Tampa, Florida, pp. 1-7, January 2008

[131] K. R. Shah , E. D. Detjen and A. G. Phadk&easibility of adaptive distribution
protection system using computer overcurrent ratgionceptlEEE Transactions on
Industry ApplicationsVol. 24, No. 5, pp. 792-797, 1988.

[132] A. Y. Abdelaziz , H. E. A. Talaat, A. I. Na=s, A. A. Hajjar, “An adaptive

protection scheme for optimal coordination of owerent relays,”Electric Power
Systems Researctiol. 61, No. 1, pp.1-9, 2002.

130



REFERENCES

[133] A. Conde, E. Vazquez, and H. J. Altuve, “Tiroeercurrent adaptive relay,”
International Journal of Electrical Power and EngrgSystemsVol. 25, No.10,
pp.841-847, 2003.

[134] A. Conde, E. Vazquez, “Enhanced time ovemnirrcoordination,”Electric
Power Systems Researdfol. 76, No.6—7, pp. 457-465, 2006.

[135] H. Cheung, A. Hamlyn,Y. Cungang R. Cheung,etiMork-based Adaptive
Protection Strategy for Feeders with Distributech&ations,”IEEE Electrical Power
Conference, Canadapp.514-519, 2007.

[136] A. Conde, and E. Vazquez, “Functional Stroetfor Performance Improvement
of Time Overcurrent RelaysElectric Power Components and SysteWa. 35, No. 3,
pp. 261-278, 2007.

[137] A. Conde, E. Vazquez, “Operation logic propogor time overcurrent relays,”
IEEE Transactions on Power Deliveryol. 22, pp. 2034-2039, 2007.

[138] Y. Han, X. Hu, D. Zhang, “A new adaptive cemt protection scheme of
distribution networks with distributed generatiomternational Conference on
Sustainable Power Generation and Supply (SUPER®EN Nanjing, China, pp.1-5,
2009.

[139] Z. Li, W. Tong, F. Li, S. Feng, “Study on Autéve Protection System of Power
Supply and Distribution Line Ihternational Conference oRower System Technology,
Chongqging Chingpp.1-6, 2006.

[140] N. Schaefer, T. Degner, A. Shustov, T. K@dil,Jaeger, “Adaptive protection
system for distribution networks with distributecheegy resources10th IET
International Conference obevelopments in Power System Protection (DPSP),
Managing the Changélanchester, UK, pp.1-5, 2010.

131



REFERENCES

[141] S. A. M. Javadian and M. R. Haghifam, P. Baradeh, “An Adaptive Over-
current Protection Scheme for MV Distribution Netk® Including DG,” Proc.
ISIEOS - IEEE International Symposium on IndustEgctronics Cambridge, UK, pp.
2520-2525, 2008.

[142] F. A. Viawan, D. Karlsson, A. Sannino, et, atProtection scheme for meshed
distribution systems with high penetration of dimsited generation,Power Systems

Conference: Advanced Metering, Protection, Cont@dmmunication, and Distributed

Resourcespp. 99-104, 2006.

[143] R. P. Broadwater, J. C. Thompson, S. RahrAagargent “An expert system for
integrated protection design with configurable rildsttion circuits. I.” IEEE Trans.
Power Deliveryol. 9, No. 2, pp.1115-1121, 1994.

[144] R. P. Broadwater, J. C. Thompson, S. RahrAaargent,“An expert system for
integrated protection design with configurable ridsition circuits. II” IEEE Trans.
Power Deliveryvol. 9, No. 2, pp. 1121-1128, 1994.

[145] H. W. Hong, C. T. Sun, V. M. Mesa, S. Ng “Rrctive device coordination
expert System,/EEE Trans. Power Delivery/ol. 6, No. 1, pp. 359-365, 1991.

[146] K. Tuitemwong, and S. PremrudeepreechacH&xpert system for protection
coordination of distribution system with distribdtgeneratorsiinternational Journal
of Electrical Power & Energy System#ol. 33,No. 3, :pp. 466-471, 2011.

