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ABSRACT

In addition to other measures such as energy satliegadoption of microgeneration
driven by renewable and low carbon energy resouscegpected to have the potential
to reduce losses associated with producing andedly electricity, combat climate
change and fuel poverty, and improve the overafitesy performance. However,
incorporating a substantial volume of microgeneratithin a system that is not
designed for such a paradigm could lead to cosflictthe operating strategies of the
new and existing centralised generation technotog&o it becomes vital for such
substantial amounts of microgeneration among ottementralised resources to be
controlled in the way that local constraints areigated and their aggregated response
supports the wider system. In addition, the charatic behaviour of connected
microgeneration requires to be understood undérdiit system conditions to ascertain
measures of risk and resilience, and to ensurebémefits of microgeneration to be

delivered.

Therefore, this thesis provides three main valuabl&ributions to future attainment of
sustainable power systems. Firstly, a new concémoiatrol structure for a system
incorporating a high penetration of microgenerateord dynamic load is developed.
Secondly, the resilience level of the host distidou network as well as the resilience
levels of microgeneration during large transiestutibances is evaluated and quantified.
Thirdly, a technical solution that can support erdesl transient stability of a large

penetration of LV connected microgeneration isadtrced and demonstrated.

A control system structure concept based on “aamiicept” is introduced to manage
the spread of heavy volumes of distributed energgources (DERS) including
microgeneration such that the useful features oRDMits in support of the wider
system can be exploited, and the threats to sypgformance presented by significant
connection of passive and unpredictable DERs camitgated. The structure also
provides simpler and better coordinated commuruoatvith DERs by allowing the

inputs from DERs and groups of cells to be tramsteras collective actions when it

moves from a local to a wider system level.



The anticipated transient performance problems osading the integration of
microgeneration on a large basis within a typicdbam distribution network are
addressed. Three areas of studies are tackledintheased fault level due to the
presence of microgeneration, the collective imgddtV connected microgeneration on
traditional LV protection performance, and the systfault ride through capabilities of
LV connected microgeneration interfaced by différeathnologies. The possible local
impacts of unnecessary disconnection of large amafinmicrogeneration on the

performance of the host distribution network asoajuantified.

The thesis proposes a network solution based arg usisistive-type superconducting
fault current limiters (RSFCLs) to prevent the iropaf local transient disturbances
from expanding and enhance the fault ride throwaghabilities of a high penetration of
microgeneration connected to low voltage distrimutnetworks. A new mathematical

approach is developed within the thesis to ideraifywhich condition RSFCL can be
used as a significant device to maintain the tearisstability of large numbers of LV

connected microgeneration. The approach is basedj@ation solution to determine the
minimum required value of the resistive elemenR&FCL to maintain microgeneration
transient stability, and at the same time addilidredroom against switchgear short-
circuit ratings is provided. Remote disturbancesaofailure to clear remote faults

quickly are shown to no longer result in completenecessary disconnection of

substantial amounts of microgeneration.



TABLE OF CONTENTS
Acknowledgement
Contents

Abstract

LISt Of SYMDOIS. .. ...
LiSt Of @DDIEVIALIONS. .. ..o e e e e e e e e e e e e

LISt Of fIQUIES ... e e e e e e

TSR0l = 0] (=1 T

Chapter one: Introduction

3 T = = o 1o | 01U o

1.2 Summary of the thesis main contributions...............ccccociiiiiiiiieeeee
1.3 TheSIS layOUL. .. ...t e e e
1.4 List Of PUDIICAtIONS........oiiiiiiiiiiiiieeieee ettt e e e e ebeennneeeennneas
1.5 Chapter REfEIrENCES......ccccceeiiieiee s ecmmmmr e s e e s e e e e e e eaaaeeeaeasessrennnnssnennes

Chapter two: Moving towards decentralised powetesys

P20 R 1 70T ¥ Tox 1 o o 1R

2.2  Traditional pPOWEr SYStEMS. ... uiui it e e e e e aeen e
2.2.1 Characteristics of traditional power SYSteM . ..o vveveieneniennn.n.
2.2.2 Challenges and issues facing traditional peystems....................

2.3 Future changes in electric power SYStemS.........c.vvuiccccmiiiiiieee e,
2.3.1 Distributed GeNeration...........ccouveiiuiie i e e

2.3.2 Local demand and deployment of smart meter...ueueooviennennn..

2.3.3  TranSPOIT SECION. .. ettt et e e e e e e e et e

2.3.4 POliCY ODJECHIVES. ...
2.3.5 Future looking Network SCENArioS. .. .......o.vveiitiieiie e ee s
2.3.6 Potential impacts of future changes in curpemver systems............

2.3.7 Different visions of future decentralised gowystems...................

2.4 HDPS Cell CONCEPL... .o e e e e e o
2.4.1 HDPS Cell definition..... ..o e
2.4.2 HDPS Cell ObJECHIVES. .. v e e e e,



2.4.3 Control structure of cells.......ccoo o280

2.5 Potential technical impacts of LV-connectedrogeneration................... 53
2.5.1 FaultIeVel ISSUES. .. ... et e e 54
2.5.2 ProteClion ISSUBS. ... .cuiitit it e et e e et e e e 57
2.5.3 Microgeneration transient stability issue...........c..oooiiii, 59

2.6 Computer simulation programme used for thaa@diss........................... 63

2.7 TeStNetWOrk SEIECHION. ... ...t e e e 46

2.8 Chapter SUMMIAIY.....oiue et et s e et ee e e e ete e aseaeeaeae e eanaennas 64

2.9  Chapter REfEIENCES.........coiiiiiiieesosssme et ea s e s e e e e e e e e e e aaeeeeeeesesrnennneessnnnes 67

Chapter three: Fault level analysis of distributretworks incorporated with a
high penetration of LV connected microgeneration

1 700 R 111 o o [F o 1o I P 76

3.2 Factors impacting distribution networks faaltédls................................. 78

3.3 Test network and modelling approach.....cccceeeeeeeeieeiiiiiiiieeeceee e 32
3.3.1 The grid SoUrce mMOdel..............oiimmmmeeeeeeeiiiiiiiiie e e e e e e e e eeeeeeeeaeeens 84
3.3.2 33/11kV primary distribution SUDStAtION ceeee.cceeveiiiiiiiiiiiie e 85
3.3.3 Medium voltages distribution network feeders...............ocovvviiiiininnn, 85
3.3.4 11/0.4kV secondary SUbStation.........cccceeeieeiieeeeeeeeieeieeeceid 35
3.3.5 Low voltages distribution network feederS...........ccccovvvvvviiviiicieinnnnn. 86
3.3.6 The demand Model...........cooriiiiiiiiiiiii e 87

3.4 Simulation of LV connected Microgeneration.......... ... ccvveeeennennnnnn. 87

3.5 Faultlevel StUAIES.......coiui i e e 91
3.5.1 Fault level at the secondary of the LV suimtg0.4kV)................... 94
3.5.2 Fault level at the secondary of the MV submtg(11kV bus)............... 101

3.6 Chapter SUMMAIY.... ..ttt e et e e et a e e eneeaee 106

3.7 Chapter RefEreNCES ...t e e e 109

Cahpter four: The impact of a high penetration ® ¢connected microgeneration
on the protection performance of LV distributioriwerks
g R [ (o To 11 [ 1o o 111

4.2 Requirements of Electric Power System Protec@ichemes................... 111



4.3 Protection of low voltage distribution networks...............ccooeiiii . 113
4.3.1 Principles of fuse operation............cccoveiiiiiiii i e 114
4.3.2 Fuse-fuse Co-0rdination............ovviieiie i e e e 13

4.4 LV protection issues due to a high penetratioh LV connected

ol ol goTo =T 01T =11 0] o FU TS SURRPPPPP 116
4.4.1 Reductioninthereach...............coiiiiiiiiiii . 118

4.4.2 Unnecessary tripping due to reverse fautectr........................... 118
4.5 CaASE SIUAY... ¢iiiiit it e e e e e e 119

451 Fuse MOdel.......co ittt 119

4.5.2 Protection STUAIES. .. ... e a2
4.6 Chapter SUMIMAIY ... ... et ee et e e e e e e e e e aaeaae e 130
4.7  Chapter refEIENCES. .. .ttt et e e e e e e e 23

Capter five: Transient Performance Analysis of Ldh@ected Microgeneration
S 00 |11 o o 1o o) o P 7

5.2 Transient stability of a traditional power gyatoverview..................cu.... 135

5.3 Microgeneration transient stability iSSU€.......ccoeei i 141

5.4 Transient MOGEIS.. ... .. e e e e e e e 34
541 TeSENEIWOIK. ... e 145

5.4.2 Demand model........ccooiiiiiiiiii e e e 146
5.4.3 Microgenerators Model..............ccooiiiii ... 148
5.5 Transient StUdIES........ccouiiiiiiiiii i i e ee e en 1D T
551 FaUlt StUIES......vieie i e e e e e e e eenn. D7
5.5.2 Simultaneous microgeneration disconnecti@hranonnection studies... 179
5.6 Chapter SUMMAIY.......ccoitiiiiieae e ii i i ieieeeene e e eneeennennennen e 187
5.7 Chapter RefEIENCES. ... ..ttt e e e e e 190

Chapter six: Analysis of Transient Performance Eckaent of LV Connected
Microgeneration by Using Resistive-Type Fault Catrdemiters

6.1  INtrodUCHION. .. ...t e e e e e e e e e 193

6.2 Supporting transient performance of LV disttibn networks incorporating a

high penetration of microgeneration...............cccocee i i ii i ieeeeen 194



6.2.1 Examples of measures for transient perfor@anprovement............. 195
6.2.2 Using SFCL for improving the transient pemfance of active

distribution NETWOIKS.......coovie i e e e 197
6.3 The principles of RSFCL supporting microgenerafault ride through........ 199
6.4 Practical locations of RSFCL in the distribatimetworks............cccooeeivieeneenee. 200

6.5 Theoretical analysis of microgeneration tramsgability enhancement using

T 206
6.6 RSFCL application for distribution systems &i@nt ............................. 217
6.7 RSFCLMOAEL. ... ..o e 219
6.8 Transient StUAIES..........oviiiiiiiie e e eeen. 220
6.8.1 RSFCL Response during fault on MV circuit.......cccceeeoiiiieiennn. 220
6.8.2 Impact of RSFCL on LV-Connected Microgenemti Transient
StADIILY ... 222
6.8.3 The significance of Rfcimin value on the #i@nt stability of LV
connected MICrogeneration..........c..veuveiie e e e e ie e ee e 224
6.8.4 Evaluation of the proposed analytical mettwocalculateR, ., ... ... 231
6.9 Balancing the benefits of using RSFCLs andatiaéed cost.................... 238
6.10 Chapter SUMMAIY......c.oii i ee e e e e eeeeennenienneneeeeneens 240
6.11 Chapter ReferenCes........c.cv v a2 282
Chapter seven: Conclusions and future work
7.1 CONCIUSIONS. ...t e e e e e 24T
7.2 FULUIE WOIK. ..ot e e e e e e e e e e e e e et e e eaeeaes 255
Appendix A: The parameters of 28kVA 3-phase syncbus generator............. 257
Appendix B: Transient model details of single-phiskiction machine............... 258
Appendix C: Transient parameters of single-phadadtion machines............... 262
Appendix D: Steady state model of single-phasedahdn machines................... 263

Appendix E: Steady state and transient parametérsingle-phase induction
machines with different ratings..............ceeeeeviiiiiiiii e 265

Appendix F: Derivative of the mathematical approtxidentify the values dRcimin 266



List of symbols
I

mf

Z 3
7]

Q.

X X ON 0 %D Q

[=8

N

D g

[

< < U U X

Q

E=R VRS SIS

The peak value of the ac short circuit current

The steady state fault current
The initial system voltage angle

The impedance angle prior to the short circuit
The short circuit impedance angle
The reactance between the sources and the fantt po

The resistance between the sources and the faalt p
The decay time constant of the DC component
The voltage correction factor

The transient impedance

The steady state impedance
Equivalent short circuit impedance
Resistance of the grid source
Reactance of the grid source

The load real power

The rated real power per phase

The load voltage

The rated load voltage (RMS, L-G)
The voltage index for real power
The frequency index for real power
The equivalent load reactive power
The rated reactive power per phase
The voltage index for reactive power
The frequency index for reactive power
The frequency deviatioqf — f, )
The measured frequency

The reference frequency (i.e. 50Hz)

The asynchronous machine rotor angular veloc#g/§)
The stator angular velocity (rad/s)

The per unit slip speed of a asynchronous maaioitoe
The flux linking of the winding indicated by suiogpt

The stator phase resistance of asynchronous nechin
The differential operator d/dt



<X o<
< oM

3

N
Vds 'Vdr
Vqs 'Vqr

Rinss Res
Rines Rar
(//ds’l/ldr
VoW

Rfcl
Vs
AT
At
p, th, andw
Cp
Vg
Vth
Rg, Xg
Rfcl
R

fcl min

o A A

3

AQ A A4 A x

The single phase ac source

The main and auxiliary resistances

The main and auxiliary reactances

The current in the main winding

The current in the auxiliary windings

The ratio of the number of the auxiliary/main tirn
d-axis stator and rotor voltages

g-axis stator and rotor voltages

main winding and auxiliary winding stator resista
main winding and auxiliary winding rotor resistan
d-axis stator and rotor flux linkage components
g-axis stator and rotor flux linkage components

electrical angular velocity

The air density

The area swept by the propellers

The average wind speed

The FCL resistance

The system RMS voltage

The maximum permissible temperature rise

The fault duration

The resistivity, thickness and width of the swpaductor
The effective specific heat of the superconductor
The grid voltage

The retained voltage at the microgeneration teatsi
The resistance and the reactance of the gricceour
The developed resistance of the fault currentdim

The minimum value of the resistance element of RSF
The developed electrical machine torque

The mechanical torque

Maximum slip (i.e. critical slip)

The machine magnetization reactance

Sub-transient time constant

Transient time constant

The periodic time constant

The sub-transient stator time constant

The total leakage coeffieceint
The sub-transient rotor time constant



List of abbreviations
AC

BERR
CHP
DECC
DTI
DG
DOE
DSM
DLTDS
ETP
EC
EHV
EIA
ETS
ETP
FCL
FiT
GSP
GHG
HDPS
HV
IEC
IEA
IPRI
LV
MV
oC
PV
PCC
RSFCL
RPS
RMU
RES
SFCL
TSO
UKGDS

Advisory Council
electricity Networks of the future in Europe

Department for Business Enterprise & RegujaReform

Combined Heat and Power

of the technology platform fothe

The UK Department of Energy and Climate Change

the Department of Trade and Industry of the UK
Distributed Generation

Department of Energy of US

Demand side management

Distribution long term development statement
the European Technology Platform

European Commission

Extremely High Voltage

the Energy Information Administration US
Emissions Trading Schemes

European Technology Platform Smart Grids
Fault Current Limiter

Feed-in Tariffs

Grid Supply Point

Greenhouse gas

Highly Distributed Power Systems

High Voltage

the International Electrotechnical Commission
International Energy Agency

the Electric Power Research Institute
Low voltage
Medium Voltage

Over Current

Photovoltaic

the Point of Common Coupling

Resistive Superconducting Fault Current Lemit
The Renewable Portfolio Standards

Ring Main Units

Renewable Energy Sources
Superconducting Fault Current Limiter
Transmission System Operator

UK generic distribution system



List of figures
Figure 2- 1: Traditional power system Networks..........ccooiiiiiiiiiiiiii i enns 18

Figure 2- 2: Cascading tripping in US/Canada trassion lines systems in 2003

Figure 2- 3: Frequency profile during Italy 200&dkout[2.26]..............c.ccenvnn. 25
Figure 2- 4: Frequency response following losseasfegation during May 27th 2008
UK patrtial blackou{2.28].........cccoeiiiii i i, 26
Figure 2- 5: Moving towards HDPS...........ooi oo ee e e 44
Figure 2- 6: 60kV Danish Cell with main cell corten [2.67]...........ccovvriiriirrinninnnnn. 46
Figure 2- 7: Cell structure examples for urban meks.................................. 48
Figure 2- 8: Structure of control levels of HDPd cencept............................ B2
Figure 3- 1: An asymmetrical fault profile................coi i 78
Figure 3- 2: Fault CUIMTEeNt SOUICES.......cu ittt it e e e v eemmee e 81

Figure 3- 3: Short circuit contribution from synohpus and induction machine

machines during 3-phase bolted f48ltL4]......................e.ell .82
Figure 3- 4: A typical HV-LV urban distribution neork.................................83
Figure 3- 5: Detailed LV cell (Cell A).......oeeirii it e 84
Figure 3- 6: Detailed 0.4KV feeder ..........coooiiiiiiiiiiiiii i e e n. 87

Figure 3- 7: Fault contribution from LV connectedcrogeneration to 3-phase-to
earth fault at the beginning of the LV feeder.............ccccu..........89
Figure 3- 8: Aggregated microgeneration conneaetie¢ LV secondary substation. 90
Figure 3- 9: Test urban network example..........c.ooo i 93
Figure 3- 10: The fault level at 0.4kV bus with amithout the connection of

domestic size microgeneration............cocevevieeii i iiiieiieiieienne.... 95
Figure 3- 11: The fault level at 0.4kV bus with amithout the connection of 16.5kVA
commercial size miCrogeneration...........o.vvvecie e iieiininieniennns 929

Figure 3- 12: The fault level at 0.4kV bus with amithout the connection of
30kVA commercial size microgeneration..............ccocovveineinnns 1Q0

Figure 3- 13: The fault level at 11kV bus with amithout the connection of
different penetration of domestic size microgenenrat...................102

Figure 3- 14: The fault level at 11kV bus with amithout the connection of

16.5kVA commercial size microgeneration...............ccccevvveenn.n. 104



Figure 3- 15: The fault level at 11kV bus with amithout the connection of
30kVA commercial size microgeneration..............ccoeeuveiveineennn. 105
Figure 4- 1: Low voltage feeder protected by tweefsl...........cccoovvviiiiiiiiiiiiiiiiinnns 151
Figure 4- 2 : Time/current characteristics of tweds protecting the same feeder..... 116
Figure 4- 3: Impact of LV connected microgeneratonthe reach of the main LV
feeder ProteCtioN...........uuuuuiieiiiiie e e 118

Figure 4- 4: Impact of the LV connected microgetiera on LV protection

performance during a fault on adjacent feed€f..vvcceeeeeeeeeenennnnn.. 119
Figure 4- 5: PSCAD/EMTDC developed fuse model..............coooviiiiiiiiiiiiiiiinnnnnn. 120
Figure 4- 6: Low voltage fuse specificatiPhl?2]............cooouviiiiiiiiinie. 121

Figure 4- 7: Withstand capacity of most common $ussed for LV protection

Figure 4- 8: Faulted LV distribution network feedartegrated with a high
penetration of MICrOgeNeration...........oovcccccveeeeeiiiiie e 123
Figure 4- 9: Downstream fault current cleared bgtrgam fuse..........ccccevvviiieeennnnn. 123
Figure 4- 10: Downstream fault current with the aopof 100% penetration of
[pa1 ol goTo =T g 1T =14 0] o FO PR 124

Figure 4- 11: reverse fault current provided byalomicrogeneration to feed an

adjacent faUll...........cooiiiiiieieie e e 126
Figure 4- 12: The fault contribution from the gadd from an LV feeder connected

MICTOGENEIALION. ......iiiiiiiiiiiiiiiiiee e eeeenre e e e e e e e e e e e e eeeeeeeebeean s 126
Figure 4- 13: Test LV distribution system with tw@ feeders configuration........... 127
Figure 4- 14. RMS value of the reverse fault currprovided by LV feeder

connected MICrOgeNEratioN.........ccoeeeeeieeeeeeeeciie s e e e e e e e e e e e e eeeeeeeeeanans 128
Figure 5- 1. Power system stability classificatibrR].............cccoevvvvvvviiiiiiiiciinin e 136
Figure 5- 2: Power angle relationship.............cooooiiiiiiciiieec e 200 139
Figure 5- 3: MV-LV distribution network model foransient studies................146
Figure 5- 4: Three-phase synchronous generator Imottediesel prime mover...... 149
Figure 5- 5: IEEE Alternator Supplied Rectifier Eation System (AC1A)............ 150
Figure 5- 6: Diesel engine and governor model............ o veiiiiinnnnne...... 136

Figure 5- 7: Main and auxiliary windings connectidragram of a single-phase

INAUCTION MACNHINE. ... e e e 152



Figure 5- 8: g-axis (main Windings).........cccovviiiiiiiiiii i i ee v vemeenene.... 154
Figure 5- 9: d-axis (auxiliary Windings).........coovoe it e e e 154
Figure 5- 10: (a) PSCAD single-phase induction nreemodel..........................
156
Figure 5- 11: The transient performance of 28kVAe#phase synch machine
during local three-phase fault (a) machine andigshaft speed & (c)
terminal VOItage. ..o vie e e e e e e 159
Figure 5- 12: The transient performance of 28kVAe#hphase synch machine
during an adjacent three-phase fault (a) machigéeacb) shaft speed
& (C) terminal Voltage... ..o o e 161
Figure 5- 13: The transient performance of 28kVAe#hphase synch machine
during MV transformer terminal fault - (a) machiaagle, (b) shaft
speed & (c) terminal voltage..........cooviiiii i 163
Figure 5- 14: The transient performance of 28kVAe#iphase synch machine
during remote MV fault - (a) machine angle & (bjntnal voltage...... 164
Figure 5- 15: The transient performance of 1kVAgkphase induction generator
during and after a local fault: the real output powluring stable and
unstable operation after the fault........................o.o L. 166
Figure 5- 16: The electromagnetic developed torgiielkVA single-phase
induction generator during stable and unstableaifmer................... 167
Figure 5- 17: 1kVA single-phase induction generatmor performance: (a) the
machine slip during stable and unstable operatiofb)the machine
speed during stable and unstable operation..................... o 167
Figure 5- 18: The real and reactive output powel.bkVA single-phase induction
generator during stable and unstable operation.........ccwwe......... 168
Figure 5- 19: The electromagnetic developed torgfiel.5SkVA single-phase
induction generator during stable and unstableajer.................. 168
Figure 5- 20: 1.5kVA single-phase induction germraibtor performance: (a) the
machine slip during stable and unstable operatiofb)&the machine
speed during stable and unstable operation..................... o 169
Figure 5- 21: The machine terminal voltage respahsang adjacent fault..........170

Vi



Figure 5- 22: The real and reactive output powerswfgle-phase induction
generator stable and unstable response to theeadjallt................... 170
Figure 5- 23: The developed electromagnetic torgliesingle-phase induction
generator stable and unstable response to theemdjiailt............... 171
Figure 5- 24: Single-phase induction generator rrogtable and unstable
performance during adjacent fault: (a) the machstip & (b) the
MAChINe rotOr SPEEU. ... . vttt e e e e e e e 171
Figure 5- 25: The single-phase induction generawoninals voltage response to the
fault at MV bus: (a) the terminal voltage of 1kVAachine & (b) the
terminal voltage of 1.5kVA machine................cooiiiiiiiiiii s 173
Figure 5- 26: The real and reactive output powerswfgle-phase induction
generator stable and unstable response to thedaMV bus: (a) the
output powers of 1kVA machine & (b) the output posvef 1.5kVA
MACNINE. .. .o e e e L T4
Figure 5- 27: The developed electromagnetic of Isippase induction generator
stable and unstable response to the fault at MV (@)she developed
torque of 1kVA machine & (b) the developed torqule 105kVA
MACKNINE. ..ot ettt e e e e e e e e 175
Figure 5- 28: The single-phase induction generatior stable and unstable
performance during the fault at MV bus: (a) the Akkhachine slip
response & (b) the 1.5kVA machine slip response....................176
Figure 5- 29: The single-phase induction generaoninals voltage response to the
fault applied at remote location the MV circuit.......................... 177
Figure 5- 30: The real and reactive output powérsk®¥A single-phase induction
generator stable and stable performance duringfatk applied at
remote location on the MV CirCuit.........cccooi i, 177
Figure 5- 31: The developed 1kVA single-phase nmakhorque response during
the fault applied at remote location on MV circuit........................ 178
Figure 5- 32: The single-phase induction generatior stable and unstable
performance during the fault at remote locationw circuit: (a) the
1kVA machine slip response & (b) the 1kVA machipeed response. 178

VI



Figure 5- 33: The RMS voltage unbalance at the PE€Ween phase C and other
twWo phasesS A and B.......oooiiiiiii i 181
Figure 5- 34: The voltage step changes of the tipteses at the PCC due to
simultaneous disconnection of large amount of LCnnested
[pg1 ol goTo =T g T=T =11 0] o DA PP 181
Figure 5- 35: The impact of simultaneous reconoectof large amount of
microgeneration to one phase of the voltage pedooe at LV
substation: (a) the impact on the RMS voltages........................183
Figure 5- 36: The impact of simultaneous reconoectof large amount of
microgeneration across all three phases on thagelperformance at
PCC: (a) the impact on the voltage waveform & (® impact on the
RMS VOItAge. ..o vei e e e e a0, 184
Figure 5- 37: The impact of reconnection of largeoant of microgeneration with
different penetration at different time..................co e, 186
Figure 5- 38: The impact of the spread of reconaectime of microgeneration

with large intervals on the RMS voltage of the L\sbat the

secondary substation................oo i 187
Figure 6- 1: SFCL is in series with grid-conneatigstributed generator............... 201
Figure 6- 2: SFCL in series with the substationgfarmer.............................. 201
Figure 6- 3: SFCL bus coupling CONNECLION. .. commmmeeveriiiieeeeeeeeieeieeeeeiiiii e 202
Figure 6- 4: SFCL connected at the beginning of td&ders..............coovviiiiiiinnnnn. 203

Figure 6- 5: An active urban distribution networkhmwadded RSFCLs and based on
MUIIPIE CEIIS . 205
Figure 6- 6: Simplified diagram of a distributiorower system with one LV-
connected MICIOgENEIatOr. .. .. ..o vv. v e et et et et e e eae v eennenans 206
Figure 6- 7: The equivalent circuit of the faulteetwork with inclusion of RSFCL..207
Figure 6- 8: The Thevenin equivalent circuit of fhalted network shown in Figure
Figure 6- 9: Thevenin's equivalent of faulted netkvownith microgeneration
interfaced by an induction machine..................cooo i, 1@
Figure 6- 10: The impact of RSFCL on the stabititgrgin of induction generator... 211

VIl



Figure 6- 11: Simplified circuit diagram of an irdion machine connected to the

Figure 6- 12: Test network 2 incorporated with REBEC.............................. 218

Figure 6- 13: Resistive-type superconducting fauttent limiter model............... 220
Figure 6- 14: The Resistive SFCL characteristiagnduthe faulf6.30].................... 220
Figure 6- 15: Fault currents with and without theluision of RSFCL.................. 221

Figure 6- 16: The transient performance of gridiextc1.5kVA 1-phase induction
generator with and without using RSFCL..................ccoveiiinnnn . 223
Figure 6- 17: Different Resistance time curves oSFRL during fault
CONAILION... e e e e e 225
Figure 6- 18: The terminal voltages of grid-excitedkVA 1-phase induction
generator impacted by remote fault on MV circuit..................... 226
Figure 6- 19: The transient performance of gridiextc1.5kVA 1-phase induction
generator with and without using RSFCL......c i, 227
Figure 6- 20: The transient performance of grididext 1kVA 1-phase induction
generator with and without using RSFCL.: (a) thd psaver output, &
(b) the slip of the machine..............cccooiiii . 228
Figure 6- 21: The transient performance of gridiext 700W 1-phase induction

Figure 6- 22: The transient performance of gridiextc1.1kW 1-phase induction
generator with and without using RSFCL......c i, 230

Figure 6- 23: RSFCL added to two systems with dgffé: characteristics.............. 231

Figure 6- 24: The impact of different source impemts of different distribution

networks on the value dR 233

Figure 6- 25: The impact of the changes in therpatars Xs & Xr on theR, ., --.-.235



List of tables
Table 1: The global carbon reduction targetS . ..vvveciiiieiieee e 21

Table 2: Comparison between traditional grid anel tmodern grid vision in the

(O ST 2 1 PR UPPRPRR 42
Table 3: Parameters represent grid SOUICE...........uomeicceeeieeieee e e e eans 84
Table 4: Parameters of a standard 33/11kV trangform...............................85
Table 5: Parameters of 11kV cable..........coeeiiiiiiiiiiiicii i .. 85
Table 6: Parameters of 11/0.4KV transformer.............oo o ee i i, 86
Table 7: Parameters of 0.4kV cables............cccoeeiiiiiiiii i ieeen ... 86
Table 8: Performance data of 16.5 and 30kVA thriessp generatof8.20].......... 88

Table 9: The contribution from domestic size LV nented microgeneration with
different penetration to the fault level for 3-pbdault at 0.4kV bus........... 94
Table 10: The contribution from 16.5kVA commercialze LV connected
microgeneration with different penetration to tlaeilf level for a 3-phase
fault @t 0.4KV DUS........uuiiiiiiiiiiiiiiit e 98
Table 11: The contribution from 30kVA commercialzesi LV connected
microgeneration with different penetration to tlaellt level for a 3-phase
fault at 0.4KV DUS.......ccoe 99
Table 12: The contribution from domestic size L\Vhoected microgeneration with
different penetration to the fault level for 3-pbdault at 11kV bus.......... 102
Table 13: The contribution from 16.5kVA commercialze LV connected
microgeneration with different penetration to 3-phdault at 11kV bus..... 103
Table 14: The contribution from 30kVA commercialzesi LV connected
microgeneration with different penetration to tlaellt level for a 3-phase
fault @t LTIKV DUS.....ueeiiii e 104
Table 15: Protection issues caused by a high paietr of LV connected
1o o o T=T 1T = 11 0] o 129
Table 16: Different RSFCL locations added to M\tdlmition networks.............. 203

Table 17: The required value d? of RSFCL for transient stability of each

fcl min

machine to be maintained..................cocci i 225
Table 18: Actual values of different source impextanof different 11kV substation

and the calculated values of tReg, ., ... ..oooie i, 232



Table 19: The impact of the change in the statsistance on the value & 234

fclmin ="

Table 20: The impact of the change in the statactesce on the value &t 234

fclmin =" "

Table 21: The minimum required values Bf, ., to maintain the stability of LV

connected 1-phase induction microgenerators..................ccceeen.. 236

Table 22: The impedances and time constants paganetf 28kVA 3-phase

SYNCNIONOUS QENEIALON ... ..\ it ittt et et e ee e et e ee e ene 257
Table 23: AC1A Exciter Parameters257Table 24: Wardvgovernor parameters...257
Table 24: Woodward governor parameters. ... ..o.vovve e e veneeienes cmmmn e 257

Table 25: Tranient stability data of 1kVA and 5kVgingle-phase induction
MACKHINES ... ..ttt e e e e e e e e e e 262
Table 26: Steady state data of numbers of singksehnduction generators with

different ratings used for calculatirfg ., from equation (51)............ 265

Table 27: Transient data of numbers of single-phadgection generators with

different ratings used with transient simulationdsés to identifyR 265

fcl min

XI



Chapter one: Introduction

Chapter One: Introduction

1.1 Background

Traditional power systems are undergoing a sigmifi¢dransformation and face numbers
of issues such as; the possible rapid increadeeiglobal demand where the demand is
expected to reach 60% increase in the next 30 yearpared to the current demand
[1.1], the international growing awareness of thei®nmental impacts due to large-
scale thermal generating plants, and the intemaliconcern over the limitation of
global primary energy sources. It is expected tthe# remaining recoverable oil
resources for example will represent only 60 ye&gsroduction according to the World
Energy Technology Outlook- 2090.1][1.2]. In addition to these issues, there is also a
increasing attention on reliability and security pbwer systems to minimise the
frequent of the recent major blackouts occurrediféérent parts of the world in the last

decade while dealing with aging infrastruct{te3][1.4][1.5].

To deal with such challenges, traditional powentesys would expect to experience
numbers of changes. The major aspects that mayeimte the shape of the changes are:
the connection of renewable and low carbon souicdise existing power systems, and
the deployment of efficiency measures within thetems for saving energy. For
example, it is expected that a wider usage of rabévand low carbon energy
generation can be integrated at distribution net&and at electricity use points in order
to reduce the reliance upon the large power plamtsjiding more reserve capacity, and
potentially reducing carbon emission and providsggne ancillary services that can
support the system. Also the level of improving #fficiency across all power system
sectors including production, transmission, disititn, and consumption may be

required so losses can be reduced and saving igyecan be obtained..1].

In addition, at consumers’ points, the change altdad response from only passive to

more active, the connection of small scale embedesolurces such as microgeneration,
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and carbon-lean transportation could limit the gpewvaste and provide a significant
efficiency improvement[1.6]. Also the heat generated by decentralisedtrtey
production can be used for space and water hegtifify The potential exists for plug-in

Electric Vehicles to offer spinning reserves anchemther ancillary servicgs.7].

Significant international attention has been given setting targets to provide a
significant amount of the electricity generatiomrfr renewable and highly efficient
energy sources. For example, the UK and other Eampgovernments have set a
demanding target to provide considerable amouniheif electricity consumption from
such forms of energy sourcgk8][1.9]. In addition the renewable portfolio standard
(RPS) which is provided by the US Environmentalt€ecbon Agency have established
requirements for electric utilities and other re&ectric providers to serve a specified
minimum percentage or absolute amount of custormeswmption with eligible sources

of renewable electricitjl.10].

The EU has set a target to make the share of rdrtlewaergy sources (RES) to provide
EU electricity to reach 20% of energy in 2020 a®ds6by 2050, and this was already
adopted by the EU's climate change legislation iecddnber 20081.11]1.12].
Alongside the EU, the UK government has set midlangd-term national targets which
aim to cut CO2 emissions by 26% by 2020 and upO8s &y 2050 compared to 1990
levels, and renewable and low carbon energy souscesexpected to significantly
contribute to meet these targ¢is13][1.14]. According to the UK Renewable Energy
Strategy report which was published in July 2009H®yUK Department of Energy and
Climate Change (DEC{)L.15], the UK needs to meet 15% of its total egdryg RES
by 2020 to meet the country 2020 target of carleatuction. For long term, the study
commissioned by the Department of Trade and InduddTI) of the UK from the
Energy Saving Trust has suggested that 30-40%eoUi's electricity demands should
be met through microgeneration technologies comdetd distribution networks by
2050 to meet the UK’s 2050 tardét16].

However, existing distribution power systems arsigieed and viewed as a passive

portion of the grid system with very limited autaima and controllability especially at
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lower voltages. So far, their main task has beetleliver the available electricity from
the generation and transmission systems to therielgc users without expecting any
reverse power flow and participation from the uderghe system operation. Therefore,
increasing the volume of connected microgeneratod increased deployment of
energy efficiency measures which can be calledildiged energy resources (DERS) to
curb carbon emissions and conserve energy resoudeéshange the reaction of the
distribution systems to the wider system, and hemgact the operational structure of
the traditional power systems. The system generatiapacity will comprise of
centralised generation and high densities of disted generation including
microgeneration. A new picture of many active loadpplied by many sources (i.e.
including centralised and decentralised generatiwil) emerge, in contrast to the

traditional systems with many passive loads sugdiefew sources.

New decentralised generation such as microgenaratioch are normally consumer-led
rather than centrally planned, may lead to cordflintthe operating strategies of the new
and existing centralised generation technologies.eikample, exporting power from the
distribution to the transmission system may resulthe transmission system operators
having less control of generation dispatch whenetkgort is taking place. Therefore, it
becomes vital for substantial amounts of microgath@n among other decentralised
resources to be controlled in the way they will éfénthe consumers and their
aggregated response will support the wider sysfédns. may require a rethink of a new
system structure and operation strategies that dvtadilitate the transition from the
conventional power systems to more efficient higtiistributed power systems which

are composed of many sources supplying many alctacs.

There are numbers of visions that have been desélopcently to describe the future
changes in power systems, and facilitate the toamsftion to more decentralised power
systems that can perform better. One example ishbaliGrid” vision which has been
created by the Electric Power Research InstitugRRI’'s) for future North America
power grids to support the 2Tentury economy in the state with extreme bendfits
reliability, capacity, and advanced customer sew{d.17]. Another example is the

“SmartGrid” vision which is developed by Europeamn@nission - Smart Grids

3
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Technology Platform for the Europe future electyichetworks for year 2020 and
beyond[1.18]. These visions are based on the charadtsrist a future power grid and
what the grid should accommodate and offer to rtreefuture policy objectives. At the
moment the visions do not adequately provide recentations for a physical system
structure that can clearly show how the future gean(i.e. DERsS) can be fitted in
distribution networks, and the controls of the rakg can be structured in the way that
the benefits from local generation and active dehzan be maximised. Therefore, one
issue that has not been addressed is the requitcimrena flexible system structure
concept that facilitates the utilisation of locangration and controllable demand to

provide both benefits for consumers and systemabioer.

In addition, there is an issue of understandingpgrdormance of a system incorporating
a large population of DERs including microgenematimder different system conditions
to ascertain measures of risk and resilience. A bmrnof previous studies have
investigated the technical issues surrounding thenection of a large number of
microgenerators in small areas of distribution rmeks. The studies such as those
reported in[1.19] and[1.20], amongst others as [&.21] and[1.22] were primarily

aimed at addressing steady or pseudo-steady-statitions. The transient performance
of distribution systems incorporated with a largengiration of LV connected

microgeneration under fault conditions has notiketemuch attention as its important

merits.

During fault conditions both microgeneration and kost distribution network are under
stress and each of them has a different impacherpérformance of the other. A high
penetration of LV connected microgeneration mayaaothe host network by providing
a new source of short-circuit current. The sourdé esentribute to the network fault
level, and if the network short-circuit rating whiaormally consists of three categories
with different time scales; sub-transient, transiemd steady state is exceeded, then
damage to the network equipments may result. litiaddthe impact of the new source
of short-circuit current may impact the main pemnfance criteria of the host network
protection schemes, where traditional schemes bese designed with no consideration

of adding generation at distribution level, and thelt source is always considered as
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upstream to the fault. If the protection main créeare impacted due to microgeneration
integration, then lower reliability, lower sensitiy and even reduction in power quality
by lowering the protection selectivity may res[lt23]. Therefore, understanding the
influence of a high density of LV connected micrmogetion on the host network

performance under fault conditions is vital.

The protection performance of the host distributi@twork during fault conditions (i.e.
how fast the fault would be cleared) will influensggnificantly the capability of
microgeneration to remain connected following systeansient disturbances. System
transient disturbances can be caused by diffenggrite such as losing large amount of
generation or loads, or due to a fault on the sysill these events may impact the
transient stability of the system, but disturbancassed by faults are normally more
severe compared to the others where the affecesk awill experiences large voltage
dips. Transient stability issues at distributiomelewere formerly insignificant before
microgeneration began to be connected at low ve#tagThe connection of a large
number of microgenerators to LV systems may alteirttransient behaviour. This may
become a significant issue because of the followsasons; one is the nature of the
microgeneration with very small inertia and poonarent damping compared to large
machines. This in turn will increase highly the séwity of the microgeneration to
faults on the system including remote faults. Ttreeoreason is the performance of the
host distribution networks which may not suppos tault ride through capabilities of
microgeneration. For example, protection schemedistibution level are normally
based on coordinating the operating times of tlmeptive devices, where downstream
elements will respond to faults faster than upstrego for some remote faults, upstream
protection devices may clear the faults within ragtinot small enough to support the

transient stability of microgeneration at downstnea

Therefore, this thesis offers two main valuableaaref contributions to support future
achievement of sustainable power systems: oneeiptbposal of a conceptual system
structure which can facilitate the active utilisatiof local distributed energy resources
by which the overall system operation can be impdoand local system constraints are

mitigated. The other is a technical work that pdea an understanding of how such a
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system with a high penetration of microgeneratiagh kehave under fault conditions
and what can be done to improve the performanceuoh a system under transient
disturbance caused by a fault on the hosted systithin the technical work the
resilience level of the host distribution network &ell as the resilience levels of LV
connected microgeneration during large transiestudbance is quantified. Furthermore,
a network focused technical solution that can suppoehanced transient stability of a

large penetration of LV connected microgeneratsomiroduced and demonstrated.

The thesis proposes a “cell” concept as one otthations that can help to manage the
spread of heavy volumes of distributed energy nessu (DERS) including
microgeneration such that benefits are maximisedl the host system is supported
under different operating conditions. The cell aptcthat has been developed in this
thesis is different from the Danish cell that hasm introduced, and based on the value
of islanding and black start of active distributiortworks[1.24]. The benefits of a
system structure based on the cell concept devglopthis thesis can be divided into
two main facets. One is the possibility of explugtithe useful features of DER units in
support of the wider system. This could help miggtne threats to system performance
presented by negative impacts caused by significanhection of DERs such as the
impact on the local system voltage profile, theteys fault level, and the system
protection performance. The other is simpler arttebeoordinated communication with
DERs by building the system in hierarchical stroetand allowing the inputs from
DERs and groups of cells to be transferred as @olke actions when it moves from the

consumer level to wider system level.

