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ABSTRACT

Microgrids have been popularized in the past decade due to their ability to add
distributed generation into the classic distribution systems. Protection problems are
among several other problems that need solutions in order to extract the full capability
of these novel networks. This research follows the branches of two major solutions,

namely Adaptive protection, and Protection Optimization.

Adaptive protection implementation with a novel concept of clustering is studied
and protection setting optimization is done using a novel hybrid nature-inspired
algorithm. Two test system models are used to test the performance of the proposing

method as final outcome being the operating time of relays due to different faults.

The selected algorithm proven to be effective than most other algorithms and the
clustering approach for adaptive protection was able to reduce the number of adaptive

groups.

Keywords— Adaptive Protection, Microgrid Protection, Protection Optimization, Directional

Overcurrent Protection, Nature Inspired Optimization Algorithm, k-means Clustering



ACKNOWLEDGEMENT

Foremost, | would like to express my gratitude to my supervisor Professor Udayanga
Hemapala for his guidance and support throughout my research. It's my pleasure to
acknowledge all the other academic staff members of the Electrical Engineering
Department of the University of Moratuwa for their valuable advice and support which

were valuable in achieving project goals.

I am grateful to the National Research Council for the financial support provided

through their grant scheme in carrying out the research.

| also want to acknowledge the technical officers and other supporting staff of the

Electrical Machines laboratory for their assistance to carry out laboratory trials.

Furthermore, 1 would like to extend my gratitude to my family for their
encouragement, understanding and patience throughout my academic pursuit. Finally,
| am grateful to my colleagues and friends for showing interest in my work and giving

constructive ideas towards the success of the research.



TABLE OF CONTENT

DECLARATION ...ttt ettt b et bt bbbt bttt benbe e e e i
A B ST RACT e ettt b bbbt bbb ae e nae e ae e re e ns i
ACKNOWLEDGEMENT ..ottt ittt bbb e iii
TABLE OF CONTENT ...ttt ettt sttt st s s nne e iv
LIST OF FIGURES ...ttt ettt sttt sttt bbb nbe e b Vi
LIST OF TABLES ...ttt e nae s vii
LIST OF ABBREVIATIONS ... viii
Lo INErOTUCTION ...ttt bbbt 1
1.1, Project ODjectiVes and SCOPE. ........cuuiririerieieieisi st 1
1.2.  Distributed Generation teChNIQUES.........cecveiieiiiiie et 2
1.3.  Protection problems in MiCrogrids ..........cccooerieiiiiininineieeee e 4
1.3.1 Short CircUit CapACITY.......ccveiuiiieiiiii ittt s es 4
1.3.2 Bidirectional POWET FIOWS..........cccoiiiiiiiiiieicics s 4
1.3.3 UNNECESSANY THIPPING ...veuvereeiieiiiiisiisiesie ettt 4
1.3.4 Under-Reach and OVEr-ReACK ...........ccccoiiiiiiiiiiiiee e 5
1.3.5 L0SS OF IMINS........ceiiiiiiiiiieiieiee sttt 6
1.3.6 Integration of Various DG ..........cccciiiieiiiiiic ettt 6

1.4, TRESIS OULHINE ..ottt ettt 7

2. MICrogrid ProtECHION.......cecii ettt st sr et s reetaesteare s 8
2.1. Line Protection Overcurrent, DIreCtional ...........cocoveiviieiiiii i 8
2.2. Primary and DACKUD .......ccoouiiiiiiie ettt e 9
2.3. CharacteristiC CUIVES OF FEIAYS ........coviviieiieee e 10

3. AUAPLIVE PrOTECTION ...ttt ettt 12
3.1 Main Variants of adaptive proteCtion ...........cccccevieiiiiiic s 13
3.2. NEtWOrK TOPOIOGIES ...t 13
3.2.1. K-mMeans CIUSLEIING .....ccveiiiiiieieiiesie ettt st be e ns 13

4. Protection COOTINALION ......cc.eiiiiieieieieie st 15
4.1. Different Coordination MetNOAS ...........cccuoiriiririiiee e 15
4.2. Nature-Inspired Algorithms for Optimization ..o 17
4.2.1 Different Objective FUNCLIONS USEU ........c.oooiiiiiiiiee e e 17
4.2.2 Different AIQOrithms USEd ..........ccoiiiiiiiiiiieieesese s 18
4.2.3 Multi-Objective Optimization..........ccocooererieieinisise e 20
4.2.4 Constraint HandliNg .........oco oo s 21
4.2.5 Penalty MEthOT .......cc.ooviiiiiieic s 21