[147] H. Wan; K. K. Li, K. P. Wong; “Multi-agentpglication of substation protection
coordination with distributed generatorsEuropean Transactions on Electrical
Power; Vol. 16, pp. 495-506, 2006.

[148] H. Wan, K. P. Wong,; C. Y. Chung, “Multi-ageapplication in protection
coordination of power system with distributed gexiens,”Power and Energy Society
General Meeting - Conversion and Delivery of Elealr Energy in the 21st Century
Vol., No., pp.1-6, 2008.

132



REFERENCES

[149] H. Wan, K. K. Li,; K. P. Wong, “An AdaptivéMultiagent Approach to
Protection Relay Coordination With Distributed Gexters in Industrial Power
Distribution System,1EEE Transactions onindustry Applications, Vol. 46, No. 5,
pp. 2118-2124, 2010.

[150] S. Su, K. K. Li, W. L. Chan, X. Zeng; X. Duan*Agent-based self-healing
protection system,[EEE Transactions onPower Delivery,Vol. 21, No. 2, pp. 610-
618, 2006.

[151] W. E. Feero, D. C. Dawson, and J. Stevendhit¥\paper on Protection Issues of
The MicroGrid Concept”, Consortium for Electric Rddility Technology Solutions,
March 2002.

[152] J.A.P. Lopes et al.,, 2006, "Defining contsttategies for microgrids Islanded
operation", IEEE Transactions on Power Systems2¥pho. 2, 916-924.

[153] N. Jayawarna et al., "Safety analysis of aragrid", International conference on

future power system$-7, 2005.

[154] A. V. Timbus, et al., "Control strategies fdistributed power generation systems
operating on faulty grid'1SIEOG 2006.

[155] M.E. Baran, I. EI-Markaby, 2005, "Fault aysib on distribution feeders with
distri- buted generators”, IEEE Trans. on Poweteys, vol.20, no. 4, 1757-1764

[156] R.M. Tumilty, M. Brucoli, G.M. Burt, T.C. feen, "Approaches to network
protection for inverter dominated electrical distiion systems"PEMD, vol.1, 622-
626, 2006.

[157] H. H. Zeineldin, E. F. El-Saadany, andM.A. Salama, "Distributed Generation
Micro-Grid Operation: Control and Protection," iRower Systems Conference:
Advanced Metering, Protection, Control, Communmatiand Distributed Resources,
PS '06 pp. 105-111,2006.

133



REFERENCES

[158] Maria Brucoli, Tim C. Green,’Fault behaviour islanded microgrids’ 9th

International Conference on Electricity Distributi¥ienna, 21-24 May 2007.

[159] M.E. Baran, I. El-Markaby, "Fault analysis distribution feeders with distri-
buted generators”, IEEE Trans. on Power Systemi@0yao. 4, 1757-1764, 2005.

[160] R.M. Tumilty, I.M. Elders, G.M. Burt & J.R. bDonald, Coordinated
Protection, Control & Automation Schemes for Miardg’

[161] Sannino, "Static transfer switch: analysis sufitching conditions and actual
transfer time," inPower Engineering Society Winter Meeting, IEEEpp. 120-125
vol.1,2001.

[162] T. Ise, M. Takami, and K. Tsuji, "Hybrid trsfier switch with fault current
limiting function," in Harmonics and Quality of Power, 2000. Proceedinyith

International Conference qmpp. 189-192 Vol.12000.

[163] Shi, Shenxing.; Jiang, Bo.; Dong, Xinzhou.p,BZhigian.; , "Protection of
microgrid,” Developments in Power System Protec{ibRSP). Managing the Change,
10th IET International Conference on, vol., n@,1p4, March 29 2010-April 1 2010.

[164] Alexandre Oudalov, Antonio Fidigatti, “Adapé network protection in
microgrids,” International Journal of Distributed Energy ResoescVol. 4, No. 3, pp.
201 — 225, 2009.