In addition, to achieve safe operation and in otdeavoid stressing the network, the
thesis studies the sources of the technical prablémat could emerge when typical
distribution networks are incorporated with largeunbers of small scale

microgeneration and the system is operating uraldt €éonditions. Based on the output
of the studies practical means to mitigate the l@rab are introduced in the thesis. Two
areas of studies are considered in the thesis tvaondifferent angles. One studies the
potential impact of integrating a high penetrat@nLVV connected microgeneration on

the performance of the host distribution networkirty transient fault conditions. This
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includes the contribution to the fault level of thest distribution networks made by
integrated microgeneration, and the impact on tbhe€opmance of traditional LV

protection schemes. The other angle is by undaistgrthe impact of the performance
of the host distribution network on the transierdrfprmance of the connected
microgeneration when the system is under the strfefsailts. The possible local impacts
of losing large amount of microgeneration on thefggenance of the host distribution

networks are also investigated.

In order to cope with problems surrounding thealadistribution system under fault
conditions with the presence of a high penetrabbihVV connected microgeneration,
and prevent the local disturbances from expandihg, thesis proposes the use of
resistive-type superconducting fault current limgte(RSFCL) as a remedial measure that
provides useful inputs for both the network perfante and the microgeneration units
during large transient disturbances. One input itigating the problems associated to
the microgeneration transient stability issue, déimel other is as a measure that can
manage the fault level contribution made by micragation, and it helps avoiding the
alternative costly solutions such as upgrading mgent or reconfiguring distribution

networks.

Existing RSFCLs are designed mainly for fault cotriégmitation purposes of a system
with one source (i.e. mains) of fault currents with giving any consideration to the
limiters capability to improve the system transigrgrformance from the design
perspectivgl.25]1.26]. Therefore, the thesis in addition to otbentributions develops
a new analytical mathematical approach that cantiigeat which condition RSFCL can
provide both additional headroom against distrifutsystem switchgears short-circuit,
and improved resilience level of a large penetrabb LV connected microgeneration.
The approach can be used to determine the mininaguired value of the resistive
element of RSFCL by which the transient stability.¥ connected microgeneration can
be maintained regardless the fault critical cleegatime of the machines as an added
function of RSFCL to its main function (i.e. limg fault current).

The approach is validated by conducting informatramsient studies by using detailed

models of a small microwind turbine interfaced dikgwithin residential dwellings by a
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single-phase induction generator, a transient madeRSFCL, and a typical LV

distribution network with residential loads. Thetaibhed results from the approach are

considered acceptable, and the advantages of #igtiaal method outstrip the observed

disadvantages.

1.2 Summary of the thesis main contributions

A new system control structure based on a cell gpht¢hat can provide a
flexible physical structure for managing a systentorporating a high
penetration of microgeneration and dynamic loadsesponse to numbers of
particular objectives such that benefits are mas@éutiiand the host system is
supported under different operating conditionsrigpsed. The concept is based
on a hierarchical structure that can form the hdistribution networks as
aggregated or further subdivided in order to explee useful features of DERs
in support of the wider system, and mitigate looahstraints. In addition, the
cell concept gives an indication of who can contha grid at different voltage
levels based on the cells hierarchical boundarié® proposed cell concept
functions are driven by numbers of allocated oljestthat can provide numbers
of useful contributions for delivering the “Smarti® objectives, where other
alternative concepts with limited objectives susH'@anish Cell” is driven only
by the value of islanding and black start operatio@4].

The impact of microgeneration performance on allpesgformance of a typical
LV distribution network during fault conditions &ssessed, and the level of the
problems is evaluated. The increase in the fawiell®f a typical UK urban
distribution network example due to the connectbm different penetration of
LV connected microgeneration is quantified. Alsavaich locations of an urban
MV/LV distribution network and at which penetratiai microgeneration the
increased fault level may become a problem is ifledt Furthermore, the
influence of a high population of LV connected rogeneration on the main low
voltage protection schemes criteria is quantifi€dis considers the impact of

microgeneration presence on the correct operatibnL\6 protection (i.e.
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reliability, when to operate and when not to opeExaand the LV protection
graded setting (coordination or selectivity).

e The conditions under which circumstances that Lvingxted microgeneration
will be unnecessarily tripped in response to réalidistribution network faults
and when they can survive disturbances based a@iatetransient models and
informative transient studies are specified. THeenent capability and response
of grid-connected microgenerators to maintain $tglduring and after clearing
of both transient local and remote faults on thst lsystem is quantified against
different fault locations, typical fault clearanibees and generator/prime mover
technologies. The impacts of simultaneous unnepgsdaconnection and
deliberate reconnection of substantial amount ofdovinected microgeneration
interfaced by rotating machines on the host distiim systems performance are
outlined. This can widen the knowledge and be amred as an added input to
numbers of studies were primarily aimed at addngssteady conditions and did
not explore the transient response to be expeobed fhicrogeneration.

* A technical solution by using the transient charastics of a resistive-type
superconducting fault current limiter (RSFCL) tchance the transient stability
of a large penetration of LV connected microgenenatnd at the same time
providing an additional headroom for distributiorystem fault level is
introduced. This would help to improve the resiiertevel of active distribution
networks and hence help to remove the barriers nagaihe spread of
microgeneration in the future. A new analytical mggeh that has a perceptible
feasibility for identifying the minimum required gistance that needs to be
reached by a resistive-type superconducting fautteat limiter (RSFCL) to
ensure the improvement of transient stability of tdhnected microgeneration is
introduced and validated. The approach is baseshaation solution rather than
on trial-and-error simulation studies, and thereforo longer dependent on
digital transient simulation programs and detail@icrogeneration transient
models to identify the required characteristics BRSFCL to improve

microgeneration ride through faults. Solution spéedherefore significantly

9



Chapter one: Introduction

improved, reducing time required for each invesiaga The approach can also
give an indication about the suitable RSFCL forfedént distribution systems

based on the system parameters.

1.3 Thesis layout

Chapter two outlines major challenges and issuas dhe facing the current electric
power systems. The major expected changes in fytowmeer systems from energy
perspective are also discussed. A number of forleoking scenarios those considering
the implementation of a high penetration of micrgm@tion in the future are also
discussed within the chapter in order to projetirel changes in power systems. Within
chapter two, a new system structure concept basea cell concept is developed as
means of delivering the objectives of decentralisgdre power systems. In addition, in
order to understand the behavioural characteristicactive distribution networks and
based on literatures, the most emerging techngsleis due the presence of a high
penetration of LV connected microgeneration dufangt conditions that require further

investigation are clearly outlined.

Chapter three investigates the factors that areerikely to influence the prospective
fault level of a typical distribution network inqmrating a high penetration of
microgeneration. Based on these factors, detaitedies are conducted to test the
impact of LV connected microgeneration with differg@enetration on fault levels of a
typical urban distribution network. Two sizes of cnogeneration with different

penetration are included; domestic and commerdmss An aggregated model of
different penetration of microgeneration with aefal consideration of the impact of the
impedances of the cables between microgeneratamsection points which have an

impact on fault contribution is developed and usgdhe fault level investigations.

In chapter four the microgeneration integration actg on LV protection performance
are investigated in detail by using a typical MV/distribution network accommodating
100% penetration of microgeneration with respecth® local loads. The studies are
conducted in terms of the influence on two emergirgps. One is the reduction in the

reach that can be caused by a large penetrationioobgeneration which can impact the
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sensitivity of the low voltage protection schemese other is the impact of the reverse
fault current provided by LV connected microgeneraton the low voltage protection
performance, which can lead to incorrect operabiblow voltage protection that can be

result due to the impact on the selectivity of phetection.

Chapter five contains the issues surrounding thestent stability of microgeneration
using small rotating AC machines in response toesgntative network transients. An
introduction to the transient stability issue isvegi, followed by outlining why
microgeneration transient stability is an importasmtea to consider. A set of
microgenerators transient models with differentegator/prime mover technologies is
developed to be used as part of the transient egudihe impact of different fault
locations, typical fault clearance times, and getwfprime mover technologies on the
ability of microgenerators to maintain stability @hthe system is subject to different
local and remote faults is investigated in detdilsaddition, in order to examine the
consequence of transient instability of microgetiena the voltage step changes due to
the simultaneous disconnection and reconnectice lafge number of microgenerators

within a small area of LV distribution network aiso evaluated in the chapter.

Chapter six investigates the advantages of theeusghe transient characteristics of
RSFCL as a remedial measure to improve the tranpenfiormance of large amount of
LV connected microgeneration. The main operationgples of RSFCL are also given.
In addition, a new analytical method that can nsamtiarge amount of single-phase
grid-excited induction microgenerators regardldss machines critical fault clearance
times is introduced, and the effectiveness of thethod is tested. The test is
accomplished by determining the minimum requiresistance parameter of RSFCL
device that ensures the microgeneration fault tideugh capabilities by using the
proposed analytical approach which is based on tegquaolution. The results are
validated by detailed transient stability studiesducted by digital simulation programs

including detailed microgeneration transient models

The conclusions and future work based on the woekgnted in the thesis are drawn in

chapter seven.
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Chapter Two: Moving towards decentralised power sytems

2.1 Introduction

This chapter discusses and outlines the major exigdls and issues that are facing
traditional power systems, followed by evaluatihg major future changes from energy
perspective that electric power systems may expegien order meet the policy

objectives and overcome the issues impacting toadit power systems. The chapter
also explores the differences and the similarbietsveen numbers of different visions of
decentralised future power systems driven by diffefactors and opportunities. A new
system structure based on a cell concept is desélgs means of delivering the
objectives of decentralised future power systemd,the most emerging technical areas
during fault conditions require further investigatiin terms of integrating large amount
of microgeneration are outlined in order to asskesbehavioural characteristics of the

cell concept.

2.2  Traditional power systems

Traditional power systems are normally based ogelaemote power plants producing
most of the required electric power, and then tbeeqy is transferred toward the users
over long transmission lines. This paradigm is ckedtl as in Figure 2- 1, where the
large power plants are connected through a setepfip transformers to meshed and
interconnected transmission networks. Transmissiaig/orks are then stepped down
and connected to distribution systems where thetredgy is distributed and used.
Transmission networks are commonly meshed to peomidre paths for power transfer
as well as low impedance enabling larger power flowaddition, transmission systems
play significant roles in increasing system reli@pi improving the quality of supply,
and enabling the operators to deal with differeyiteam contingencies such as lines
outages, lost generation, or unexpected changheidémand2.1]. To achieve such
functions, transmission systems are integrated otiler complementary equipments to
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provide good levels of controllability and autonoati and ancillary services to be
provided from the generation side.

Large Generation Plants

Bulk Transmission

‘ |
Primary
@ distribution
|

||

Secondary
distribution

General direction of power flow

Distribution system

v

Low voltage

Figure 2- 1: Traditional power system networks

In contrast to meshed transmission networks, digion networks are mainly radial in
nature, and for example in the UK they are conmktiidransmission level at 132/33kV
substations in Scotland and 275/132kV substationgrigland and WaleR.2]. Their
voltages are reduced to 33kV and 11kV and the pesveansferred by 11kV feeders to
be carried close to the users (i.e. industrial, mencial, residential, and transportation).
The voltage will be further reduced to 0.415kV (WKltage) at residential and small
commercial load points. Distribution systems areally classified as three different
forms, urban, suburban, and rural networks. In minbatworks, underground cables are
widely used with short lengths to provide electyidior high load densities in urban
areas. In rural areas, overhead lines are more contm be used and much longer,
while suburban distribution networks use a comlamabf underground and overhead

lines to carry and deliver power within suburbasazs:
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2.2.1 Characteristics of traditional power systems

At the generation level, the traditional power sys$ are widely based on central power
generation. The generated electric power flows ifferént directions within
transmission systems, and further losses of thergeed power will be incurred in the

transmission and distribution networks before tbegr is delivered to usef2.3].

Traditional power systems are operated and coattoltentrally, and distribution
systems have very limited levels of controllabilignd automation compared to
transmission systems. This may lead to some padswibution systems to be restored
manually, and their contribution to the wider systeperation is limited. For example,
due to the lack of communications between thetiesliand users, the consumers in
traditional power systems have very limited capghib response to the system changes
and system needs during different operating camsti The utilities and operators of
distribution networks do not have a full accessdatrol the equipments at consumers’
sides by which better efficiency of network utilimen can be achieved by having more
control, however, there may be a limit how muchtogrconsumers would be willing to
surrender to suppliers. Also the electric appliande not have the capabilities to
response to the system needs and provide some rsuppo technical perspective.
Systems with such characteristics may not be seffido help to the meet the EU and
UK targets with regard to climate change. Radi¢snges in each sector of existing
power system will be required in order to meetltve carbon targets, and particularly at
distribution system$2.4]. More active engagement of the electricityl ersers such as
playing parts in generating and managing local gynés required. This may lead to
radically changes in the characteristics of theteng distribution system. The impact of

these changes is discussed in more detail se@i8h (

2.2.2 Challenges and issues facing traditional power syasins

According to[2.5] the global electricity consumption for 2020llwexceed 27,000

terawatt-hours (TWh) compared to 15,400 TWh conglime2000. This is predicted
because of the increase in the global populatioitiwis expected to reach 7.5 billion
people by 2020 compared to 6.1 billion in 2dA®]. Also another source the “World
Energy Technology Outlook- 2050”, provided in 200% community research of the
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European Commission (E(2.6], outlined that global demand is expecteddach a
60% increase in the next 30 years compared to tineerd demand, and the current
global generation capacity and power reserve vatl Ime able to meet such dramatic
demand increase. For instance, over the next tvoadds, the UK will need large
investment in new generation capacity to replaeectbsing coal, oil and nuclear power
stations, and to meet expected increases in @igtdemand2.7]. The energy analysis
conducted in 2007 by Redpoint Energy Limited anergp Strategies Limited expected
that 22.5GW of the UK existing power stations mkse by 202(2.8].

Building new transmission and distribution networkay be very expensive, and at the
same time may increase the complexity of the systeamd reduce the overall efficiency
since more lines will lead to more losses. In addjtthe rapid increase in the demand
could sometimes not be met by building more trassmn and distribution
infrastructures. “The Smart Grid: An Introductioréport which has been published by
the U.S. Department of Energy’s (DOE) Offi2.9], has outlined that since 1982,
growth in peak demand in the U.S. has exceededrriasion growth by almost 25%
every year. Also the same report has found out dpatoximately the average power
outage affected 15% more consumers from 1996-2080 from 1991-1995. From a
cost point of view, and according to (IEA), theimsited investment for upgrading the
transmission and distribution networks in Europenalto meet the increase in demand
by 2030 will approximately reach €500 billion, atite global investment required to
meet the increase in global demand for the same $itale could be $16 trillid.10].

Based on literature reviews numbers of challengekissues that are facing traditional
power systems are discussed below in terms of @mwiental, security of energy

supply, and operating issues.

[- Environmental issues

There is a high concern over the world about clenadtange due to (GHG) emissions.
According to the fourth assessment report fromrgigeernmental Panel on Climate
Change (EU action against climate chan@])1], the temperature rise is accelerating
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and the sea level rose nearly twice as fast aseeetvi993 and 2003 as during the
previous three decades and the changes were dogntonade emissions of GHG.

Climate change due to GHG emission is a global Ilprobwhere the source of the
problem comes from different parts of the worldt the impact would affect the whole
planet. It is believed that developed countriesnaaénly responsible for the current high
levels of GHG emissions as a result of more tha@ y&ars of industrial activity.
Therefore, there was an international agreementaokling climate change which is
called the “Kyoto Protocol{2.12]. It has put large responsibilities with éifént levels
on the shoulders of developed nations to reduce @Hfizsions by 2012. However,
many countries have committed long-term CO2 cgets beyond Kyoto. For example,
the EU and other developed countries have set ttange reduce the global GHG
emission by 30% by 2020, and by 60-80% by 205Cspect to 199(2.11]. The EU
has made an independent commitment to cut its e@nige at least 20% (30% if
international agreement is reached) by 2020 condpard 990 level, and increasing use
of renewable to meet 20% of the EU total energ2080[2.11]. In parallel to the EU,
the UK government has set mid and long-term nalitargets which aim to cut CO2
emissions by 26% by 2020 and up to 80% by 2050 eoetp to 1990 levels
[2.13][2.14]. The table below summarises the global carealuction targets.

Set by 2020 (carbon reduction target) 2050 (carbduaction target)
Global 30% 60-80%

EU 20%(30% if international agreement is reached) 60%

UK 26% 80%

Table 1: The global carbon reduction targets

The climate researchers believe the only way td line increase in the carbon emission
is to halve the GHG emission, and without environtakremedial measures global
carbon emission will increase by 57% to 2(q2QL5]. Traditional power systems are
considered as one of the sources that contributheaclimate change problems. For
example, large carbon based power plants emit GH@hwin turn will harmfully

impact climate change. In addition the InternatioBaergy Agency (IEA) statistics
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indicate that 16% increase from 1990 to 2005 irbgldCO2 emissions caused by the
energy use along.10]. Taking the UK as an individual example, thK’s electricity
generation sector accounts for about one thirdh@fUK’s total carbon emissior2.7],
and approximately 25% of the country greenhouseegassions caused by the heat and
electricity usage at residential sectr16]2.17]. Therefore, generation and other power
system sectors such as transmission, distributidnd@mestic as well as transport have
a significant impact on the climate change, artiefright measures are applied to these
sectors, they would play a significant role in reidg GHG emissions, and reserve more
energy primary resources. For example, GHGs emmssian be reduced from power
systems sectors by using low carbon generationntdobies such as wider use of
renewables and thermal generation plants equipp#d carbon capture and storage
(CCS), and the technologies such as combined hehipawer (CHP) that can offer
improved efficiency at domestic sector of the pogsystem, and energy saving measure
[2.6].

Based on the EU commitments to cut GHG emissionaddition to Emissions Trading
Schemes (ETS) to control pollution by economic mes, two measures were
proposed in 2008 by EU nations and they were addethe December 2008 EU's
climate change legislation in order to reduce th#GGemissions released from power
systems. One is the share of renewable energy e RES) should reach 20% of
energy in 2020, and the other is the energy sasimguld be made by which the
consumption would be 20% less compared to the lr@sescenario without energy
saving in 2020[2.18][2.19]2.20]. For long term, in 2009 there was a disausn
increasing the figures to 60% RES and 35% energyngdy 2050[2.18]2.21].

[I- Security of primary energy supply issues

There is a big concern on the limitation of globezdsil fuel resources. Experts expect
the remaining recoverable oil resources represeigt@D years of productiofR.6], and
from 2015 global demand for oil will outstrip suppl2.15]. Because of the high
increase in energy demand and the limitation iditi@nal primary energy resources, the
days of cheap oil in the medium and long term amx [2.15]. The trend towards more

expensive oil is driven by the rapidly increasingpetite for economic growth
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particularly in developing countrief2.15]. According to the International Energy
Agency (IEA), China and India alone will account #0% of the future increase in
energy usage, and 84% of the increase in the demadlhdbe met by fossil fuels
[2.15][2.22]. With these forecasts and figures the ségcwf primary energy supply
therefore is a serious issue especially for thosgoms relying on imported energy
primary sources. For instance, in the EU the rekaon imports of gas is expected to
jump from 57% to 84% by 2030, and of oil from 828©8%[2.11].

It seems that there is a serious need for movitaynmore efficient power systems that
can save energy wastage, and offer fuel-mix enesgyrces. The world energy
technology outlook-205(2.6] has stated that using energy in more efficigay will
play a very significant part in saving primary emeresources for the future. The report
also expects that when renewable and nuclear ersengices benefits from sustained
development, 30% of the world energy supply coutdpboovided by non fossil fuel
sources by 2050.

- Operational issues

In the last decade, numbers of blackouts were experd across different parts of the
world, and particularly in 2003 North America anolre parts of Europe experienced
their worst power failure$2.9]. The event in North America affected morenthz0
millions of people, and tripped more than 400 traission lines and 531 generating
units [2.23]. Also in the same year, up to four milliongstomers in Denmark and
Sweden lost powef2.23]. Few months later a cascading outage lefstnod Italy
without power{2.23].

The main reasons of these major blackouts accotditige papef2.23] were identified
by the IEEE PES Power System Dynamic Performaneenaltiee and concluded that it
was equipments failures, followed by inadequateiartoper control responses to limit
and minimise the problem. The US-Canada Power Bygst®utage Task Force final
report on the August 2003 blackd@t23][2.24] reported that the primary sources of the
US-Canada blackout were due to numbers of compaileres occurred on the energy

management system of one of the control centreghwld to a lack of understanding
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of the actual system behaviour and needs. Thisfeli@sved by losing numbers of units
heavy loaded by reactive power, and due to tre¢gacom few hours later, numbers of
transmission lines were tripped. This caused oweifty on other remaining lines as
shown in Figure 2- 2 resulting in cascading los$irefs and generating units which left

millions of people in the state to be in d§2k23].
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Figure 2- 2: Cascading tripping in US/Canada trassion lines systems in 20(3.24]

In Sweden and Denmark, the event started from dosite nuclear generation unit due
to failure in a feed-water valve, followed by nearbouble busbar fault tripped four
lines at the substations. This N-5 contingency edwsnother trip of 1.8GW power plant
[2.25]. This led to an overloaded circuit betwelea two countries, and the line tripped.
The generation was not enough to meet the demasduthern Sweden, so cascading

events continued and left millions of people withpawer.

In Italy problems also started with a single fawaiusing tripping of the line between
Italy and Switzerland, and the automatic breakérsed to reclose the linf@.25]. The
country started losing synchronism with the restEafrope. When the country is
electrically isolated, the generation deficit ledlarge drop in the system frequency as
shown in Figure 2- 3, and there was inadequateraomtf frequency to prevent
generation from tripping. This led to the collapgehe entire Italian system except of
Sardinia[2.26].
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Figure 2- 3: Frequency profile during Italy 200adkout[2.26]

Another serious event left more than 15 million Bfiropean households without
electricity in 2006 was the grid disturbances thmapacted most of the European
countries transmission grids off f November 2006. According the technical analysis
report provided by the European Network of Transiois System Operators for
Electricity committee (ENTSO-E)2.27], there was tripping of several high-voltage
lines due to manual disconnection of the doubleutir380 kV without undertaking
sufficient counter measurements to reduce the pdiser of neighbouring lines in
Northern Germany which led to system splitting, amdlicing a severe frequency drop
that caused an interruption of supply for wide aEBurope.

UK also experienced a partial blackout on May 2Z808. The event occurred due to
unexpected trip of large amount of generation élmost 2GW) which in turn led to the
maximum secured loss at that day to be exceededtlamdiow frequency load

disconnection schemes to be initiated and affeatemlit 550,000 of consumers. The
figure below shows the impact of the event on thedystem frequency, and the loss of

total generation and logd.28].
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From above events have occurred in USA, some desrdf the EU, and the UK, it can
be evidently seen that there have been recentlybatsrof blackouts impacted millions
of people across different areas of the world. Mishe above blackouts were initiated
with equipment failures, or human errors due to ldek of information about the
situation of the affected system prior to the sysfailure as happened in 2006 blackout
in Europe as explained above. Another factor cbuatimg to the spread of the blackouts
was the inappropriate control actions that werenalo limit the cascades of the events.
Therefore, the reliance on centralised control esystwould lead massive number
consumers to lose electricity in case of a singikife in the main central control room.
In order to build a securer system with low carlnission, making better use of
energy, and at the same time minimise the houthefpower cut more decentralised
control structure as proposed in this thesis wal tequired. Such requirement is

discussed in more detail in the rest of this chapte
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2.3 Future changes in electric power systems

Moving to a low-carbon environment, managing enesggurity of supply risks, and
potentially reducing the cost of the electricalrastructure, whilst at the same time
improving the reliability of power systems and reithg the widespread of blackouts has
motivated an increased interest in the integratibmore energy saving measures (i.e.
using energy more efficiently) and wider generatioix sources. Such measures have
the potential to make further cuts in the carborssimns and contribute to the security
of energy supplies by reducing the reliance on ingab energy and ensuring the

maximum use of the energy resources through greatrgy efficiency2.7].

The diversity in the energy mix makes the risk @ity of primary energy supply to
be shared across a range of sources and techroboglereduces the reliance on a single
energy source such as fossil fuels or on a sirggihriology type such as large plants
interfaced by large synchronous machif#2g]. The generation mix includes renewable
and the adoption of low-carbon technologies, sicbaabon capture. This in turn would
open up the possibility of moving to more deceideal low carbon energy systems. The
decentralised systems will be composed of generano including centralised and
local generation, and the use of the energy saviegsures to improve the efficiency of
power generation, transmission, distribution, eleity use, buildings, and shifting
toward more environmental transport systems. Lagaieration and energy saving
measures will also offer the flexibility to accomdade variations in demand at different
times of the day and of the yg&r7]. A significant growth of local generation thaan

be connected at distribution systems, energy sawiegsures, and carbon lean transport
will represent a considerable change in traditiagiatribution systems, and they will
have a key role to play in decentralised poweresyst How such a range of changes

may impact the electricity supply industry is dissed in more detail as follows:

2.3.1 Distributed Generation

Distributed generation (DG) term is referred to gyation units that can be connected to
distribution networks across different voltage lsveather than to the high voltage
transmission gridg[2.29]. Distributed generation units provide meaofs utilising

renewable and low carbon energy resources. The angt not always connected at the
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electricity use points. For example DGs which atigeth by renewable energy sources
need to be located close to the localised energgurees which can be available at
remote areas from the consumers. If DG units an@@cted to LV distribution networks

and are used in the context of generation of poatedomestic scale they can take
advantage of reducing the capital and operatingtscoand can be termed as
“microgeneration”[2.30]. Initially DGs were mostly used for shavipgak power or

providing power where electricity is not availabtowever, within future power system
changes, DGs including microgeneration technologas provide further useful inputs

to the system. Their useful inputs are summarisgadlws.

A- The potential benefits of distributed generation ad microgeneration
[2.11][2.29] [2.31]

» More efficient use of renewable and fossil fuelingsDGs driven by renewable
and low carbon energy sources have the potentraldioce carbon emissions and
the demand for imported gas or oil as primary epseagyrce for large plants.

* The heat generated by decentralised electricitdymtion can be used for space
and water heating.

» Improved flexibility: decentralised energy systenil wespond more readily to
technological change.

e Increased numbers of energy producers/suppliersentialised systems by
producing power locally could lead to more markattigipations, potentially
increasing competition and customer choices.

* Raised energy awareness: the production of elégtaod heat more locally by
DGs will help to increase the awareness of energgyxction and consumption
potentially resulting in more efficient use of egerlt is claimed that this will
make the public co-producer of climate change swist rather than passive
consumers of energy.

* Enhanced network reliability and resilience: DGs gaovide local active and
reactive power which can be used to meet the ldealand and the same time
supporting the wider system performance such ascestl line losses, and
improved voltage profile. This would also relievartsmission and distribution

congestion, and offer lower operating cost duegtakpshaving.
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* DGs in some applications can provide local blagktsuunctions and reduce the
power cut periods by supporting consumers undeditions of mains failure.

* Another alternative arrangement to support theemse in growing demand:
DGs can provide new opportunities for increasirgdiversity and the efficiency
of the power system.

B- Distributed generation technologies

There are numbers of DGs technologies which caidésetified by the technologies
used to interface the unit to the system or by ftred used to drive the unit. DG
technologies from energy perspective include reévand low carbon devices (fossil-

fuelled) are listed below:

I- Electricity generation technologies

Wind power

Wind power is a clean, renewable source of enefggwproduces no carbon emissions
or waste products. The most common wind turbinethige blades mounted on
horizontal axes, and driving a generator directifhwough a gear box. DGs driven by
wind power can be onshore of offshore, and thd tftéghe wind farms could provide
total electric power up to 1G\2.32]. The wind speed is uncontrollable source s

in turn will make DGs driven by wind to have diféert electrical characteristics to
conventional synchronous generators. Wind powdsirtes are interfaced to the grid
directly by induction machines or by using powezctionics interface such as inverters
and converts. Wind generation makes a significamtrdoution to the energy supply

system and it is leading the renewable generagicignology in many countri¢2.32].

Photovoltaic

Photovoltaic or PV generates electricity from sginti The PV cells are connected
together and encapsulated, usually behind glasfrto a module or panel and any
number of modules can be connected together. Téwrigity is generated when the
semi-conducting materials of the PV cells are egdo® the sunlighf2.33]. The PV

cells convert the sunlight energy into direct cotréDC), and then the DC current is
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converted into alternative current (AC) when corteédo the grid. This technology has
the advantage of being very effectively integrated the structure of building®.30].

Hydro-power
Distributed generation hydro powers are technokgiat involving utilising naturally

flowing water on hilly lands, or in rivers and stres to generate electricity. Hydro
power can also be obtained from a reservoir thethdirges water back into the main
river. The electricity produced by such technolsgiepends on the amount of the water
and the speed of the flow. From the technical matspe such DGs are normally
interfaced to the grid by synchronous machines.

Fuel cells

A fuel cell combines hydrogen with oxygen in cheahigrocesses to produce electricity.
Unlike technologies which "burn" fuel, with fuel e the conversion takes place
electrochemically without combustion. Fuel cells ¢g run on a wide variety of fuels,

and importantly, fuel cells make fuels last lon¢@B4]. When fuel cells run on pure

hydrogen fuel no carbon or other toxic emissiores @oduced, and this can therefore
help to tackle environmental issUy@s34].

II- Heat generation technologies

Distributed generation can be also used to prospdee and/or water heating. There are
numbers of examples of such DG technologies. Oremple is solar water heating
technologies which use the heat of the sun to m®dwot water. Another example is
biomass technologies can provide space or watdmigefrom burning wood and non-
wood fuels. The biomass fuels are derived from dwyeproducts, energy crops and

waste wood producf{2.35].

[lI- Combined heat and power (CHP)

Combined heat and power (CHP) refers to technadoifiat provide electrical power as
well as thermal energy from a single fuel sourcen¢¢ the waste heat from generation
process can be used as a heat source rather tbase to the environment. The two

main types CHP technologies are reciprocating dmting§ engines. DGs based on CHP
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technologies can be interfaced directly to the doyg synchronous generators or

indirectly by using power electronics.

IV- Microgeneration

Microgeneration units tend to be, by their natureakber compare to large distributed
generation, and they are defined in the Energy2804 as:*a source of electrical
energy and all associated interface equipment,date and include 16A per phase,
single or multi phase 230/400V ac and designedprate in parallel with a public low
voltage distribution Network”[2.36][2.37]. Microgeneration technologies are also
defined in Microgeneration strategy which is pufstid by the Department of Trade and
Industry (DTI) of the UK to produce less than 50kf\electricity or less than 45kW of
heat[2.38]. In the UK microgeneration implementatiorcasidered as an essential part
within different UK’s low carbon building programmehat would help to reach zero
carbon building$2.39].

Similar to larger distribution generation, microgestion may include some
technologies that can generate only heat, or oldgtrecity, or combined heat and
power. According to the range of technologies defithe DTI microgeneration Strategy
[2.38], and the Micropower Limited which has a siigant interest in developing the
small-scale generation, the most common type ofrogeneration technologies that
have received recently large attention from eneagg technology perspective are
summarised beloy2.40].
*  Micro-wind where building mounted turbines are netarting to come onto the
market[2.29].
* Solar PV with range of 1-3 kW as a typical powetpot for a domestic
installation.
*  Micro-hydro power
« Solar water heating to provide the heat for dorsaste where4m?® collection
area would provide 50-70% of a typical homes’ ahhoawater requirement.
*  Heat pumps which use the warmth stored in the gtaarneat fluid circulating
through pipes, a heat exchanger extracts the Imelath@n a compression cycle

raises the temperature to supply hot water forihggurposes.
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* Biomass stoves and boilers

*  Micro-CHP which can provide around 5 kW offeringoand 10-12kW of
thermal output. A typical domestic sized micro-Ctift will deliver the same
comfort levels as a modern boiler, whilst reducthg CO2 emissions of a
typical house by 25% per year.

» Small scale fuel cells are in a range of sizes fatrout Y2 kW upwards

2.3.2 Local demand and deployment of smart meter

The domestic sector has been identified in mangarehies as an important part of
power systems that will play a significant role@®2 emission reduction, and energy
saving. For example in the UK, the housing stockesponsible for around 27% of all
carbon emissions in the country according to that®VRaper 20072.7]. In a typical
British home, three-quarters of carbon dioxide smiss come from the energy used for
heating and providing hot water and a fifth fromghling and appliancef2.7]. In
addition, the UK Energy Saving Trust as it is repdrin [2.7] has estimated that
individuals are responsible for around 40% of tH€dJenergy use and carbon dioxide
emissions, and at home over £900 million per ysawasted by leaving appliances on

when not in use.

Therefore, using less energy by improving the epeffjciency at domestic sector and
the efficiency of the products and the insulatiéthe buildings will reduce energy bills
and helping individuals to be more aware of thearngmce of their actions to reduce
carbon emissions and climate chafg&’]. Using the energy in more efficient way by
the consumers may require demand management whitthii can be used to shift the
demand away from peak periods, and savings by meglube need for investment in
new energy infrastructure to meet peak demand aanoffered. From technical
perspective such advantages may be reached by adiramced demand management
techniques that allow the consumers, energy suppb@d network operators to monitor
and manage the use of energy. One important elethahtcan significantly help for
demand side management is a smart meter, whichbeamstalled at consumers’ homes
in order to provide real time displays of the ewerge, and potentially help the
households to manage their energy use.
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The smart meter will also allow communication beswehe consumers, the energy
supplier and perhaps the network opergfo#l]. This can help readings to be taken
remotely and ensuring all bills are accurate, ammyiding sufficient information about
the situation of the network at consumers’ poiwnisthe network operator. Provision of
energy use information will put energy user in dtdreposition to save energy, the
energy suppliers in a better position to incentivesusers to use less energy overall and
shift the demand at peak periods in response te tifruse tariffs, and the operators to
operate the system more efficient based on théiligiof local networks that smart
meters can providg2.41]. So, smart meters would be very importanabding
technologies that will facilitate the integratiohroore local generation and the adoption
of saving energy measures. The EU target for nail-@f smart metering is 80% of
consumers within EU to be equipped with Smart MetgiSystems by 202(2.42].
Within the UK, the aim in long term is to roll-othe smart metering to all the UK
consumers in the way that the consumers, supphets;ork operators and other market
participants gain benefits, and at the same tiraestivironmental and policy targets can
be delivered[2.43]. The UK policy forecasts the replacement4af million of the
residential traditional meters in the UK by smarters by year 202{R.43]. So, by
deploying demand side management measures, corsgaeiplay more active role in

energy systems.

2.3.3 Transport sector

On the consumer side, the potential impact of taesport sector is significant and can
be highly anticipated2.44]. Transport is expected to be one of theelsgrowing
sectors in the future, and in the UK as an exantpke transport accounts for around a
quarter of UK domestic energy use and greenhousesgassiong2.7]. In addition to
the environmental impacts of transport, the trartspector depends heavily on oil, and
this in turn may have a potential impact the seégwf energy supply. In addition, the
potential impact of plug-in Electric Vehicles framchnical perspective would be highly
anticipated where spinning reserves and ancillaryises can be offered if appropriate
plugs are provided[2.45]. For example, according to the Energy Infation
Administration, U.S department of Transportatiootgmtial impacts of plug-in electrical

vehicles to the U.S. grid can be significant. Tlienber of the cars in the state is more

33



Chapter two: Moving towards decentralised powetesys

than 250 million, and if such numbers are changeedléctric vehicles, then total energy
to charge such numbers will be 3840GWs on the geecd 15kW per vehicles, while
the total current generation capacity of the sound 986GW?2.44]. This indicates
that integrating electric vehicles would lead tac@nsiderable change in the power

systems.

For this sector to reduce its carbon emissions atspand to provide a significant
contribution to energy saving, a carbon lean trartggion is needef.7]. For example,

the UK Government has been working to reduce thieocaemissions from transport by:
reducing the carbon content of fuel; reducing tlebon emissions of vehicles;
encouraging moves towards more environmentallyndiiyy transport and, where

appropriate, using emissions tradi2g7].

In spite of the importance of this sector to redtimecarbon emissions and contribute to
energy saving, the Stern Review report as mentiangi7] has stated that this sector is
one of the most expensive sectors to cut emissemmd,the welfare costs of reducing
demand for travel are high. The report also stdtattransport sector will be among the
last sectors to bring its emissions down belowentrtevels.

2.3.4  Policy objectives

Governments also have an important role to plagnmourage the deployments of save
energy measures and the uptake of local generafiba. governments can provide
support and assistance to utilities and individualdbe more active and contribute to
carbon emissions reduction. This will require tagulatory framework to be in place to

deliver improvements to the buildings, products sediceq2.7].

A significant international attention has been giv® setting targets to provide a
significant amount of the electricity generatiomrfr renewable and highly efficient
energy sources. The global carbon reduction tangete listed previously in Table 1 in
section 2.2.2. The UK government has taken a nunobesteps to promote more
decentralised energy measures. For example, aogaaithe 2007 white papg2.7] the

changes to the Renewables Obligation have been mautder to support the uptake of
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more renewable and CHP technologies to achieve @0¥%enewable generation by
2010, and 20% by 2020, and the recovery of energm fwaste and some types of

microgeneration technologies.

In addition to Renewable Obligation, the UK goveamnhas published a new policy
mechanism called “Feed-in Tariffs” (FiT) to providi@ancial incentive measures to
encourage the adoption of renewable and low carboergy by individuals and
communities in order to support the UK future eyeagd climate change targggs46].
The Tariffs encourage the consumers to be moresséitient in energy, and help them
to be rewarded for the power that they generatdoical use or to be exported to the
grid. The reward can be made within the FiT schelmethree different way§2.46].
One is the generation Tariffs where the owner ef ltttal generator can earn a fixed
income for every kWh of electricity generated aisédilocally within the property. The
other is the export Tariffs, where the owner camemn additional fixed income for
every kWh of electricity generated locally and seatk to the grid. The third is the bit
the owner still buys from the supplier. This is é&on in case of the generated local
power is not enough for the local use, the consuminer has installed renewable source
can buy electricity from the supplier at normakr#tat is less than those do not install
local renewable and low carbon microgenerationsetms that the FiT scheme for the
UK will have the potential to act as a driver foriacreased uptake of renewable energy

systems and changing the way to think about basterof energj2.47].

The EU and UK governments have taken numbers abrectto meet their policy
objectives by supporting individuals and commusitie gain greater availability of
energy saving measures, and access to connectgecaiation. Numbers of the actions
are summarised belof&.7].

* Improving the awareness of climate change and ggafrenergy supply issues
by providing information on energy use and enabiimdjviduals to have access
to see their carbon footprint through an on-line2G@lculator.

e Setting out the standards for buildings and comtraegyiand products that can
make homes and communities zero or low carbon gtrdugher use of energy

efficiency and low carbon and renewable energycssur
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* Encouraging energy suppliers to provide electridigplays such as smart meters
for the customers in order to provide the needéatimation for saving energy.

* Requesting Energy Performance Certificates to pvinformation on the
energy performance of buildings and the action$ taa be taken to improve
that performance and reduce energy waste.

« Removing barriers of the installation of local get®n by providing more
flexible market and licensing arrangements.

* Potentially rewarding energy generated by housahnsldthrough local

generation.

2.3.5 Future looking network scenarios

The potential for improved power system sustaingbih the future to be realised, a
massive uptake of decentralised generation andggnsaving measures may be
required. However, there are still many uncertamtabout the picture of the power
systems in the future where it is difficult to kndar example, which mix of power
generation and energy saving technologies willHee most appropriate for delivering
the goals of low carbon and more reliable powetesys. This can be difficult because
the changes in different power systems at differegions are driven by different factors
and opportunities. Therefore, there are number®miard looking network scenarios
which have recently been created by academic cbhasgovernment agencies and trade
associations to give an estimate for future enesgpacity. One example is, the scenarios
that have been developed within the UK against rermbf externalities and factors to
predict the generation capacity share between |f@ssl non fossil-fuelled power
generation of the UK system to meet the 2050 UlgaH2.51][2.52] and[2.53]. This
section discusses two scenarios; one is SuperCsh 2€enariof2.54], and the other is
Ofgem LENS project scenari¢®.55].

Within SuperGen 2050 Scenarios six scenarios; gtiotimism, business as usual,
economic downturn, green plus, technological retstm, and central direction have
been developed against a set of technical, econoeme¢ironmental and regulatory
attitudes. It has been concluded within the woestecscenario “Economic Downturn”

which represents a case of adverse economic ewghtshe lack of demand growth and

36



Chapter two: Moving towards decentralised powetesys

no promotion for demand side management, the gemereapacity would be around
55GW. 20-30% of the generation would be met by werdde, and microgeneration
connected at domestic side would account for ali@& of generation. On the other
hand, when strong economic growth scenario is densd which can lead to advance in
technologies, the renewable generation would addou0-70% of the total generation
capacity 145GW, with 35% of electricity provided fmycrogeneration. The allocation of
renewable would jump to almost 90% power productbgeneration total capacity of
110GW for environmental most important scenariod amicrogeneration would
represent 20% of the produced electricity (i.e. Lad®GW).