4.3 Performance of AIGOMtNMS ......ccveiiiiiiiic e e 22



5. Simulations on Test MOdel SYSIEMS .......coiiiiiiiiiecees e 23

5.1 Six Bus Generic MICrOgrid..........ccciiviiieiieie et 23
5.1.1 SYSEM ParamMELEIS ......cie et 24
5.1.2 Load FIOW ANAIYSIS ....ccuecieiiie ettt s 25

5.2 Modified IEEE 14 BUS SYSIEM ......ccoiieiiiecicie st st 26
5.2.1 SYSEM PaAramMELEIS ......oiiiieeieiieei e 27
5.2.2 Single Element CONtINGENCIES ......cecveiieiiiie e 27
5.2.3 L0a0 FIOW ANGIYSIS ..ot 28

5.3 SOt CIrCUIL ANAIYSIS.....viiieiiiteiie ettt sre et besre e re e 29
5.3.1 Near-end Faults and Far-end FaultS............cooeeiiiiiiiiincccee e 29
5.3.2 Fault analysis of Simulation Models.............ccccoveiiiiiiiiiici e 29

5.4 Optimization Algorithm Implementation ... 33
5.4.1 Objective function fOrmulation.............cccceeivii i 34
5.4.2 Constraint formMUIALION ............ooiiiiiiice e 34
5.4.3 Optimization Algorithm Implementation for Test SyStems..........cc.ccocvvvvrirerenne 35

6. ReSUItS ANd DISCUSSION .....c.vveiiiiiiiiieieee e 38

6.1 SIX BUS MICIOQITU.....c.eiiiiieiieiieiisi e 38
6.1.1 Relay Settings by different algorithms..............cccooveiiiiii i 38
6.1.2 Relay Time-Current CUINVES........coiiiieiieieieiees e 42
6.1.3 WCMFO AlGOrthM ... 44

6.2 Modified IEEE 14 DUS SYSTEIM ..ottt 45
6.2.1 Clustering for Adaptive proteCtion ...........ccccveveieiieic s 45
6.2.2 Relay Settings for EaCh CIUSLEN .........coiiiiiiiiic e 46
6.2.3 Relay Time CUITENT CUINVES .......cciiiieieieeeieie et 47

7. Conclusion and FULUIE WOTK...........coiiiiiiiiiieiei e 52

7.1 CONCIUSION ...ttt b bbb 52

7.2. Limitations 0f the SUAY .....ccocviiiiiiiecc e e 53

7.3, FULUIE WOTK ...ttt bbbttt bbb 53

REFERENGCES ...ttt ettt be e sttt esbe e sbeenene s 55
APPENDIX A- Modified 14 Bus System Short-circuit analysiS..........ccccoovevriininenenennenn 62
APPENDIX B- MATLAB Codes of Optimization Algorithms Six Bus system................. 69
APPENDIX C - Generic Six Bus Microgrid ReSUILS...........cccoeeriiiieriniie e 71
APPENDIX D — Pseudo Code of WCMFO AIGOrithm...........ccocoviiiiiiiiiienie e 73
APPENDIX E- MATLAB Code for Cluster 4 Optimization .............ccccooevvrieeieiieeienennees 74
APPENDIX F- Modified 14 bus System Optimization ReSUltS ...........ccccovvvririirenenennne 78



LIST OF FIGURES
Figure 1.1 Characterization of Overcurrent Protection Methods
Figure 1.2 Typical Microgrid with Possible DG options
Figure 1.3 Unnecessary Tripping of Relay R1.

Figure 1.4 (a) The Underreach of Relay R3, (b) The Overreach of Relay R2.

Figure 2.1 Radial and Meshed systems

Figure 2.2 Time-Current Curve variation with variables

Figure 3.1 Simple Adaptive Protection Scheme.

Figure 3.2 Flowchart of k-means clustering algorithm

Figure 4.1 Evolution of coordination methods.