[165] H. Nikkhajoei, R.H.Lasseter, “MicroGrids Pegtion”, IEEE Power Engineering
Society General Meeting. 2007.

[166] Hassan Nikkhajoei and Robert H. Lassetdi¢rogrid Fault Protection Based

on Symmetrical and Differential Current Componen@lifornia Energy Commission,
Public Interest Energy Research Program, underr@ciritlo. 500-03- 024.

134



REFERENCES

[167] J.D. kueck, B.J. Kirby, “The distribution $gm of the future”,The Electricity
Journal, 16(5): 78-87, 2003.

[168] Thacker, T., et al,Single-phase islanding detection based on phadestbtoop
stability’, in Energy Conversion Congress and Exposition, 2000CEEQ009. IEEE
20009.

[169] Mahat, P., C. Zhe, and B. Bak-JensdReView of islanding detection methods
for distributed generatidh in Electric Utility Deregulation and Restructuring and
Power Technologies, 2008. DRPT 2008. Third Inteamati Conference ar2008.

[170] Funabashi, T., K. Koyanagi, and R. Yokoyafrareview of islanding detection
methods for distributed resouréeg Power Tech ConferenceProceedings, 2003 IEEE
Bologna 2003.

[171] Skocil, T., et al. Passive and active methods of islanding for PVesyst, in
Power Electronics and Applications, 2009. EPE '@8th European Conference .on
20009.

[172] Kunte, R.S. and G. Wenzhondg;dmparison and review of islanding detection
techniques for distributed energy resourcesi,Power Symposium, 2008. NAPS '08.
40th North American2008.

[173] H. Kabayashi, K. Takigawa, and E. Hashiméktethod for preventing islanding
phenomenon on utility grid with a number of smaldle PV systems,” Second IEEE

Photovoltaic Specialists Conference, vol.1, pp.-806, 1991.

[174] M. Ropp, “Design Issues for Grid-Connecteldofdvoltaic Systems”, Ph.D.
dissertation, Georgia Institute of Technology, Ati GA, 1998.

[175] W. Bower and M. Ropp, "Evaluation of islangirdetection methods for
photovoltaic utility interactive power system", énhational energy agency, Report IEA
PVPS T5-09:2002.

135



REFERENCES

[176] Wilsun Xu, Konrad Mauch, Sylvain Martel, "Aassessment of DG islanding
detection = methods and issues for Canada,” CETGervies  2004-074 (TR) 411-
INVERT, Canada, July, 2004.

[177] Hyung Soo, M., et alCurrent THD reduction and anti-islanding detection
distributed generation with grid voltage distortionin Sustainable Energy
Technologies, 2008. ICSET 2008. IEEE Internatidbahference on2008.

[178] JANG S.-l.,, KIM K.-H., “An islanding detectio method for distributed
generations using voltage unbalance and total haiordistortion of current”, IEEE
Trans. Power Deliv.,2004, 19, (2), pp. 745-752.

[179] Karegar, H.K. and A. Shataee, “Islanding data of wind farms by THD”, in
Electric Utility Deregulation and Restructuring afbwer Technologies, 2008. DRPT
2008. Third International Conference.d2008.

[180] Hamzeh, M. and H. Mokhtari, “Power qualitynsparison of active islanding
detection methods in a single phase PV grid coedechverter”, in Industrial
Electronics, 2009. ISIE 2009. IEEE Internationah§psium on2009.

[181] Massoud, A.M., et al., “Harmonic distortioaded island detection technique for
inverter-based distributed generation”, Renewaloled? Generation, IET, 2008(4):
p. 493-507.

[182] Guiliang, Y., “A Distributed Generation Isldimg Detection Method Based on
Artificial Immune System”, in Transmission and Distribution Conference and
Exhibition: Asia and Pacific, 2005 IEEE/PEZ)05.

[183] ANSI/IEEE Std. 519-1992. Recommendation pcast and requirements for

harmonic control in electrical power systems.