The Ofgem LENS project scenarif#&s55] have concluded that when the environmental
concern is strong throughout every level of sogiatyd the carbon price to all sectors
and become extremely high, and the DG are widelgloged, the total installed
generation capacity at distribution systems onlyblaepresent almost 50% of the UK
2050 generation capacity which is predicted to hmeamimost 115GW. The

microgeneration at itself would account for 23.2 @N\b5].

From the above scenarios, a massive uptake ofilditgd generation including
microgeneration is required in order to maximise thduction in carbon emission, and
since most of the distributed generation as dismlissirlier are based on renewable and
low carbon technologies the higher penetrationdded the better contribution to the
security of energy supply is obtained. The scesaaiso shows a high figure between
10-20GW of the 2050 UK energy capacity can be nyemicrogeneration only. This
figure can show the important roles that empowecmigsumers can play in meeting the

energy future targets.

Therefore, given the support for microgeneratiocht®logies within the 2007 UK
government energy white pade:7] and the wider scenario based projectionsjdbtee
of microgeneration is expected to be of growingeniest within the industry as
generation technologies mature and become moredaffte. For example, the studies
commissioned by the Department of Trade and IngduddTI) of the UK from the
Energy Saving Trust have suggested that 30-40%eotUK'’s electricity demand should
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be met through microgeneration technologies by 2050rder to meet the UK 2050
targets, with combined heat and power (CHP) leathegway, followed by micro-wind
and photovoltaic (PV]2.38].

From the technical perspective, the introductiontted European standard EN50438
[2.56], which specifies the technical requiremdptsthe connection of microgeneration
in parallel with public low-voltage distribution tweorks, and the engineering
recommendation documents in the UK for small saummnection G83/[2.57] are all
further evidences of some utilities’ preparationr fomicrogeneration connection.
Therefore, the case studies considered in thigsthedased on an extensive uptake of
microgeneration in order to significantly providseful contribution to local and wider

system.

2.3.6  Potential impacts of future changes in current powesystems

Increasing the level of integrated renewable amwd darbon energy resources across
already established power systems and increasadyepéiciency in production and
consumption behaviour to curb GHG emissions ands@we energy resources will
bring power grids to situations have never beebeifore. New decentralised generation
such as microgeneration are normally consumerdditer than centrally planned, and
this in turn may result in conflicting operatingategies between the new and existing

centralised generation technologies.

In addition, traditional distribution power systemr® designed and viewed as a passive
portion with very limited automation and controlilitly especially at lower voltages,
and empowering the local distribution systems hyreasing the volume of connected
microgeneration, and activating the system by @®ed deployment of energy
efficiency, will emerge a new picture of many aetiwads supplied by many sources.
Such transition will impact the response of disttibn systems to the wider system, and

hence impact the operational strategies of thetibadl power systems.

It is believed that most of primary enabling tedogees that could be required to

initiate the move to future power grids are almasiilable nowj2.58]. The technical

38



Chapter two: Moving towards decentralised powetesys

solutions may be costly, but there is a hope whth advance in the technology in the
future the cost will decline. The remaining chaflenis how to fit such technologies in
an efficient structure that facilitates the comipisity between the new technologies and

the established power systems as well as withuhed integrated technologies.

Therefore, it becomes vital for substantial amouwsftamicrogeneration among other
decentralised resources to be controlled in the thal/the local and wider system to be
supported. This will require a new control struetuo avoid the incompatible and
limited performance with greater cost due to thevnehanges, and avoid higher
investment risks. In addition, the system with nelvanges must cope with different
contingencies and the connected decentralised g@memust overcome numbers such
contingencies, and stay connected as long as pessiliheir benefits to the system can
be realised. This will require understanding of tperformance of a system
incorporating a large population of DERs includingcrogeneration under different

system conditions to ascertain measures of riskesitience.

The next section2(3.7) discusses in detail numbers of future visiohpower systems
that have been developed recently by different ggoin order to facilitate the
transformation to more decentralised power systidvascan offer better reliability and
security, and better efficiency and support envimental issues. Based on the literature
review from other visions, the section also progaseew conceptual system structure
to answer one of the research questions, how todity energy sources and many active
controllable loads within the grid and tie suchhwalogies by which the system
operation is improved and local constraints aregaied. Section2.5) outlines the
technical issues need to be tackled in order terstand the behavioural characteristics

of a system incorporating a high penetration oflsatale local generation.

2.3.7 Different visions of future decentralised power sytems

According to the report on Smart Power for the Zlestury provided by Electric Power
Research Institute (EPRIR.58], “the existing grid should be modernised not by
randomly gathering a group of interesting technadsgand calling it modern, but rather

by first building a vision and the framework thatables that vision”.So, building a
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conceptual vision can be used as a road map thatfamlitate the integration of
distributed energy resources within the existingv@osystems. Conceptual visions are
normally driven by objectives as well as the avdéaand future opportunities that may

emerge during the movement towards decentralisagipsystem$2.15].

To explore the similarities and complementaritiesween different developed visions
those are all aiming to facilitate the feasibilitfybetter future power grids, three visions
created by different regions; the European Commissi(EC) SmartGrid approach, The
Electric Power Research Institute’s (EPRI's) In@id approach, and Highly

Distributed Power Systems (HDPS) are investigai&éése visions are mainly based on
the characteristics of a future power grid and whatfuture grid should offer to meet

the policy objectives.

I- The Electric Power Research Institute’s (EPRI’S) IrtelliGrid vision

The Electric Power Research Institute’s (EPRI's3 beeated IntelliGrid vision which
can provide a technical foundation to link powesteyns and integrated energy sources
with communications and advanced control to createghly automated and resilient
power delivery systenfi2.58]. The vision has been created for future Ndkinerica
power grids to be more self-healing systems thatazdgomatically control power flows
and operate in more efficient ways and minimiseribles caused by faults. The project
believes that such functionality would help to avavents such as August 2003
widespread blackouts incident at north-easternhef ©).S. and at south-eastern of
Canada, which made the security for power supplipdoome a matter of very great
concern in the U.92.45].

IntelliGrid also believes that most of the North Ancan power systems seem to work
against any comprehensive grid upgrade, and aliMbi&k must be coordinated across
the hundreds of companies and stakeholf2&9]. The suitable way of building the
vision of the future grid is by planning carefubyd integratively, and incorporating
flexibility by starting small and building on sueses[2.59]. So start from small spots
integrated with intelligent equipments such as demamanagement measures as an

example and, as new intelligent systems and egistystems interconnected over time,
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more intelligence on the grid will appear and iigeint grid will eventually emerge (i.e.
it is not a sudden transformatidi)59].

The approach has stressed that the improvemenharfe efficiency at large power
plants and at demand side is a key role that wdhtly accelerate the creation of more
efficient power systems, and provide more savingrimary energy resourcg2.58].
This was justified by the importance of the segquat supply issue in the U.S power
systems. Also the U.S has a variety of rich resssiaf primary energy. According to
the Energy Information Administration (EIA) the mfll Energy Electricity of the U.S.,
the U.S. electricity production mainly depends ossfl fuels, with coal and nuclear
leading by 52% and 21% respectively, and the nbyyasm comes after with 13%. The oil
represents only 3% of the total energy sour¢2$0]. “The Smart Grid: An
Introduction” report published by the U.S. DOE ©O&[2.9] has stated that if the current
U.S. grid were just 5% more efficient, the energyisg would equate to eliminate the
fuel and GHG emission of 53million cars in the Uonsequently, the IntelliGrid
vision has recommended that the changes in povegereg should start at improving the
efficiency of large power plants, and the use afrgy at consumers’ side, and then
empowering the consumers by connecting local géinaraConsequently, saving energy
is seen in the U.S modern grid vision as the méistve way of improving energy

security.

By integrating the U.S. traditional centralised gowystems with advanced operational
strategies, saving energy measures, demand respbssduted energy resources, and
networked distribution systenf2.61], the vision of the modern grid in the U.S skt to
meet the following six main objectives of the’2%entury U.S. power systems: the grid
needs to be more reliable, more secure, more edonomore efficient, more
environmentally friendly, and saf¢2.61]. The characteristics of the vision desctibe
feature of the grid in terms of functionality. Ttable below contains the characteristics
of the U.S modern grid vision and U.S. traditiogatls, and the key aspect driving the
U.S. modern grid vision:
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Today’s grid

characteristics

Modern grid

Responds to prevent furth
damage. Focus is on protecti
of assets following systen
faults.

er
DN
n

Self-heals

Automatically detects and respo
to actual and emerging transmissi

and distribution problems. Focus |i

on prevention.

Consumers are uninformed a
non-participative ~ with  the
power system.

nd Motivates to include the

consumers

Informed, involved and activ
consumers. Broad penetration
Demand Response.

Vulnerable to malicious acts (¢
terror and natural disasters

Resists attack

Resilient to attack and nat
disasters with rapid restoratid
capabilities.

ural
n

than power quality problems.

Focused more on outages rather Provides better power

quality

Power quality issues identified ar
resolved prior to manifestation.

d

Relatively small number o
large generating plants.

f

Accommodates all
generation and storage
options

Very large numbers of diverg
distributed generation and stora
devices deployed to compleme
the large generating plants.

e

ge
nt

Not well integrated with eac
other. Transmission congestic
separates buyers and sellers.

H
N

Enables markets

Well integrated nationwide ¢
integrated with reliability
coordinators. Minimal transmissio
congestion and constraints.

and

Minimal integration of limited
operational data with Asset
Management processes and
technologies. maintenance

Optimizes assets and
operates efficiently

Greatly expanded sensing and
measurement of grid conditions.
Grid technologies deeply integrate
with asset management processe
most effectively manage assets al
costs.

d
5 to
nd

Table 2: Comparison between traditional grid aredrtftodern grid vision in the U.S.

II- EU’s SmartGrid vision

[2.61]

In the EU, a new approach SmartGrid vision is devedl by the EC for the Europe

future electricity networks. It was set up by the&@ean Technology Platform (ETP) in

2005 to create a common vision for the Europeawaris for year 2020 and beyond

[2.62]. The main objective of the approach is toilfate the transformation from the

current Europe power networks to better EU futusevgr networks by integrating the

latest technologies, providing efficient and conitpet energy market, supporting

regulations and policy, and complete integratioulisfributed energy resources in order

to make the EU future power networks to have tileviang key feature$2.62]:

e Flexible: Meeting consumers’ needs whilst respogdin the changes and

challenges ahead.

» Accessible: ensuring connection access to the ,uparticularly for renewable

and high efficiency local generation.
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* Reliable: improving security and quality of supply.
e Economic: providing best value through innovatioefficient energy

management and competition and regulation.

The ETP has stressed that the movement forwardatchmg the future EU power grid
functions requires the EU grid to be incorporatgdan appropriate information and
communication technologies (ICT), activating thetipgpation of end users by applying
more intelligent demand and supply managem@®2]. The EU vision is more
distributed and decentralised grid focused, wheraahd control and a high penetration
of distributed renewable and low carbon generatom expected to be significantly
installed at distribution networks in the futuréigis driven by two main factors. One is
the high dependency of the EU on external impogrohary energy primary due to the
limitation in the EU local primary energy resourc@&fe second factor is, the energy
related policy decisions are influenced largely tye commitments to local and
international environmental targets such as Kyt post Kyoto protocol. There is an
additional factor which is the level of public awaess of energy consumption issues

which is relatively stronger than in the U.S. aplaied in[2.45][2.63].

Comparing the two above future power grid visicasyide range of similarities can be
seen. Both visions rely highly on integrating newormation, communication, and
intelligent technologies into the existing powerdgrto support the transition towards
decentralised systems that can create more affierdabd reliable power grids.
However, the EU vision is more environmental driweipported by a strong link to the
security of primary energy supply, where the EUrntdas import about 57% of their
primary energy from abroad2.11]. While in the U.S. efforts are driven by
Environmental Protection Agency recommendation, Erfsl. has rich energy resources
compared to the E[R.45]. Therefore, the U.S. future energy polidiekated to energy
issues focus more on supporting clean coal tecigredp demand side management
(DSM), and distributed generation seen as seconfieys, while EU policies focus
more on use of distributed renewable and low cadmamces and efficiency measures to
shape the development of the EU future power sysf2m5].
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- Highly Distributed Power System (HDPS) vision

Highly Distributed Power System is a system thatnorporated with a significant
penetration of microgeneration and dynamic loadshé way that the loads become an
active and supplied by centralised generation andide range of decentralised
generation. The HDPS concept can be summarisedebgtatement “many active loads
supplied by many sources”.

Many passive
loads — few
sources

Many active
loads — many
sources

Current systems HDPS

Figure 2- 5: Moving towards HDPS

From characteristics point of view, HDPS mainly ises on creating solutions for
future power systems incorporated highly with dtred energy resources (DERS)
which can largely help in tackling climate changel éuel poverty as well as improving

the reliability and resilience of the whole systegnadopting sufficient energy control

strategies. Based on HDPS scenaf$1], the DERs including renewable and low
carbon microgeneration, demand side managementelaattic vehicles require to be

significantly installed in order for future poweyssem help to meet the UK 2050 target.
This means within HDPS the local distribution netikgoreceive most of the changes by
accommodating large volume of microgeneration all &g energy saving measures.
The local generation and active demand are thesleyients in the structure, operation,
and the control of the HDPS.

The above three visions are mainly based on theactaistics of decentralised future
power systems, and they do not adequately conveylevel of detail necessary to
provide a clear system structure that can supperirtcorporation of large numbers of
DERs, and how they can be fitted and managed. Tdrerethere is a need for a neat
structure that can facilitate the active managerméeBERS in order to avoid any passive
operation of such devices and resulting in systgmrational problems. In addition,
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managing DERs actively can bring benefits for DE&®gners as well as system
operatord2.64]. Therefore, a new structure concept whichalled a cell for a system
with many sources supplying many active loads isppsed and discussed in

comparison with other system structure conceptisemext section.

2.4 HDPS Cell concept

The architecture of traditional power systems aan typically based on centralised
approaches. Large regions of passive distributisiesns are controlled remotely by
limited centres with limited participation from tledectricity users. When large amount
of DERs are connected to different voltage levédlslistribution systems, the systems
become an active and their operating strategieshaagmarkably influenced. This will
require a new way of control structure by which tfemefits from/to DERs and the host
system are maximised as much as possible, anddb&ems from/to DERs and the host

system are minimised as much as possible.

There are numbers of concepts in terms of the systantrol structure from technical
perspective have been proposed by different relse@me example is the “Danish Cell”
which has been introduced by the Energinet.dk Compad the Transmission System
Operator (TSO) of Denmark to be used as a new isoldbr obtaining an optimal

management and active grid utilisation of the laageount of distributed generation

present in Western Denmdik 65].

The background of the Danish Cell approach is basedhe creation of a system
architecture that allows for a specific part ofistribution network to operate in parallel
with the HV system in normal operation, and to peledently disconnect from the HV
in case of fault situations and switch over to atadled island operation. In the case of
switching to controlled island fails, then the asllable to carry out a black-start itself
and thus transferred to the state of a controB&hd operatiofi2.66]. Each cell would
be controlled by main cell controller which is |ted at the boundary of the cell in order
to successfully run the transition between thedtstates (i.e. cell connected to the grid,
islanded cell, and cell black-start). Figure 2-h®ws the concept of 60kV Danish Cell

example, with the main cell controllg2.67]. The main cell controller receiving
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measurements and information of demands and gemgrand sending control signals
to generators, load feeders, and main circuit meako perform the cell functions
[2.67].
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Figure 2- 6: 60kV Danish Cell with main cell coriten [2.67].

The main objective of the “Danish cell” is basedtbe supply of power to the users
when distribution network areas with large amourit Gs are unintentionally

disconnected from the main grid due to faults. fites of the importance of such

objective, there is a high concern on how to marsagemaximise the participation from
local generation and active demand to support tlseesn during the grid-connected
mode, and at the same time manage the reward @HRs participation. Also, there is

a high concern about minimising the impact of DERshe performance of the system
and the system performance on the DERs duringrdiffesystem operating conditions.
Therefore, HDPS cell concept is proposed in thesigh as an alternative concept to
exploit the useful features of DER units in supimgrtthe wider system by managing

these units more effectively.

2.4.1 HDPS Cell definition

The HDPS cell is based on the concept that didgtabunetworks incorporating large
volume of DERs are divided into numbers of multipteanageable areas by which the
DERs are controlled to meet particular objectivBserefore, the cell is created due to
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the emergence of DERs within distribution systemaar and this makes the DERs as
key elements within the cell. The characteristitthe cells depend on their boundaries
which can be classified by distribution networkgolat based on the allocated objectives
that are required from the cell. So, a cell candeenarcated at various levels of

distribution networks.

Within the cell two forms of objectives to achies@n be set. One is internal by which
the local constraints caused by DERs can be managbih the cell. The other is
external by which the DERs collective impacts canplassed to a higher management
system to its boundaries (i.e. bigger cell) in orte support the wider system. In
addition, the cell also should be capable of beihlp to operate in conjunctions with
other adjacent cells or with higher managementesystto the cell to form a bigger cell
in a hierarchical structure that will significan8ypport wider system up to transmission
level [2.68].

Figure 2- 7 shows demarcated areas start from ldV/edectricity users’ points up to grid
supply point (GSP) of urban distribution networlssam example of a number of cells
that are formed in hierarchical structures. The kirarchical paradigm will provide
flexibility, by passing actions across differentl devels moving toward the system as
aggregate actions, and towards the local levelutir subdividing structure. At each
cell level will be allocated objectives starts fronadividual consumers up to multi-cell
levels as it will be discussed further in secti@¥(3). The Figure 2- 7 also shows the

main local elements of the cells that can be usethe system support.
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Figure 2- 7: Cell structure examples for urban roeks

2.4.2 HDPS Cell objectives
The capability of a cell to perform certain functido meet the cell predetermined

objectives can differ according to the size of¢k# and the need of the system from the
cell. The cell size can be influenced by the dgnsihd technologies of DERs
incorporated within the cell as well as the cellisture. For example, the cell boundary
can be identified at the point that the cell orraug of cells can provide external
services to the higher system level. Or the boundan be identified where the internal

constraints can be locally managed. A range ofi lacd external objectives that the cell

may achieve are discussed below:
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Cell local objectives:

Effective energy management: integrating demandporese with smart
appliances by using information provided by smaeten will improve energy
usage efficiency, and hence will lead to reduce pkemand.

Managing local thermal constraints by performing following functions; zero
power export, zero power import, self-sufficienttpnstant power import/export,
and dispatchable power exp{2t69].

Maintaining local voltages within statutory limitkcal active elements of the
cell such as controllable local generation and dematorage, and other local
network assets and perhaps other smaller celigst ean be used within a cell to
improve the voltage profile across local distribatbuses.

Supplying power to the users during the loss ofrttaén grid. This will require
the cell to be capable of operating in island ibtdbution networks are
disconnected due to faults, and black-start functvould be also required.
Improving reliability and power quality: since l&@mount of data provided by
smart devices, this will increase the distributiamomation level which will
indeed help in quick and flexible reconfiguratiomiah is in turn will improve
the outage restoration time, and improve qualitytfee users. Also improving
the reliability by means of intentional islandingncbe obtained in case of system
failure.

Managing local disturbances: due to the increaseth@ penetration of
microgeneration within the cell, the prospectivaelfdevel will be increased.
This increase should be managed within the cefivimid any damage could be

caused to local equipments.

Cdll external objectives

The cell external objectives are system objectraéiser than cell level objectives. Some

examples of external cell objectives are listedwel

* Support control of system voltage and system freque
» Control of real and reactive power imports or expdhrough

the cells and higher management systems.
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» Control thermal constraints, and the spread ofidisinces such
as fault level increase and stability problems
* Increase the system reliability

* Minimise the complexity

2.4.3  Control structure of cells

Based on the cells boundaries and their size,dh&d structure of cells can be mainly
built in hierarchical form so the control actiorencbe further aggregated or subdivided
in order to maximise the useful inputs and outiitsach aspect of distribution systems
at different voltage levels. The control actionsl garticipation to the system operation
can start from a single smart device at consumlesgl up to higher management
system levels, or from the system level down toicelevel as shown in Figure 2- 8.
Based on distribution networks layout, the consmmbroach within HDPS cells then can
be divided into four levels; smart device conteldl, smart dwelling control level, cell
control level, and multi cells control level. Atamof these levels there are allocated

objectives that the level should meet.

A- Smart device control level

The device control will control the smart deviceucls as controllable load,

microgenerator, and storage and plugged-in eleegticles within a smart house based
on the instructions received from the higher leaaitrol. Localised controllers would be
required to be installed in home appliances to makessible for the appliances to be
automatically controlled in response to supportimg system operating conditions, and

at the same time provide some benefits for thesuser

B- Smart dwelling control level

The control schemes at this level will have two miainctions: Firstly, making a local
decision at customer level based on using localsoreanent and received control and
price signals to meet consumer aims and offer dectéfe household energy
management. For example, the local loads and gwmeraan be controlled by
responding to feed-in technical and price signHie local load and generation could be
switched on and off based on low and high rate eotion which could be linked to
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peak shaving. These individual actions can be fogmt when a high penetration of
smart dwellings is present within the cell.

Secondly, responding to requests from local ceklleontrol whenever are required for
larger level targets. At this level the smart meteyuld play a significant role for

providing the needed information about the conditmf the smart consumer, and
coordinating the actions between the consumer'sitsdevices which can benefit the
consumer and support the system operation. At dbrgrol level, two directions of

power and information between the users and thgdpleers can be provided. The
information that is provided to the higher contielel can be used to take the
appropriate action to perform the cell internalemives based on the available options

from the users.

C- Cell control level

The control at this level controls a number of \&etelements within the cell such as
local generation, dynamic loads, energy storagd,aher network measures to create
the ability of mitigating local constraints and rtieg local objectives, and providing a
major system-level support. The aggregated couectction can be extracted from the
available collective distributed resources withire tcell for local purpose or being
exported to wider system level as aggregated actibar example, the cell distributed
resources can be used to maintain voltage regulatial keeping the local voltages
within statutory limits. The cell also will enableoordinated control of the all the
connected DERs and information provided within # t@ control its elements to
provide: ancillary services, peak shaving and wsigft voltage control, system

optimisation and reconfiguration, and disturban@agement.

D- Multi-cell control level

The control at this level is a multi-level decetised control that can provide multi-
level corrective actions with respect to the hgstesn operating conditions. The control
at this level can be considered as an approachetftorpn administrative tasks to
distribute the management and control tasks of musbf cells in order to provide

significant support to wider system in hierarchicttucture. For example, system
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Figure 2- 8: Structure of control levels of HDP3H cencept

The HDPS cell concept based on hierarchical strastican be considered as an
effective means to facilitate the utilisation ofc& DERs, and the possibility of
exploiting the useful features of DER units in sommf the wider system can be offered
by the concept. The HDPS cell structure also pewidimpler and better coordinated
communication with DERs by building the system iararchical structure and allowing
the inputs from DERs and groups of cells to bediemed as collective actions when it

moves from the consumer level to wider system level

In addition, the HDPS cell structure gives an iatlmn of who controls the grid and
how the grid can be controlled at different voltdgeels, and at which level control
actions are required based on the allocated irftanthexternal objectives required from

the cell to support the wider system. Another dbotron can be made by HDPS cell
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structure is, by identifying the cell objectivestime benefits of the wider system, the
appropriate DERs technologies and where can bevifitin distribution systems to

perform the allocated objectives can be proposed.

Therefore, when HDPS cell is compared with othtgrahtive concepts such as Danish
cell, HDPS cell concept is driven by allocated abjes which are normally set to
support local and wider systems when a high petietraf distributed energy resources
are incorporated. While the Danish cell conceptmainly driven by the value of
islanding operation and black-start as main objesti Also HDPS cell concept is a
definite physical structure of active distributisystems rather than a vision based on the
characteristic of the system such as SmartGridlamitiGrid visions. This means that

the HDPS cell concept can be used as a meansieériiey these visions.

Based on HDPS cell structure, and on the projeatidiorward looking power network
scenarios discussed earlier in secti2r8.6), substantial amount of microgeneration are
expected to be installed in the future, and heheg will become an important element
of the cell that can be used to support the cgkatives. The cells performance with
such units need to be well studied and well undetsunder different system operating
conditions in order to evaluate measures of risk @@silience levels. This can help to
manage the cell local constraints and at the same prevent the disturbance to be
spread to other adjacent cells or to higher systewels. Therefore, the possible
technical impact that a high penetration of LV cected microgeneration may have on
the performance of LV cells under fault conditioaad stressing practical measures by

which these impacts are minimised are discussétkimext section of this chapter.

2.5 Potential technical impacts of LV-connected microgeeration

Traditional distribution systems are radial in maiuand approximately 75% of
customers hours power lost are due to faults anildigion networkgd2.70]. When large
volume of microgeneration connected to LV netwdtks nature will be impacted and
during the fault a number of technical issues maycaused by microgeneration. For
example, during fault conditions both microgenematand the host distribution network

are under stress. Microgeneration will provide & path of fault currents, and the host
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distribution network has been designed without ékiestence of such path. From the
other angle, the host network performance durimdt$amay significantly influence the

fault ride through capabilities of microgeneration.

Most of existing low voltage equipments are designeithout consideration of
connected microgeneration, therefore the increadadlt level caused by
microgeneration may lead the equipments to reaeh #hort-circuit ratings, and this
can cause damage to the equipments. In additien,ndw fault paths provided by
microgeneration will provide reverse fault currerdad these currents may impact the
LV protection performance, since the design of Ligtrtbution systems protection is
largely based on fault with one direction, and filnglt source is always seen far from

distribution networks.

The following sections summarise the significandeinvestigating the anticipated
transient problems surrounding the integration @rageneration units on a large basis,
and the studies that have been conducted by atlsearch. It is summarised from two
points of views; one is the impact of microgenemtunits on the host low voltage
distribution network performance during fault carghs, and the other is the impact of
the host distribution network performance duringiltfaconditions on the transient
performance of LV connected microgeneration. Thaeeas are included; fault level
issues, low voltage protection performance issnd,raicrogeneration transient stability

issues.

2.5.1 Fault level issues

Most of traditional distribution networks are rddia nature with only one source and
one path of fault currents. Based on this philogopihe fault current rating of
distribution systems equipments is identified, &mel equipments are designed. Also, at
medium and low voltage distribution networks, tlaalf contribution of the upstream
grid is determined by the impedance of the HV/M\ aniV/LV transformers, which is
normally chosen to be at its lowest value in ortdereduce the losses and at the same
time improve the voltage regulations. This may make short circuit capacity of
traditional distribution networks to be close teeithdesign limits[2.71]2.72]. This
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design has not at all considered the projectiorarfnecting new local generation at
distribution networks. So, adding large populatminmicrogeneration to distribution
networks will contribute to the system fault levehd this will alter the networks fault
level. This is because uncontrolled short circaih cause numbers of problems such as
service outage with associated inconvenience,rugigon of essential facilities or vital
services, extensive equipment damage, personalyimgu fatality, and possible fire
damag€2.73]. Therefore, fault levels studies are neagsta ensure that short-circuit
ratings of the components are adequate to handldathlt currents available at their
locations, and each individual component of exggstidistribution systems must
withstand the prospective fault current when mierogration are installed.

There are numbers of studies have been conductédemify whether the areas of
distribution networks will be affected by the faldivel increase due to the forecast
growth in distributed generation. However, regagdio a fault level issue caused by
microgeneration, the issue has not received a waitémtion, and still no clear answer
about whether the fault level due to microgenerattonnection would be problem or
not. For example, PB power report studies haveidersd the impact of small-scale
single phase generators (i.e. 1.1kW per customgh) penetration up to 100% on LV
and MV of a typical UK distribution network faulevels[2.74]. The studies have
concluded that the existing LV networks can takdaif00% penetration of small scale
microgeneration rating from 1 to 1.1kW, and theyolmnit was outlined is voltage
regulation, and this limit can be overcome by afilpjgstransformers tap changers or
upgrading the transformers. The report has onlgicened the system fault level issues
due to the connection of single-phase microgermrat domestic premises. The report
did not consider microgeneration size that can doeected at commercial levels. For
such application, microgeneration can be a thres@lievice, and its size can be up to
50kVA.

Another study to tackle fault level issues is th&MKA consulting report for the
department of trade and industry of the UK (DTl)nwestigate the contribution to UK
distribution network fault levels from the connectiof distributed generation in short-

term period. The output of the studies has inddtdteat the fault level will not be a
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problematic in the majority of LV networks, and tlomly areas are expected to
experience fault level issues are the followingeéhcases of the distribution networks
[2.75][2.76]:
1- LV networks with a high penetration of distributggneration may
require fault level related reinforcement, for arste, where micro CHP
Is installed in high density urban areas. KEMA haicated that they do
not have experience with networks where large atsoahmicro CHP

are installed in urban networka.75].

2- The increase in power generated from small, medianchlarge CHP will
lead to the increase in fault levels on alreadysdgnMV urban 11kV

and 33kV networks which currently have the lowesiiflevel headroom.

3- Isolated 132kV substations where large-scale DGept® connect into

rural networks.

The results from the KEMA repo[R.76] are based on the contribution to distribmitio
fault level from LV connected distributed generat{®Gs) in short-term scenarios, with
DGs representing no more than 2.5GW of the UK dapdice. about 3% of the UK
peak load). This amount of generation is relativelpaller than the amount of
microgeneration that is expected to be installed20§0 under different scenarios as
discussed early in this chapter. The studies ats@ lassumed the fault level will not
limit the uptake of distributed generation connddie LV distribution networks where
the interface of these generators by power eleicisas expected to increase. However,
the same studies have stated that in some sitgatfadistributed generation penetration
levels are sufficiently high, it may necessitatéwoek reconfiguration or uprating of
equipment. This may occur in the areas with a kligihsity of micro CHP which is more

likely to be in urban areas.

Therefore, the impact of LV connected microgenerativith different penetration in
respect to the local loads on the fault level afealistic MV/LV urban distribution

network example based on the cell structures istified in chapter three of the thesis.
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Two sizes of microgeneration are used; domesticcantimercial sizes. Microgenerators
are modelled in details as an aggregated modelaaitbful consideration of the impact
of the impedances of the cables between microgemeraonnection points to examine

their collective impacts on the fault level of gitgal urban distribution networks.

2.5.2  Protection issues
The protection schemes of any power systems inadudistribution consider a number
of requirements such §2.70].
* Speed (i.e. not too slow which may lead to damddbeoequipments and
not too fast which may lead to losing selectivity)
* Reliability (i.e. the certainty of a correct opéoat & the security against
incorrect operation)
» Cost (i.e. maximum protection is met at the lowmssible cost)

» Sensitivity (i.e. good capability of detecting feubn the system).

Associated with a traditional distribution systethese protection requirements have
been considered for a passive system. When a langeer of microgenerators are
connected to LV distribution networks, the netwowk# not be considered anymore as
a radial with unidirectional power flow. A new pafor short-circuit currents is
provided. This may impact the requirements of mid@ systems of LV distribution
networks. If the protection performance is impaceed it is not properly handled, then
lower reliability, lower sensitivity, and even redion in power quality by lowering the

protection selectivity may resuyR.77].

Another reason that increases the interest of trgaisig this area is the nature of the
existing protection schemes that protect LV disiiitn networks. The passive LV
feeders are still widely protected by simple overent protection schemes by using
fuses blowing schemes for simplicity and cost reasd-uses do not have inherent
directional properties, where the direction of th@arent flow is always identified.

Adding microgeneration to the LV system may incecas decrease the fault current
seen by the LV fuses depending on the fault looatemd fuse and microgeneration

location. For example, the aggregate contribufifmm microgeneration to the fault
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current feeding downstream faults may accelerate finse operating time for

downstream faults, where the higher fault currettitlead to faster fuse operation. Also
reverse fault current provided by microgeneratiorieied upstream faults may wrongly
blow up fuses at the beginning of LV feeders. Ilfy dose is wrongly operated, the
restoration may take some time due to the follovitregoperation which leads to loss of
supply until the fuse unit is replaced.

The distribution network protection issues caused tibe presence of distributed
generation that can be connected at MV side has@vwed a wide area of investigations
and studies. However, the impact of a high penetraif small scale microgeneration
connected to LV side on LV protection performanes Imot received much attention.
Numbers of researches such as those reportgd78] and[2.79] have stressed that the
connection of distributed generation to MV may @traditional protection schemes to
become ineffective. In these studies it was coredudhat the widespread use of
distributed generation created a series of new lpnady such as impacting the
coordination of overcurrent protection in addititmcontrol of voltage sag magnitude
and duration by using overcurrent protective dex{@80]. The connection of heavy
penetration of distributed generation to distribntinetworks could blind protection
devices, or wrongly trip a safe feeder by feedinfudt on an adjacent feedf.78].

With the connection of distributed generation, gystem coordination could be lost
[2.81]. In a case of fault, DGs impact the curreamtribution to fault, and therefore it
impacts the behaviour of network protecti¢2.81]. When DG is connected, an
additional power flow is added from the load sided therefore opening the main

protective device may not assure that the faudtdared2.82].

The studies i12.83] which were carried out to find innovativellgmns for protection
problems arising in distribution networks in presemf DGs. The studies illustrate the
malfunctioning problems that may take place in ribstion networks protection
schemes in presence of DGs. In particular the viollg areas were considered; lack of
coordination in protection schemes, ineffectivenafsine reclosing after a fault using
automatic reclosing devices, undesired islandirgdy @mtimely tripping of DG interface
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protections. In terms of coordination issues, tiueliss found that if the faulted section
Is upstream from the protection devices two pobsés can emergf.83]:
» Protective devices see the same fault currenthande coordination can be lost.
» Protective devices see different currents, anddination can be maintained if the
generators that provide a higher contribution wdtfaurrents connected upstream

from those with a lower contribution.

So, the remaining research question is, will théectve impact of a large penetration
of LV connected microgeneration during fault cormmfis be strong enough to impact the
low voltage protection performance as same asildigérd generators do at MV level, or

due to their small size the impact will be insigraht?

To answer this question, in chapter four of thesithenore literature review on the work
that has been recently conducted in this areasriber discussed, and detailed studies
are carried out to outline the protection systembfams in LV distribution systems
when a high penetration of microgeneration are eotad to the LV distribution
systems. The influence of microgeneration on LVtaysprotection is analysed, taking
into account the impacts on the following requiretseof LV protection schemes fuse
based: the correct operation (i.e. reliability)e tlyraded setting (coordination or
selectivity), and the ability of the protection kadetection (i.e. sensitivity). The results
are in favour of identifying whether the LV distuitton networks are still sufficiently

protected, or some measures will be required.

2.5.3  Microgeneration transient stability issue

The previous two areas discussed the possible fitémpacts that microgeneration
may have on the host network during fault condgiorand for benefits from
microgeneration and support to the host systemrunaesient disturbance to be realised
it is also important for these devices to ride-tlgio transient disturbances on the host
system. This will require understanding of thelresce level and the transient response
of microgeneration during and after the systemsiieart disturbances.
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Transient stability studies at distribution systkawel particularly at LV were formerly
insignificant before microgeneration with differesizes and technologies began to be
connected to LV feeders. The results that are ptedein [2.84] have shown that
distributed generation (DGs) at heavy penetratemels will have a significant impact
on local distribution systems, and sometimes thHk tsansmission system stability may
be affected. The low inertia of those generatory nmarease the weakness of the
system. This means the connection of a large numibsricrogenerators interfaced by
low inertia rotating machines into LV distributioretwork would be more sensitive to
faults on the host systems compared to DGs witgelasize and better transient

response.

Faults on the host system will cause voltage dipsl if the dips are noticed on the
terminals of rotating machines connected to distidn networks, transient stability
iIssues may result. This is because the terminaleag® and the rotor speed are
intrinsically related, and the rotor speed will iease when the machine terminals
voltage decreases due to faults. If instability ussc sensitive elements such as
microgenerators with low inertia and limited comifxbility can be tripped, and dynamic
loads can be stalled if the fault is not clearedckjy. The duration of voltage dips

depends on how fast the fault will be cleared lgyekisting protection.

The distribution network protection schemes aremadly based on coordinating the
operating times of the protective devices, wherertdiream elements will respond to
faults faster than upstream. This will lead to@iéint operating time dictated by location
and type of faults in order to meet protection ciléy purposes. I1f2.85] it has been
stated that such coordination may lead to operaimgs of protective devices at the
upstream end of a distribution feeder as high aséc. Such operating time may not be
small enough to maintain the transient stabilitycofhnected microgeneration, and thus,
the units in an affected area will be disconnedtedaults close to upstream protection
devices. The impact of losing a single or a fewrogenerators following a fault on the
system may not be a significant issue except psrib@pndividual customers, but the
unnecessary disconnection of a large penetrationiabgeneration due to remote faults
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upstream from microgeneration can become problemdti may have technical,

environmental, economic, and social impacts.

From technical perspective, the impact could chahgevoltage of one phase and may
unbalance 3-phase voltages at LV and MV levelsutjinothe MV/LV transformers
[2.78]. Existing distribution networks are alreagiyffering from voltage unbalance issue
due to the random connection of houses to partiqutases along a feeder. Another
problem could emerge due to unnecessary discooneigtivoltage steps which can be
seen as a power quality issue, and it is identiireEEngineering Recommendation P28
not to exceed a limit af3% of the magnitude of the voltage step changeraogufrom
switching operations[2.86]. Also the voltage step changes due to semelbus
reconnection after tripping could result from migeoeration transient instability. In
order to avoid delay in reconnection microgeneratibe Engineering Recommendation
G83/1 has permitted that if a microgenerator isahsiected from the network, it can be
reconnected to the grid after 3 minuf2<s57]. If large numbers of microgenerators are
disconnected due to transient instability, thisnpesion could allow considerable
numbers of microgenerators to be reconnected alsiwstitaneously after 3 minutes of

disconnection.

In addition, since microgeneration will behave likegative loads, their simultaneous
trip can lead to sudden emergence of hidden loddshwnay initiate the low frequency
load disconnection schemes or under voltage piotesthemes if nominal voltages or
frequency limits are exceeded due to the emergehbé&lden loads. Taking 27th May
2008 event in the UKH2.28] as an example, there was unexpected trippintarge
amount of distributed generation (i.e. about 279Muvinected to the UK distribution
systems) which led the maximum secured loss atdhwntto be exceeded, and the low
frequency load disconnection schemes to be inttiged affected about 550,000 of
consumers. So if a high penetration of microgemarat disconnected due to remote
faults, then the performance of the system mayniqgacted adversely by the sudden

appearance of the hidden load which may lead twdisection of consumers.
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From social perspective, unnecessary and unpladisednnection of microgenerators
privately owned will be unacceptable, and this dampact customers’ interest in

considering microgeneration as reliable and sustdén energy sources. From
environmental perspective, disconnection of micnegation would lead to losing their
significant contribution to tackling climate changBor example, in the case of
significant amount of microgeneration disconnecti@, lost local generation amount
will be compensated by large power plants. Thismaeaore fossil fuels will be used
and more losses in transmission and distributiamesli will be incurred until

microgeneration are reconnected. In addition, witlieregulation power market
structures, undesirable disconnection of microgarer driven by consumers’ choice
may directly lead penalty compensation to the utfewse lost their generators due to

system faults.

Therefore, for a system support under transientidiances by microgeneration, and for
avoidance of any negative impacts that unnecesiacpnnection of microgeneration
may have on the system performance, there is a foeadicrogeneration to be able to
overcome a number of associated system transiettirbiances. This need makes
transient stability of LV connected microgeneratiorbe an emerging area that requires
deep studies, and the endurance of microgenerattiade through remote disturbances

to become vital.

To sum up, microgeneration interfaced by rotatirarhines can be sensitive to transient
disturbances on the systems because of the folipreasons:
* Microgeneration are machines of small rating wat inertias.
« Microgeneration have limited control capabilitygtAVRs and speed governors
if present have poor dynamic performances).
* Protection philosophy in distribution systems isdxhon coordination schemes,
and this can lead protective devices at upstreaint@rmperate up to few 100s
msec. Such operating time may not support the igahsstability of LV-

connected microgeneration.
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So two following research questions emerge indhes:

Q1: How large amount of LV connected microgenerat{i.e. within LV cell) will
respond to fault conditions on the system, and vishélhe compatibility between
the existing low voltage distribution protectionrfeemance and the capabilities of

microgeneration to ride through faults?

Q2: What are the possible innovation solutions emahges that can be implemented to
traditional distribution networks in order to prdei improved transient stability
performance of microgeneration, and the avoidamfeegative impacts associated

with microgeneration transient stability issues bamreaches?

To answer these two questions, chapter five otlbsis analyses in detail the transient
performance of different size and technologies ¥fdonnected microgeneration when
different fault conditions are applied to the hdwstribution network, and the resilience
level of microgeneration against different faultations is quantified. In chapter six, a
remedial measure by which microgeneration transgtability can be improved is

introduced.