Figure 4.2 Classification of Computational Intelligence methods.
Figure 4.3 Pareto front for a problem with two objectives.

Figure 5.1 Schematic view of Generic Six bus microgrid.

Figure 5.2 Simulation model Generic Six bus microgrid.

Figure 5.3 Schematic view of Modified 14 bus microgrid.

Figure 5.4 Simulation model of Modified 14 bus microgrid.
Figure 5.5 Near-end and Far-end Faults

Figure 5.6 Maximum and Minimum 3ph Faults

Figure 5.7 Primary and Backup Relays

Figure 5.8 Decision Variables Array for Six Bus System

Figure 5.9 Decision Variables Array for Modified 14 Bus System
Figure 6.1 Simulation Methodology

Figure 6.2 Three Phase fault 50% Line 1-4 Islanded Mode

Figure 6.3 Three Phase fault 50% Line 2-6 Islanded Mode

Figure 6.4 Three Phase fault 50% Line 1-4 Grid Connected Mode
Figure 6.5 Three Phase fault 50% Line 3-6 Grid Connected Mode
Figure 6.6 WCA Schematic Diagram

Figure 6.7 Fly patterns of Moths around Light

Figure 6.8 Mean Short Circuit Level Variation of Topologies
Figure 6.9 Topology 9 R1 Primary operation with Backup R5 & R14
Figure 6.10 Topology 9 R3 Primary operation with Backup R1
Figure 6.11 Topology 2 R5 Primary operation with Backup R7
Figure 6.12 Topology 7 R5 Primary operation with Backup R7 & R3
Figure 6.13 Topology 3 R7 Primary operation with Backup R9
Figure 6.14 Topology 11 R3 Primary operation with Backup R1

Figure 6.15 Topology 10 R13 Primary operation with Backup R14 &R3

Vi

© O o1 W DN

12
14
15
16
19
23
23
26
26
29
30
30
36
37
38
42
42
43
43
44
44
45
47
47
48
48
49
49



LIST OF TABLES

Page

Table 1.1 Characteristics of microgrids. 3

Table 2.1 Relay Parameters 10
Table 2.2 Standard Parameter values 10
Table 4.1 Different NIA algorithms Used in Network Protection 17
Table 4.2 Comparison of Objective function values 21
Table 5.1 System External Grid Data 23
Table 5.2 System Line Model XLPE-CU 3x95 11kV 23
Table 5.3 Synchronous Machine Model Data 23
Table 5.4 Static Generator Model Data 24
Table 5.5 General Load Model Data 24
Table 5.6 Load Flow Analysis 24
Table 5.7 System Line Data 26
Table 5.8 System Generator Data 26
Table 5.9 System Load Data 26
Table 5.10 System Topologies Considered 27
Table 5.11 Load Flow Analysis 27
Table 5.12 Primary Fault Currents 30
Table 5.13 Primary and Backup Pairs 31
Table 5.14 Primary and Backup Fault Currents for Topology 1 32
Table 5.15 Optimization Algorithms Used for Comparison 35
Table 6.1 Results from WCMFO Algorithm 38
Table 6.2 Constraint Handling of Different Algorithms 38
Table 6.3 Primary/ Backup Relay Operation with settings from WCMFO 39
Table 6.4 Reduction of Operating times in Islanded mode 40
Table 6.5 Reduction of Operating times in Grid Connected mode 40
Table 6.6 Topologies Divided into Clusters 45
Table 6.7 Relay Settings Obtained for each Cluster 46

vii



LIST OF ABBREVIATIONS

CT

CTI
DER
DFIG
DG
DOCR
ECDG
ESS
DG
VSC
LOG
LOM
MINLP
NIA
PCC
PS

SG
SSC
TDS
WCMFO

Current Transformer

Coordination Time Interval

Distributed Energy Resources
Doubly-Fed Induction Generators
Distributed Generation

Directional Overcurrent Relays
Electronically Coupled Distributed Generation
Energy Storage Systems

Inverter Interfaced Distributed Generation
Voltage Source Converter

Loss of Grid

Loss of Mains

Mixed-Integer Non-Linear Programming
Nature-Inspired Algorithms

Point of Common Coupling

Pickup Setting

Synchronous Generator

Symmetrical Short Circuit

Time Dial Setting

Water Cycle - Moth Flame Optimization

viii