[184] D. Handran, R. Bass, F. Lambert, J. Kenné@mulation of Distribution

Feeders and Charger Installation for the Georgeh T&ympic Electric Tram System”,

136



REFERENCES

Proc. of the 5th IEEE Workshop on Computers in édilectronics August ,1996, p.
168-175.

[185] Mohan Ned, Tore M. Undeland and William P.bRms, “Power Electronics
Converters, Applications, and Desigrgublished by John Willy and Son$hird
Edition 2006.

[186] Sharkh, S. M., Hussien, Z. F. and SykuldkK. ‘Current control of three-
phase PWM inverters for embedded generators’, IEEn&rnational Conference on
Power Electronics Variable Speed Drives, Lond@®® pp.524-529.

[187] M. P. Kazmierkowski and L. Malesani, “Currecdntrol techniques for three-
phase voltage-source PWM converters: AsurvéiyEE Trans. Ind. Electranvol.45,
pp.691-703,0ct.1998.

[188] M. Lindgren and J. Svensson, “Control of dtage-source converter connected
to the grid through an LCL-filter-Application to t@aee filtering,” Proc. IEEE PESC
1998, pp. 229-235.

[189] P. C. Loh, M. J. Newman, D. N. Zmood, and@® Holmes, “A comparative
analysis of multi-loop voltage regulation strategi®r single and three-phase UPS
systems,IEEE Trans. Power Electron.vol. 18, no. 5,pp. 1176-1185, Sep. 2003.

[190] E. Twining and D. G. Holmes, “Grid currertgulation of a three-phase voltage
source inverter with an LCL input filterJEEE Trans. Power Electronvol. 18, no. 3,
pp. 888-895, (2003).

[191] S.M. sharkh, M. Abu-Sara, “Current Controluwility-connected two- and three-
level PWM inverters”EPE Journal Vol. 14, 2004.

[192] T. Abeyasekera, C. M. Johnson, D. J. Atkinsord M. Armstrong, “Suppression
of line voltage related distortion in current catied grid connected invertersYower
Electronics, IEEE Transactions ovpl. 20, pp. 1393-1401, 2005.

137



REFERENCES

[193] Poh Chiang Loh. “Analysis of Multiloop Contr&trategies for LC/CL/LCL-
Filtered Voltage-Source and Current-Source InvejtetEEE Trans on Industry
Applications 2005, 2(41):644-654.

[194] B. Bolsens, et ai, "Model-based generationlaf distortion currents phase
voltage source inverter with an LCL input filtedEEE Trans. on Power Electran
Vol. 18, No.3, pp. 888-895, 2003.

[195] M. Prodanovic and T. Green, "Control antkfildesign of three phase inverters
for high power quality grid connectionlEEE Trans. Power ElectronVol. 18, No.1,
pp. 373-380, (2003).

[196] Shoji Fukuda and Takehito Yoda, “A novel @amt-tracking method for active
filters based on a sinusoidal internal mod&EEE Trans. Ind. Applications/ol.37-3,
pp.888-895, 2001.

[197] X. Yuan, W. Merk, H. Stemmler,and J. Allmmd “Stationary-Frame
Generalized Integrators for Current Control of s&etPower Filters with Zero Steady-
state Error for Current Harmonics of Concern Undlsbalanced and Distorted
Operating Conditions,”IEEE Trans. Ind. Applicat vol.38-2, pp.523-532, Mar./Apr.
2002.

[198] M. Lindgren and J. Svensson, "Connecting Fawitching Voltage Source
Converters to the Grid-Harmonic Distortion and Reduction”. IEEE Stockholm
Power Tech Conferenc&tockholm, June 18-22, Proceedings of Power Elpriciso
p.191-195, 1995.

[199] Ito, Y and Kawauchi, S, ‘Microprocessor bagebflust digital control for UPS

with three-Phase PWM invertedEEE Trans. on Power Electronic¥ol.10, No.2,
March, 1995.