2.6 Computer simulation programme used for thesis studais

The Electro-Magnetic Transients including DC (EMTD@terfaced by PSCAD
computer programme has been used for conductintpallechnical work of the thesis.
PSCAD/EMTDC can be used for simulating the time domnstantaneous responses to
study the electromagnetic transient phenomena,yamatiifferent electrical power
systems conditions, and to be used for verificagiorposes. This tool is a powerful tool
that can be used for understanding the behaviodiffefrent electrical systems when the
system is subjected to disturbances. Its elecetovork solutions are based on digital
computer solutions in single and multiphase netwofk addition, the tool has a rich
spectrum of professionally developed models ofedédht machines, exciters, governors,
stabilizers, turbines, and multi-mass tensional ftshaodel as well as other
complementary elements that can be used for poysters simulationg2.87]. Also
default data of machines and electric branchesdbasetypical data obtained from

industry are available with the PSCAD master liprar
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2.7 Test network selection

A typical HV-LV distribution network for an urbarxample (i.e. more likely to have
higher fault currents) based on an actual urbatnildigion network has been selected as
a test network for investigating the technical esswelated to the connection of a high
penetration of microgeneration to passive low \g#tdistribution networks. All the data
used for the network model has been derived froformmation provided within
distribution long term development statements (DS)by the distribution network
operators (DNOs) and manufacturers of distribugquipment$2.88]. The test network
is developed in detail in the next chapter andnaefias test network 1 and used for fault
level and low voltage protection studies. The sdest network with different model
details of low voltage networks which is suitabde tability studies are developed in
chapter five and defined as test network 2 and usedmicrogeneration transient

stability studies.

2.8 Chapter summary

Environmental issues, security of energy supplyédss emerging competitive power
markets, deregulation of electric utilities, anct tadvance of technologies such as
advance communication and smart devices and thleigatpn of renewable and low
carbon energy resources have stimulated the interéiscreasing the numbers of local
distributed energy resources (DERS) at distributigstems. Adding a high penetration
of DERs including microgeneration to a traditionadwer system that has not been
designed to accommodate such devices will bringeatgchange to the configuration of

such a system.

There are numbers of future power system visios s1$ IntilliGrid vision, SmartGrid

vision, and HDPS vision that have been developeditbgrent researchers to provide a
vision of future power systems that can managecti@nges that will occur due to the
integration of DERs. These visions are based onctieacteristics of future power
systems and what the systems should offer, and wipat of technologies can be
implemented to meet certain objectives. Howevethatmoment these visions do not
provide a clear physical structure of how largegieation of DERs can be controlled to

gain the benefits that are promised by using DEIR& vast spread of DERs across
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distribution power systems requires to be contdoligthin a clear and neat structure in
order to maximise the benefits, and minimise theeegk impacts that DERs may have

on the system performance.

Within this chapter, a new cell concept was prodoas a means of delivering the
objectives of future power system visions by faafing the exploitation of useful
features of local generation and controllable dyicasbemand. The concept is based on
dividing active distribution networks into managkahbreas (i.e. cells) in a hierarchical
structure in which the cells can be subdivided idiiterent control levels starts from
multi-cell control level down to single device cwoitlevel. At each control level there
are allocated objectives that the cell at thatlleb®uld meet in order to support itself
and the wider system. The structure was proposeatdar to provide a system level
support by DERs as well as mitigating local constsaon local generation and dynamic
demand.

There are other alternative concepts of controltirgributed resources such as “Danish
Cell” which is mainly driven by the values of isting and black-start operation. In
contrast, HDPS cell opens access for DERs to peothdir maximum contributions of
ancillary services to support the local and widgstams under different operating
conditions based on the cell allocated objectiBased on the cell allocated objectives
the HDPS cell also provides an indication of whatools the grid at different voltage

levels.

For the benefits of DERs including microgeneratimn be realised, the behaviour
characteristics of a system incorporating a highepation of these devices is important
to be understood under different operating conasgjgarticularly when the host system
experiences transient fault conditions. The hostribution systems must cope with
problems emerging due to the presence of large araoaf microgeneration during

faults such as increased fault levels and protecfimoblems. Also local generators
connected to the host distribution networks mustroeme transient disturbances and
avoid unnecessary trip. These two areas are waleyysed in the thesis, and solutions

are proposed.
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By proposing a new cell concept as one of the swiatthat can deliver the objectives of
future power systems, and understanding the bebmli@haracteristics of a system
with a high penetration of small scale local getiemna this thesis offers very valuable

contribution to future attainment of sustainablevppsystems.
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Chapter Three: Fault level analysis of distribution networks with a

high penetration of LV connected microgeneration

3.1  Introduction

Unpredictable faults may occur in any part of eglegbower systems, however, faults
occur more frequent on electric distribution netkgof3.1]. Faults on the system can
introduce large amount of destructive energy oft laesml magnetic force into a power
system, and calculations always should be madedore that short-circuit ratings of the
components are adequate to handle the fault cereargilable at their locatior8.2].
The fault current rating of electrical componenithim any system mainly refers to two
properties as indicated if8.3]; the amount of absorbed electrical energy thg
components during the fault which is equal to thease of the fault current multiplied
by the time of the fault duration, and the electeshmnical stress that is applied on the
system components during the fault. The first prigpbas a thermal impact, and if the
impact exceeds a certain limit, then the faulteshgonent will melt down. The second
property is an electromechanical force which isdpeed within the fault current-
carrying component, and it is proportional to tlipiege of the instantaneous current

flowing and irrespective of the fault duration tif3e3].

Traditional distribution networks have been destyte accommodate prospective fault
currents and each individual component of the ndkware rated to withstand the
thermal and mechanical forces emerging during $aulflso, most of distribution
networks are already designed close to their maxirsbort-circuit capacity3.4]. The
design is justified by the cost, where higher m@atotesign leads to higher cost. In
addition, the faults at passive distribution netegoare always seen as far from the short-
circuit sources, and the design did not considetesl projection of adding new

generation at distribution system levels.

76



Chapter Three: Fault level analysis of distributrmtworks with a high penetration of

LV connected microgeneration

As discussed in previous chapter, adding new gaoerto distribution networks will
provide new sources of fault currents, and theeiase of the generation penetration will
obviously increase the contribution to the faultsere are numbers of research studies
have investigated the impact of distributed gememabn distribution networks fault
level particularly at MV level. As an example, tbieidy conducted ifi3.5] has shown
that adding new DGs based on the projection ofliKe2020 scenario$3.6] to MV
networks of an urban example has increased theléudl 2% beyond the design limits.
In addition, other studies ifB.7] have examined the impact of adding DG wittalto
amount of 5.5MW to 11kV side of different distribrt network topologies, and the
type of the network that is more likely to be imfmat has been observed is the
interconnected distribution network. In terms o flault level issues at LV distribution
networks, the report provided by KEMA for Departrhen Trade and Industry of the
UK has stated that LV distribution networks withhayh penetration of distributed
generation may require fault level related reindmnent is micro CHP is installed in
high density urban are$3.8][3.9].

Therefore, the work of this chapter investigate®tivar the increased fault level due to
connecting substantial volumes of microgeneratiornL¥ distribution networks will
likely impact the fault level of a typical low valge distribution network or the fault
level contributions will be insignificant and shdube ignored? In order to answer this
question, the chapter investigates the factorsatetnore likely to influence prospective
fault level in a typical distribution network. Base®n these factors, the worst fault
scenarios are assumed and detailed studies areiateddto test the impact of LV
connected microgeneration with different penetratia local distribution networks fault
level. Detailed case study based on a typical HVdistribution network for densely
LV urban examples with low fault level headroom andorporated with different
penetration of commercial and domestic size mianegation is used. The used network
is structured based on the cell structure, the neswork is assumed to represent an
entity of HV cell from 33kV down to other small L&&lls as layers (i.e. RMU) at 400V.
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3.2  Factors impacting distribution networks fault levels

For analyzing and studying fault level issues, tharacteristics of the faults and the
factors that impact the fault levels at distribatisystems need to be understood. The
characteristics of fault currents can be explaifredn the general formula of short

circuit current profile as expressed in equation3110].
1

| =1 sin(wt+a -8)+[l  sin(a-8)-1_sin(a-8)e @)

Wherel . is the peak value of the ac short circuit curreamd it is equal to
V, (systemvoltagg

Z_.(shortcircit _impedange

| .siS the steady state fault current.

a is the initial system voltage angle.

@ is the impedance angle prior to the short circuit.

@ is the short circuit impedance angle and it ismttman‘l(%) :

X, is the reactance between the sources and thepfaintt
R is the resistance between the sources and thepfaiat.

T is the decay time constant of the DC componenttascqual to%.
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Figure 3- 1: An asymmetrical fault profile

From (1) it can be seen that the short circuitenirconsists of two components. One is

ac and the other is decaying dc which appearsaltieetpresence of the reactance of the
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system feeders and connected machines. The figbiesi peak of the fault current
within the sub-transient period as shown aboveiguife 3- 1 is called “peak make”, and
it can reach 2.55 times of the steady state fawiteat as shown on the same figure
within a typical distribution network, and providasymmetrical fault current until the
dc component is eliminatg®.3]. The asymmetrical fault currents peaks desagy to

its steady state fault current after few cyclese Tate of the decay depends on the ratio
of the system reactance to the system resistan® @¢ seen at fault points. X/R ratio
and the values of fault currents that impact thetesy fault level are dictated by
numbers of factors. The major factors that may ichpize fault level issue are discussed

as follows:

3.2.1 Distribution Network topologies

At the instant of the fault, the current will rapidncrease to very high values and all the
available fault currents will flow into the faultomt. The maximum allowed fault
current depends on the fault types, fault locaticarsd the network properties (i.e.
impedances between the sources and the fault pdimt) network properties depend on
the network topologies which can be formed as urbahurban, or rural, and each has
its own impacts on the fault profile. Basicallyeyhprovide different impedances. Urban
distribution networks normally consist of high dgy®f consumers and connected by
short feeders, so these types of networks will thedowest fault level headroom with
comparison to other two with longer feeders. Alse short-circuit impedances of MV-
LV transformers play very significant role on thagnitude of the fault currents on both
sides MV and LV. The contribution from the gridadault on LV side will be reduced
by the value of these impedances. As result, totpedance between the fault current
sources and the fault location is one of the maotdrs that impact faults profile. The

impact will affect both the ac and dc componentteffault profile.

3.2.2 The type and duration of faults

The magnitude of the fault current is impacted gy flault type such as single-phase to
earth fault, phase-to-phase fault, phase-to-phassatth fault, or three-phase to earth
fault. Each of these faults has different faultrelegeristics, however, when short circuit
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rating of any component is studied the worst pdsdawlt current is assumed, and this
can occur when the fault is a solid three-phasetsticcuit and occurs close to the
component. While the thermal impact of fault cutrelepends on its duration. For
example, the equipment may withstand a certaint glrauit for few seconds, and if the
fault lasts longer the equipment will melt. Therefathe fault current rating will then be

specified as a current and time rating.

3.2.3 Types of loads

Normally passive loads have no impact on the fiewiel, but the dynamic loads such as
motors could have an impact on the fault levelgeanduction motors can contribute to
system fault level, and contribution will decay weapidly[3.11].

3.2.4 Connected generators

When generators are connected to distribution systéhey will contribute to the
prospective fault level of the system (i.e. fa@ittan the grid plus faults from connected
generators) as shown in Figure 3- 2. Their contidims will depend on their type, size,
and penetration. For instance, a contribution figenerators that are interfaced directly
to the distribution networks by synchronous macéiwbich normally have enough over
excitation during the fault may initially providadlt currents as high as 6 times of the
generator full-load currenf3.12]. Synchronous machines are normally equippgd
separated excitation system, so they can supphpises fault current until the fault is
cleared. Equation (2) as given i8.13] and [3.14] estimates the fault current
contribution of the synchronous generators:

-t/ -t/ . V . -
it) = \/Ev [(7 Lyl Loy R +1]sin(a1+6?)—\Fg..sin(B).e(%a) )
3 X X, X, X, 3 X,
Where X, and X, are the sub-transient and transient reactancedsT aand T, are the

sub-transient and transient time constdpts the periodic time constant, aftl is the

impedance angle prior to the short circuit. Fronuampn (2) it can be seen that
distributed generation interfaced to the grid bgcdyonous generators will contribute to
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fault current during the sub-transient, transiemtl &teady state periods of the short

circuit.

Fault levels

«— .
Dynamic

loads

SO

Utility \—>
contributiol
Micro-
generation
I

Distributed
Generation

EASSN

Figure 3- 2: Fault current sources

As for distributed generation interfaced to thedgoy induction machines which get
their excitation from the mains, their fault lev@ntribution will be limited. This is
because in case of three-phase to earth faulgxtigation is completely lost. Therefore,
the induction generators will feed the fault withvary small time due to the remaining
magnetic field in the maching3.14]. The following formula gives the expected
contribution from induction machines to the shartwt current[3.13][3.14].

vav, ¢
—~[e

0= 7 sin(@) - (- o)sin(at + 6)e T 3)

Where X_is the sub-transient reactandg;is the sub-transient stator time constants

the total leakage coeffieceinty,is the synchronous angular speed, anés the sub-

transient rotor time constant.

It can be seen from the formula (3) that the skoduit will be supplied by induction
machines only during sub-transient period. Howetrer,contribution to the short circuit
from induction generator during sub-transient peri® lower than from synchronous
generator with similar rating. The Figure 3- 3 belahich is a result of the study that
has been conducted if8.14] to investigate the contribution of synchraeoand

induction generators to the system fault level shawe difference between the
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contribution to the fault level by two machines lwthe same rating and interfaced by
different rotating machines (i.e. one by synchranand the other by induction). Unlike
the rotating machines, the fault current providgdcbnverter-connected units is much

lower, and it is assumed to range from 1.2 to iings of the rated curre(8.12].

current U

Figure 3- 3: Short circuit contribution from synohous and induction machine
machines during 3-phase bolted f48ltL4]

3.3  Test network and modelling approach

In general fault levels are high in largely intarnected networks with a high density of
load, such as industrial areas and city centreerefare, a typical UK HV-LV
distribution network for an urban example is usedest network for investigating the
impact of LV connected microgeneration on distritmitnetwork increased fault level.
The test network has low fault level headroom basedn actual value taken from a
real Scottish urban HV-LV distribution network bdsen the information provided by
the ScottishPower distribution long term developtretatements (DLTDS)3.15]. The
network supplies a high density of domestic androencial loads based on the rating of
the main transformers of the actual network chdeethe study. A single line diagram
as shown in Figure 3- 4 represents the test digtab network used for the fault levels
studies. The diagram shows all the short circuitsraes and the significant circuit
elements that are required for the studies. Thear&trepresents one layer of 30kV cell
which consists of other small LV cells. Eight LVllee(i.e. from A-H) of LV urban

examples as shown in Figure 3- 4 are modelled tla@aell A shown in Figure 3- 5 is
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modelled in detail. The studies are carried outceatrating specifically on the
perspective short-circuit currents at the boundsrgach cell (i.e. LV and HV cells)
when a high penetration of microgeneration is cotetewithin these cells. The network
model is built based on distribution network da&ived from information provided
within distribution long term development statensedDLTDS) by the distribution
network operators (DNOs) and manufacturers of idistion equipments. The test

network is labelled as test network 1 in this secand developed as follows:

X X
I
@ 33/11kV
| | ) |
X X
| i
Cell E 04kV/l]kV \ N 1104kV
o165 i e
> x
\ N\ 110.4kV Cell B
0.4kV/11kV
Cell F X—| e ®
. \ \ pYd
0.4kV/11kV —| \ 110.4kV
L d Q)X
M—r.— | onen open l—X—@—J(— Cell C
1
Cell G @ L _l_ﬁ ,_l_ vzl @
A X X

microgeneratior
X

Cell H

Lo

Load

CellD

Figure 3- 4: A typical HV-LV urban distribution rvebrk

83



Chapter Three: Fault level analysis of distributrmtworks with a high penetration of

LV connected microgeneration

1313131 1%

o
—>
—X-@®
T e
—>————
X

Figure 3- 5: Detailed LV cell (Cell A)

3.3.1  The grid source model

The grid has been modelled by using a three-phakage source behind equivalent
impedance to provide an appropriate short cirCthie equivalent source impedance is
calculated based on the IEC 60909 stand&rdi6] where the impact of maximum

voltage factor‘Cmax” is included.Cmaxis used to determine the maximum short-
circuit current with sufficient accuracy that cam frovided by the grid, and its value for
MV grid is assumed to be equal to 1.1, and it canmultiplied to the nominal voltage

when the short-circuit impedance is calculated.

The X/R ratio 9.26 and the short circuit current Mreak 17.67kA represent the real
data of the 33kV substation fault level of West (geoStreet substation in Glasgow in
Scotland as reported {8.15] have been used to represent the grid sooifr¢he test
network. The fault level is calculated by using 8ystem voltage=33k\Cmaxand the
fault level of the test network will be 1110.97MVAhe short circuit impedance,
resistance and the reactance of the grid has @eunlated from the fault level and X/R

ratio, and their values are shown in Table 3.

System fault level Short Circuit | X/R Short circuit Resistance | Reactance

voltage Current (RMS | ratio | impedance(Zs) | of the grid of the
break) (Rs) grid (Xs)

33kV 1110.97MVA 17.67kA 9.26 1.186 Ohm 0.127 Ohm 1810hm

Table 3: Parameters represent grid source of gtenedwork 1
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3.3.2  33/11kV primary distribution substation

Two 33/11kV transformers are used to connect tik tgrthe test MV-LV distribution
network with the parameters listed below in Tablertl taken from ScottishPower
DLTDS 2008[3.15]. Two transformers connected in parallel @enmonly used within
urban distribution networks for reliability reasofthey would provide less impedance
between the grid and downstream distribution netwarompared to using only one

transformer.

Transformer rating Z% on base 15MVA X/R Vector grou
15MVA 7.42 15 DY11

Table 4: Parameters of a standard 33/11kV trangfprm

3.3.3 Medium voltages distribution network feeders

The 11kV distribution cables are used to modeldbenection between the utility and
the consumers, and they have been modelled usirgmegers provided by
manufactures of 185mfraluminium cablg3.17]. Four LV substations (i.e. Ring Main
Units RMUs) as shown in Figure 3- 4 are distribugephally across each feeder. The
length between each two RMU is 0.25km. This is dasethe fact that short cables are
used for urban networks with a high density of kadhe following electrical
parameters are used to represent each 11kV cable.

Nominal cross- Impedance at 50Hz Reactance at 50Hz| Resistance Cable
sectional area(mm2) ohm/km ohm/km at 50Hz rating
ohm/km (MVA)

185 0.183 0.080 0.165 6.86

Table 5: Parameters of 11kV cable

3.3.4 11/0.4kV secondary substation

11/0.4kV substations are considered as boundafided.V cells for urban examples.
The SP DLTDS[3.15] has shown that an LV urban network is tyjycaupplied by
utilising standard transformers with sizes 0.5M\0A8MVA, and 1MVA. For area with

a high density of load, the larger size is moresliikto be used. Therefore, IMVA
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MV/LV transformer has been considered in the testwork modelling and its

parameters are listed in the table below.

Vector group X/IR Z% Transformer rating

DY11 15 4.75 1MVA

Table 6: Parameters of 11/0.4kV transformer

3.3.5 Low voltages distribution network feeders

The 0.4kV feeders are modelled as cables formeaesi$tance and inductance. All the
impedances of the feeders are set according tdB8e60909 Standard. One of the
secondary substation connected feeders is modelletetail in order to assess the
impact of the cable impedances on the fault lewsitrdbution from microgeneration.
Numbers of loads and microgenerators with diffeqgenetration are connected across
the cable as shown in Figure 3- 6. The distanoed®at each two customers is chosen to
be equal, and it is equal to the total length & tlable divided by the number of the
customers. The total length of the LV feeder fag thrban example is normally short,
and from some examples of real urban networks sgabne presented |8.18] the LV
feeders range from 33m to 390m. In the studieshisf ¢hapter is chosen to be 200m.
The general parameters of LV cable are listed befowable 7 and are obtained from
the case study that has been consider in the PBm@porg3.19]. The rest of the other
0.4kV feeders are modelled as a lumped load amsn@ed microgeneration connected
to the cable with the consideration of the impddhe cable impedances on the lumped

models.

Nominal cross-sectional | Continuous | Impedance af Reactance at 50Hz | Resistance at
area(mmz2) rating (kW) 50Hz ohm/km 50Hz ohm/km
ohm/km
185 230 0.18 0.074 0.164

Table 7: Parameters of 0.4kV cables
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3.3.6  The demand model

The demand on the secondary substation has beealletb@s high density domestic

and commercial loads connected to the urban netwdhe approximate average

consumption of individual domestic and commerciaktomer is considered to be

1.5kVA and 27kVA respectively. A uniform power factof 0.95 lagging has been

assumed. The loads are uniformly distributed alibregfeeders, and modelled as three-

phase balanced constant kW and kVAr.

The total number of consumers within each LV cellassumed to be 540 users and
distributed across five feeders. Each feeder isT2@hd the total load supplied by each
feeder is 162kVA, and the total load over all fasde 810kVA. This represents 81% of
the transformer capacity at the secondary substatiwhile for the commercial

application, each feeder is assumed to supply Greeneial customers.

3.4 Simulation of LV connected Microgeneration

Two types of microgenerators are modelled. Onesmgle-phase generator with small
size 1.5kW typically of those deployed at domeptiaperties (i.e. 230V), and the other
Is a three-phase microgenerator with two differgnés 16.5kVA and 30kVA typically
of those deployed at commercial properties. The mergial size microgeneration
examples are taken from practical examples provigednanufacture$3.20]. In both
cases it is assumed that the microgeneration aeefaned by synchronous machines,
and this is because such type of machines will rimute to the fault level more
significantly compared to other technologies afhas been explained previously in

section 3.2.4.
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Therefore, the microgenerator at domestic levehdglelled as a voltage source behind
an impedance, and this impedance is adjusted toder® times of the full load current
during solid three-phase to ground fault at thenteal of the microgenerator. The
commercial size microgenerator is also modelledaasoltage source behind an
impedance to represent a microgenerator interféaged synchronous machine to the
network, and the values of transient impedance &l steady state impedance Xd are
taken from typical information supplied by manutaets for the following commercial
size microgeneration 16.5kVA, and 30kVA as in Tahle

Prime rating | Standby | Reactance(t) Full load current Short-circuit current(A)
kVA kVA (A)
16.5 18 Xd'=1.33 25.98 173.238=6.66 times of full
load current
30 33.0 Xd'=0.587 47.63 386.94=8.12 times of full
load current

Table 8: Performance data of 16.5 and 30kVA thiiessp generatof8.20]

In some fault level studies such as[#121] the LV connected microgeneration have
been modelled as current sources which will suppdysame fault current. But this will
not give accurate results that will reflect theuattinfeed from microgeneration to the
fault. Because the microgenerator at the end offebder will contribute to a remote
fault at the main LV bus less than the upstreanragneration. How significant the
difference between modelling the microgeneratocwsent or voltage depends on the
length of the cable, for example for long cableis thight be an issue. This can be
simply noticed where each microgenerator will natovyde the same current
contribution to the fault at the beginning of tleeder as shown in Figure 3- 7. This is
due to the impedances of the cables and the locatiomicrogenerators. In the test
networks 2 model, one feeder is modelled in dedait| the microgenerators are assumed
to be connected at each consumer point with diffepenetration. While the other
feeders based on the detailed feeder model aresehganodelled as an aggregated
microgenerator connected to the secondary of thetrBxisformer and the difference
between the fault current contributed by detaileelder model and aggregated model is

insignificant. The aggregation of microgeneratisconducted as follows.
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Figure 3- 7: Fault contribution from LV connectedcmgeneration to 3-phase-to earth

fault at the beginning of the LV feeder

By using mesh-analysis and applying Kirchhoff vgédaw to each closed loop of the
network starting from each microgenerator connggpiaint to end up at the fault point,

the following equations will result.

Vo~ (Zgg +Zy) = (i +i,).Z, = (i +iy +ig) Z g == (i +ip +ig +..40).Z2,, =0 (4)
Vo =i Z gy =iy +i5).Zey = (iy +iy +i5).Z g =i, =@ +i, +iy+...+i)Z, =0 (5)
Vys =g Zys = (i +i, +i5) Zg = (i iy +ig +i,)Z, == (i +iy +ig +.+0).Z, =0 (6)
Von =10 Zgn = (i iy Fig+ o i) Zogy — (i +ig o, +i).Z.,,=0 (7)

Wheren is the number of the microgenerators across thefie The equations (4), (5),

(6), and (7) can be written as follows:

_il_ _(Zgl+z'—l +Z'—2+'“+ZLn) (ZLZ +Z|_3 +"'+Z|_n) """""" (ZLn) i _Vgl

i, || (Lt Zg+-+2Z,) (Zgo ¥+ Z g+ ZigHeeZ)eeeeees (Z..) V,,

. . | ’
= (8)

_in_ _(ZLn) -------- (Zgn . ZLn) | Vgn

By assuming the consumers are distributed uniforadsoss the feeder for simplicity
reason, the impedances between the customers evélgbal. Also the voltage and the
short circuit impedance of each connected microggoeare set to be equal. Therefore,

the following matrix results:
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i, | (£g ¥ NZL) (n-1)(Z,) (N=2)(Zy)-weemeeee )| [V,
i, || (N=D(Z,) (Zg+(n=DZ) (N=2)(Z)---eeeee (Z) | |V
| (h=2)(Z) (n-2)(Z) (Zg+(N=2)Z)-(Z)| |V
: : . S 9)
_in_ _(n—(n—]_))(zl) (n—(n—]_))(zl) ..................... (Zg +ZL) | _Vg_

From these equations the current of each microgéoreis calculated, and the sum of all
currents will be the contribution to the short git@s in equation (10).

e =i+, Hig o+ oj1
Then the total impedance can be calculated from ¢hrrent and the voltage source
behind this impedance as sketched in Figure 3- @esents the aggregated

microgeneration that will represent all small mgeaeration connected to the feeder.

V
Z, = =R + X, 11§
f

Figure 3- 8: Aggregated microgeneration conneaetie¢ LV secondary substation

This representation of the microgeneration will giifiy and speed up the simulation of a
distribution system incorporated with microgenenatiand at the same time consider the
cables impedances impact on the contribution tofalét level from microgenerators
connected at different locations. The greater a#réhe impedances of the cables
between the connected consumers as the model apphas described will provide
more accurate and conservative results. For exaihpleErogeneration are modelled as
current sources or the microgeneration are lumpggeona aggregated generator without
considering the impact of the impedances between citnsumers, the fault level

contribution would be higher than when the aggregjahicrogeneration developed by

90



Chapter Three: Fault level analysis of distributrmtworks with a high penetration of

LV connected microgeneration

the approach is considered. This may recommendogecieration penetration less than
the real penetration and hence limitation on theeagb of actual microgeneration

penetration may be experienced.

3.5 Fault level studies

The available short circuit current that flows iritee fault at distribution networks is
directly dictated by the short circuit capacity tfe grid, connected distributed
generation and microgeneration, and connected sdtds typically independent of the
load current. The fault studies in this part arediated to identify the approximate fault
level rise at MV and LV buses of an urban distritmtnetwork example due to the
connection of different quantities of differentesiaf microgeneration starting from 0%
up to 120% of generation penetration with respedhe load. The main objectives of

the studies are listed as follows.

* To quantify the increase in the fault level of arban distribution network
example due to the connection of a different peatietn of LV connected
microgeneration, and identify at which level of nogeneration the increased

fault level may become a problem.

* To identify which locations of the distribution meirk will more likely suffer

from the increased fault level.

The following assumptions are assumed during tinies:

* The worst scenarios that will bring the fault cdmition to its maximum are
considered within the studies. For instance, urbitribution networks with
short length feeders and low fault level headroapp$ying a high density of
users are considered in the studies. This has teesidered because based on
the literature such type of networks are more Vikil suffer from fault level
issues.

* The faults are always assumed to be bolted thrasedto ground faults.
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* The contribution to the short circuit current paaknot considered, and only
RMS values of the steady state of the fault curegatconsidered, and because
only microgeneration interfaced by synchronous rmeshwill contribute to the
steady state fault current, all microgenerationaa®umed to be interfaced by a
such technology. This has been considered becaistgbution network
components such as breakers and fuses have irtteggnd withstand ratings

defined as RMS value of symmetrical currgh8.

When numbers of microgenerators are connecteded Yhside, the maximum fault

level occurs when solid three-phase to ground fisu#tpplied at the point of common
coupling (PCC), where the fault will be the sumatiffdownstream microgeneration fault
contribution and the grid. Therefore, two faultris@eos are applied as shown in Figure
3- 9. Fault 1 is applied at 0.4kV bus of the celvhich is the nearest cell to the primary
substation, and all the contributions from the gaitd all connected microgeneration
across other cells to this fault are examined. §émond fault is applied at 11kV bus as
shown in Figure 3- 9 in order to investigate th@att of LV connected microgeneration
on the fault level at MV distribution level. For adafault scenario, the impact of
domestic and commercial size of integrated micregaion on the fault level with

different penetration is examined.
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Figure 3- 9: Test urban network example
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3.5.1 Fault level at the secondary of the LV substation0(4kV)
A- Increased fault level due to connection of differeinpenetration of domestic
size microgeneration
During this study, it is considered that each cotioper each phase connected to LV
feeders consumes 1.5kVA. This is based on the geevha typical single house daily
profile [3.22]. It is also assumed that each customer cavemgle generator which is
capable of providing a range of output power fraenozup to 120% penetration of the
customer load. The generation penetration 0, 20680100, and 120% in respect to
customer loads (i.e. 1.5kVA) are applied. At eaelsecthe contribution to the short
circuit current and fault level from the additionggneration is evaluated. The same
penetration is applied to all cells from A-H at $eme time, and the impact on the fault
level is compared to the approximate typical faaling of LV equipments which is

assumed to be equal to 25MVA.

When there is no microgeneration connected (i.e.nfi#sogeneration penetration), the
available fault level at 0.4kV bus of the cell A18.43MVA. With the increase in the
penetration of microgeneration, the fault leveDakV bus will increase. The increased
fault level obtained values from the simulation ds&s for each increase in the
microgeneration penetration are tabulated in T@ble

Microgeneration 0% 20% 40% 60% 80% 100% 120%
penetration
Fault current RMS (kA)| 26.607 27.95 29.285 30.68 .831 | 33.1 34.33
MVA 18.43 19.36 | 20.29 21.26 22.07 22.93 23.8
increased MVA % 0% 5% 10.1% 15.36% 19.75% 24.42p29.14%
Cell A contribution 0% 2.83%| 6.38% 9.76% 13.29%% 818b | 20.45%

Table 9: The contribution from domestic size LV neanted microgeneration with
different penetration to the fault level for 3-pbdault at 0.4kV bus
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Figure 3- 10: The fault level at 0.4kV bus with amidhout the connection of domestic

size microgeneration

The increase in the fault level at 0.4kV bus of ted A due to the fault contribution
from the all microgeneration added to the LV c@lshown in Figure 3- 10. The figure
shows that the increased fault level has not exabéte approximate typical fault level
rating of LV distribution networks (i.e. 25MVA). Ehnetwork has accommodated the
increase in the fault level, and it was capabl¢éaking up to 120% of microgeneration
with domestic size 1.5kVA. However, the fault lewehs brought very close to the
equipments short-circuit rating limit. Frome theuklts in Table 9 it can be observed that
the highest fault contribution to fault 1 withinetlcell A as shown in Figure 3- 9 comes
from the cell A local microgeneration. Up to morean 65% of the total fault
contribution is made by the local generators of ¢bt A compared to other adjacent
cells, where each 1kVA generation at cell A hastrdoumted 0.004MVA to the fault at
0.4kV bus (i.e. fault 1 on Figure 3- 9). The insfgant contribution from other adjacent
cells (B-H) can be justified by the influence oethh1/0.4kV transformers and cables
impedances which have played a significant rolénmiting the fault contribution from

external to local fault within LV cell.
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In spite of the increased fault level being accomated for this study, it can not be
generally considered as insignificant issues. Téibecause for example with 100%
penetration which is equal to 810kVA generation pecell, the increase in the fault
level was considerable. It reached more than 20&tease compared to the original
prospective fault level. In addition, the remainifaglt level headroom is very limited

for equipments that have 25MVA short-circuit rating

The collective fault contribution from all connedtmicrogeneration has added 4.5MVA
to the original fault level as shown in Figure 30.1Consequently, low voltage
distribution networks with fault level headroom dethan 4.5MVA will not be able to
accommodate 100% penetration of microgeneratioh WiSkVA per microgenerator.
This was the impact of 810kVA generation at LV sideach cell which represents 81%
of the capacity of 1IMVA transformer (i.e. the ma&h//LV transformer of each cell).
But, because the penetration of microgeneration deen set in respect to the load
density in the studies, and the load density isfixed for all LV distribution networks.
For example, a 100% penetration microgeneratiorespect to load condition equal to
81% of larger transformer for example 2MVA will legual to 1620kVA generation.
Since each 1kVA increase in microgeneration wilhtcbute 0.004MVA, and the
relationship between the microgeneration penetragiod the increase in the fault level
is almost linear as shown in Figure 3- 10, 1620kMA cause 6.48MVA increase in the
fault level at 0.4kV bus of the network examplewhan Figure 3- 9. This will lead the
short circuit rating to be exceeded since the fiewil headroom is only 4.5MVA. With
such condition the network will be incapable of@oeodating 100% microgeneration,
and the total microgeneration that can be conneettde only 69.44%. Therefore, it
may be difficult to state and generalise that L¥talbution networks can accommodate

100% penetration of microgeneration at domestiellexithout causing fault level issue.

The general rules that dictate the limit of micnogetion penetration is the available
fault level headroom, and the future investmenteimforcement of the network. For
example, if a new transformer is required to beeddih order to meet the increase in
demand, and the network already accommodated 100Pbianogeneration and only
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2.07MVA fault level headroom is left, the transf@ncould not be connected until the
penetration of microgeneration is reduced. Genetak penetration of the generation
would be higher for higher consumers’ density, #mgs resulting in higher fault level
contribution. This may lead to the LV distributioretwork with a high density of
consumers and low fault level headroom could seklihe spread of microgeneration

across the networks.

B- Increased fault level due to connection of comme&i size microgeneration
This part of the study considers the impact of@acgl commercial microgeneration that
can be connected at commercial premises. Two diftesize of microgeneration have
been considered 16.5kVA and 30kVA. The selectiothete two size microgeneration
is based on the real data provided by manufac{@r26] which are expected to be more
likely connected at commercial level. So during itivestigation there was no range of
change in the generation output power such aseipénvious studies, where the output
power varies from 0 to 120% of each individual ragegnerator with respect to the
average load. The penetration of the microgenerasobased on the number of the
commercial customers. The average 3-phase comrheariaumption was assumed to
be 27kVA, thus for the used network example whaehdeeder provides 162kVA, six
commercial customers are assumed to be connecesttiofeeder. It is applied that one
commercial size microgenerator is connected peln eastomer. The commercial size
microgeneration obtained data from manufacturestexi above in Table 8 is used to
model these generators. Based on the real datan thken [3.20], the 16.5kVA
microgenerator provides a short circuit currenthagh as 6.66 times of the full load
current for a fault at its terminal, and the 30kWAcrogenerator provides a fault current
equal to about 8 times of its full load current.eThmpact of each of these two
microgenerators on the fault level at 0.4kV buexamined as explained in the coming

two sections.
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B1- Increased fault level due to connection of dérent penetration of 16.5kVA
microgenerator

In this section, it is assumed that numbers of cencial customers one by one start
installing their microgenerators with size 16.5kVPor each case and based on the
number of connected microgenerators, the peneatratmmpared to the total load
connected to the 3-phase feeder is calculated, thadfault level contribution is
examined. For instance, when 16.5kVA microgenenatopnnected to the first, second,
third, fourth, fifth, and sixth customer, the geatésn penetration will be 10.19%,
20.4%, 30.6%, 40.74%, 50.92%, 61.11% respectivélthe total consumption across
the feeders. The fault level contribution obtainesults are listed in the table below.

Microgeneration 0% 10.19%| 20.4% 30.69 40.74% 50.92% 61.11%
penetration
Fault current RMS | 26.607 27.44 28.28 29.09 29.88 30.63 31.87
(kA)
MVA 18.43 19.01 19.59 20.15 20.7 21.22 21.74
increased MVA 0% 3.14% 6.319 9.36%  12.32M% 15.14% .93%
Cell A contribution 0% 2.2% 3.9% 5.26% 7.4% 9.49 S

Table 10: The contribution from 16.5kVA commergae LV connected
microgeneration with different penetration to thelf level for a 3-phase fault at 0.4kV

bus
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Figure 3- 11: The fault level at 0.4kV bus with amidhout the connection of 16.5kVA

commercial size microgeneration

B2- Increased fault level due to connection of diéfrent penetration of 30kVA

microgenerator

As for 30kVA microgenerators, and when they areneated to the first, second, third,

fourth, fifth, and sixth customer, the generati@mgtration will be higher than those for
16.5kVA and the penetration are equal to 18.5%03%, 55.5%, 74%, 92.6%, 111%

respectively of the total consumption across tleelées. For each generation penetration

the fault level contribution is examined, and thsults are listed in Table 11.

Microgeneration 0% 18.5% | 37.03% 55.5% 74% 92.6% 111%
penetration
Fault current RMS | 26.607 28.51 30.36 32.13 33.96 35.257 36.52
(kA)
MVA 18.43 19.75 21.03 22.26 23.53 24.43 25.30
increased MVA 0% 7.16% 14.19 20.8% 27.7%  32.56% 3%7.
Cell A contribution 0% 4.12% 7.9% 12.379 17.47% 5PR.| 27.4%

Table 11: The contribution from 30kVA commerciaeiLV connected microgeneration

with different penetration to the fault level foBgphase fault at 0.4kV bus
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Figure 3- 12: The fault level at 0.4kV bus with amidhout the connection of 30kVA

commercial size microgeneration

The additional fault level from the commercial si@gcrogeneration has caused the
overall fault level to be brought very much closethie designed fault level limit of the
distribution equipments when the penetration ofnemted microgeneration has reached
100%. It can be seen from Table 10 and Table 11 it size of the connected
microgenerator is very important factor that wiliredtly impact the fault level
contribution. For example, each consumer can cdrif@BkVA microgenerator, and the
total increased fault level still can be accommedatwhile for bigger size
microgenerator (i.e. 30kVA) installing such size &l the customers will bring the fault
level very close to the equipments fault ratinge §ave operation, it is not advisable to
operate close to the fault rating limit in ordeiatooid stressing the network components.

From Table 11 it can be seen that when more tha®%®2of the commercial
microgeneration are added, the fault level issieelieen experienced, and to avoid that
only five of six consumers at maximum can connecrogenerators with size 30kVA.
Since there is no specific size of the microgemanathat can be connected to the LV

distribution networks particularly at commercialéé where microgeneration can size
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up to 100kVA and they are driven by the consumé@oes, the identification of the
most appropriate size of microgeneration withoupaeting the rating of the network
become an important issue. This can be identifietidw much each 1kVA generation
added to LV network will contribute to the faultRPC point, and based on the available
fault level headroom the recommendation can be nadtds the total generation is
calculated. For example, when different penetrabbicommercial sizes 16.5kVA and
30kVA are applied, each 1kVA for each case has igeay 0.0042MVA and
0.00553MVA respectively at PPC point. So for thst teetwork example with a fault
level headroom equal to 6.57MVA the maximum microgration that can be locally
connected without causing fault level issue carcddeulated. If the average fault level
contribution is around 0.0055MVA provided by eackVA generation, the total
generation that can be connected to LV is equdl1®kVA generation. Then based on
the number of consumer connecting points, the sizemicrogenerators can be
recommended. This is with the consideration of ¢batribution from other adjacent

cells as well.

3.5.2 Fault level at the secondary of the MV substationl(1LkV bus)

This section investigates the impact of LV connéctecrogeneration for domestic and
commercial application on the fault level at 11kisbThe main output of the studies in
this section is to determine how far the impactmérogeneration fault contribution to
upstream faults can go. It also examines the infleeof the transformers at LV

substations on the fault level contribution to vpsin faults.

A- Increased fault level at MV main bus due to the camection of domestic
size microgeneration

The same generation penetration that was applisdation3.5.1 to all eight cells is also

used in this section, and the contribution from Ikgnnected microgeneration to

upstream fault at MV side is investigated. The atiip compared to a typical MV fault

level which is equal to 250MVA3.15].
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Microgeneration | 0% 20% 40% 60% 80% 100% 120%
penetration
Fault current RMS | 8.755 8.932 9.115 9.294 9.471 9.641 9.807
(kA)
MVA 166.81 | 170.18 | 173.66| 177.07] 180.45 183.69 186.7
increased MVA 0% 2.02% 4.11% 6.15% 8.18% 10.12% 96%.

Table 12: The contribution from domestic size L\hnected microgeneration with
different penetration to the fault level for 3-pbdault at 11kV bus
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Figure 3- 13: The fault level at 11kV bus with amidhout the connection of different

penetration of domestic size microgeneration

In this case, the increased fault level at MV sihe11kV bus of the test network 1
shown in Figure 3- 9 due to connection of largegbetion of microgeneration to low
voltage distribution networks has been accommodated the results are shown in
Figure 3- 13. This is mainly because of two reasons is the contribution was limited
by the MVI/LV transformers impedances where the @baton made by 120%

microgeneration penetration was only 11.96% in@edbe other is that the fault level
headroom at MV distribution networks is generalighrhcompared to LV networks. For

example, for the used test network which represantgpical MV distribution network
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and its data was taken from a real network thelabia fault level headroom is
100MVA. So it is hard for microgeneration to prowichcrease in fault level that would
exceed the rating limit of MV networks.

B- Increased fault level due to the connection of comencial size
microgeneration

The same generation scenarios used in se@ibril in terms of commercial size

microgeneration is also used in this section, dred dontribution from (i.e. 16.5 and

30kVA) LV connected microgeneration to upstreanitfatuMV side is investigated.

B1- Increased fault level due to connection of diérent penetration of 16.5kVA
microgenerator

The results added the below table and figure stibevémpact of 16.5kVA connected at

LV side on the fault level at MV side. It can beesehat the increase in the fault level is

insignificant, and due to the large available fdeltel headroom, the MV equipments

would not be affected by the contribution to faldvel made by LV connected

microgeneration.

Microgeneration 0% 10.19%| 20.4% 30.699 40.74% 50.92% 61.11%
penetration
Fault current RMS 8.755 8.867 8.98 9.091 9.21 9.31 9.42
(kA)
MVA 166.81 167 171.1 173.21 175.5 177.4 179)5
increased MVA 0% 0.1149 2.6% 3.84% 5.21% 6.35%  %.61

Table 13: The contribution from 16.5kVA commergéae LV connected
microgeneration with different penetration to 3-phdault at 11kV bus
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Figure 3- 14: The fault level at 11kV bus with amidhout the connection of 16.5kVA

commercial size microgeneration

B2- Increased fault level at 11kV bus due to the omection of different
penetration of 30kVA microgenerator

Microgeneration 0% 18.5% 37.03% 55.5% 74% 92.6% 111%
penetration
Fault current RMS (kA)| 8.755 9.01 9.255 9.49 9.714 9.92 10.11
MVA 166.81 171.66 176.33 180.81 185.08 189 192.62
increased MVA % 0% 2.91% 5.715 8.39% 10.95% 13.3% 5.471%

Table 14: The contribution from 30kVA commerciaeiLV connected microgeneration

with different penetration to the fault level foBgphase fault at 11kV bus

104



Chapter Three: Fault level analysis of distributrmtworks with a high penetration of

LV connected microgeneration

T T T T T T T T T T
| | | | | | | | | |
300- - - - - L 4 l_ — — — _ - — — — _ [ | P S |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
25 L. - L l N o4 ) L o L
| | | | | | | | | |
| | \ | | | | | | | |
| | | | | | | | | |
< Approximate fault level rating of MV equipments | | | | |
>200 ,,,,, L 4 l_ — — — _ - — — — _ [ | P S |
| | | | | | | | |
=3 M
—_— | | | | | | |
g | | | | | | | | | |
2150 77777 N - — — — — - - — — | - — — — — e
| | | | | | | | | |
% | | | | | | | | | |
© | | | | | | | | | |
L | | | | | | | | | |
100 77777 N - — — — — - - — — | - — — — — e
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
50- - - - N - — — — — - - — — | - — — — — e
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | |
0 | | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100 110

Penetration of LV connected microgeneration (%)

Figure 3- 15: The fault level at 11kV bus with amidhout the connection of 30kVA

commercial size microgeneration

Figure 3-12 and Figure 3- 15 have shown that timribmtion to the fault level at 11kV
bus made by a high penetration of commercial siledo& accommodated.

The results of this chapter have shown that thatiogiship between the system fault
level contribution and the penetration of LV contieecmicrogeneration is linear. The
increased fault level is a linear function of themgeneration penetration. Therefore,
by using this relationship, the microgenerationltféevel contribution can be simply
calculated from equation (12).

FL = mPen+ FL, (12)

Where FL s the increased fault level (MVA)n is the slop of the increased fault level,

Penis the penetration of connected microgeneration, @ayl FL,is the system fault

level without the presence of microgeneration.

Taking the results of increased fault level fronblal0 when 30.6% and 50.92% of

microgeneration are added to the system the siogan be calculated as following:
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_ Flooem —Flagey, _ 2122-2015 _ 597
5C.92% —-30.6% 0.20c

Thus based on the available fault level headroonthefsystem, the maximum local

generation that can be connected to LV without ictipg the fault level rating of the
network can be calculated from equation (12). Kkangple whenm =5.27 the maximum
penetration of microgeneration to be added at Wllean be found as follows:

FL.., = mPen,, +FL, (13)

_ Flp,—Fly, _25-1843

m= = 527
Pennax - Pe'?;% Perllnax - O

_ 25-1843

Pe
Mhax 527

=126%

3.6 Chapter summary

The results of the case study have shown thatdlective fault level contribution from

a high penetration up to 100% of domestic size ogieneration connected within a
typical LV cell has increased the fault level by224f its original value (i.e. 4.5MVA)
at 0.4kV bus, and this has brought the test urlewark with low fault level headroom
very close to its short circuit limits. 65% of tt@al microgeneration fault contribution
caused by the local microgeneration within the teilLV cell and 35% from the
microgeneration within the other adjacent LV ceWl¢hen larger microgenerators size
(i.e. commercial size) were added to LV side oftdst network, the studies have shown
that there are some situations where the increfasgtdevel can be an issue. With 100%
penetration of commercial size microgenerationilicecased fault level has reached the

fault level limit of the network, and caused fdelel issues.

On the other hand, the impact of LV connected ngeneration on the fault level for a
fault on MV side (i.e. 11kV bus) is insignificarithis is mainly because of two reasons;
firstly the contribution is significantly limitedybthe MV/LV transformers impedances.
Secondly, the fault level headroom at MV distribatinetworks is relatively high

compared to LV networks. For example, for the utesi network which represents a

typical MV distribution network and its data wagea from a typical real network the
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available fault level headroom is 100MVA. So ithiard for microgeneration to provide
increase in fault level that would exceed suchtlirio increased fault level due to
connection of microgeneration are more likely toaécal issue rather than a wide
system issue. So if microgeneration do not causea fault level issue, then they are

more likely not to cause a wider system fault lessle.

The two fundamental criteria to identify whethettegration of a heavy level of

microgeneration would alter the LV distribution wetks fault level are: (1) the amount
of fault level contribution would be provided byethiotal generation expected to be
connected to the network. (2) How much fault leheladroom is available before
microgeneration are connected. The fault level reads are known from the network
design, which is already set without the considenabf incorporating new generation at
distribution level. By using different microgeneaat size that could be connected to
domestic and commercial level based on manufactat, the results have found that
the relationship between the penetration of mianegation and the contribution to the
RMS values of the steady state fault current oecuat 0.4kV bus is linear. Each 1kVA
generation added to the local LV will increase faelt level at the LV main bus by

0.0042MVA. Thus based on the available fault ldwehdroom the total generation that
can be connected to LV without impacting the fdeltel rating of the network can be

easily worked out. Then the network operator cadsise how much local generation

can be added to LV networks.

Numbers of studies as mentioned early in this @apave stated that LV distribution
networks can uptake up to 100% penetration of dimeie microgeneration without
causing a significant increase in the system fewél. But the results of this chapter
have proven different. 100% of commercial size ogeneration has forced the fault
level to exceed the nominal limits. In terms of dstic Size microgeneration, the test
network has just accommodated 100% of domesticag@reration and the contribution
to LV fault level made by such penetration has edc24% increase of the original
fault level, and this is significant and can causenbers of issues. For example, such

significant contribution can lead urban networksclhare normally have low available
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fault level headroom to operate very close to tietscircuit rating limits. This can lead
to stressing the network components resulting imelolifetime to be experienced,
increasing the requirement for a component witgdaishort circuit ratings which will
be bigger in size and hence increasing the cosheftomponent and the cost of the
space which can be an issue in urban areas. Iti@addoperating the network close to
the rating will obstructing the spread of more mggneration uptake and DGs at MV
level and probably reduce the chance for new imwest such ad adding a new
transformer at the primary substation for meethgihcrease in the demand and operate

in parallel with the existing transformers.

Therefore, for safe operation and to avoid settiagk the growth of microgeneration
across LV distribution networks there will be a dider managing the increase in the
fault level due to microgeneration integration nder to avoid all these issues. Measures
such as using fault current limiter or reconfiggrithe network could facilitate the
spread of microgeneration if other constraintsnaes.
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Chapter four: The impact of a high penetration of LV connected
microgeneration on the protection performance of LV distribution

networks

4.1  Introduction

A priority of any supply system is, the system dboloe well designed and properly
maintained in order to limit the number of faulhat might occuf4.1]. However, when
the cost is considered, it is not practical andt ceffective to design a system to
withstand all possible system failures, and theradtive is to design a protective system
that can quickly detect faults and take requirdtbas within reasonable tinid.2][4.3].
Therefore, use of protection systems is very nexgss electrical power systems. They
must be installed to cover all the system in ofdedetect faults, and restrict them to
limited areas and isolate only the faulted p§t8]. This in turn will avoid damage and
prevent personnel injury, and minimize outages aestoration cost, and enable
continuity of service in unfaulted parts of theteys. The protection schemes depend on
the protected portion, and also on other factoch s1$ voltage level, the complexity and
the arrangement of the protected system, and tiperiance of the protected system.
However, the main principles of any protection soheare the capability of immediately
sensing the faults and isolating the impacted eqgaid, and allowing the rest of the

power system to remain in servigel].

4.2  Requirements of Electric Power System Protection $emes
The main criteria by which the performance of ai@rtion system may be measured are
listed below{4.1][4.3][4.4]:
1- The speed: speed is required in order to avoid damta equipment. The
protection must operate as it is required. It shawt be too slow which may
lead to damage of the equipments and not too fadtlaad to unwanted

operation (i.e. losing selectivity).
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2- The reliability: reliability is very important reggite. If a fault occurs the
protection should react correctly. The reliabiltyprotection has two elements;
the certainty of a correct operation, which is edlldependability, and the
security against incorrect operation.

3- The selectivity: it is based on disconnecting dialyited sections of the network
to isolate the fault and maintain the continuitysofpply to other healthy parts.
The protection must be able to discriminate betwedren the operation is
required and when it is not, or time delay is reggli

4- The cost: a suitable balance between the benéffisotection and the economic
cost should be considered. So maximum protectiauldhbe at the lowest
possible cost.

5- The sensitivity: It is important that the protectilhas a good capability of

detecting faults on the system.

It is difficult to satisfy all the above points thie same time. Thus it is very necessary to
compromise the above requirements in order to wbé&iceptable performance and
optimum protection systemfgl.5]. Associated with a traditional distributioryssem,

these protection requirements have been consideredpassive paradigm.

When a high penetration of LV connected microgei@mais integrated into a
distribution network, the network will not be seemymore as a radial with
unidirectional power flow. A new path for sort-@iit currents is provided. This path
may impact to some level the main performance raaitef protection systems of
distribution networks, where the traditional praiec has been designed with the
absence of such path. If the protection performan@@mpacted due to microgeneration
integration, then lower reliability, lower sensitiy and even reduction in power quality
by lowering the protection selectivity may resj4t6]. Therefore, the investigation of
the influence of a high density LV connected miemwgration on the LV protection

performance is vital.
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In [4.7] it has been reported that the connectionistriduted generation to MV may
cause traditional protection schemes to becomdeitefe. This chapter investigates
whether the connection of a high population of wgemeration to low voltage level will
degrade the protection performance and protecgquirements at low voltage level or
their impact will be insignificant? The impacts amgestigated in details in terms of the
influence on the following LV protection requiremgnthe correct operation (i.e.
reliability, when to operate and when not to opsratand the graded setting
(coordination or selectivity). The electro-magneti@nsient computer simulation
programme EMTDC interfaced by PSCAD is used forttadl protection studies of this
chapter. This is because of numbers of advantafjesing this tool as it has been

mentioned early in chapter two section (2.6).

The following sections of this chapter include &bimtroduction to basic principles of
the protection schemes of low voltage distributi@tworks, followed by a discussion on
the expected protection impact due to microgermratonnection and a detailed case

study with different fault scenarios to identifyetprotection issue.

4.3  Protection of low voltage distribution networks

Traditional medium and low voltage distribution &yas are considered to be lower
importance from the protection complexity perspexj#.2]. This is because of the cost,
and they are normally operated in a radial marened, the direction of the current flow

is always known. Distribution network protectionedonot involve extensive hardware,
and the networks are protected by a simple andpchgse of overcurrent protection

[4.1]. Compared to other protection schemes, ovezoti protection is more economical

and simple, thus they are widely used to protesitribution power systenig.5].

Low voltage overcurrent protective devices are radiyndescribed by inverse time-
current characteristics. The fault current flowsotlgh overcurrent protection devices, is
used to determine the presence of fault conditiand, initiate the protection operation.
The speed at which the protection will operateitated by the amount of the fault
current that will flow through the protective dexicThe protection operating time
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decreases as the fault current increases. Basadidimectional power flow philosophy
of traditional distribution systems, the fundaméfuactions of overcurrent are achieved
by coordinating the operating times of protectiwvides, where downstream elements

will respond to faults downstream faster than thstieam devicefgl.3].

The devices that are most used for protecting idigion networks are; overcurrent
relays, reclosers, sectionalisers, and fuses, hadcommon schemes to protect LV
feeders are overcurrent protection scherf#e$]. Fuses are a common example of
devices that can be used for overcurrent proteclibry are normally simple to use, fail
safe, their operating characteristics can be graded they are relatively cheap
compared to other protective devices. Thereby, sfuse extensively used on low
voltage systems (415 and 660V) with rating fromp21600Ampg[4.1]. Fuses do not

have inherent directional properties, and they hheen used to protect passive
distribution networks where the direction of thereat flow is always identified. So the

effect of the opposite fault current flow due tocmigeneration connection is important
to be understood. This will require understandihghe performance of a low voltage

distribution network protected by fuses when laayaount of microgeneration are

connected to the network.

4.3.1 Principles of fuse operation

When the fault current exceeds a predeterminecey#he fuse has an element that will
be melt by the heat caused by the fault cur4edi. Fuses are considered as the simplest
and most basic of hardware items used in systetegiron[4.2]. A fuse is also define
as in IEC Publication 291: Fuse Definition“asdevice that by the fusing of one or more
of its specially designed and proportioned compth@pens the circuit in which it is
inserted by breaking the current when this exceedsven value for a sufficient time.
The fuse comprises all the parts that form the detaeplevice’[4.8].
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The following information is required in order t@lect a suitable fuse for use at
distribution system#.1]:

1. Voltage of circuit and insulation level.

2. Type of system (connection arrangements).

3. Maximum short-circuit level of circuit to be proted.

4. Load current.
The above four factors determine the fuse nominateat, voltage and short-circuit
capability characteristics. The above factors acemally used to determine the

prospective current of the circuit to be protected.

4.3.2 Fuse-fuse co-ordination
In order to achieve the coordination between oweect protective devices (i.e. fuses),
and the disconnection of the entire feeder is aaidit is important that their
time/current characteristics are chosen to be @effily separated, so only device
closest to the fault operates firstly to clear thalt. For example, when two fuses
protecting the same feeder, the maximum clearamzedf downstream fuses should not
exceed the 75 per cent of the minimum melting tohéhe upstream (i.e. back-up) fuse
for the same fault levéd.1].

LV bus

Fault current

Supply T
Fuse A Fuse B

Fault

L1 L2 L3 L4 L5 L6
Figure 4- 1: Low voltage feeder protected by tweek

Fuse B in Figure 4- 1 is the main protection ofli@a and fuse A is a back-up protection

to fuse B. So if fuse B for any reason fails to rape then fuse A will disconnect all the

feeder resulting in unnecessary disconnectiontodérdbads. Therefore, the total clearing
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time of fuse B must be smaller than the meltingrapeg time of fuse A. Thus the

required energy for melting fuse B is less than haequired for fuse A.

A
Time (s)

tl|-———-\—--

o Curve (B)

\

Current (A)

Figure 4- 2 : Time/current characteristics of tweds protecting the same feeder

The time/current characteristics of LV overcurrgmotection devices protecting the
same feeder as in Figure 4- 2 are chosen to prokeeequired discrimination. The fuse
with time/current characteristics as shown on cy®kis more sensitive compared to
the fuse with time/current characteristics of cuf&g on the same figure. Thereby, fuse
B will be used as main protection and it is normmaibnnected close to the load with
lower rating. While fuse A with higher rating commed to fuse B is used as back-up

protection and it is connected at upstream towtirelsource.

4.4 LV protection issues due to a high penetration of ¥ connected
microgeneration

The principles of over current (OC) protection thave been set for protecting a passive
distribution network are based on a higher faulrent will lead to faster protection
operating time. With the movement towards activetridiution networks the OC
operating principles may be impacted, and may teathdesirable protection operation,
and this is unacceptal.9].

The widespread use of distributed generation hdisdea series of new problems, such
as selective coordination of overcurrent protectioaddition to control of voltage sag
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magnitude and duration by using overcurrent protealeviceqg4.4]. For example, the
studies conducted i@.10] to identify the issues related to fault lewepact in an urban
distribution network due to a high penetration sftributed generation have concluded
that a number of issues will emerge due to thegmes of the DGs. One is when a DG is
located between the fault and the feeding substaliere is a possibility of delaying the
operating time of the relay at the beginning of fifxeder or even blocking the relay due
to the reduction in the current measured by theyrelhich is caused by the contribution
of the DG to downstream fault. The other issue femvthe fault occurring on the
adjacent feeder, the reverse fault current provioethe DG will lead to unnecessarily
trip of the DG. The same studies have recommenrfgdiiere is a need for more active

protection with advanced communication to be emgdiolp solve such problen#.10].

In terms of adding a high penetration of microgatien to low voltage networks, the
impact can be different. The microgeneration alslb @ontribute to the downstream
faults and provide a reverse fault current for tgasn faults, but with different level if
compared to larger DGs added to MV networks. Anotbsue compared to the issues
caused by DGs at MV is that LV distribution feedars widely protected by fuses, and
such advanced controls and communication to imptbeeprotection performance as
recommended if4.10] can not be implemented in such devices dwr tinherent
operation. So, the remaining question that thigptdraof the thesis intending to answer
is, how will a high penetration of small scale rogeneration connected to low voltage

networks impact the existing LV protection perforroa based on fuses?

To answer the above question the microgeneratidegiation impacts on the LV

protection performance are investigated in detailbing the test network 1 developed
in chapter three. The studies are conducted ing@inthe influence of microgeneration
contribution to upstream and downstream faults len following functions of the LV

protection operating time: when to operate and wheh to operate which can be
reliability issue, and the time delay to operateiclvhcan be selectivity issue. The
contribution to upstream faults and downstreamt$amlay lead to reduction in the reach

or unnecessary tripping of the feeder, therefoes¢htwo areas are considered.
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4.4.1 Reduction in the reach

For downstream faults as shown on Figure 4- fafdaggregated contribution from the
connected microgeneration is relatively strongntitecould cause a delay in the fuse
operating time, or in the worst case it may leac teduction in the reach of fuse A.
This may impact the customers connected to thededér.

LV bus

SRR
SooLoELEE

Figure 4- 3: Impact of LV connected microgeneratiorthe reach of the main LV

Single customer

feeder protection
4.4.2 Unnecessary tripping due to reverse fault current
When a fault as shown in Figure 4- 4 occurs on Idyaeent feeder without adding
microgeneration, zero current will flow in fuse &nd only fuse C operates. While for
the same fault condition and with the presence afrageneration, fuse A will
experience a reverse fault current as shown onr&iu4. This fault current with a new
path is provided by the sum of microgeneration eated across the feeder. Fuses do
not have inherent directional properties, so if tegerses fault current exceeds the
threshold value of the fuse operating current ftise A shown on Figure 4- 4 will start
melting and leading to unnecessary disconnectidhefeeder. Thereby, less reliability
in protection performance may result. Such an imgadefinitely not acceptable which
may lead to lost revenue through losing microgeimra Therefore, this issue is
investigated within the case study in sectidrb) when the entire local load is met by

the local microgeneration (i.e. 100% penetratiomafrogeneration).
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Figure 4- 4: Impact of the LV connected microgetieraon LV protection performance

during a fault on adjacent feeder

4.5 Case study

The studies of this chapter are conducted on theestest network 1 developed in

chapter three, and only one LV cell (i.e. LV celiAtest network 1 in chapter three) is
considered as shown in Figure 4- 8, and the implkatheavy level of microgeneration

integrated within the cell on the performance of Ipvotection is assessed. Only
domestic level microgeneration are used, and thetpaion of the microgeneration that

have been used for the studies is chosen to méét ddthe local load as used before in
chapter three for fault level studies. This pennahas been chosen because it
produced a significant contribution to the shortuit in the fault level studies in chapter

three (i.e. 20% increase in the fault level), anchssignificant contribution is important

to be considered within protection studies.

4.5.1 Fuse model
The used fuse model is developed as an overcupmatéction device by using the
extremely inverse time-current characteristic mothelt is available within PSCAD

master library, and at the beginning of each L\M&geone fuse is added. The model is
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based on integrating a function of current F(l) hwitespect to the timg4.11].
Predetermined value (i.e. pickup) of the fault eatris set, and when this value is
exceeded, the integration starts positively to esent the start of fuse operating time,
and when the integral reaches the pickup valuefug® becomes completely open. This
will give the estimated operating time in millisexcts. The integrator is used to represent
the fuse operating time (i.e. pre-arcing time @t@ng time in practice) according to the
total clearing time-current characteristic curvédoov voltage fuses. The input to the
fuse model is a measured current, and the fauleotiis used to indicate the presence of
the fault, and based on its value the operating tisncalculated. If the fault current is
below the pickup value, then the function F(l) l&ays negative, and the integrator
reset, and hence the fuse will not detect the .failile developed fuse model by using

PSCAD/EMTDC simulation program is shown on the fegbelow.

51
A
Measuer current signal (A) \
S s S Wait For S open
Integrator AN Breaker
Sequence to Cross 1.0 Fuse
in anydirection
ﬁ Ji

Figure 4- 5: PSCAD/EMTDC developed fuse model

Minimum fusing current is equal to fuse factor npllied by the current rating. The fuse
factor is not fixed, and it depends on other fac®rch as temperature and fuse breaking
capacity[4.12]. The fuse factor can range between 1.25 hfdtimes of the current
rating[4.2]. In the used fuse model, the factor is asslutoebe 1.6 times normal current
rating, so the pickup current value is equal todf.éhe current rating. The low voltage
fuse specification has been taken frg¢khl2] as shown in Figure 4- 6. All the
specifications are conformed to standard IEC: 66249with breaking capacity 80kA

of the fuse links. The upstream fuse A is assurodaet630A rated fuse.
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Figure 4- 7: Withstand capacity of most common $ussed for LV protectiof#.12]

4.5.2 Protection studies

A- Downstream fault

The impact of aggregated microgeneration on thepaance of main fuse (i.e. fuse A)
protecting an LV feeder as shown in Figure 4- 8 hasn studied. The study has
investigated the impact on the reduction in theheaf fuse A, and hence ascertain the
impact of microgeneration on LV feeder fuse pratetin general. Figure 4- 8 shows
the single diagram of the test network. Two sce&sahiave been considered, the feeder
protection performance without adding microgenergtiand the performance with
adding a high density of LV connected microgenergtiand the impact on the fuse

protection performance is assessed.
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Figure 4- 8: Faulted LV distribution network feedaegrated with a high penetration of

microgeneration

Al- LV feeder protection performance without addingmicrogeneration

A solid three-phase to earth fault was applied et €nd of LV feeder, and the
performance of the fuse located at the beginnintheffeeder was assessed when no
microgeneration was added to the network. The édnalow shows that the fault current
was cleared by the fuse (A) after 73msec, andualiges is similar to the typical fuse
operating time given in Figure 4- 6 for the fus@a3

— Current provided by the grid
— Fault current
T

Current (A)

1.02 1.04 1.06 1.08 11 1.12
Time (sec)

Figure 4- 9: Downstream fault current cleared bgtrgam fuse
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A2- LV feeder protection performance with adding 1@% penetration of
microgeneration
For the same fault scenario as in section Al, &idp6énetration of microgeneration (i.e.
100% of a single feeder and not of the entire laisiribution network) in respect to
local load of the feeder has been added and thadigf the aggregated contribution
from the microgeneration has been studied. Figur&04shows that the contribution to
the downstream fault is negligible. For exampleréhis no a reduction in the reach of
fuse A or a delay in the fuse operating time. Thés because of the relatively small
contribution to the fault by the microgenerationiethwas only 1/19 compared to the
strong fault contribution from the grid. The Figute10 shows that the fuse has cleared
the fault in 75msec, and this is just 2ms delay®anfthe previous studies when no
microgeneration was added (i.e. 2.7% delay). Th&é conclude that adding
microgeneration up to 100% penetration to an L\dé&evould not cause a reduction in
the reach of the protection devices located at libginning of the feeder during
downstream faults, and no failure to operate whald¢aused.

Current (A)

''''' The grid contribution to the fault currgnt
—— The total fault current

1.02 1.04 1.06 1.08 1.1 1.12
Time (sec)

Figure 4- 10: Downstream fault current with the auopof 100% penetration of

microgeneration
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B- Upstream fault (Reverse fault current impact on LVfeeder protection)

B1- Fault on adjacent circuit

A solid three-phase fault was applied on an adjafesder as shown in Figure 4- 8, and
the impact of the reverse fault current that isvmted by a high penetration of LV

downstream connected microgeneration on the hetdtdder fuse has been examined.

The results of this section have shown that thenrpeotective device fuse A of feeder 1
as shown in Figure 4- 8 which is the healthy fedwer detected the fault condition. This
is because of the resultant reverse fault currehichwis provided by the local
microgeneration connected to the feeder. The medudive shown that this reverse
current is larger than the fuse pick-up operatingent. Figure 4- 11 shows that this
current reaches 1.36kA RMS where the fuse pickwmpeat was set only to 0.63KA.
However, fuse A did not operate, and this was beedhe fault contribution from the
grid and from the microgeneration connected to deddforced fuse B to clear the fault
quickly within 76msec before fuse A operates. la thse of fuse B does not operate for
any reason, the reverse fault current was enougipéoate the fuse A of the healthy

feeder after 4.9 sec as shown in Figure 4- 11.

The RMS value as shown in Figure 4- 11 is deterthimgusing the digital RMS meter
available within the master library of the PSCADgramme which is based on using a
'moving data window approach' to determine the RMues for repeating input
waveform [4.11]. The approach as summarised[4nll] is based on sampling the
waveform per cycle of the fundamental, and all shenples are continuously buffered,
and then moving snapshots of the input signal evdyzed, and the snapshot boundaries
are defined by the present time and the perioth@fiindamental frequency, and a very

smooth RMS output signal is provided.
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Figure 4- 11: reverse fault current provided byalanicrogeneration to feed an adjacent

fault
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Figure 4- 12: The fault contribution from the gadd from an LV feeder connected

microgeneration

B2-  Fault on the main LV bus

When a solid three-phase to earth fault is ap@iethe LV bus as shown on schematic
diagram as in Figure 4- 13 the CB on the grid swds opened very quickly. However,
the fault was not completely cleared and it waspba@ by the local microgeneration
until fuse A and B operated after 4.9sec. The veurrent in each feeder has reached
1.36kA as shown on Figure 4- 14. It is normally ected that the downstream
connected microgenerators should trip by their gwotection before 4.9s. This will
lead the downstream consumers to loss their gemeraven the fault is outside their

properties. This can be an issue if the aim isdepkthe local generation connected to
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supply the islanded consumers until the fault isad and the consumers are
reconnected again to the grid. But if the microgatien within the affected area are not
quickly disconnected, then delay in the restoratiore can be caused if a recloser is
used to clear temporary faults on distribution eyst. In order to avoid reclosing on a
fault condition, the restoration action has to waitil the fault is completely cleared.
This could take up to few seconds. Such delay wowtdbe desirable within future
power network where fast restoration and redudmegpower cut time is one of its main
objectives, and the delay may impact sensitive pggants connected to the system.
Another issue that may be caused by the resulésetrse fault current is the following
to the fuse operation which will lead to loss opgly after the reconnection with the
grid until the fuse unit is replaced. Such situatdoes not exist if no microgeneration
are added to the LV side. If the reverse curremoisstrong enough to blow the main
fuse of the feeder, the fault will be supplied uithie connected microgenerators are

tripped by their own protection.

LV bus
Fuse A Feeder 1
CB
Supply — }——»— g
é L
100% oad

fault é Microgeration
T+ ,
Fuse B Feeder2

1007 Load

Microgeration

Figure 4- 13: Test LV distribution system with tw¥ feeders configuration
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Figure 4- 14: RMS value of the reverse fault curpgovided by LV feeder connected

microgeneration

For such problems associated with reverse faulteotirprovided by downstream
microgeneration, the direct answer to overcome ethpsoblems would be the
disconnection of all microgenerators by their owotection such as under-voltage
protection or loss of mains protection. But, wosleth a solution be acceptable within
the intelligent future power system where the snatality of supply and the ability of
privately owned generators to provide local enanggds during the power outage are
one of the main system targets? Or better solutibascan stop the infeed to the fault
and at the same time keep the microgeneration ctesh&ould be better. This could be
reached by disconnecting all microgeneration fréva main LV feeder and keeping
them connected within the houses. This may recanretelligent or complex controller
that could detect the disturbance, disconnect dimswumers from the faulted feeder, and
stabilise the microgenerators within each housevithin the area impacted by fault
taking the advantage of the load diversity factamd when the grid is ready, the

consumers will be reconnected to the mains.

There are numbers of studies for load/generatidanbang during a power cut. For
example studies if4.14] have proposed an algorithm and a model ahekiic

electricity infrastructure of a house and a micrédCHevice for producing heat and
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electricity at the same time with a high efficien@ye results show that with some extra
hardware all the appliances in a house can be isdpghowever not always at the
preferred time. As microgenerators have a limitezhegation capacity, the most
important appliances such as heating and lightimggkample can be supplied. The rest
of generation capacity can be used for other egapsnfor reducing the discomfort.
Some changes to domestic infrastructure may bessape for self supporting during
power cuts. It is difficult for generation and cansgption to be exactly matched,
however the results of the simulation of the stadienducted if4.14] have shown that

islanded house operation with micro CHP deviceoissjble without a lot of discomfort.

The following table summarised the protection isstleat could be experienced with
existing LV protection arrangement due to the pmeseof large amount of LV

connected microgeneration.

Protection issues caused by a high penetratiorvVafdnnected microgeneration

Issues Cause

1- Issues of selectivity with The resulted reverse fault current could blow theef on the

existing arrangements adjacent feeder to the faulted feeder

2- Issues of nuisance extra fus&he resulted reverse fault current could be stremgugh to
blowing  with  existing| unnecessarily blow the healthy feeder fuses

arrangements

3- Issues of safety with existingLow reverse current may not be enough to be cleanad the fault
arrangement will be supplied until the connected microgeneratare tripped by

their own protection, and this could increase theand.

4- undesirable features forDelay the restoration time:
future systems « The following to the fuse operation due to revdesét current
leads to loss of supply after the reconnectiorhto drid until
the fuse unit is replaced. This increases the tifrihne power
cut.

« Impacting the operation of reclosers used for quérkoval of
temporary faults by feeding the fault for few set®nThis

may impact sensitive equipments connected to theegy

Table 15: Protection issues caused by a high peratrof LV connected
microgeneration
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4.6 Chapter summary

The protection issues associated with connectingsignificant penetration of
microgeneration to an LV distribution network pritd by LV fuses have been
investigated in this chapter. The obtained reshéige shown that with the existing
arrangement of LV protection schemes and basedaoh lbcations, microgeneration
can cause numbers of protection issues. The folpvgsues have been outlined: issues
of selectivity and nuisance extra fuse blowinguéssof safety, and issues of undesirable

features for future systems.

For downstream faults, the high penetration of lonmected microgeneration meeting
100% to the local domestic loads of the test udiatribution network has not impacted
the selectivity to clear such faults. However, dpistream faults, the results have shown
that when the upstream fault on the main LV budeared from the grid side, there will
be still resulted reverse fault current provided dwnstream microgeneration. The
reverse current has led to blowing the fuse witeim seconds when 100% penetration
of microgeneration contributed to the upstreamtfaitherefore, a healthy feeder can be

disconnected due to nuisance fuse blowing.

The minimum amount of microgeneration penetratiogt tan cause the reverse fault
current to exceed the fuse threshold current has Bsund in the simulation studies to
be 47% of microgeneration. The reverse current igeav by such penetration will
require about 15 minutes for blowing the fuse. €fae, if the microgeneration does
not trip during islanding mode, then the level azard can be increased by feeding a
fault on the system for long period of time. If timount of microgeneration is less than
47%, the fuse will not detect the fault current @hnel fault would be supplied until the

microgeneration trip by their own protection.

The sustainability of supply and the ability of yaiely owned generators to provide
local energy needs during the power outage areobriature power systems targets.
Supplying upstream faults by reverse fault currggrbvided by downstream

microgeneration for few seconds may cause a del#yei restoration time, by impacting
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the fast reconnection of the system by the rectéogsed for quick removal of temporary
faults. This may impact sensitive equipments cotate¢o the system. If the reverse
current caused LV fuses to blow as proved by tmsiltehe following to the fuse

operation will increase the time of the power autiltthe fuse unit is replaced.
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Chapter five: Transient Performance Analysis of LVConnected

Microgeneration

5.1 Introduction

To cope with changes during the transition towaddsentralised highly distributed
power systems incorporating a large volume of ngereration, it is important for the
microgeneration to survive undesirable operatingddons (i.e. such as faults) and
avoid unnecessary disconnection. The two previoessaof studies in chapters three and
four have dealt with the impact of microgenerat@nformance on the local distribution
network performance during fault conditions. Thepaots on the fault level and low
voltage protection performance were assessed, laadetvel of the problems was
evaluated.

The reaction of a distribution system to any fawlihditions would be very important to
all equipment connected at that level. This is beedaults on the system will cause a
drop in the voltage of the close areas resultingdymamic loads and connected
generators to exhibit stability issues. Therefarés also very important to understand
the influence of the host distribution networksfpanance during transient faults on the
transient performance of connected microgeneratioming and after the faults.
Understanding the transient behaviour of microgatan is useful to examine the
resilience level of microgeneration during transielisturbance on the system. In
addition, any source of problems that may emerge wudisconnection of a large
penetration of microgeneration can be addressedl,pasctical means to mitigate the

problems can be applied.

This chapter presents studies concerning the #anstability of microgeneration using
small rotating AC machines in response to represeet network transients. The

chapter is structured as following: Introductiorthie transient stability issue is given in
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section 5.2, followed by specific consideration in sectidn3 to outline why

microgeneration transient stability is an importanta to consider. As a result of the
shortages of small scale microgeneration transiemddels, a set of suitable
microgenerator transient models with different gat@/prime mover technologies have
been developed in sectidn4 to be used as part of the transient studies. nmibdels

have been built using PSCAD/EMTDC. This tool harbaised for the transient
stability studies as mentioned before in sectiof)(@f chapter two due to its rich library
which contains numbers of developed models of whffe rotating machines and the
flexibility of building new models as well as itgaellent performance for understanding
the transient behaviour of electric power systemdeu large transient disturbances.
Two types of technologies are considered for thglies: a small micro CHP diesel
engine driving a three-phase synchronous machinenemted within commercial

premises; and a small scale microwind turbine fatexd directly within a residential

dwelling by a single-phase induction generator.5I6 the impact of different fault

locations, typical fault clearance times and getoef@rime mover technologies on the
ability of microgenerators to maintain stability ehthe cell is subject to disturbance
during and after clearing of both local and remmedium voltage faults is investigated
in detail. In addition, in order to examine the sequence of transient instability of
microgeneration, the voltage step changes duedgsithultaneous disconnection and
reconnection of a large number of microgeneratateinva small area of the network

(i.e. cell) have been also evaluated in sechién

5.2  Transient stability of a traditional power system werview

For any given power system there are numbers afatipeal constraints that should be
considered during planning and design of the systeower system stability issue is
seen as one of the major concerns in system operadnd its evaluation basically
depends on the understanding of the system belrawvtmen the system is subjected to a
certain disturbance conditidb.1]. The issue is defined by IEEE/CIGRE task éomm
stability terms and definitionfs.2] as ‘the ability of an electric power system, for a
given initial operating condition, to regain a stadf operating equilibrium after being
subjected to a physical disturbance, with most esgstvariables bounded so that
practically the entire system remains intact”
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Compared to other different complex phenomena owepcsystems, power system
stability is still believed to be seen as one ef thost difficult area to assess and analyse
[5.3]. This is because power systems have beemgoy more complex and with more
growth in interconnections between the systefds3]. In addition, the stability
phenomenon is expected to present more difficudtlehges in the Zicentury electric
power systems as the systems would operate clodéeir stability limits[5.3] due to
the increase of the interconnectivity and the piénchange in the system
characteristics due to the increase in the pematrat decentralised generation.

Power system stability phenomena has different $oramd clear understanding of the
stability forms is essential for the satisfactossidn and operation of power systems
[5.2]. According to IEEE/CIGRE task force on stéliterms and definition§s.2], the

power system stability are categorised into threenrforms as shown in Figure 5- 1.

Power system stability

Rotor angle stability Frequency stability Voltage stability
| | | |
Small- Transient Large- Small-
disturbance stabilit disturbance disturbance
angle stability Y voltage stability voltage stability
| | | |

| | |

Short term Long term Short term Long term Short term

Figure 5- 1: Power system stability classificatjbr2].

The voltage and frequency stability could be exgered within short and long terms,
but the rotor angle stability can occur only fosheort term. The rotor angle stability is
divided further into two types; small disturbancegle stability and transient stability.
The power system transient stability is one of imest severe limitations compared to
other power system operation limitatif;4]. It is believed that the operation of many
power systems could be restricted by transienilgialimits [5.4]. Transient stability is
generally defined i5.3] as“the ability of the system to maintain synchronigrmen
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subjected to a severe transient disturbance suctaalts, sudden loss of generation or

loss of a large load”.

The synchronism means that all the system operatesame frequency. Loss of
synchronism can happen between a single synchromachine and the rest of the
system or between groups of machines and the wigtem. The synchronism may be
still maintained among each group after separdtiom others but the system stiffness
may be reducefb.3]. For a traditional power system, the eledyics mainly generated

by large synchronous generators. Therefore, thesigat performance of synchronous
machines during transient faults plays a significate to facilitate the stability of the

entire system.

5.2.1 Synchronous machine transient stability

To understand the performance of a synchronous imacluring transient faults it may
be recommended to review the principles operatidhe@machine. The principles of the
machine operation are explained in detail5r8] and[5.5], and they are summarised as
follows. Under steady-state operation the rotatimggnetic field produced by the ac
alternative currents in the three-phase windingthefmachine stator rotates at the same
speed as the rotor with an angular separation leetwieem based on the electrical
output power of the generator. This electrical poagput is changed by the change in
the mechanical torque applied to the rotor, andfteguency of the induced voltage
(machine terminals voltage) depends on the spedueafotor. Therefore, the frequency
of electric variables of the stator (i.e. voltage®l currents) are synchronised with the
rotor mechanical speed (i.e. 3600rpm for 60Hz ab@DBmM for 50Hz). The increase in
mechanical torque will lead the rotor to take a ngesition in respect to rotating
magnetic field of the stator. When more machines @nnected to each other, the
frequency of all the stators voltages must be #rees and the rotors mechanical speed
must be synchronised with this frequency, thus thachines can operate in
synchronism. So the rotor of any synchronous machonnected to the power system
must be in synchronism with the revolving field thfe machine stator which is

corresponding to system frequency.
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During a transient fault on the system, kineticrggewill be gained by the rotor of the
faulted synchronous machine. After clearing thdtfaiuthe gained energy is transferred
to the system then the machine will experiencere@ef oscillations and it may return
to its stability state after a period of time. Buthe kinetic energy is not absorbed by the
system after the fault is cleared, then the mactota runs at high speed, and this may
lead the machine not to maintain the synchronisth thie system, and it will be seen as
unstable and tripped from the system. Instabilftg targe machine may influence other
generators connected to the system, and lead ®eqgaent cascading evefs6]. So,
the dynamics of a synchronous machine rotor ar@itapt criteria for transient stability
studies of a traditional power system where mosheflarge generators are interfaced to
the grid by large synchronous generators. The myoamics are described by the well
known swing equation as in (1.7].

d?0 _ w,
preaeTy (R, —PR) (14)
Where

G is equal teexf andfis the system frequency

o is the rotor angle

P, is the mechanical power supplied by the prime move
P.is the electrical power output from the generatby zsind

H is the constant of inertia

The stable operation (transient stability margihthe synchronous generator depends
on the acceleration power, which is equal to tlfierdince between the mechanical input
power and the electrical output power of the geloemduring the fault. The acceleration
power (Pe-Pm) as shown as accelerating area Algurd=5- 2 has a direct impact on
the swing of the rotor angle. The largest valué¢ tha rotor angle may reach during the
oscillation without losing stability is used to rdy the limit of the transient stability
margin. One simple approach to identify the maxinpower angle is the direct method
based on equal-area criterifin3]. The method is described as in Figure 52 iacan

be used for a single synchronous machine connéatded grid. Duringo < & < écr the
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mechanical power Pm is larger than the electricqggo®e, and the rotor is accelerating
(i.e. within accelerating area Al). Duridg < 6 < 93 the electric power Pe is larger than
Pm, and thus the rotor is decelerating (i.e. witthéigelerating area A2). The stability of
the machine is maintained if only accelerating akéas equal to the decelerating area
A2 as shown in Figure 5-[5.3]. If Al is greater than A2 thehwill be larger tharbcr
and the machine will loss the synchronism with slgstem. Therefore, the maximum
value of6 that will maint the stability of the machine caa talculated when A1=A2.
The duration of the fault stressing the machineeiry important factor that impacts the
stability of the machine. Based on the maximum ealtithe rotor anglécr that can be
reached during transient disturbance without losstgbility after the faults, the
maximum duration of the fault which maintains thebdity can be identified. This time
is called critical clearing time (CCT) and it hasel defined in the IEEE repd8.8] as
“the maximum time between the fault initiation atsddlearing such that the power

system is transiently stable”.
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Figure 5- 2: Power angle relationship

5.2.2 Induction machine transient stability

Moving to more complex system structure incorpatavéth distributed generation
which can be interfaced into the grid by differdathnologies including induction
machines, the transient stability of such machimes received further attenti¢5.9].
The nature of induction generators has increasedntirest in using such machines for

renewable power generatif®10].
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Unlike a synchronous generator, induction genereétoa type of rotating electrical
machine that operates at a speed not directlyectl&d the system frequency. The
machine requires an external source for its execnaivhether the machine is used as
generator or as motor. The transient stability ysialof an induction generator as a self
excited machine (SEIG) which can operate as a stémtk machine has been widely
considered5.11]. Most of the studies are related to voltdg@dd-up due to the self-
excitation and load disturbance conditighsl2]5.13]. The grid-connected induction
machine is excited by reactive power drawn from ¢ginel, and the required electro-
magnetic field inside the stator of induction gextters depends highly on the voltage of
the grid. The machine electro-magnetic torque @pprtional to the machine speed and

the square of its terminal voltage as in equati®) [6.14].