138



REFERENCES

[200] D.N. Zmood, D.G. Holmes, “Stationary framerremt regulation of PWM
inverters with zero steady-state error,” IEEE TrdPswer Electron., vol.18-3, pp.814-
822, May 2003.

[201] M. Liserre, R. Teodorescu, and F. Blaabjeidultiple harmonics control for
three-phase grid converter systems with the uge-i@s current controller in a rotating
frame,” IEEE Trans. Power Electronvol. 21, no. 3,pp. 836—841, May 2006.

[202] M. Liserre, R. Teodorescu, and F. Blaabjégiability of Photovoltaic and Wind
Turbine Grid-Connected Inverters for a Large SeGafl Impedance Values,” IEEE
Trans. Power Electron., Vol.21-1, pp. 263-272, 2806.

[203] S. Guogiao, X. Dehong, C. Luping, and Z. Xcai, "An Improved Control
Strategy for Grid-Connected Voltage Source Inverteith an LCL Filter," Power
Electronics, IEEE Transactions owol. 23, pp. 1899-1906, 2008.

[204] Gabe, I.J.; Montagner, V.F.; Pinheiro, Hesign and analysis of a robust
current controller for VSI connected to the gridolgh an LCL filter”, IEEE
Transactions oPower ElectronicsVol. 24,pp 1444-1452, June 2009.

[205] Zeng, G. and T.W. Rasmussen, “Design ofentrcontroller with PR-regulator
for LCL-filter based grid-connected converter”, Bower Electronics for Distributed
Generation Systems (PEDG), 2010 2nd IEEE Internati®ymposium or2010.

[206] Yang. S, Lei. Q, Peng. Z., Qian. 2, Robust Control Scheme for Grid-
Connected Voltage Source Invertersdustrial Electronics, IEEE Transactions on, pp
(99): p. 1-1. 2010.

[207] Guogiao Shen ; Xuancai Zhu ; Jun Zhang ; DghXu;., A New Feedback

Method for PR Current Control of LCL-Filter-Basedri€ccConnected Inverter.
Industrial Electronics, IEEE Transactions on, 2(IA6): p. 2033-2041.

139



REFERENCES

[208] E. Twinning, “Modeling grid-connected volegource inverter operation,”in
Proc. AUPEC’01 2001, pp. 501-506.

[209] M. Liserre, R. Teodorescu, and F. Blaabjétability of grid-connected PV
inverters with large grid impedance variation,” Rroc. of IEEE PESC, Aachen,
Germany, June 2004, pp. 4773-4779.

[210] Abeyasekera, T.; Johnson, C.M. ; Atkinsbn). ; Armstrong, M.Suppression
of line voltage related distortion in current coolled grid connected inverterfower
Electronics, IEEE Transactions on, 2005. 20(61323-1401.

[211] S.J. Chiang and J. M. Chang, "Relrabntrol of the UPS inverters with
frequency- dependent droop schemePawer Electronics Specialists Conference,
2001. PESC. 2001 IEEE 32nd Ann@4l01, pp. 957-961 vol.2.

[212] P. A. Dahono, Y. R. Bahar, Y. Sato, and &t&bka, "Damping of transient
oscillations on the output LC filter of PWM inverseby using a virtual resistor," in
Power Electronics and Drive Systems, 2001. Procwgsdi 2001 4th IEEE
International Conference 92001, pp. 403-407 vol.1.

[213] P.A. Dahono, “A control method to damp ostibn in the input LC-filter,” in
Proc. Power Electronics Specialist Conference,4gbp. 1630-5, 2002.

[214] J. M. Guerrero, L. GarciadeVicuna, J. Matds Castilla, and J. Miret, "Output
Impedance Design of Parallel-Connected UPS Inven¥ith Wireless Load-Sharing
Control," Industrial Electronics, IEEE Transactions aml. 52, pp. 1126-1135, 2005.