— 2
T, =KSV, (15)
T, is the electromagnetic torque developed insidertaehine.

K is a constant depends on the parameters of theimeach

Sis the slip of the machine

Vﬂg is the machine terminal voltage (i.e. nominal &g# of the system)

The dynamic behaviour of the induction machine ra governed by the swing
equation given beloyb.7]:

3% 1 1 (16)
dt

T, is the mechanical torque applied to the rotor.

Jis the inertia of the machine

o is the angular rotor speed

The rotor speed of induction machine is not fixedraa synchronous machine. If the
rotor speed is greater than the synchronous spetbe stator which is corresponding to
the system frequency the machine will operate gereerator, and if the rotor speed is
less than the synchronous speed then the machiheperate as motor. The difference
between the rotor speed and the synchronous speealléd thé'slip” . The transient

performance of induction machines is determinedthiy mathematical relationship
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between the machine electric torque and the sfebH When an induction machine is
connected to the grid and its speed starts ingrgadbove the synchronous speed, the
electromagnetic torque developed inside the machitiencrease until a certain value
of the rotor speed. If this value is exceeded tthentorque collapses and the machine

will not behave anymore as generator.

In the event of the fault, a reduction in the maehierminal voltage will occur, and
from equation (15) it can be observed that thetelatagnetic torque will be reduced.
Since the response of mechanical parts to shom fiaults is relatively slow the

mechanical torqud,, as in equation (16) is normally assumed to beteansluring the

fault. During the fault the acceleration torquelwsippear due to the decreaselmand

this in turn will lead to an increase in the kicetinergy of the machine rotating mass.
After the fault is cleared if the speed of the maehexceeds the allowable stability
limits, the machine will experience unstable caods, otherwise the machine rotor

speed will be damped after a series of oscillatenms the stability is maintained.

5.3  Microgeneration transient stability issue

As power systems are moving towards systems whaoeeasing numbers of

householders are generating as well as consuneatyielty, there will always be a need
to ascertain whether the underlying network campsetythis change in terms of transient
stability or whether some adjustment is requiied5]. Generating power at distribution
systems level will alter the transient behaviourdidtribution systems. According to

[5.16], various studies conducted by industry acadamia have shown that distributed
generation could affect negatively the host distitn network in different ways from a

stability perspective and on the other hand thdopmance of the host distribution

network would directly impact the capability of tgenerators to ride through different

disturbances.

Transient stability of generators connected atriBistion networks particularly at low
voltage can be a significant issue because ofdalt@afing three main reasons.
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« The nature of the device (i.e. microgenerator) Whias relatively very small
inertia (i.e. poor inherent damping), and this umnt will increase highly the

sensitivity of the device to most of the faultstba system even remote faults.

* The performance of the host distribution networksclr may not support the
fault ride through capabilities of microgeneratiobhis is because existing
distribution networks have been designed withoyt@mnsideration of connected

generation to their sides.

 The adverse impact that tripping large numbers ddrageneration due to

transient instability may have on the system pemngorce.

The transient stability of microgenerators referthie capability of the devices to remain
connected following transient disturbance. Basedame literatures, the importance of
considering the microgeneration transient stabiigydiscussed in further detail as

follows.

5.3.1 Microgeneration transient characteristics

When a short-circuit fault occurs on the systerhpatts close to the faulted area will
experience voltage drops to a certain level. Thikage drops at the terminal of the
machines and the rotor speed are intrinsicallytedlaThe rotor speed will increase
when the machine terminal voltage decreases dietfault. This will be significant for
small size generators connected to LV distributi@tworks. The transient stability of
such generators might be problem if they are iate&d directly by rotating machines
(particularly induction) with low inertig5.6]. The low inertia of those generators may
increase the weakness of the distribution system.illeistration, the transient stability
of 10kV distribution network with CHP 0.25MW microbine interfaced by three-phase
synchronous generator and 1.5MW and 0.66MW wintites interfaced by three-
phase induction generators is analysefbifi] and[5.16], and the results of the studies
have shown that the inertia is the major factorlugricing transient stability
performance, and there is linear relationship betwénertia constant and critical

clearance time. For the same remote fault conditapplied on all the three generators,
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the distributed generator with 0.25MVA size hasrbéeund to be the most critical
elements due to its lowest inertia, and the geaerit not maintain the stability when
the duration of the applied fault was larger th@&®ms. This will indeed create a need
for giving more attention to microgeneration tramsiperformance where the level of

controllability is very limited and the inertiavery small due to the small size of units.

In transient stability studies for traditional pawsgystems, the disturbances that are
normally believed to be more severe types and teashaximum acceleration of the
generators are short circuits at the machine teif®.1]. Such scenario could be
important when a large machine is considered witleintralised power systems, where
losing a large machine due to transient instabifigy lead to large impact on the system
performance as a whole. But, this might be differéor small scale generators
connected at distribution levels. The fault at tbreninal of small scale generator might
be less critical than remote faults at the widesteayr. This is due to two reasons. One is
the limitation of the fault by the local protectidevices where their design is based on
fast operation with lower fault level compared tostteam devices. The other is the
generators’ protection would respond very quickbylocal faults and only limited
generators connected very close to the fault woeldlisconnected. But remote faults

may cause unnecessary tripping of large amounti@oeneration.

5.3.2 Host distribution system transient performance

Currently, based on the requirements for connectibrdistributed generation, the
common procedures are to immediately disconnecyénerators from the grid if faults
occur and the grid is disconnectgs17]. But as the aggregate distributed generation
capacity increases this would not be acceptablel@amyer and new requirements for
distributed generation connection may be neeftedl6]. Also the performance of
traditional distribution systems may not be adeguédir connected small scale
generators to ride through transient faults. F@neple, from the protection perspective,
existing protection schemes in distribution systemeslargely based on a unidirectional
power flow philosophy. The fundamental functions thle schemes are basically
achieved by coordinating the operating times of fmtective devices, where
downstream elements will respond to faults fadtantthose upstream. Faults occurring
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in distribution networks are usually cleared inheatlong time[5.6]. The protection
coordination at distribution systems may lead teraping times of protective devices at
the upstream end of a distribution feeder as hgyhh.& se¢5.18]. Such operating time
may typically not be small enough to maintain trensient stability of LV connected
microgeneration, and thus, the units in an arehbeildisconnected for faults close to

upstream protection devices.

In addition, protective devices used to protectviidial distributed generators would
respond to transient disturbances on the system, they could be a reason for
unnecessary disconnection. The results of the edfudi transient stability analysis of
distribution networks with distributed generatia@presented if5.6] have shown that
even very short disturbance may lead to the trgppah all small scale distributed
generators in the faulted area. In addition, bamedhe study conducted ®.6] by
comparing the typical used under-voltage protecsetting of 0.25MVA distributed
generator and the derived CCT-voltage dips of thmes generator, the results have
shown that in most cases the generator was disctethéefore reached its stability
margin. The study has also concluded that the ptestings of distributed generation
under-voltage protection (0.8pu, 200ms) would lEachassive tripping of the units over
large areas in case of faults at the transmisswvel.l It was proposed that keeping the
generator connected to the grid would provide stppm the system, and it was
proposed that the fault ride through capabilitiesld be improved by the adjustment of

the generator under-voltage protection accordirtpedCCT-voltage dip curves.

The discussion in the two above paragraphs shoatstrdnsient stability of generators
connected at distribution level could be an issue tb the sensitivity of distributed
generation and the performance of the host netwwk may not support the fault ride
through capabilities of the connected generatorhis is based on a review of some
studies that have considered the transient stabdit distribution networks with
distributed generation. The microgeneration wowddinre sensitive compared to larger
distributed generation, and they have not receinetth attention in terms of their
resilience level during fault conditions on the teys. Therefore, the impact of
protection performance of a typical distributiontvagk on microgeneration transient
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performance is vital to be understood. The sigaifae of the studies could be motivated
if the advantages of improving the transient stgbdf microgeneration are outlined as

well as the negative impacts of losing large amafimhicrogeneration are predicted.

5.3.3 The impact of losing large amount of microgeneratio on the system
performance

Numbers of researches such ag5ri9] have concluded that distributed generatibn a
heavy penetration levels will have a significanpant on local distribution systems, and
sometimes the bulk transmission system stability ima also affected. After outage of
large amount of generators connected at distributavel, there is a possibility of
emerging shortage (deficit) of active and/or reectpower, and such situation might
lead to cascading evens.6]. So the collective impact of tripping a largenount of
microgeneration on the local network performancenigortant to be quantified in order
to mitigate the problems that uncontrolled micragration tripping may cause to the

host system.

5.4  Transient models

As a result of the shortages of LV microgenerati@amsient models, a set of suitable
microgenerator transient models with different gat@/prime mover technologies have
been developed to be used as part of the transiadies in order to assess how LV
microgeneration within LV cells will respond to fifent fault conditions on the system.
The models of microgenerators used in this chagriemore suitable for capturing the
transient behaviour of the devices compared toethused in chapter 3 and 4, where the
amount of the fault current contribution was moraportant to understand the

phenomena. The models for transient studies arememted upon in the following

sections.

5.4.1 Test Network

The test network model used for the transient sgiis the same as a single LV cell
connected to the grid at 33kV that have been medeih chapter three. The main

difference between the LV cell model in chapteeéhand the LV cell model used in this

chapter is the load characteristics model. The misdeot assumed as constant loads
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with constant value as has been modelled in chalptee. The model in the studies of
this chapter is characterised as a function inagaitmagnitude which is more suitable
for stability studies. Therefore, the test systarthis chapter is labelled as test system 2,

and it is shown as a single line diagram in Fidaur8.
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33/11kV
I5MVA 18%

11kV

>
CBX MV
| cable MYV remote fault

LV cell J_ RMU
/- S —
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X 11/0.4kV
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g( ;{ Fuse
Local fault
—_—— = ‘{ [ LV ] Adjacent]

: X | cable fault
L < ‘l I

Feeder 1 | X—@ |

(residential) Feeder2

(commercial)

Figure 5- 3: MV-LV distribution network model foransient studies

5.4.2 Demand model

The demand on the secondary substation has beegllatbds domestic loads connected
to feeder 1 and commercial loads connected to feRdes shown in Figure 5- 3. A
uniform power factor of 0.95 lagging has been assijrand short lengths of connecting

cable typical of urban areas are also used.
Since the load characteristics have an importdhitance on system stability studies, the

detailed load models are considered in the sinaraffhe static well known load model

as in expressions (17) and (18) is used in theilefud represent the lodd.3]. The
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model is characterized as a function of voltagemitade and frequency, where the load

real and reactive powers are considered separately.

VL a

PL = PO(VO ) L+ K of Af) (17)
VL b

QL :Qo(f) @+ qu Af) (18)

Where, P, is the load real powerP, is the rated real power per phasg, is the load
voltage,V, is the rated load voltage (RMS, L-G.= dR /dV, is the voltage index for
real power, anK ; =dP/df is the frequency index for real power. Whilg, is the
equivalent load reactive powe, is the rated reactive power per phase,dQ/dV is
the voltage index for reactive poweK, =dQ/df is the frequency index for reactive
power, andaf is the frequency deviatioff — f, where f is the measured frequency

and f, is the reference frequency (i.e. 50Hz).

When the parameters of this modedndb are equal to 0, 1, or 2, the model represents
constant power, constant current, or constant impes characteristics respectively
[5.3]. However, referencgs.3] has also stated that at low voltages thecstabdels
given by the equations above are not realistic,rang lead to computational problems.
Therefore, the stability programs usually make mions for switching the load
characteristic to the constant impedance model whenbus voltage falls below a
specified value. In the load model used in PSCADIEM transient stability program
[5.20], the parameters a, and b are varied as etifumof voltage below a threshold
value of bus voltage, the constant power and conhsiarrent components are switched
to constant impedance representation. The nonrlinkaracteristic of the used load
model is effective within £20% of the rated RMS tagje. Outside this range, the load

model reverts to constant impedance. Typically, and K, range from 0 to 3 and

from -2 to O respectively5.3]. In the studies of this chapter this typeladd is used
because it provides the characteristics of the gham the load including the nonlinear

characteristics during the change in the voltaggmtade caused by faults on the
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system. The default valugs ; =0, K =0, a=2 andb=2 as given irj5.20] are used, and

the load models are assumed as balanced threedphdse

5.4.3 Microgenerators Model

Based on the potential benefits that renewablelawdcarbon driven microgeneration
will introduce to the system and to the environmaniscussed earlier in chapter two,
two types of microgeneration technologies are awersid for the studies in this chapter.
One is micro CHP driven by reciprocating engind ten be used at commercial level,
and the other is a microwind that can be used sitleatial level. The reciprocating
engines such as diesel can have a variety of simdsrun at full power within few
seconds and achieve electric efficiency up to 5884, the efficiency can be increased if

the technology is used as CI221].

The type of the technology that is used to drivertticrogeneration has a limited impact
on the transient performance of the machine dubdslow response of the mechanical
parts during transient period, however, the futbded dynamic models of a micro CHP
driven by a small diesel engine interfaced by aedhwhase synchronous machine
connected within commercial premises, and a miandwnterfaced directly within a

residential dwelling by a single-phase inductiomeyator are built and used within the

studies.

A- 3-Phase Synchronous Generator with Reciprocating Ejine Prime Mover

A complete electromagnetic transient model of a sabant pole three-phase
synchronous machine has been used for the microagesre transient studies. The
model of the generator is one of the fully devetbpechine models that are available in
PSCAD/EMTDC master librar{5.20]. It has been programmed in state variabtenfo
using generalized machine theory, and it is basetransforming the stator windings
into equivalent commutator windings using the dghs$formation, and the three-phase
rotor windings are transformed into two-phase eglent winding with additional
windings added to each axis.
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The block diagram of the complete 3-phase diesekigdor that has been used in the
studies is given in Figure 5- 4. The figure sholes teal and reactive power outer loops
that control the output of the machine to give apien at a power factor of 0.95
lagging. This model is used in order to investigaefault ride through capabilities of a
microgenerator that can be connected at commedmials and evaluate the machine

resilience to the fault conditions at differentdtons on the network.

V,
Qref s . ref>
Vil Exciter
Qou t t
Q 7
o eV
Pload & P&Q Vil |
~<— .
load meter Engine
P 3-Ph Fuel rack
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- Generator
Pre ACO . WoodWard
PI “1 Governor Model
[

Figure 5- 4: Three-phase synchronous generator Imottediesel prime movejs.22]

The exciter is externally interfaced to the germrahodel, and an IEEE alternator
supplied rectifier excitation system model (AC1A)sketched in Figure 5- 5 is used to
provide field control for the generatdb.23]. This model represents one of the

commercially available exciters that are categdrisg IEEE.
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Figure 5- 5: IEEE Alternator Supplied Rectifier Eation System (AC1A)5.23].
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The reciprocating engine used for the prime mogeshiown schematically in Figure 5-
6. The widely applied Woodward governor model igduso control a diesel engine
model approximated by a delay expressed as an sidoexponential function. The
typical parameters available within the PSCAD/EMTD@2ary and based on practical
data is used for the model, and they are listadbie 23 and 24 in Appendix [5.22].

Controlled
et — ()] N6 | 7ol ] 1+sT ot | > a P
e +\T/ D(s) L7 1+sT2 1+sT ‘sT e
o -
actual

Figure 5- 6: Diesel engine and governor model

The electrical data of the generator is obtainedff5.24]. Generator rating is 28kVA,
nominal voltage and current are 400V and 24.65Aeesvely, and the generator speed
is 3000rpm. The machine impedances and time casste listed in Table 22 in
Appendix A[5.24].

B- Grid-excited 1-Phase Asynchronous Generator dren by Microwind
Turbine

Single phase induction machine model

Microwind turbines are normally interfaced diredly asynchronous generators because

such generators can run at different speeds, erfaned by asynchronous generators

and inverters. But the transient stability can heissue when microwind turbines are

interfaced to the grid directly by rotating mactin®dicrowind at residential level is

connected to single-phase induction machines. Tdrerea small scale microwind

turbine interfaced by a single-phase induction geoe is modelled in this section.

The basic operation principles of single-phase @tidna machines are discussed in detail
in [5.5], and are summarised as follows. Generally sfogle-phase motor applications,
the machine winding will produce no rotating magndield and hence no starting
torque will be developed. So it is required to tsphiis single winding (i.e. stator
winding) into two with phase shift between theirremts and hence rotating magnetic
field will be produced. The two windings are dism@d in space and time, and are
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connected in parallel to each other, and both armected to the supply. One of the
windings is the running winding and it is called imavinding and the other is the
starting winding which is called the auxiliary wind. The main purpose of the
auxiliary winding in single-phase induction maclane to rotate the rotor at the start by
making its current lead the current of the mainding as shown in Figure 5- 7.

It_> 7 Ia_>

R R N

a

Figure 5- 7: Main and auxiliary windings connectdiagram of a single-phase

induction machine

V, is a single phase ac source, aRgand R,are the main and auxiliary resistances.
While X, and X, are the main and auxiliary reactances, and noyntiadl main winding

has a higher reactance with more turns, and loesistance with comparison to the

auxiliary.

The transient single-phase machine model is destiif5.25] and[5.26] and based on

all the quantities of the basic machine equatiande transformed to d-q reference
frame. All the electrical quantities and parametairshe machine are referred to the
stator main and auxiliary windings axes. This mdued been build in PSCAD/EMTDC

and used in the transient stability analysis ofrgls-phase induction microgenerator
connected to LV distribution network. The equatiaisd-q stator and rotor voltages
components are given in (19) — (22), and the teamisequivalent circuits are shown in

Figure 5- 8 and Figure 5- 9.

d-q stator voltages components:
Vas = Rudgs + PP s (19)
Vds = _Rasids - pwds (20)

d-q rotor voltages components:
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Vqr = Rmriqr + pwqr - pgrwdr (21)
Vdr = Raridr + pwdr + pgrwqr (22)
6. is defined as the angle by which the rotor windixgs leads the stator main winding

axis (g-axis) with a constant rotor angular velpait. The subscriptar andmr denote

the auxiliary and main windings of the rotor, aamsland ms denote the auxiliary and

main windings of the stator.

pé.y, and poe.y gr In the rotor voltage equations represent voltagated in the
rotor windings which move at the slip speeﬁdgr = S . For generator case, S and
P&, are negative, so the rotor d-q voltages can bienras:

V, =R_.i, +% +Nay, 23)

. dy, w
qr mr ' qr + dtq _Wwdr

(24)

WhereN is the ratio of the number of the auxiliary windsnirns to the number of the
main windings turns.

V,.,V, d-axis stator and rotor voltages (V)

Y/

s Vo g-axis stator and rotor voltages (V)

R, R,s main winding and auxiliary winding stator resiste(Q )
R, R, main winding and auxiliary winding rotor resistafQ )
Y., d-axis stator and rotor flux linkage componehtsA)
Y. ¥, d-axis stator and rotor flux linkage componeirtsi)

w, electrical angular velocity and it is equal to mm&aical speed multiply the number of

pole pairs
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Figure 5- 8: g-axis (main windings)
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Figure 5- 9: d-axis (auxiliary windings)

The model takes into account the three importanhgein asynchronous machine

dy

models as stated [®.3]. The terms are; the drop teRm, the transient tern?jT, and

the speed voltage terNw.¢ .

Electrical power and torque:

The instantaneous power input to the stator islegud®, = Vi, + Vai, andin
the d-q axes is equal B, = (Vyigs + Vieigs) (25)

ol )+ and the power

The instantaneous power input to the rotoiPis= (V4 iy +V

associated with the speed voltage terda ¢ ) is equal to

P =(/N)qig = N4 i, )(PE,) (26)

The electromagnetic torque developed within the himec is obtained as the power

associated with the speed voltages terMw(y ) divided by the shaft speed in
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mechanical radian per secofd3]. The rotor speed is equal+tg p 8, )(2/ Pole), and

. ., Pol
the torque is equal td, = ((1/ N )@ iy — (N)@ 4 1, )ﬁ

Te = PN(wqr 'idr—wdr 'iqr) (27)

Microwind turbine model

The single-phase induction generator is assumée tiriven by a small size microwind
turbine to deliver from (1-1.5kVA) output power leason the machine parameters and
the mechanical speed. However, sometimes it iscdiffto exactly identify the output
power from a microgenerator wind turbine driven vehé¢he output power depends
directly on a variable wind resource. Generallye ghower produced by the wind
generator depends on the average wind speed, ittdemsity, and other factors. The

electrical generated power can be calculated frwrfdllowing formulg5.27]:
P:%px Ax\/3 (28)

Wherep is the air densityA is the area swept by the propellers, &hi the average

wind speed.

The micro turbine model is developed in PSCAD, @nd assumed to be driven by a
constant speed. Practical data regarding to tHaneirdimensions and wind speed to
provide power in range of few kilowatts is used floe model, and it is taken from the
Swift Wind Energy System websifb.28]. From the power curve of the Swift device it
has been identified that approximate average spepdovide from 1-1.5kVA power is
around 16.5m/s. The other basic data used for tiaehis listed in Appendix C.
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Figure 5- 10: (a) PSCAD single-phase induction nrezimodel
(b) PSCAD wind turbine model

Since the machine is used in the studies as gndexied, its excitation is made by the
reactive power drawn from the grid. Any operationisolation from the grid is not
considered, so no excitation capacitances are aseldn the simulation only a capacitor
for the machine power factor correction is used.skdtor and rotor parameters are listed
in Table 25 in Appendix C and obtained fr¢#n29]5.30], and[5.31].
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5.5 Transient studies

The purpose of the transient studies conductechis $ection is to investigate the
transient performance of a range of LV connectedrageneration with different
technologies and sizes in response to realistiwor&t faults and thereby ascertain the
range of conditions under which microgeneration hhigpe expected to trip. The
transient studies are divided into two parts; fatudies, and simultaneous disconnection

and reconnection of large numbers of microgenarnagiadies.

5.5.1 Fault studies

The fault studies investigate in detail the impafctlifferent fault locations, typical fault
clearance times and generator/prime mover techiedam the ability of grid-connected
microgenerators to maintain stability during aneta€learing of both transient local and
remote faults on the system. Any protection assediaith the microgeneration has not

been included in order to demonstrate their inhtecapability and response.

In order to investigate the impact of different lfalocations on the microgeneration

transient performance, three fault scenarios casetiown in Figure 5- 3 are considered
in the studies. A transient local fault is assurnmedase 1 to occur within the premises
(i.e. residential and commercial) where the micrnegator is connected. In case 2 a
transient fault is applied on the LV adjacent feedad in case 3 the fault is applied on a
remote location on MV side. For each case the igahsesponse and performance of the
two types of microgeneration technologies (i.e. rogenerator interfaced by a three-

phase synchronous machine and single-phase induni@ghine) is examined.

A- Three-Phase Synchronous Machine for microgenerain application
(28kVA)

This type of technology is considered, because b&HP microgeneration driven by

reciprocating engines and connected at commenadhiradustrial level are interfaced by

three-phase synchronous generators. Therefore,fdalh@wing studies present the

investigation of the transient stability of a smdiésel as an CHP example powered

three-phase synchronous generator connected tb\thastribution network described
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previously in Figure 5- 3. This will identify thesilience level of such technologies to
ride through different transient disturbances andisstem.

In this section the local and remote faults aresaered to be three-phase to ground and
the critical clearance time (CCT) is calculated idgreach case. The studies are
performed for two values of combined inertia cons{®l = 1s and 1.5s) and simulation
results are shown for fault clearance times in sxa# the CCT to illustrate the impact

of generator pole slipping.

Case 1: Fault within LV Commercial Premises

The CCT for a three-phase fault applied within agne commercial premises as the
generator was found by trial-and-error simulatitrdges to be 310ms and 336ms for the
inertia constant values of 1s and 1.5s respectiVagure 5- 11 illustrates the instability
of the generator (H = 1s) by showing the machingleanesponses for a fault duration
larger than the CCT of the machine and appliedat Puring the fault as illustrated in
Figure 5- 11 the machine angle has fallen to z&nd, the rotor has been accelerated up
to 1.1pu due to the complete collapse of the machémminal voltage as shown in
Figure 5- 11c. When the fault is cleared after 350the onset of instability can be
observed from Figure 5- 11a where the rotor angke ihcreased rapidly to reach 180°

within 80ms, and slipped at 1.1pu speed after dé fs cleared.

From the studies conducted[B6] it has been shown that in most of the casesotal
fault the protection of distributed generation wolperate around 100ms. So, faults
within the commercial premises will be quickly dled by the substantial fault current
contribution from the mains supply and the low mgtiof the protection devices
downstream. Thus wide instability arising from thesvents would be limited. It is
expected that only a single machine may be tripgpeti such local fault will be cleared

very quickly and may not impact the other machic@snected nearby.
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Figure 5- 11: The transient performance of 28kVée#&iphase synch machine during

local three-phase fault (a) machine angle, (b)tdded & (c) terminal voltage
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Case 2: Fault on adjacent LV Circuit

In this case the fault is applied on the adjacéntcircuit as drawn in Figure 5- 3. The
fault is assumed to be applied at the end of adjace feeder of a typical distribution
network. The aim of this case is to quantify th&lrence of the machine when a fault is
experienced on the local LV distribution networleTresults of the machine transient
response with H=1s to such fault scenario are bkettdn Figure 5- 12. The fault is
applied at 20 second and it lasts for 500msec ewrslbelow on the figures. From a, b,
and c figures below, it can be clearly observed itstability did not occur due to the

relatively high retained voltage at the generatominals.
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Figure 5- 12: The transient performance of 28kVEe&iphase synch machine during an

adjacent three-phase fault (a) machine angle h@ft speed & (c) terminal voltage

Case 3: Electrically Remote faults on MV Network

Two specific fault conditions are applied on the MMe of the secondary substation
and the CCT of the machine is found for both cas#s different inertia constants. The

first fault condition is when a three-phase faylpleed adjacent to the MV terminals of

the secondary substation transformer. The seconthésn the same fault is applied at a
remote location on MV circuit. These two fault sagas are considered in order to
address the fault ride through capabilities of mhierogeneration due to remote faults

where the protection (i.e. at MV level) could l&stv hundred milliseconds to clear the

fault.

For the first fault condition, the CCTs are ideietif by the simulation studies as being
312ms and 340ms for the inertia constant valuessand 1.5s respectively. As for the
second remote fault condition, the fault is assutoelde placed 500m far from the MV

main bus along a length of cable as shown in Fi§ui@ For the remote fault the CCTs
of the generator are found be equal to 330ms aBc85or H=1 and 1.5s respectively.
Figure 5- 13 and Figure 5- 14 illustrate the transinstability response of the machine
when the fault duration exceeds the machine CCH wie drop in terminal voltage

again evident. When the fault is applied adjaterthe MV terminals of the substation

at time=20s the voltage on the machine terminds fed zero, and this has led the
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machine rotor to speed up during the fault as shiowFigure 5- 13b, and after the fault
is cleared the machine angle increases rapidlyl tim¢é machine reaches 180° and
slipped at speed 1.16pu, and the stability of tlaehme is lost. During the second fault
condition when the fault is applied at a remoteatamn on MV circuit, the machine has
experienced the same performance but the maximtwn speed that has been reached

by the machine was smaller due to the 20% retam#dge on the machine terminals.
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Figure 5- 13: The transient performance of 28kVre#iphase synch machine during
MV transformer terminal fault - (a) machine andl®), shaft speed & (c) terminal

voltage

163



Chapter five: Transient Performance Analysis of Co¥nhnected Microgeneration

20.6

20.4
Time (s)
(@)

20.2

20

20!

150 --------

(Bap) sibue peo

20.4
Tme (s)
(b)

Figure 5- 14: The transient performance of 28kVee#iphase synch machine during

ZPQ.B

() abeyon reunusa

remote MV fault - (a) machine angle & (b) terminaltage

164



Chapter five: Transient Performance Analysis of Co¥nhnected Microgeneration

B- Single-Phase Asynchronous Machine for microgenation application

The following studies present the investigatiorited transient performance of different
size of small scale asynchronous generator. Twessa grid-exited asynchronous
generator are used for the studies 1hp generad@Wy with power factor correction to

provide 1kVA and 1.5kVA. These sizes are considdoedause they represent the
typical size of small scale generators that cowddcbnnected at residential level, and
also can be used to provide an understanding of &ogvid-connected single-phase
induction generator with different size can perfodoring fault conditions applied at

different locations.

The same three cases regarding the fault locatippied for studies in section (I) are
also applied in this section, and the fault typedssidered to be a single-phase to earth
at each location. The critical fault clearance 8 Ts of the generators are found, and
any nuisance tripping of the microgeneration thatynoccur due to different fault

locations on the system is identified.

Case 1: Local fault within LV Residential Dwelling

In this case a solid single-phase fault is assutm@dtcur within the residential dwelling
where the microgenerator is connected. The respoofsetwo different size
microgenerators (1kVA & 1.5kVA) to the fault is enmed, and the CCTs at each
condition are found. The results of the studiesba®ed on the comparison between the
machine performance within the range of fault deae less than the machine CCT and
the machine performance after CCT is exceededtréinsient performance is examined
in each case by assessing the machine output pdhermachine speed, and the

developed electromagnetic torque during and afearing the fault.

Transient performance of 1kVA single-phase asynchrwus generator

From the simulation studies, the 1kVA asynchrongeiserator output power during the

fault has very quickly collapsed after the faultration exceeds 83msec as shown in
Figure 5- 15. So the machine can not ride througth $ault if the fault lasts more than

83msec. This is evident by the machine developedt@magnetic torque shown in

Figure 5- 16 where the torque recovers for thet fdufation equal to 83msec, and it has
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collapsed to zero after exceeding this durationis Th turn will lead to release a
relatively large kinetic energy gained during thelf within period larger than the CCT.
This energy speeds up the machine rotor to undéatite speed and instability occurs.
Figure 5- 17 illustrates the machine rotor perfano@in terms of the slip and speed
when the fault duration is less than CCT and wHeis ilarge than the CCT of the
machine. When the fault duration exceeds the macl@CT insufficient electrical
torque is developed which does not have any impactamping the machine speed, and
hence instability is experienced. Over-speed ptmieavould be required to operate to
avoid damage to the machine and to avoid drawingraparatively large amount of
reactive power from the network. So for such snsalile microgenerator with quite
small inertia it will be very difficult to ride tlmugh large local disturbances such solid

phase to earth short-circuit, and the trip of ttechine is necessary.

===-The machine real output power for fault duration >83msec
2 —The machine real output power for fault duration =< 83msec

,\ um\ U e

Machine real power output (kW)
. o

0.9 1 1.1 12 1.3 14 1.5 1.6

(b)
Figure 5- 15: The transient performance of 1kVAgtrphase induction generator
during and after a local fault: the real output powuring stable and unstable operation

after the fault
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Figure 5- 16: The electromagnetic developed toafuikVA single-phase induction
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Transient performance of 1.5kVA single-phase asynecbnous generator

The CCT of 1.5kVA generator during a local singleape to earth fault has been found
by the simulation studies to be equal to 93msee. rEal and reactive output powers of
the machine which reflect the machine performanserie, during, and after the local

fault are shown on Figure 5- 18. Also the comparisetween the machine capability to
ride through the fault and the machine incapabibitylo so is evidently explained by the
performance of the developed electromagnetic tosipoevn on Figure 5- 19. The figure

shows the collapse of the torque when the faulatiiom lasts more than 93msec. The
impact of the developed torque during and afterftht on the machine rotor speed is

shown on Figure 5- 20.

3 ——The machine real output power for fault duration < 93msec
===The machine real output power for fault duration > 93msec

— The machine reactive output power for fault duration <93msec
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1.2 1.3 1.4 1.5 1.6
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Figure 5- 18: The real and reactive output powek.6kVA single-phase induction

generator during stable and unstable operation
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Figure 5- 19: The electromagnetic developed toafue5kVA single-phase induction
generator during stable and unstable operation
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Figure 5- 20: 1.5kVA single-phase induction gerarabtor performance: (a) the
machine slip during stable and unstable operatigh)&he machine speed during stable

and unstable operation

Case 2: Fault on adjacent LV Circuit

In this case a single-phase fault is applied oradjacent LV circuit as sketched in
Figure 5- 3. The fault at such location has impéd¢ke microgenerator connected on the
other LV feeder. The 1kVA machine terminal voltatyeps up to 76% of the nominal
voltage as shown in Figure 5- 21. The results efdimulation studies have found that is
the 76% drop in the machine terminal voltage stapger than 142msec the machine
will experience instability performance, and it wibt be capable of delivering power to
the network after the fault is cleared. Therefohe, machine CCT is equal to 142msec
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for such type of fault. This is shown in FigureZ2. This is observed almost the same
for 1.5kVA machine. The torque, slip, and the spezxponse during the adjacent fault
are shown in Figure 5- 23 and Figure 5- 24 respelsti All variables undergo relatively
small perturbations and return to their pre-fadiues once the fault has been cleared
before 142msec. However, this fault may not be sagnproblematic if the local
protection at the adjacent feeder is able to dearfault within few milliseconds. In
chapter four of the thesis a similar fault was @eawithin 75msec. So faults occurs on
LV side will be cleared very quickly because of tloav operating rating of the

protective devices at that level.
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Figure 5- 21: The machine terminal voltage respahsang adjacent fault
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Figure 5- 22: The real and reactive output powesingle-phase induction generator
stable and unstable response to the adjacent fault
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Figure 5- 23: The developed electromagnetic toafuengle-phase induction generator

stable and unstable response to the adjacent fault
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Figure 5- 24: Single-phase induction generatorrrstable and unstable performance

during adjacent fault: (a) the machine slip & (¢ machine rotor speed
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Case 3: Electrically Remote Fault on MV Network

In this case the fault is applied at two locati@msthe MV side of the test network
shown on Figure 5- 3. The first location is at thain 11kV bus, and the other is at
remote location on MV circuit with length assumede 1500m. The length of the cable
is assumed to be longer than the case study fee4binase microgenerator. This is
because from the case 1 and 2 of this sectionebigts show that small scale single-
phase induction generator is very sensitive totfaohditions on the system, so if the
further remote fault still has an impact on the eyator performance then remedial
solutions are vital. The transient response of rthierogenerator with size 1kVA and

1.5kVA is investigated for both fault locations.

The fault is applied at MV bus

When the fault is applied at main 11kV bus, thaage at LV falls to zero as shown on
Figure 5- 25. The figure shows the voltage durimg fault with two different durations.
One is equal to the CCT of the microgenerator &edather is large than CCT, so the
stable and unstable performance can be undersibedCCTs of 1kVA and 1.5kVA are
found to be very close to each other and are dquéBmsec and 91msec respectively as
shown below on the figures. The performance of eawthine is determined by
studying the response of the output power, develapejue, and slip and speed before,
during, and after the fault and with two differehtrations as in Figure 5- 26, Figure 5-
27, and Figure 5- 28.
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Figure 5- 25: The single-phase induction gener@oninals voltage response to the
fault at MV bus: (a) the terminal voltage of 1kVAaghine & (b) the terminal voltage of
1.5kVA machine
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Figure 5- 26: The real and reactive output powesidle-phase induction generator
stable and unstable response to the fault at MV (@)she output powers of 1kVA
machine & (b) the output powers of 1.5kVA machine
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Figure 5- 27: The developed electromagnetic ofleipipase induction generator stable

and unstable response to the fault at MV bus:h@)3eveloped torque of 1kVA machine

& (b) the developed torque of 1.5kVA machine
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Figure 5- 28: The single-phase induction genenattmr stable and unstable

performance during the fault at MV bus: (a) the 2kviachine slip response & (b) the
1.5kVA machine slip response

The fault is applied at remote location on MV circut

During this fault condition, there is a retainedltage at the terminal of the
microgenerator. Figure 5- 29 below illustrates thltz three-phase-to earth fault at
1500m far from the main MV bus has reduced theagalton the machine terminal to
50% of the nominal value. This drop in the voltagdested by the simulation on the
transient performance of 1kVA which is more semsitiThe results have found that if
such voltage dips lasts more than 96msec, the machill definitely experience
instability phenomena. The transient performancteimachine within the stability and
instability margins is explained by the responsetled machine output power, the
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developed torque, and the speed to the applietl daotlition. The response is shown in
Figure 5- 30, Figure 5- 31, and Figure 5- 32.
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Figure 5- 29: The single-phase induction gener@oninals voltage response to the

fault applied at remote location the MV circuit
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Figure 5- 30: The real and reactive output pow&k¥A single-phase induction
generator stable and stable performance durintatiieapplied at remote location on
the MV circuit
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Figure 5- 31: The developed 1kVA single-phase meelorque response during the

fault applied at remote location on MV circuit
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Figure 5- 32: The single-phase induction genenatttr stable and unstable
performance during the fault at remote locatioribn circuit: (a) the 1kVA machine

slip response & (b) the 1kVA machine speed response
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The impact of the remote fault considered in casa8 also been examined on a high
penetration of LV connected microgeneration integth by single-phase induction
generators. The studies have been conducted whHéno®@icrogeneration penetration
in respect to the local load (i.e. 162kVA acrossfieder as considered in chapter three)
is connected to LV feeder at residential level. Tdtal numbers of microgenerators that
have been modelled and used in the studies tosepr®0% of the local load of the LV
feeder are 97 microgenerators. When the remotesfaulcase 3 were applied to the
network all the microgeneration penetration hasobex unstable when the fault lasted
more than 80msec. This means the instability ofrogieneration has been noticed 20%
less than the typical protection time if 100mse@ssumed as the typical protection

operating times.

Therefore, remote fault scenarios applied in casmrB be seen as most problematic
scenario compared to other two local scenarios. mhm difference between the two
cases (i.e. local and remote faults) is that duidiocpl faults the impact on the
microgeneration transient performance remains loced to the fast operation of the
local protective devices, while during the remosellf scenario where the protection
takes relatively longer time to clear the fault adev area of LV connected
microgeneration would be affected, and most of th&rogenerators connected
downstream to the fault would simultaneously tiijpe simultaneous disconnection as
well as reconnection of large amount of microgeti@namay impact the distribution
network performance, therefore, the impact of uessary disconnection and

reconnection of microgeneration to an LV feedestiglied in the next section.

5.5.2 Simultaneous microgeneration disconnection and recmection studies

The voltage profile and the voltage fluctuationidgrdisturbances should remain within
acceptable limits. The fluctuation limits are definin Engineering Recommendation
P28 not to exceed 3% of the nominal voltage. Frioenttansient performances studies in
section b.5), the single-phase induction microgeneratoesnaore likely to suffer from
remote faults and experience unnecessary trip. Tipping of these devices
simultaneously may impact the voltage profile amitage fluctuation at low voltage
networks. Therefore, the studies in this sectioangre the impact of tripping a large
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number of single-phase induction microgeneratorthiwismall area of distribution
network at the same time due to transient instgbiln addition, the simultaneous
reconnection of a large penetration of single-phadection microgeneration on voltage
step changes at the point of the common coupli@f(Hs investigated.

The studies conducted the tripping and reconneatfdhe microgeneration penetration
meeting 90% of the local load. All the microgeneratare connected in first case to one
phase and the impact of tripping and reconnectivgy rhicrogenerators on the single
phase voltage step and the voltage unbalance ceohpaother two phases is examined.
The second case is when the microgenerators asdlegistributed across all the three

phases and the impact on the voltage step chahg&3Glocation is examined.

A- Studies of simultaneous disconnection of largen@ount of microgeneration
impact on LV system

All the microgenerators are connected to phase €orB the microgenerators are
simultaneously disconnected from the feeder, theSRMiItage of all the three phases
are measured during the simulation studies at Yheiktribution board of the secondary
substation in order to assess the impact of micrexggion on the voltage unbalance
between the phases. Figure 5- 33 shows that phasehi€h accommodates the
microgeneration has lower voltage, and this is beeaf the absorption of the reactive
power from the grid by the induction machines. Tiféerence between the average of
all the three phase (239.0V) and individual phag@38.2V) as shown in Figure 5- 33 is
equal to 0.33% of the nominal voltage. This vakievithin the recommended limits for
voltage unbalance in the UK which are defined igiEaering Recommendation P29 to
not exceed the limit of 1.3% difference betweendkierage of all three phase voltages

and the individual phase voltage.

When all the microgenerators are disconnected samebusly at 1.5s from phase C the
voltage on phase C is jumped up to be almost eguather RMS voltages of phase A
and B as shown on Figure 5- 33. However, the veltstgp is only 1.3% and it is still

within the statutory limits which are defied in Engering Recommendation P28 to not

exceed 3% of the nominal voltage. When the micregaors are connected equally
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across all three phases, so each feeder, the goltagalance between the phase is
almost disappear, and the voltage steps still withe allowed limits and slightly lower

than when all generators are connected to one phhgeis shown in Figure 5- 34.
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1.6

simultaneous disconnection of large amount of L@nexted microgeneration

B- Studies of simultaneous reconnection of large amnt of microgeneration
impact on LV system

If large amount of microgeneration are unnecesd@agonnected due to transient fault

condition on the system, then the impact of briggireavy level of microgeneration

back to the grid would require studies in ordewiden the understanding of the impact

of transient instability of microgeneration thatyrfaave on the system performance. In

G83 it has been recommended that following a ptiotednitiated disconnection, the
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microgeneration is to remain disconnected fromDh®s network until the voltage and
frequency at the supply terminals has remainedinvitire nominal limits for at least 3
minutes. In this section, two scenarios of recotiogs are considered. One is when all
the microgenerators are reconnected together simedusly, and the other is when the
reconnection is spread over a period of time. Thdysinvestigates the step changes in
supply voltage experienced due to the reconneafd®0% microgeneration interfaced
to the network by single-phase induction generatats residential level. The
microgenerators are reconnected in one case teatine phase, and in other case to all

the three phases.

When a large number of induction generators areected to the mains at LV side, the
machines will draw large amount of reactive powtetha instant of the connection, and
after short time when the machines run at requgigad the drawn reactive power is
reduced to certain level. During this period indorctmachines could impact the voltage
profile at LV level. This is evident by the obtatheesults in this section. When all the
microgenerators are connected simultaneously & 1irhs to the LV feeder as shown in
Figure 5- 35, a voltage step has been observedstHpein voltage at the instant of the
reconnection has reached -2.3% of the nominal gel240V as shown in Figure 5- 35a.
The voltage magnitude is reduced to 234.5V for é®eonds before the voltage returns
back to its normal as in the Figure 5- 35 belowe Thange in the voltage steps is still
within the allowed limit that is identified in Enggering Recommendation P28 not to be
more than 3% of the nominal voltage. However, ias negligible because the voltage
step -2.3% is caused by microgeneration conneotedly one feeder of the LV cell and
meeting 90%. Another issue that may be caused bl soltage step is impacting
traditional instantaneous overcurrent protectiarciSan impact has not been considered
in the thesis, and it could be investigated in feituesearch. The simultaneous
reconnection of the microgenerators has also inegatite sinusoidal waveform of the
phase voltage as shown in Figure 5- 35b. Such itmpag impair the quality of supply
provided by the DNO to the other customers.
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microgeneration to one phase of the voltage perdoice at LV substation: (a) the

impact on the RMS voltages & (b) the impact onubkage waveforms

When all microgenerators are reconnected at the saoment to the three phase feeders
together, the sinusoidal waveforms of all threeselsaare affected as shown below in
Figure 5- 36. The results as in Figure 5- 36b hehavn that the voltage step changes at
PCC point can reach -1.13% of the nominal voltagee microgeneration have taken
2.4s to reach their rating, and this has led tHteage to drop during this period due the

reactive power drawn by the induction machine dustarting.
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microgeneration across all three phases on thag®iperformance at PCC: (a) the
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The effect of the spread of reconnection time oa tbltage of the LV bus at the
secondary substation has also been demonstratéle simulation studies 30% of the
total microgeneration are reconnected simultangaatsime 1.5s, and after 0.5s another
30% are together connected to the system, and aftether 0.5s extra 30% are
connected simultaneously. During this spread obmaection the voltage steps down to
-1%, -1.5%, and -1.8% respectively as shown in feigu 37a. This means the time of
reconnecting large numbers of microgenerators fig weportant. For example, when all
the penetration of local microgeneration is cone@dt the same time the voltage has
dropped to -2.3%, and when the same amount of gecreration is divided into three
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groups and connected during spread of reconnetitie® the impact has been found to
be less, and the largest voltage steps has beew floube 1.8%. This is as result of
connecting the second and the third penetrationingurthe starting of the
microgeneration of the first penetration. Duringe tistarting of microgeneration
interfaced by induction machines, a large reactpaver will be drawn until the
machines reach steady state operation mode. So wh®r microgenerators are
connected during this period the voltage step belllarger. For example, when 60% of
total microgeneration are reconnected during thetisg of already connected 30% of
microgeneration as shown in Figure 5- 37b, theagatstep has reached -2.4% which is
almost similar to the voltage step experienced wdlethe 90% of microgeneration are
connected simultaneously. So, not only the levekthaf microgeneration penetration
reconnection can impair the local voltage profilet balso the spread time of

reconnections.

To prove this, the same amount of microgenerattmws in Figure 5- 37a have been
reconnected within larger interval between thedhmexonnections as shown in Figure 5-
38. The results have shown that when the secondhamiddmicrogeneration penetration

are connected to the network at time equal to 8s@mrespectively, the voltage steps
have been found to be very much insignificant @).€ompared to the previous as in
Figure 5- 37. This means if a large penetratiommirogeneration is disconnected due to
unstable performance and then being reconnected again very short period of time

(i.e. during the starting period) the voltage stepsy become an issue. If this is not

considered then degradation in the quality of tigsy may result.
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5.6  Chapter summary

The studies of this chapter have investigated rénestent performance of a range of LV
connected small scale microgeneration technologiesesponse to realistic network
faults applied at different locations. Two typestethnologies have been considered: a
small scale CHP based on diesel engine drivingreetphase synchronous machine
connected within commercial premises; and a smadrawind turbine interfaced
directly within residential dwellings by a singl&gse induction generator. The studies
have provided an understanding of how LV conneatéogeneration within a Highly
Distributed Power Systems (HDPS) will respond tifedent faulted conditions on the
system. The studies have specified the conditiomdeis which circumstances that
microgeneration will be unnecessarily tripped bytable performance due to system
transient disturbances and when they can survigedisturbances. The finding of the

studies are summarised as follows:

. The transient stability phenomenon of LV connect®itrogeneration is a
significant issue due to the nature of the micr@gation with very small inertia
and limited controllability. In addition, the perfoance of the protection of
traditional distribution systems is not sufficieeough for supporting the fault
ride through capabilities of microgeneration withasl scales and connected at LV

distribution level.
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. The transient stability of microgeneration is degntally affected by MV remote
faults on urban network more than local faults. dlofaults can be cleared very
fast due to the low operating time of downstreawmtgution, and their impact will
be limited to very limited number of microgenerati®hile MV remote faults on
urban networks at two different locations at maiN kus and at 1.5km far from
the MV bus have led to large voltage dips on thedygtem which in turn have
resulted in widespread instability of all the migemeration connected
downstream. In addition, the operating time of tgesh protection at MV of urban
network could last few hundreds milliseconds, tiiay not support the local
generation transient stability. Based on the chdjiezature review which is based

on utility experience the typical operating timeswdosen to be 100msec.

. The response of 28kVA three-phase microgeneraterfaced by synchronous
generator at commercial level to the MV remoteti&abhs shown that the machine
will experience unstable operation if the faulttéasnore than 330ms. Unstable
operation of such machine still can be avoided,abse based on typical

protection time the fault will be cleared beford)8%.

. The MV remote fault impact has been studied ontridwesient performance of LV
connected microgeneration interfaced by single-@hagluction generators and
meeting 90% of the local average load. It has bekserved that all these
microgeneration will go unstable following the remdault in 20% less time than

the typical protection operating time.

. The impact of simultaneous nuisance tripping ofrogeneration meeting 90% of
the local load on the local network performance Heeen demonstrated.
Simultaneous disconnection and reconnection of dhsunt of local generation
has impaired the network voltage at the main buthefsecondary substation and
caused local power quality issue by forcing voltagbalance and voltage steps to
be close to the allowed limits identified in Enggn@g Recommendation P28 and
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P29. When all the amount of microgeneration wasmeected simultaneously the

voltage step has reached -2.3% which is just O.@éeuthe normal limits -3%.

. The effect of the spread of reconnection time aubltage of the LV bus at the
secondary substation has also been demonstratedieshlts of the studies have
found that the intervals of reconnecting large narslof microgenerators are very
important. When the total amount of microgeneratdivided into three groups
and reconnected during spread of reconnection time,impact on the local
voltage profile has been found to be less comptresimultaneous reconnection.
This is true when the intervals between the recciimes are larger than the
starting time of the already connected microgemaratHowever, when a high
penetration of microgeneration is reconnected dutie starting of other already
connected microgeneration interfaced by inductioacihmes where a large
reactive power will be drawn, the voltage stepd el larger. Therefore, if a large
penetration of microgeneration is disconnected tduanstable performance and
then being reconnected again within very shortqoenf time (i.e. during the
starting period) the voltage steps may become suejsand degradation in the
quality of the supply may emerge. To avoid suchrafpen, microgeneration with

a high penetration should be reconnected withitablé intervals.

To sum up, a nuisance tripping of microgeneratisrcansequence of microgeneration
instability due to remote MV faults on an urbanwmtk example has been experienced.
This in turn would impose numbers of issues inalgdthe result in impaired local
power quality due to voltage fluctuation. A soumiinterference between the local
network performance and connected microgeneratiodeu fault conditions as
consequences of transient instability of the LV rested microgeneration has been
observed. Therefore, a remedial measure by whiehrtipact of remote faults at MV
level on the microgeneration transient performaisceeduced is vital in future power
systems. The work in chapter six exclusively pr@soshe using of Resistive-type
Superconducting Fault Current Limiters (RSFCLs)rasedial measures to improve
significantly the fault ride through capabilitie @ large penetration of LV connected

microgeneration to remote MV faults.
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Chapter Six: Analysis of Transient Performance Enhacement of LV
Connected Microgeneration by Using Resistive-Typeuperconducting

Fault Current Limiters

6.1 Introduction

The studies in the previous chapters three, fond five have found numbers of
problems that can emerge within local distributimetworks incorporated with a high
penetration of LV connected microgeneration undangient fault conditions. It was
found that adding heavy amount of generation at Voltage networks could result in
the prospective short circuit current exceedingrtimg of the switchgear connected to
the network. This may cause damage to the instalfpdpment. Also it was found that
remote faults on the MV distribution circuits woukhd to undesirable and widespread
tripping of all downstream connected small scalgglg-phase microgeneration. The
results have shown that from technical perspectivg;onnection or reconnection of
considerable amount of microgeneration due to keamsnstability would impair the
performance of the local distribution network byisimg voltage unbalance and voltage
steps to exceed the nominal limits, and this wonddact the supply quality of most of

the connected customers.

On the strength of the results obtained from thevipus three chapters where the fault
level can be an issue in urban networks due toagarmeration connection, and also the
finding that MV remote faults’ impact on the LV awected microgeneration is more
severe than the local faults, and the high seitsitiof the microgeneration units

weakening the stiffness of the host network pertoroe, this chapter proposes a
network solution that can manage these emerginglgmes. The proposed solution is
based on using resistive-type superconducting fautent limiters (RSFCLS) by which

the transient stability of a large number of LV npented microgeneration is

193



Chapter Six: Analysis of Transient Performance Begkaent of LV Connected

Microgeneration by Using Resistive-Type Fault Caotrieimiters

significantly improved, and at the same time theant of the units on the network

performance such as the contribution to the fawiell is managed.

The RSFCL is used because of its significant adagag compared to other measures
which are discussed in detail in sectién2). The section investigates the advantages of
the usage of the transient characteristics of RS&Ca remedial measure to improve the
transient performance of large numbers of LV cotewanicrogenerators. The main
operation principles of RSFCL are discussed inigedb6.3). Section (6.4) investigates
practical locations of RSFCL in the distributionwerks, and section (6.5) introduces a
new analytical method that can used to determieentimimum resistive element of
RSFCL that is required to ensure the stabilityanfé numbers of single-phase induction
microgenerators during remote faults. The effectdss of the method is validated in
section6.6) by using detailed transient stability studisusing a digital simulation

program PSCAD and detailed microgeneration tranSiebility.

6.2 Supporting transient performance of LV distribution networks incorporating

a high penetration of microgeneration
Since improving the fault ride through capabilitieé LV connected small scale
microgeneration can play a significant role in supipg the performance of local
distribution systems, enhancing the microgenerafdarft ride through becomes highly
desirable. In terms of improving the transient perfance a number of solutions have
been proposed and developed by different researcBeme research such ag6il]
and[6.2] have explained that any measures reducingdtoe acceleration or regulating
the generator terminal voltage during the faultl vinhprove the machine transient
response. However, most of the measures that hege teveloped to enhance the
transient performance of rotating machines as dected in numbers of articles are
suitable for large distributed generators.
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6.2.1 Examples of measures for transient performance imgvement
Some examples of the developed measures for transtability improvement of
distribution networks integrated with distributegngration interfaced by rotating

machines are outlined as following:

» The stability of an induction generator which isdely used to interface
wind turbines into the grid can be improved by gsioraking resistors
connected to the machine rotor windings such arseheperates based on
comparing the received signals to predetermine@stiold values (e.g.

machine speed and terminal voltaf®)][6.2].

* The transient stability of distributed generatianterfaced by induction
machines can be also improved by the employmenranokelectronically
controlled external resistance connected to thenmaaotor windings. This
can reduce acceleration of the rotor during trarsfaults. The induction
machines stability could also be improved by cdhitg and supporting the
voltage applied to the rotor through a static coterg6.3].

» The use of novel fast clearance protection schetmgzotect distributed
generation could improve transient stability amsbamprove power quality

by reducing voltage sag duratifé4].

» Coordination of voltage sags at the machine terlmiaad the overcurrent
protection of distributed generator in order tocdisnect the machine in
favour of other sensitive equipments can ride tghowoltage dips caused by
faults[6.5].

* It has been proposed that the fault ride througpaldities could be
improved by the adjustment of the generator unddéiage protection
according to CCT-voltage dip curves. Using the esrwould improve the

machine transient stability performance during éargpltage dip$6.6].
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» There are some other measures to improve the éragnperformance of
rotating machines such as excitation, stabilizemsg governor controls

which are used for relatively large synchronous maes[6.6][6.7].

» System reconfiguration can be used sometimes fansient stability
improvement. For example such a scheme incorpgrainst fault switching
could allow separation of two parallel lines thabuM increase the
impedance of the network, and hence the voltages dip the nearby

machines would be less and the stress on the newaluald be reduced.

From the above examples it can be very clearly esihmost of the measures if not all
provide device level solutions. The techniques d@dug applicable to large machines
where they have limited number on the system amit @izes allow some level of
controllability. But it may become unrealistic tppy such solutions to each individual
device of millions of microgenerators with few kilatts ratings. Results in chapter five
have evidently shown that small scale microgenemapiarticularly those interfaced by
single-phase induction generators will reach tispeed limits very fast. So applying
corrective solutions to each individual device magt be financially viable and
technically inefficient where the distribution nettks cover normally very wide areas of
the power systems. Also making a radical changethm existing protection of
distribution systems to allow large amounts of riistted generation to ride through
faults may require a wide area of system changes,tlais could be a costly solution
[6.5]. Another disadvantage of applying some of #imve traditional methods for
improving the system transient performance is cgueetly reducing the reliability
level and at the same time increasing the losdeis. fas been shown in the case of the

system reconfiguration method.

Therefore, the nature of microgeneration as sewsitinits with poor transient
performance, the high density of the units disteluover the LV networks, and the
source of the biggest problem recognised here istamming from remote faults,
necessitates a solution that considers all theseorta When a large penetration of
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microgeneration is installed within LV distributiaretworks, network based solutions
are preferable to individual device based solutidiss is because the network based
solutions will improve the performance of a wideea of distribution networks, and

hence support the performance of a higher penetrafilocal generation.

6.2.2 Using SFCL for improving the transient performanceof active distribution
networks
The thesis in this chapter proposes the usage pérSonducting Fault Current Limiter
(SFCL) as remedial measure that would provide useftribution to both the network
performance and the microgeneration units in teomgansient performance. This is,
mitigating the problems associated with the micregation transient stability issue,
while also managing the fault level contributiondaay microgeneration. This would
help avoid the costly solutions such as upgradimgipment or reconfiguring
distribution networks. The SFCL has numbers of wisetiaracteristics that can support
the system performance during fault conditions. SEheharacteristics are discussed as

follows:

* From technical perspective SFCLs can react withilliseconds, and this is

necessary for an improved transient response.

 The SFCLs provide almost zero impedance during abroperation, and its
impedance is developed as a limitation elemeninduiiault conditions based on
the amount of the fault current. So the SFCL il-aperated device that is

controlled by the condition of the currents passhrgugh it.

* SFCLs are feasible to be installed in urban andudhan distribution systems
between the substation busbar and medium-voltag¥) (Meders[6.8]. For
distribution level SFCL application, the heat magragnt is less of a problem
than SFCL application for transmission systems. sThibe SFCL is more

practical to be first put in action in distributisgstemg6.9].
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* SFCL is a fast and an effective measure which fotbe fault currents to be
reduced providing additional headroom against $war ratings, and providing
improved sag performance to consumers connectedftulted feeders. SFCL
would help to avoid the replacement of the overtutircuit breakers as well as
the need for network reconfiguration (i.e. avoiditdpuses) which may reduce

the reliability level and increase the losg&40].

* The application of the SFCL would not only decretdmestresses on devices but
also offer a higher interconnection to secure teewark, and it can be very
effective means to enhance the power quality ims$eof managing the voltage
drops [6.9][6.10]6.11]. Offering a higher system interconnectivapd better
power quality could be a real need for future pogeds which would have

extreme complexity.

« Another significant advantage of SFCLs applicatisrthe automatic recovery
property which allows continuous operation of thmeiter on the power system
and removes the need for service calls followinghetault limiting operation
[6.12].

The SFCLs can be either inductive or resistive syp@wever, resistive types (RSFCL)
have an added advantage of currently being moriéablafor commercializatiof6.13].

In addition to the lower cost compared with otheC&s, RSFCL is the most attractive
from the simplicity and the size (i.e. more compgacint of view[6.8]. This could be an
important point when the limiter is equipped inammetworks where space plant can be
an issue. Also resistive types not only restraia fault currents but also consume
electrical energy during the fault, suppressing éxeessive kinetic energy of fault-
contributing generatof®.13]. The RSFCL increases the decay speed dathliecurrent

by reducing the time constant of the decay compibatthe fault currents, and it can
also make the system less induct{jéel4]. Therefore, RSFCL type is considered to

support the microgeneration ride through capaéditi
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6.3 The principles of RSFCL supporting microgenerationfault ride through

The RSFCL limiter is a device that ideally shoutt mpact the system by its presence
in the case of normal operation. The basic prirgsgor all types of RSFCL in terms of
limiting the system fault current are relativelyasghtforward. During normal conditions
the superconducting material of the RSFCL presests resistance. When the fault
appears a high current flows and a high non-lireaistance is inherently developed
within the path of the fault current to cause catr@niting which minimises the fault
current to the required level. Reduction in theltfaaurrent is directly resulting in
reduction in the voltage dips on the nearby areabé fault location. This will lead to
improving the retained voltage on the terminalsnmo€rogeneration connected to the
system, and hence reducing the acceleration fqpkea on the affected machine rotor

and improving the transient performance of the rnmech

The value of the RSFCL non-linear resistance gnation of different parameters, such
as the current flows through the limiter (i.e. natrand fault current), the fault duration,
and the superconducting materials which include ghemissible temperature of the
superconductor and the volume and the size ofupersonductof6.15]. Therefore, the
limiter's resistance curve changes as a functiotinog, and the change is based on the
change in the current magnitude and the temperatiitbe superconductor. So how
much resistance the limiter can provide duringfthét and how fast this resistance can
be increased during the fault will dictate how #igant the RSFCL to improve the
microgeneration connected close to the faulted.arba RSFCL can provide a rapid
action to limit the fault current within first peakut on the other hand it can not recover
rapidly from limiting state to superconducting stalt needs some time depends on the
cooling down of the superconductor. The resistgmoéle of the limiter during the fault

can be identified by the following equatifg15].

Rfcl =S =-__ 5 (29)

thw, |———

WhereR is the FCL resistance

V,is the system RMS voltage
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AT is the maximum permissible temperature rise
At is the fault duration
p, th, andw are the resistivity, thickness and width of thpesgonductor

C,is the effective specific heat of the superconducto

RSFCL requirements
These are some of RSFCL ideal requirements whetirtiier is used to support the
transient performance of distribution systd@i4.6]
- The limiter should not impact the protection cooetion strategy.
- The limiter needs to react within the first peakhad# fault current.
- The limiter should exhibit low impedance and lowergy losses in
normal operation.
- The limiter should provide a smooth and gradualngeaof impedance
from the normal to fault mode and vice-versa.

- The limiter should contain fail-safe operation.

6.4 Practical locations of RSFCL in the distribution néworks

The location of SFCL in distribution networks inder to manage the fault level issues
and support the system stability is a significaasue to be address@gl17]. This is
because, not all the locations of SFCL will enhatice transient stability of the
distribution system, and particularly the stabitifyconnected microgeneration. This can
be explained further by the following examples whidescribe different SFCL
locations, outline the impact of these locationstlom stability performance and other

side benefits, and identify the disadvantages ssukis associated with these locations.

A- Generation connection

In this case the SFCL can be added in series witartacular connected generator if the
infeed from the generator is expected to introduéault level problem as shown below
in Figure 6- 1. According td6.17] such SFCL application is normally applied in
industrial, distributed generation, and transmisdevel. From stability perspective, if

the generator is a synchronous machine, then thpedance between the generator and
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the fault would be higher compared to not using ISREhd this may increase the CCT
of the generator. However, SFCL at this locatiotl Wave a limited impact on the
transient stability improvement of the generatohisTis because the limiter is not
located between the fault and the grid, and thismake the voltage of the main bust to

drop to zero during the fault and hence impactivegrhachine performance.

Grid

x—-|

)
®

S

Figure 6- 1: SFCL is in series with grid-conneatiestributed generator

Adding SFCL to the location shown in Figure 6- 1sidl useful from fault level
perspective to avoid the replacement of the sysgmipments, but adding SFCL to
improve the stability of each of the local genemtwill require large numbers of

SFCLs, and this may not be seen as effective obsti@ns.

B- Incoming MV feeders location

Grid
T1 g ™
gyl
(@]
-
MYV bus

Figure 6- 2: SFCL in series with the substationgfarmer

The SFCL can also be installed at the substatitwdsn the transformer and the main
MV bus as shown in Figure 6- 2. Any fault on MV eidill be current limited by the
SFCL, so the transformer and the bus are protdoded a high fault level. In terms of
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transient stability, there is no general improvemea the generator transient
performance for faults on either the MV side or kigle. The limiter could only improve
the transient stability of the connected generdtarfault occurs on the MV side of the
transformer T2. So the limiter has limited scopeuseful impact from the transient
stability perspective. The main advantage of tlisfiguration is using a single limiter
to protect downstream feeders to the transfornasrd,this can save cost. However, the
limiter can not reduce the fault contribution caibg the distributed generator shown in

Figure 6- 2.

C- Bus coupling connection

Grid
T1 T2
MYV bus 1 MYV bus 2
@—X |

DG

Figure 6- 3: SFCL bus coupling connection

Another possible application of SFCL is to be itlsthat the bus-tie location. This
would increase the reliability of the system by iduwy the need to split buses in
addition to limiting the fault contribution from eéhgrid to faults at MV sidg.10]. The
impact of the limiter on the fault level reductiamould be less effective compared to the
example in B. The grid fault contribution to MV fawould be limited by splitting the
two transformers and hence the contribution tof#luét would be dictated by the value
of the transformer impedance. In terms of transaiility performance of the DG, for
any faults on MV side of transformer T1 there Wik no impact at all on the DG
transient stability improvement. This is because limiter is not in the position that
would mitigate the voltage drop on bus 1 as shawRigure 6- 3. For a fault at bus 2,
the retained voltage on the grid side is determimethe transformer T2 impedance, and
the SFCL will not provide a significant impact omprovement of the generator

transient stability.
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D- Outgoing MV Feeders location

Grid
MV busl MV bus2
w2 9] w2 w2 9] 9] w2 2]
lzsh B kes! gyl gyl | gl T
e :
=1l | ol | Il B Nl B I
@)% * X
DG DG

Figure 6- 4. SFCL connected at the beginning of fd&ders

When an SFCL is located at the beginning of eachfdBders as depicted in Figure 6-
4, a significant improvement in fault level contrahd the transient performance of
generation connected downstream to MV bus is obthiThe positive impact of the

application would cover a wide area of disturbariéer example any fault on MV

feeders would see its fault current controlled tdvoltage dips on the main MV buses
mitigated. This will help local microgeneration tme through remote faults on the
wider system. The only drawback of the applicattmmpared to the application in B
(i.e. does not support microgeneration transieatiisty) is the cost, where more limiters

are needed.
Location Fault contribution management| Local generation transient
(fault on MV side) stability improvement

in series with distributed Only fault contribution from Limited impact and 3

generator downstream is limited single device solution

in series with the substation | Only fault contribution from Limited impact

transformer upstream is limited

at bus coupling connection The fault contributicont Limited impact
upstream and downstream is limitgd

at the beginning of MV feedersThe fault contribution from Significant impact, and
upstream and downstream is limitgdwide area solution

Table 16 Different RSFCL locations added to MV distributinatworks
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The results from chapter five have shown that renfi@tlts on MV networks can cause
widespread tripping of all the LV connected micnogetion interfaced by single-phase
induction generators. Also chapter three result® ltancluded that heavy penetration of
microgeneration would increase the fault level iatribbution networks to its limit for

urban distribution network examples. Based on thaparison in Table 16 above, the
most suitable location of SFCLs to mitigate thege significant problems is adding the
limiters at the beginning of each MV feeders. Thenes resistive-type SFCLs to be
located at beginning of MV feeders are used inttiesis to improve the resilience level
of an urban distribution network overlyed with niplié cells incorporating a high

penetration of microgeneration as shown in Figurg. 6
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Figure 6- 5: An active urban distribution networkivadded RSFCLs and based on

multiple cells
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6.5 Theoretical analysis of microgeneration transient tability enhancement using
RSFCL

The results in chapter five have shown that MV renfaults on distribution networks
can lead to a widespread of disconnection of the ddnnected microgeneration
interfaced to the grid by single-phase inductionegators due to the sensitivity of such
small size machines to the voltage dips causecinpte faults. Therefore, this section
proves how RSFCL can be used to improve the transtability of such technologies
by introducing a new mathematical approach thatbeansed to determine the minimum
value of the resistive element of RSFCL device tiedtds to be reached by the limiter

during the fault.

In this section the RSFCL is located between the IMiges and each of the MV outer
feeders as shown above in Figure 6- 5. A test sysi® presented in Figure 6- 6 is used
to analyse the effectiveness of RSFCL as a remeagasure to improve the transient
performance of a single-phase LV-connected micregeor unit. A three phase fault is
assumed to occur on the feeder adjacent to wherentbrogenerator is connected as
shown in Figure 6- 6 and the response of the cdadamit to such a remote disturbance

assessed with and without the RSFCL.

1- phase

LV Cable

Microgenerator

Figure 6- 6: Simplified diagram of a distributionwer system with one LV-connected

microgenerator
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Ze jXi  Zi=RitjXi
1.4

Vg ,\/

Ryel

o B

Figure 6- 7: The equivalent circuit of the faulteetwork with inclusion of RSFCL

The equivalent circuit of the faulted network isa@n as in Figure 6- 7 above. The
Thevenin’s equivalent circuit of the faulted netwoas viewed looking from the
microgenerator terminals (i.e. points A-B) is cddéted. The Thevenin voltage as viewed
from the microgenerator terminals is:
— R
Vin =V, . =V

(RigtRy) +1(Xy)

Rfcl

g JRy +R)?+(X,)?

Where V,is the grid voltage, and/, is the retained voltage at the microgeneration

= \/th = Vg (31)

terminals with the system faulte® and X are the resistance and the reactance of the

grid source.R,, is the developed resistance of the fault curremtér during the fault,

andé{h:tan’l(xg/(Rfcl+Rg)). The Thevenin impedance as viewed from the

microgenerator terminals is:

Ly =2 +Z, +Ry //Zg =Ry + Xy (32)
Where Z | is the impedance of the LV cable and it is eqa®t + jX | ,andZ, is

the impedance of the transformer and it is equéiéaeactanceX , .
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L~ _Ra(Rg+ iX,)

" (R + Ry + X,

_RaR +R(Ra +R) =X, (X +X) +(RuX; +R X, +(Ra +R)X, + X))
(Ry+R)+iX,

If the numerator and the denominator of the abogyeaton (34) is multiplied

+ R+ (X + X)) (33)

Z, (34)
by(Ry + Ry) = [X 4, then Ry, and X, can be found. The resulted denominator
will be equal td Ry + R, )? + X 2, and the real part of the numerator is equal to
(Ry + RRE +(RZ+ 2R R, + X2)Ryy + R (RZ + X ) while the

imaginary part of the numerator is equal

(X g+ (X, + X )RE + 2Ry (X, + X )Ry + (RZ+ X)X, + X,).

if A, = (R, +R.) (35)
B, = (R +2R,R, + X ) (36)
C, =R (R; + X)) (37)
A, = (X, + (X + X)) (38)
B, = 2R, (X, + X ) (39)
C, = (RI+ X (X, + X)) (40)

Then theZ ,, can be written as in the following equation (41).

Z _ AlszcI + BlRfcI +Cl + ] AZR]?(:l + BzRfcI +CZ
" (Rfcl +Rg)2+(xg)2 (Rfcl +Rg)2+(xg)2

= Ry + X, (41)

It can be seen that tih&,, and X, are functions of the resistance of the fault curren

limiter, andAl, B1, C1, A2, B2andC2 are constants which consist of the parameters of
the system. The faulted network in the diagram showFigure 6- 7 can be reduced to

its Thevenin’s equivalent circuit as drawn belowrigure 6- 8.
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Zth

S Y
D

L B

Figure 6- 8: The Thevenin equivalent circuit of taalted network shown in Figure 6-7

To represent the impact of the fault current limie the machine performance during
fault conditions, the Thevenin equivalent circuit the faulted network with the
inclusion of the RSFCL as shown in Figure 6- 7 saw be connected at points A and B

to the equivalent circuit of the single-phase ingucgenerator as shown in Figure 6- 9.

The equivalent circuit used to represent the menegator is assumed to be a steady
state single-phase machine model. This model iglwidsed with acceptable accuracy
to determine the critical speed that can be reablygtie machine rotor during the fault
according to the results of the studies conduat¢6.18],[6.19], and[6.20]. In addition,
the steady state single-phase machine model pogideplification in the derivative of
the approach without significantly impacting thewacy of the approach. This is the
main reason why this model of the machine is usetead of a complete transient
single-phase induction generator model which cakentbe derivative of the approach

extremely complicated.
The steady state model of an induction machinatasduced if{6.21] is given in detall

in Appendix D. The Figure 6- 9 shows the connectidrthe Thevenin’s equivalent

circuit of faulted network and the induction miceogrator.
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Zth Rs+jXs jXr

1
1

1

|

1

|

|

|

|

1

1

Y

Grid X Induction generator

Figure 6- 9: Thevenin’s equivalent of faulted netkvavith microgeneration interfaced

by an induction machine

The dynamic performance of an induction machinéiasussed in chapter five can be
obtained with acceptable results by using the nmathieal relationship between the
developed electrical torque and the machine sgée2D]. Figure 6- 10 shows the
relationship between the torque and the slip ohsumachine. Such characteristics have
been used i116.20] as an analytical method for identifying tsability margin of an

induction machine.

In this chapter, the same characteristics are tsaterive an analytical approach to

identify the minimum value of the resistanci,{,,,) that the RSFCL should have to

c(min
ensure the transient stability of a high penetratod LV connected microgeneration
interfaced by induction generators. The influence RSFCL on the transient
performance of an induction generator is investidaby comparing three different
operating conditions of the system; pre-fault, dgriault, and post-fault conditions. The

investigation is conducted as follows.

A- Pre-fault condition

Before the fault occurs the limiter preser®, equal to zero, and the connected

induction generator operates on cufv@as shown in Figure 6- 10. Curvg represents

the characteristics of the developed electricallmectorqueT, and the machine slif
when the mechanical torqug, is assumed to be constant. The electrical torgue i
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changed by changing the machine speed, and itegds® mechanical torque when
T, =T, at two points. The first crossing point is whem thenerator operates at the
steady state sliff,, and the second crossing point is when the macteaehes its
maximum slip (i.e. critical slip)5, as shown in Figure 6- 1G5, has been identified in

many research efforts as a dynamic stability liofilnduction generators, and based on
its value, the critical fault clearance time of uetion generators is calculated as in
[6.20] and[6.22].

A - Curve (A)
Curve (B)
Instant of Curve (C)

the fault

Damping torque
P4 N established Stability

limit
/ -

S -
-
-
-
-
N - — .
- — e e - - - -

Electrical torque (N.m) (-1)

So S Sfmax  Scr Slip(-) %

Figure 6- 10: The impact of RSFCL on the stabititgrgin of induction generator

B- During the fault condition

In the event of the fault and when there is no RISECsudden reduction in the machine
electrical torque is experienced due to the drapénmachine terminal voltage as shown
on curveB in Figure 6- 10, and as a consequence the maobioewill rapidly speed

up. If the slip exceedS, then the machine will not return to stable operafter the

clearance of the fault.

In the case with the RSFCL deployed, its resistaglemnentR,, will start increasing

from zero to its maximum value during the fault.eTalectrical torquel, from the

generator will fall to zero at the instant of tlailt and then it will be re-developed due
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to the increase iR, . In order to ensure the transient stability anevpnt the machine
from reaching its stability limit, the value dR,, must be large enough to help the
machine electrical torque to be developed unekiteeds the mechanical torqlie and

a damping torque is established. Therefore, thenmim value of R, for applying a

damping torque during the fault is defined at T . The value of this resistance needs
to be reached by the limiter within a time befdie CCT, and as soon as this value is
reached the stability of the induction machine barmaintained even if the fault lasts
more than the CCT. Also at this point the machiiiye \sill reach its maximum value

S as shown on curv&€in Figure 6- 10. This slip will be then decreasedew

f max

T,2T,. When R, reaches its maximum during the fault the machinkk aperate

stably and the slip will be reduced to a new vafjjeas shown in Figure 6- 10. This
value is much smaller th&) . As a result, the action of applying a dampingyter
during the fault period will hold the machine spgedie within the stability limit (i.e.
S <slip< S, ). This will ensure the transient stability of thenerator regardless of the

fault clearance time, because whenever the fagleesred the rotor speed is always less
than its stability limit, and after the fault thpegd will be controlled by the post-fault

damping torque.

The required minimum value d®,, to maintain the transient stability of the machime

defined to beR and it can be determined as follows.

fclmin

WhenT, =T during the fault,R,, is equal toR and the slip is equal & .. This

fclmin
will correspond toR /S of the machine steady state equivalent circuitvshim Figure

6- 9 being at its smallest value and the conveeledtrical power in (38) being at its

largest value.
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max S e m (42)

Wherel, is the magnitude of the rotor current, ant the machine speed.

The machine magnetization reactaXgeis normally significantly larger than the rotor
reactanceX, , and this can be noticed from real data of difiereachines as reported in
[6.23] and[6.24]. Therefore, for simplification purpose, the, shown in Figure 6- 9 is

assumed to be infinite, so the circuit can be giedl and reduced as shown below in
Figure 6- 11.
Zth Rs+jXs JXr

YL
E 1 : :
: _
X Ir
Vih @ ! L] Rv/s
:
'
]
'
B‘
Grid : Induction generator

Figure 6- 11: Simplified circuit diagram of an irediwon machine connected to the grid

By using the maximum power transfer theorgn25], the maximum power that can be
delivered will occur when the load reactance is enasl close to the Thevenin reactance

as possible and the load resistance is set tomtlosving value:

R
r

S max

)2

2
=, (R +R +(X +X
\/( th s) ( th load

From Figure 6- 11, théload= Xr +XS. Thus the maximum power is delivered when

R

r _ 2 2
Smax \/(Rth min TR Kipmin T X T XS (43)

WhereR;, .., » and X

are the real, and imaginary parts of Thevenin's ddgmnce

thmin

respectively wheR,, =R

fcl min *
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The rotor currentl will be at its maximum when the machine slip reaclis largest
value. |, can be easily calculated as following:

Vinmin (44)

|Ir|_ R
\/(Rs + S + Rthmln)2 +(X + X + xthmln)

max

By substituting the Value off, from (44) in (42), the following equation is obtead:

Te :Tm: R ) Vtﬁmln (45)
S (R +SF§ +Ru) +(Xe + X, + Xr)?

ax

i )Y X X )2 R thmm
[(Snax +(& + Rhmm)) +(( S + r) + Xthmm) ] Snax n

(Si)2 +2 R (RS+R[hmm)+(Rs+thmm) +[ Xmin F (X, + X )] _S:jr thmln

i 2 2 2 Rr thmln _ Rr
(S ) +(Rs+Rthmin) +[Xthmin +(Xs+xr)] S T 28 (R5+thmin) (46)

max max m max

By substituting the value OSfR'— from (43) in the equation (46), the following etjaa

max

is resulted.

2(Rhmln + &) +2(xthm|n + X + X ) _\/(Rhmm + R) +(Xthm|n + x + X ) [ thmln 2(& + I%hmln)] (47)

Taking the square of the two sides of the equgdain

[(Rhmm+F§) +(Xthm|n+xs+xr)] _(erln-'-l:i) +(Xthm|n+xs+xr)[ thmln (Fi+thn|rD]

(R[hmin + Rs)4 +2(R[hmin + Rs)z(xthmin + X + X )2 +(xthmin + x +X )4 =

Vﬂ?min 2 th min
(ﬁ) (Rthmln Rs) (Rs Rthmln) +(R5+Rthm|n)

(xthmin + xs + xr)z[( Zz)n.;_m )2 - ctg-lr_nin (Rs + Rthmin) + (Rs + Rthmin)z]
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(xthmin + Xs +X )2[(Rhmin + Rs)2 + (Xthmin + xs + xr )2] -

Vtsmln thfmln 2 27 —
C()T [ZCL)T (Rs + I%hmin)][(xthmin + xs + xr) + (Rhmin + Rs) ] =0

[(Rhmln + F%) +(xthm|n + X +X ) ][(xthmln + X +X ) thmm[ thm|n _(& I%hmln)] O (48)

From equation (48) it can be seen ttR,, + R)> + (Ximint X +X,)* =0 or

2 Vtkzlmln Vtkzlmln
[( Xthmin + xs + Xr) T [2 T (Rs I:\>thm|n)] (49)

By substituting the values of,, ., from (27) andR, ;, and X from (41) in (49) the

hmin thmin

following equation is resulted.

AZszcI + BZRfcI +C AZszcI + BZRfcI +

2\2 CZ 2
2 2 2 2(X3+Xr)+(xs+xr) -
(R + Ry)™ +(Xy) (R + Ry)™ +(Xy)
4 R?d min +V\ 2 szcl min + (50)

S

Vg 2 272 Vg 2
(2wT,)’[(Re + Ry +(X)?] WTnl(Rey + Ry +(X)?]
2 szcl min AlRfcI + BlRfcI + C:l

P WTLI(Rg + R+ (X)) (R + Ry +(X)?

From (50) the following fourth order equation (5. function ofRwmin) IS obtained.

The details of the derivative steps are given ipéyix (F).

+ D R?cl min D R1‘ch min

F(Rimin) = Dy R}

fcl min

D4Rfcl min + D5 =0 (51)

Where the coefficient®1, D2, D3, D4 andD5 are constants, and can be calculated

from the following formulae.