[215] J.M. Guerrero, J. Matas, L. Garcia De Vicumaip De Vicuna, M. Castilla, J.
Miret, "Wireless-Control Strategy for Parallel Oaton of Distributed-Generation
Inverters,"IEEE Trans. on Industrial Electronicspl. 53, no. 5, pp. 1461-1470, Oct
2006.

140



REFERENCES

[216] D.M. Vilathgamuwa, P.C. Loh, Y. Li, "Pratigon of Microgrids During Utility
Voltage Sags,|IEEE Trans. on Industrial Electronicspl. 53, no. 5, pp. 1427-1436,
Oct 2006.

[217] Jou, H.L., W.J. Chiang, and J.C. Wirtual inductor-based islanding detection
method for grid-connected power inverter of disitddl power generation system.
Renewable Power Generation, IET, 2003): p. 175-181.

[218] Wessels, C.; Dannehl, J.; Fuchs, F.W., "Actilamping of LCL-filter resonance
based on virtual resistor for PWM rectifiers — dlisb analysis with different filter
parameters,Power Electronics Specialists Conference, 2008.®®E&08. IEEE, vol.,
no., pp.3532-3538, 15-19 June 2008.

[219] Yun Wei, L. and K. Ching-Namn Accurate Power Control Strategy for Power-
Electronics-Interfaced Distributed Generation Uni@perating in a Low-Voltage
Multibus Microgrid. Power Electronics, IEEE Transactions on, 200912): p. 2977-
2988.

[220] Morsy, A.S., et alAn active damping technique for a current sourceeiter
employing a virtual negative inductande Applied Power Electronics Conference and
Exposition (APEC), 2010 Twenty-Fifth Annual IEEB10.

[221] Jinwei, H. and L. Yun WeiAnalysis and design of interfacing inverter output
virtual impedance in a low voltage microgritch Energy Conversion Congress and
Exposition (ECCE), 2010 IEER010.

[222] Heydt G. T., Lie C. C., Phadke A. G., anda¥¥., 2001 “Solutions for the crisis
in electric power supply,” IEEE Comput. Appl.Powéag., vol.14, no. 3, pp. 22-30.

[223] Bindeshwar Singh, N.K. Sharma, A.N. Tiwari,3X Verma, and S.N. Singh,
“Applications of phasor measurement units (PMUsgligctric power system networks
incorporated with FACTS controllers”, Internationsdurnal of Engineering, Science
and Technology, Vol. 3, No. 3, 2011, pp. 64-82.

141



REFERENCES

142



LIST OF PUBLICATIONS

1- B. Hussain, S. M. Sharkh, S. Hussain, M.A. Abasdintegration of distributed
generation into the grid: protection challenges aswlutions” The 1¢' IET
International Conference on Developments in Powste3n Protection (DPSP 2010)
Manchester, 29 March — 1 April 2010.

2- B. Hussain, S. M. Sharkh, S. Hussain, “Impaatligts of Distributed Generation on
power Quality and Protection setup of an Existingtibution Network”, $EEDAM
2010,, Pisa, Italy,14-16 June 2010.

3- B. Hussain, “Effect of variations in filter panaters, utility total harmonic
distortion and utility impedance on the performaméea grid connected inverter”,
International Conference oknergy Systems Engineerin@€ESE 2010), Islamabad,
25 -27 October 2010.

4- M. Jamil, B. Hussain, S. M. Sharkh, M.A. Abusdidicrogrid power electronic
converters: state of the art and future challengisg 44" Engineering Universities’
Power Engineering Conference (UPEC 2Q08)asgow, 2009.

5- B. Hussain, S. M. Sharkh, S. Hussain, M.A. AbuséEistributed generation:

protection aspect of grid connected mode of opamgtisubmitted to a journal.
6- B. Hussain, S. M. Sharkh, S. Hussain, M.A. Abusdwan adaptive relaying

scheme for fuse saving in a distribution networkthwembedded Distributed

Generation”, submitted to a journal.

143