2

1 g
= A H2A (X X ) (X +X,)? -V 2ar )’ a)T RS+AL (52)
D, =2AB, +4A (X_+ X )R, +2B,(X_+ X )+4R, (X_ +X 2+2—V92 + —ng (53)
2 AEBZ AE( s r)R; BZ( s r) R:]( s r) me&R; Bla)Tm
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D, = QCA +B) +2A(X, + X )R +(X,))) +4B,(X, + X )R, +25,(X, + X ) +

AR XG0+ X HROC X+ R+ RGP 4G -

D, =2B,C, +2RIB,(X, +X) +4C,(X, + X )R, +2B,(X, + X )(X;)* +4R, (R + X)) (X, + X)) (55)

Dy =C5 +2C,(X, + X )Ry +2C, (X, + X )(X)* +(X + X ) (Ry +Xg)° (56)

Al, B1, C1, A2, BAndC2 are constants which consist of the parameterseo§ystem,
and their formulae are given above in equationsf(85) to (40).

The numerical solution of the equation (51) to fiRg,,, can be obtained by two ways.

One is by applying Newton’s method (an iterativegass)[6.26] as in (57) until the

desired accuracy is obtained for the resultanttfanof R, (i.e. F(R;y,)=0). This
has been conducted by using MATLAB to solve theatign.
F(R
) ~(R i ( fcl min)n
fcl min "'n+1 fcl min " n ' (57)
F (R )
fcl min “n

Forn=0,1, 2,3, .......

The second is by calculating directly the rootshef equation. These roots can be easily
found by using MATLAB for example, and from the aioted roots, the most suitable

values of R can be chosen. The obtairfed,,, from the solution of equation (51)

fcl min

will be the minimum value of the resistance elem&nthe SFCL that will ensure the

transient stability of LV connected induction migemeration.

C- Post fault condition

During the fault the machine is held within a séab#gionT, =T, due to the applied

damping torque as result of the RSFCL performancend the fault. So, whenever the
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fault is cleared the rotor speed will be forcedhmv down and return to its new steady
state operating mode as shown on curve C in Figui®.

The R identified in equation (51) is an important criber to ensure that the LV

fclmin
connected induction microgenerator will convergégtcequilibrium regardless the fault
duration. This is because when the fault is clednedmachine post fault state will be
within the transient stability region. So the RSF@uld have a critical value of
resistance that should be reached to ensure théinthier can be used for improving the
transient stability of the downstream microgenerator its performance would be

limited only to limiting the perspective fault cent.

6.6 RSFCL application for distribution systems transiert stability enhancement

The main aim of studies is to investigate the ¢ifecess of using RSFCL as remedial
measures by which the transient stability of a dagenetration of LV connected
microgeneration is significantly improved, and s same time the increase in the fault
level is curtailed. For a passive distribution natvwhen an RSFCL is used to limit the
fault current contribution from the grid, the limitis designed based on the fault current
that will pass through the limiter. The amountloé fault current is directly impacted by
the X/R ratio of the grid source. However, for activee distribution network the
mathematical approach as given in equation (51ystibat when the RSFCL is used to
improve the transient stability of a small scalel-gronnected induction microgenerator,
the parameters of the machine as well as the paeasnef the network (i.e. X/R ratio
and short circuit capacity) will impact the minimuraquired value of the resistive
element of the RSFCL. So if the same limiter iseatitb different distribution networks
with different source impedances to improve thendient performance of same
induction microgenerators, the impact on the maahitransient stability will be
different. In order to investigate these issuestardsignificance of the RSFCL transient
performance on the transient stability improvemeintistribution systems as well as
validating the developed approach (51), the tesvorx 2 and induction microgenerator
transient models that were developed previousbhapter five are used in the studies of

this chapter.
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The RSFCLs are located as shown on the test net¥vdrigram as in Figure 6- 12, and
the studies are divided into three main sectiomgnening the RSFCL performance
during the fault, evaluating the impact of RSFCL tbe transient performance of LV

connected microgeneration, and lastly investigathrgy significance ofR,, ... value on

fclmin
the transient stability of LV connected microgemiera In addition, the impact of
distribution systems with different X/R ratio andfferent machines with different

parameters on thR value is also investigated. The last section efstudies is also

fcl min

used for validating the mathematical approach agpes by formula (51) for identifying

the value oR ;-
33kV—|—
X
33/11kV
15 MVA18%
11kV:

11/0.4kV
IMVA 4.75%

g( Fuse

CalE
I_ _ _'J

Feederl
(residential)

LV cell

Figure 6- 12: Test network 2 incorporated with REFC
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6.7 RSFCL Model

The limiter is modelled to change its state atitis¢ant of the fault (i.e. when the current
exceeds the appropriate threshold) to limit th&t fieak of the fault current (peak make).
The threshold value of the fault current to ingigthe RSFCL is chosen to be larger than
twice the full load current which is normally cotsied as the minimum required
current for relays to operate. [6.27] which investigates the dependence of clitica
current density on the Joule heat for a RSFCLctiteeal current is identified based on
the critical temperature of the limiter to be equmaP.35 times the load current. Also in
[6.28] and[6.29] it has been stated that the superconductoR®FCL would be
designed to have critical current from 2 to 3 tirttessfull load current. Therefore, within
the model of RSFCL developed in this section, thacal current of the RSFCL is

chosen to be 3 times the full load current.

RSFCL in each phase is modelled by using a variabidinear resistance connected in
series with an ammeter as shown in Figure 6- 18,|lacated as in Figure 6- 12. When
the fault current exceeds the activation value, tbsistance R will be changed
nonlinearly as a function of time as shown in Feg6r 14. The resistance versus time
curve is based on the model that has been develogéd0] to represent the transient
characteristics of RSFCL as a function of fault adion time, fault current, and
temperature. The resistive element of the limitgéhiw the model reaches its maximum
values within 20msec. The model of the resistiveamant of the limiter iN6.30] is
derived by scaling the resistive characteristidpoed by experimental work reported in
[6.31] in defining the nonlinearity of RSFCL. Thenlinear RSFCL model is used
because a linear model is not sufficient to reprssthe RSFCL transient characteristics
[6.30]. Because the faulted feeder will be discatee by the main breaker as shown in
Figure 6- 12, the recovery time of the limiter ceoted to the faulted feeder will have
no impact on the system. Also since the limiteesaatded to MV feeder, and the chapter
three studies have proven that the contributiomfitd/ microgeneration to a fault at
MV side will be very limited due to the presenceWwV¥/LV transformers, and hence the
reverse current provided by downstream microgeroeratill not be strong enough to
activate the limiters of the health feeders. Thesans there will be also no impact of the
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recovery of time the limiter of the healthy feedeecause they will not be activated.

Therefore the impact of the recovery time of RSHElignored in the studies of this

— -

/R

Figure 6- 13: Resistive-type superconducting fauftent limiter model
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Figure 6- 14: The Resistive SFCL characteristiasnguthe faulf6.30].

6.8 Transient studies

A three-phase to ground fault is assumed to beiepmin the feeder at MV side as
shown in Figure 6- 12. The fault is applied at titm®.08ms with fault duration equal to
1s and voltage angle=0 to obtain the maximum asymcaecurrent within the first half
cycle. The fault duration of 1s is chosen to exctexl microgeneration fault critical
clearance times that were found in chapter fiven§€c). The simulation studies allow
the quantification of the response of the RSFChdient model on the applied fault, and

the resulting influence on the transient stabiityhe LV connected microgenerator.

6.8.1 RSFCL Response during fault on MV circuit
Figure 6- 15 shows two results of the fault curmeith and without adding RSFCL at

the beginning of the MV faulted feeder of the dmition network shown in Figure 6-
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12. Without adding RSFCL, the peak value of thadrent fault current (peak make) has
reached 22kA peak within first cycle. With RSFClseantion, the results have shown no
pre-fault effect, and when the protected circuftaglted, the limiter is initiated when the

fault current reaches 848.5A (peak). The first pefathe fault current is reduced by the
limiter to 15kA, and when the values of the resistelement is developed according to
the resistance time curve shown in Figure 6- 1d,dt component of the fault current
has been rapidly removed by the limiter, and thdt feurrent is reduced further to be

4.09KA. The limiter has provided a reduction factby,, /1,,.q) €qual to 1.4 on the

peak make, and reduction factor equal to 3.09 erpdak break.

— The fault current with RSFCL deployed
2 """"" The fault current without RSFCL deployed

Fault current (A)

-0.5

-1

_135.05 3.1 3.15 32 3.25 33
Time (s)

Figure 6- 15: Fault currents with and without thelusion of RSFCL

The results above have shown how significant tregef the RSFCL in limiting the

perspective fault current. This would lead to numsba advantages. For example, the
reduction in the fault level even if the fault emt has not exceeded the short circuit
limit would reduce the stress of the heat on thegmted system component, and this in
turn could make the component lasts longer. Ano#laantage is, by using RSFCL to
reduce the fault current, lower rating equipmenthvamaller size can be installed in
small spaces. Such applications can be very impomaurban areas where no many
spaces are available and the cost of the land imally very expensive. From the

technical perspective, reduction in the fault cotne actually resulting in reduction in

the voltage dips on the nearby areas to the fadation. This can be seen as a

significant measure to improve the power quality.
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6.8.2 Impact of RSFCL on LV-Connected Microgeneration Transient Stability

The following presents the investigation of the aupof using RSFCL on the fault ride
through capabilities of LV-connected microgenematiovith different sizes. The

investigation is initially achieved by studying thmfluence of the transient

characteristics of RSFCL based on the resistance ¢turve shown in Figure 6- 14 on
the transient response of the output power andnigehine slip of 1.5kVA single-phase
induction generator. The same data for the maakimeh was used in chapter five and

available in appendix C is used within the study.

Figure 6- 16 below illustrates the transient resgeoof grid-excited 1.5kVA single-phase
induction generator connected at residential léewglemote MV fault as shown on the
test network 2 depicted in Figure 6- 12. The respan tested with and without adding
RSFCL to the network. When there no RSFCL is degdoyhe machine output power
falls to zero during the fault, due to the 100%pdro the machine terminal voltage. This
has led to a high acceleration of the machine rdoing the fault period as explained in
Figure 6- 16b. When the fault is cleared the maehias lost its transient stability and its

output power has collapsed as shown in Figure &: 16

When the RSFCL is added to MV feeders and withstirae fault condition, the results
in Figure 6- 16 have shown a very significant inygment in the fault ride through
capabilities of the downstream connected microgeoer This is because the RSFCL
during the fault period has reduced the drop indbenstream voltage, and hence the
machine has experienced a retained voltage orritsirials. This retained voltage has
made the machine to be capable of still providingpot power, and its rotor has not
been accelerated to uncontrollable level as showFigure 6- 16. Because the retained
voltage is less than 1lpu, the machine speed duheadgault has been increased (i.e.
within stability limits) slightly higher than theonrmal speed as sketched in Figure 6-
16b. This increase caused the output power duhiagdult to be higher than the rated
power until the fault is cleared. When the faultlsared after 1s, the microgenerator has
maintained its transient stability, and the machias returned to its normal stable
operation as shown in Figure 6- 16 below.
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----- The machine output power without adding RSFCL
— The machine output power with adding RSFCL
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Figure 6- 16: The transient performance of gridiextc1l.5kVA 1-phase induction
generator with and without using RSFCL

The results in above subsections have shown trdih@dRSFCL to MV feeders will
remarkably limit the fault level at MV side andthe same time significantly improve
the transient stability of downstream connectedrogieneration during remote faults.
However, the transient stability of the microgem@rahas been improved because the

resistance of the RSFCL has reached its maximuoeval within 20msec. This value

of the resistance is larger than the requirBg, . to ensure the stability of the

microgenerator, and also the resistance of thadmfias exceeded the,, ., before the

clmin

CCT of the machine which is equal to 79msec. Tloeegfit is important to identify the
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critical value that the resistance time curve ef RSFCL should reach before the critical
clearance time of the downstream microgeneratorder to ensure the capability of the
microgenerator to overcome transient remote faliliéss can emphasise the importance
of the analytical approach described in equatiod) (vithin this chapter to

determineR

fcl min *

6.8.3  The significance ofRfcimin value on the transient stability of LV connected
microgeneration

RSFCL can not always improve the transient stgbdit connected microgeneration,

even if it is sufficient for limiting the fault cuent. So the transient studies in this section

is to quantify the significance of determining tRe, ., within the resistance time curve

of RSFCL on the transient performance of LV-conedanicrogeneration. Four single-
phase induction microgenerators 1.5kVA, 1kVA (1hppOW, and 1.1kW are used

within the studies to evaluate the impactRf, ., on their transient stability. Different

size of microgeneration with different transientgraeters have been used in order to

guantified the impact of different machine parameten the value ofR The

fclmin *
transient parameters of the microgenerators am@radat from[6.32], [6.33], [6.34], and
[6.35]. The parameters from these sources have &eslnated by different simulation
and experimental tests such as applying DC voltaghe main and auxiliary windings
of single-phase induction machines to identify wWiadings resistances, and stand-still
test, synchronous speed test, and steady statetaegtentify the windings and
magnetizing reactance of the machines. All the nm&ctparameters are listed in
Appendix E.

TheR., .. of RSFCL for transient stability of each machine le maintained is

fclmin
determined within the simulation studies by trineerror, and listed below in Table 17.

Then the values oR are set as endpoints that the resistance time £wivBSFCL

fcl min

should reach before the CCT. Based on deternigg , the real resistance time curve

shown in Figure 6- 14 is scaled to provide newstasice time curves with endpoints
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equal toR that ensure the stability of each of the four wgemerators as depicted

fclmin

in Figure 6- 17.R,,,...can be reached within 20msec similar to the cunvEigure 6-

fclmin

14.

Microgeneration size 1.5kVA| 1kVA 700W 1.1kwW
Riimin (OhM) 1.19 1.31 1.218 1.485

Table 17: The required value &,,,, of RSFCL for transient stability of each machine

cl min

to be maintained
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Figure 6- 17: Different Resistance time curves 8FRL during fault condition

The curves sketched in the above figure are usesvatuate the impact of different
RSFCL with different resistance time curves chamastics on the transient stability of
small scale induction microgenerators. During timugation studies, the curve A with
smallest resistance profile as shown in Figure &has been found to be sufficient to

maintain the transient stability of the microgeneral.5kVA when R, ., reached

1.190 within 20msec which is smaller than the machinel@@ich is equal to 79msec.
The results below represent three different aréasvestigation. One is when there is
no RSFCL added to the system, the other is wheR81€CL is added and its resistance

profile (i.e. curve A) reaches the requir®y, ;, before the CCT of the microgenerator,

and the third is when the maximum value of the RISE&istance time curve does not

reach the value oR as identified in Table 17 before the machine CCT.

fclmin

225



Chapter Six: Analysis of Transient Performance mBabanent of LV Connected

Microgeneration by Using Resistive-Type Fault Caotrieimiters

In the first case as shown below in Figure 6- h® voltage at the terminals of the
microgenerator is dropped to zero when there iRRB6CL applied. This has led the
machine to experience unstable performance sineepiplied fault duration is larger
than the CCT of the machine (i.e. 1s fault duratma the CCT was found 79msec).

Figure 6- 19 shows such performance.
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Figure 6- 18: The terminal voltages of grid-excifleBkVA 1-phase induction generator

impacted by remote fault on MV circuit

When RSFCL is added and the maximum value of itsst@nce time curve to be

reached within 20ms has been set to be equ&, i@, , the microgenerator has been

held at its critical speed after 20msec of thetfagkturrence until the fault is cleared
after 1s. Within this period (i.e. 20msec to 1% thtained voltage has been dropped to
its critical value which was found to be 83% of t@minal voltage. Therefore, if an
RSFCL with resistance profile has values less tienprofile shown on curve A in
Figure 6- 17, the machine will exceed its critispeed and the transient stability of the
machine will be lost. This phenomena has been dersil in the simulation studies by

adding a RSFCL with resistance profile that has imam resistance less thaR, ., ,

and the results as shown in Figure 6- 19 have prélvat a limiter with such transient

characteristics is not a sufficient to maintain thensient stability of 1.5kVA single
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phase induction microgenerator. However, the limigestill sufficient for limiting the

fault current down to 25% of the perspective faultrent.
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Figure 6- 19: The transient performance of gridiextc1.5kVA 1-phase induction
generator with and without using RSFCL

The results shown below in Figure 6- 20, Figur@B-and Figure 6- 22 prove that based
on the parameters of LV connected microgeneratiachimes, the RSFCL transient
characteristics can be designed to ensure thatgiigtance of the limiter versus in time

during the fault includes ther,,, that is required for stability improvement. For

example during the studies, the RSFCL with curvehAracteristics as shown in Figure
6- 17 was found sufficient to maintain the stapibf the 1.5kVA and it is not sufficient

for maintaining the stability of the other threeah@mes as shown in figures (6-20 to 6-
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22). This has been found because of the influerdbe differences in the machines

stator and rotor parameters on tRg, of the limiter.

2.5
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Figure 6- 20: The transient performance of gridiext1kVA 1-phase induction
generator with and without using RSFCL: (a) thd peaver output, & (b) the slip of the

machine
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—— The machine real output power (kW) when Rfclmin=1.218ohm
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Figure 6- 21: The transient performance of gridiext700W 1-phase induction
generator with and without using RSFCL:
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Figure 6- 22: The transient performance of gridiextcl.1kW 1-phase induction
generator with and without using RSFCL

The results of this section bring very interestiimglings to identify at which conditions
the RSFCL can provide two useful functions, mangghme increase in the fault level
and at the same time providing an enhancementaokignt stability of downstream
connected microgeneration, and at which conditle limiter performs only its main
function (i.e. limiting the fault current). So IfS¥CLs are applied for the future power
system as remedial measures to improve the transystem performance, its design

should consider the transient stability improvenmaand fault limiting functions.
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6.8.4 Evaluation of the proposed analytical method to caulate R

fcl min

ldentifying R, bY using simulation programmes by systematicallgncie parameters

it consumes time, and requires detailed transientels and informative studies.
Therefore, the analytical approach described byatgu (51) can be used as a useful

approach to identify the required value Rf, ., based on the characteristics of the host

system and the connected microgeneration. Thisoseot studies contains two phases.
One is the investigation of the impact of differehstribution systems with different

characteristics on theR. . of RSFCL that can ensure the transient stability of

fclmin
downstream microgeneration. This can be usefuléatify which RSFCL can be added
to the host system to enhance the transient gtabflithe microgenerators connected to
the system. The second phase is the investigatibtreampact of different single-phase

induction microgenerators with different parametansthe R, .. of RSFCL in order to

fcl min

identify which parameters have most impact on g, value, and hence limiter

design.

A- Impact of different host systems with differentcharacteristics on R

fclmin

Figure 6- 23 is used to explain the concept of #astion. It is assumed that identical
two microgenerators are connected to differentribigion systems with different
parameters as shown as grid 1 and 2 in the figel@b and the transient stability of the
machines connected to each system is required tmp®ved by RSFCL. In this case
adding identical RSFCLs to each system may not tiigesame performance. Because

the R, . to maintain the stability of the microgenerator t@ninfluenced by the system

fcl min

parameters (i.e. X and R of the system).

1- phase, 1- phase
O—F O &

Microgenerator Microgenerator
X X
RSFCL RSFCL

(a) (b)
Figure 6- 23: RSFCL added to two systems with diffé characteristics
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To quantify the impact of different systems witlffelient characteristics on the value of

R 1kVA machines with the same parameters listedppendix E are assumed to

fclmin
be connected to 11 distribution networks based cmah data with different grid
parameters based on different X/R ratios at 11kbs&tions. The X/R ratios of the
tested systems are taken from 11 actual differéstrilobution networks operated by
ScottishPowel[6.36] and their data are listed in Table 18. Alétparameters of the

machines, LV cable, and MV/LV transformer are kephstant and only the resistance
and the reactance of the used system sodRaemd Xg respectively are different for

each system based on actual different perspedciuelével at 11kV of each system.

X/IR 14.99 | 14.81| 19.13 15.0f 12.64 9.41 6.48 5.48 157.| 3.86 2.56
Fault 449.8 | 213.4| 198.7 159.6 158 1572 152.4 143.2 9121115 114
level
(MVA)
Rg() | 0.018 | 0.038| 0.03§ 0.052 0.06 0.0813 0.121 0.15 130, 0.294| 0.38
Xg(Q) | 0.268 | 0.566| 0.60§ 0.78/ 0.799 0.7655 0.185 0.8319820| 1.01 0.98
Zg(Q) | 0.269| 0.567| 0.609 0.758 0.762 0.7698 0.794 0.846992 | 1.052| 1.06
Reimin 1.65 | 3.497| 351 | 4.804 4.94 5.21 6.945 8.107 8.218.921| 17.4

[¢°)

(©)

Table 18: Actual values of different source impestenof different 11kV substation and

the calculated values of th,, .,

The Rg and Xg of each of the systems are calculated from theab2tR ratios and the

actual fault levels at the 11kV substations of timsen networks as tabulated in

Distribution Long Term Development Statement footBshPower Distribution[6.36].
Based onRgand ngalues, thd,,,,Is calculated in each case from the approach

given in equation (51) and the values are listedvabin Table 18. The value of

R.m,represents the required value of the resistancthefRSFCL that needs to be

fclmin
reached before the critical clearance time of theragenerator (i.e. CCT from chapter
five= 79msec). The results in Figure 6- 24 belowvshhat MV distribution networks

with higher source impedances will require an RSkath a higher resistive time curve

in order to maintain the transient stability of \fnicrogenerator connected at LV

232



Chapter Six: Analysis of Transient Performance mBabanent of LV Connected

Microgeneration by Using Resistive-Type Fault Caotrieimiters

side. For example, the substation with lowest smumpedances (0.269 requires

RSFCL limiter withR., .- < 2Q, while the substation with the largest source idgnee

fcl min

as shown in Figure 6- 24 (1Qprequires a limiter withR ., > 17Q.

18

16

Rfclmin (ohm)

I

8.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Different grid sources impedance (ohm)

Figure 6- 24: The impact of different source impezks of different distribution

networks on the value dR

fcl min
For those 11kV substations have source impedaniggeerhthan 0.8 and require

RSFCL with R, . higher than B, the limiter may have a side effect on the

fcl min

performance of the systems. For exampleRf,.,is compared to the maximum value

of the actual RSFCL resistance profileQf3identified above in Figure 6- 14, the

Ri.min CAN be considered relatively high. LarBe,.,, may lead to increase the recovery

fclmin
time of the limiter where higher resistance to bached by the limiter needs higher
temperature which makes the limiter requires longme to dissipate the heat. Also
inserting a higher resistance during the fault tlanawill increase the reduction in the
fault current and this may delay the operating §noé overcurrent relays of the MV

feeders. Therefore, identifying,,,, can give an indication at which condition and for
which network RSFCL can be suitable for improvirge ttransient stability and

managing the increase in the fault level. For afr@®Sto be designed to support the

transient performance of distribution networksmidy recommend the evaluation of a

combination of the RSFCL impact on fault level,ns&nt stability performance, and
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protection performance of the networks. This evamahas not been considered in the

thesis, and it will be considered in the future kvor

B- Impact of microgeneration with different parameters on Ry, i

In this phase, only the microgenerator parametershgpothetically changed, and their

influence on th& iIs examined. From formula (51) and from the sinmgdifnetwork

fcl min

shown early in the chapter in Figure 6- 11, it d@n seen that the three machine

parameters Xs, Xr, and Rs may impact the valuRgf... The R, is calculated from

the equation (51) in one case when the (Xs+Xrpisstant and Rs is changed, and in the
second case when Rs is constant and (Xs+Xr) isgethrand the results are tabulated
below in Table 19 and 20.

(Xs+Xr)=2Q

Rs Q) 0 0.5 1 15 2 2.5 3 35 4

R ©) 0.605 | 0.375 0.2904 0.2299 0.193¢ 0.1815 0.15y3 5@.14 0.133

fcl min

Table 19: The impact of the change in the statsistance on the value &,

Rs=2

Xs+Xr 0 1 15 2 2.2 225 2.3 2.4 2.44 2.5 2.55 2.56 267
(;)fclmin 0.007| 0.229] 0.363 0.605 0.834 0.p2 1.041 1.428 51/82.613| 5.832 8312 1566
(®)

Table 20: The impact of the change in the statactece on the value &, ;,
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15

12.5
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7.5

Rfclmin (ohm)

2.5

00 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
Different stator and rotor reactances of 1-phase induction generator (ohm)

Figure 6- 25: The impact of the changes in therpatars Xs & Xr on theR ..,

The results above as in table 17 and 18 and showigure 6- 25 can clearly illustrate

that the change in the stator and rotor parametdrssingle-phase induction

microgenerators would lead to a significant chaing@e required value &, . It can
be seen that higher reactances would require highgy , and the relationship between

theR and Xs and Xr is nonlinear. After Xs+Xr reaches(®.any a slight increase in

fcl min

the reactances would ledtl, ., to be very large, and unrealisg, ., values compared

to the actual RSFCL resistance profile as depiotdelgure 6- 14 has been experienced
when Xs+Xr is equal to 2.5¥. While the increase in the value of the machiratost

resistance has led to gradual decread®,ip,, as in Table 19.

The results from Figure 6- 24 and Figure 6- 25 eaplain that th&,,,,, of RSFCL

limiter would be significantly impacted by the grichpedances and the machine

characteristics.

6.8.5 Validation of the mathematical approach (32) to idatify Rigmin

To validate the approach developed in sec@idnand described by equation (51), the
same four machines with practical data as explaimesgction6.8.3 are used within the

repeated simulation studies to identify the valoés R, and these values are
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compared to theR,,,, calculated from (51). Table 21 contains all thkuga of R

fclmin
obtained by the mathematical equations by usingdststate machine parameters, and

contains the values @, obtained from transient studies of the four mae&in

Rating 1.5kVA | 1hp 700W 1.1Kw

Riyimin (@) from the simulation studies 1.19 131 1.22 1.485

Rieimin (@) calculated from the approach (5 1y-561 1.65 1.621 1.76
Error % 23 20 24 15.6

Table 21: The minimum required valuesRf, ,;, to maintain the stability of LV

connected 1-phase induction microgenerators

It is clear from the results in Table 21 that tladues of R across the two methods

fcl min
the repeated transient stability studies and theytoal approach are similar but the
difference is not negligible. The source of thefatgnce is mainly because of the
following reasons. In the mathematical approackeady state equivalent circuit model
is used to represent the machine, and also thewvalfithe magnetizing reactances are
neglected during the derivation of the approachréaisons of simplicity. While for the
transient simulation studies a detailed transiendeh of the machine and a typical

distribution network is used for determining théueaof R

fclmin *

The simulation results have proven that the dewslomathematical method has
acceptable feasibility for identifying the minimuraquired resistance that needs to be
reached by the limiter in order to maintain thensiant stability of LV connected

microgeneration. The error betwedr),,, calculated from the mathematical method
and R, obtained from the simulation is in such a diractihat stability is not

impaired. This can be explained from Table 21 wlileeecalculatedR,, . is higher than

fcl min

the obtainedR,,;,from the studies for all four microgenerators, @nid means if the

calculated R is used instead oR obtained from the simulation, the transient

fclmin fclmin

stability of tested microgenerators still can beiaved. Therefore, the resulted error

here is, however, not a significant deterrent ® vhlidity of the analytical approach.
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The obtained results from the approach are stilhsmered acceptable, and the
advantages of the analytical method outstrip theenked disadvantages. These are

summarised below:

* The proposed analytical approach is based on @gusdilution and not trial-and-
error simulation studies. Therefore, it is no landependent on digital transient
simulation programs and detailed microgenerati@nsient models. Solution
speed is therefore significantly improved compatedconsuming time in
modelling and running and repeating simulation iesideveral times, and hence

reducing the time required for each investigation.

* For the analytical approach only steady state nm&cHata is required, while a
full set of transient data is needed for the ad@we simulation based method.
Since the obtained results from the approach mtivel to simulation results are
acceptable, this gives another advantage of udiegapproach in terms of

simplification of data requirements.

» Another advantage that makes the analytical apprqmeferable as a simple

guide to identifyR is, only limited parameters are required. The agph

fcl min

can also give an indication about the suitable RSFKE different distribution
systems based on the system parameters.

The main limitation of the approach is; for examplthe RSFCL is design based on a
certain size of machine, and the customer has ethamgs generator with different

characteristics, then the already calculated.,, may not provide the same transient

stability performance for the new machine. Therefovhen R is determined it

fcl min

should consider the smallest typical size of maehithat are expected to be connected
at domestic level.

237



Chapter Six: Analysis of Transient Performance mBabanent of LV Connected

Microgeneration by Using Resistive-Type Fault Caotrieimiters

6.9 Balancing the benefits of using RSFCLs and the addecost

The studies in chapters three and five have shdwah there are two sources of the
problem when the system incorporated with heavglle¥microgeneration and operates
under fault conditions. One is the contributionmoicrogeneration to the prospective
fault current which can lead to fault level issuesirban network examples. The other is
the impact of the network performance during fawihditions on the transient stability
of LV connected microgeneration units, where unegagy disconnection of large

penetration of such units was experienced in theies. In G83 under the network
design consideration section, it has been stat&dirththe event that the connection of
new small scale embedded generation causes orpecid to cause operational
difficulties for the DNO, the DNO in co-operationtlvthe Installer/Manufacturer shall

agree how the best to alleviate these difficulf@87]. So, problems caused by adding
new microgeneration would greatly make it impemtihat the existing distribution

systems require some reinforcement so that thekeptd microgeneration can be

motivated. Therefore, using RSFCL as a remedialsomeato mitigate the problems
associated with connecting a large amount of memegation will benefit both, the

system operator and the microgenerator owner byigirg the following benefits:

e Curtailing the increased fault level. This can haeehnical and economic
benefits by reducing the stress on the system aateégting the system. In
addition, enabling the use of equipments with lowhort circuit rating and
smaller size, so save in the cost of the equipraedtin the cost of the space can
be made. Additional cost saving can be achievedlinyination or reduction of

the replacement of system equipments.

* Improving the power quality by limiting the expamsiof the disturbances and
mitigating the voltage dips on the system.

e Supporting the stability of the system by improvitige fault ride through
capabilities of a large penetration of microgerieratlistributed across the low

voltage systems. This will maximise the benefitsnaérogeneration by avoiding
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their unnecessary trip, so the impact of theirping on the system can be
avoided, the hours of totally depending on eleityriécom the grid will be
reduced (i.e. more money could be saved), andrtle in such technologies
could be increased. In addition, keeping renewahbled low carbon
microgeneration to be connected as long as possibllpotentially contribute to

the saving in primary energy and tackling climatarge.

* Improving the system reliability by avoiding thdispystems.

However, the benefits provided by the RSFCL shdgdbalanced in practice with the
cost of installing the limiters. According to theSUDepartment of Energy (DOE),
utilities pay hundreds of millions of dollars eaghar to maintain and add new circuit
breakers to their systems to protect their gi¢d38]. The DOE believes that investing in
smart technology such as FCL can save billions offacs on transmission and
distribution equipmentf.38]. In addition, fault level managed by FCLutb save up

to 30% of the capital investment compared to otheasureg6.30]. Also, when the

limiter is installed in an urban distribution netikpthe high cost of space for installing
higher rating equipment can be reduced. So thaiegilwould benefit from installing

SFCL. Some companies have already started ingaiRCLs into medium voltage
(11kV) substations in order to optimize the perfante and the safety of the local
power networK6.39]. This can justify the usage of RSFCL asraedial to enhance the
transient performance of distribution networks mpooating a large amount of local

generation. Also taking account during the limdesign of the values oR . that is

fcl min
required for stability enhancement to be included the limiter resistance time
characteristics will increase the benefits of thmiter, and hence the cost may be
justified. So since the benefits are shared betwikerutilities and the owner of local

generation the question is who will pay for thisvredded component?

Under the general arrangement section of EngingeRacommendation G59/1 (i.e.
recommendation for the connection of the embed@edition to the public electricity

system) has clearly reported that if it is neces$ar a DNO to provide extra electrical
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plant, or for any other works to be carried outetwble the installation of embedded
generation, the DNO may require payments in respeeny expenditure incurred in
carrying out this work6.40]. So if there is fault level issue caused auding local
generation, the DNOs may see the problem comes ftwncustomers who own
generators. On the other hand, if numbers of custengenerators are disconnected due
to remote faults on the system, the customers wmag why my generator is
disconnected due to someone else fault? So thigiqnewvould be open, and could be
investigated in further research on how to shaeectist based on the level of the gained

benefits.

6.10 Chapter summary

On the strength of the results of this chapter, Mhé distribution networks can be
equipped with resistive- type superconducting faultrent limiters (RSFCLs) to help
the increased fault level to be controlled anchatdame time help microgeneration cope
with external transient disturbances on remotetiona of the host network. In addition
to limiting fault currents, the results of the stsl have proven that RSFCL can
significantly improve the transient stability of kdbnnected microgeneration. In order
to achieve that the investigation of the chaptes faund that the most appropriate
locations of RSFCLs to be deployed to the netwerktiMV substations in series with
outgoing MV feeders. The RSFCLs at such locatioasehshown a considerable
improvement in the cells resilience levels by pdowj additional headroom against
switchgear short-circuit ratings, and at the same tlimiting the impact within the
faulted cell and providing improved voltage sagf@@nance to consumers connected to

unfaulted cells.

The effectiveness of the RSFCLs located at the ioggdVV feeders on the
microgeneration transient performance were tesyedsing developed transient models
including RSFCL transient model based on real daies resistance profile. Informative
transient studies were conducted, and the resalt® fshown that the RSFCL is a
significant device that can enhance the fault tlde®ugh capabilities of small scale
microgenerators during remote faults. The deviadcdcbe seen as an important element
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that may take a place in the future power gridsifoproving distribution networks

transient performance if the benefits and cosbatanced.

A new mathematical approach was developed in thépter in order to determine the
minimum required value of the resistive elementhef resistance time curve of RSFCL
by which the transient stability of downstream oected single-phase induction
microgenerators can be improved. The approach gscban equation solution, and it

was developed to determine the valueRyf,,, when the machine reached its critical

speed. The value dR would be determined by the system parameters auime

fclmin
steady state parameters. The results have showwliea the resistance of the RSFCL

was equal toR a damping torque on the machine during the faak applied, and

fclmin ?
this could hold the machine speed to be withinstiadility limit until the fault is cleared.

This has assured that the post-fault electric ®rgube always equal or higher than the
mechanical torque, so there was no impact of thk dration on the machine transient
WhenR,, <R

performance wherR,, >R the limiter has presented a very

fclmin * fcl min

limited impact on the microgeneration transienbsity improvement, and the machine

performance was highly dictated by the fault daati

The mathematical method was tested on differemfiesiphase induction machines with
different parameters, and the method was validabgd using the time-domain

PSCAD/EMTDC simulation. The calculateR from the method and simulated

fclmin
results compared and found to be close. The olataesults have shown that using the

developed mathematical approach is an effectivdnoaeto calculateR and reduce

fclmin

the reliance on detailed transient models and assudd calculat® However,

fclmin *

because the error between tRg,,,, calculated from the approach (51) and g,

obtained from the simulation studies is about 28&bjt should be realised that further
improvement for the mathematical approach is necgd® reduce such error that has

resulted.
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7.1 Conclusions

Moving to a low carbon environment, and reducing tbliance on large thermal power
plants, whilst at the same time improving the duostality of power systems, has

motivated an increased interest in the integradiodistributed energy resources (DERS)
including microgeneration. Adding a high penetnatef such technologies to a power
system that has not been designed to accommodake dryices will bring a great

change to the configuration of the host systenbeltomes vital for such substantial
amounts of microgeneration among other decentthlisgources to be controlled so the
local constraints are removed and the wider systesupported by the new devices
aggregated response. In addition, for the supporbe realised the characterisation
behaviour of such penetrations requires to be wholed under different system

conditions to ensure benefits of DERS to be dediger

Therefore in order to maximise the benefits of DE&® minimise the adverse impacts
that DERs may have on the system performance, thi@sis presented three main
contributions to support future attainment of sunstble power systems. Firstly a new
conceptual control structure for a system incorpogaa high penetration of DERs was
developed. Secondly, the resilience level of an amrbdistribution network

accommodating large amount of microgeneration alf &g the resilience levels of

microgeneration during large transient disturbangas evaluated and quantified. This
included the increased fault level due to the preseof microgeneration, the impact of
LV connected microgeneration on traditional LV maion performance, and the
transient stability issues of LV connected micragation. Thirdly, a network technical

solution that can support enhanced transient gtabfla large number of LV connected

microgenerators was introduced and demonstrated.
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The system control structure based on a cell caneep proposed in the thesis as an
alternative approach that can facilitate the mameage of the spread of heavy volumes
of distributed energy resources (DERs). The progosentrol structure built in
hierarchical form consists of four main controléés/starting from an individual device
control level up to multi-cell control levels. Sutierarchical structure increases the
possibility of exploiting the useful ancillary sé&gs features of local DER units in
support of local and wider system. The structurgo gbrovides better coordination
between DERs by allowing the inputs from DERs armlgs of cells to be transferred

as collective actions when it moves from a loca wwider system level.

Under fault conditions the impact of different pgagons of domestic and commercial
scale microgeneration on the fault level of a tgpidV-LV urban distribution network
based on actual data was quantified. The resultge haroven that when the
microgeneration have met 100% of the local domesterage load of the network, the
fault level was increased by 24% of its originalueaat the main LV bus. Such increase
forced the typical network to operate very closetsdimit by lowering the fault level
headroom from 26.28% to 8.2%. 65% of the contrdoutio the increase in the fault
level was made by local microgeneration connectedhé faulted cell, and the rest
caused by microgeneration connected to the othgrcewt LV cells. When larger
microgenerators of commercial scale were added h® network with different
penetrations, the available fault level headroors gignificantly reduced to 2.3% when
the penetration reached 100% of commercial avdoagis. From studying the impact of
different penetrations of microgeneration on thdtféevel at the secondary LV bus, it
has been found that the relationship between therogeneration penetration and
increased fault level is linear. Each 1kVA increaselocal generation will lead to

0.0042MVA increase in the fault level at the mairs lof the LV secondary substation.

Operating distribution networks very close to th&wort circuit limits due to lowering
significantly their fault level headrooms by thenoection of microgeneration (i.e.
reduction up to 2/3 found by the studies based anah data) stresses the network
resulting in shorter component lifetimes to be exyeed. This will increase the cost
associated with connection of microgeneration dsagethe cost of the space which can
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be an issue in urban substations. Therefore opgratose to the short circuit rating can
obstruct the spread of more microgeneration uptakevV and DGs at MV level. For

safe operation and to avoid setting-back the groefthmicrogeneration across LV
distribution networks, managing the increase infthdt level due to microgeneration

integration must be introduced.

The protection issues associated with an urban pbeamwf low voltage distribution
network with a high penetration of microgeneratwere outlined by the studies of the
thesis. The obtained results have shown that with dxisting arrangement of LV
protection schemes, microgeneration can cause mngnujfeprotection issues during
upstream faults. For upstream faults, the resal® Ishown that when the upstream fault
on the main LV bus is cleared from the grid sidee tlownstream microgeneration
continue to supply the fault by reverse fault cotrd he reverse fault current has led to
blowing the feeder fuse within 5 seconds when 1Q@#¥etration of microgeneration
was connected. So, downstream microgeneration beugisconnected before this time
for such load, otherwise a healthy feeder can beodinected and extra fuse can be lost

due to nuisance blowing.

The minimum amount of microgeneration penetratiogt tan cause the reverse fault
current to exceed the fuse threshold current wastified by the studies to be 47% of
microgeneration, and this penetration will req@b®ut 15 minutes for blowing the fuse.
If the microgeneration do not themselves sensdéoeof the grid, then safety issue can
be caused by feeding the fault on the system fon@ period of time. If the amount of
microgeneration is less than 47%, the fuse will detiect the reverse fault current and
the fault would be supplied until the microgenematitrip by their own protection.
Supplying upstream faults by reverse current flevaseconds can also cause a delay in
the restoration time, by impacting the quick recmtion of the system by the reclosers
used for quick removal of temporary faults. Thisymepact sensitive equipment
connected to the system. Furthermore, if the reveusrent caused LV fuses to blow the
time of the power cut will increase due to the exjuo replace the fuse unit. This can
cause issues of undesirable features for futureesys where sustainability of supply
and the ability of privately owned generators toyie local energy needs during the
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power outage are one of future power systems obgsctand yet these would be

countered by these effects.

The transient performance of a range of technofogie LV connected small scale
microgeneration in response to realistic urbanribistion network faults applied at
different locations was examined. Two types of metbgies were considered: a small
scale CHP driving a three-phase synchronous maatoneected within commercial

premises; and a small microwind turbine interfadedctly within residential dwellings

by a single-phase induction generator. The stunligned under which circumstances
such technologies with low inertia and limited cotiability can be unnecessarily

tripped due to unstable performance caused bymyfstelt conditions.

The studies found that the transient stability afrogeneration is detrimentally affected
by MV remote faults on urban distribution networkere than local faults. Local faults
can be cleared very fast due to the low operaimg ©of downstream protection, and
their impact is limited to very limited number ofierogenerators. While MV remote
faults on urban networks at two different locati@ighe main MV bus and at remote
location from the MV bus led to large voltage dips the LV circuits resulting in
instable performance of all the LV connected miergration interfaced by single-
phase induction generators and meeting 90% ofoted Homestic average loads. It was
observed that all these microgeneration will gotainle following the remote fault
within 79-83msec. This is 17 to 21% less time thgrical protection operating time.
This was compared to a typical operating time afttgam protection devices at MV
side equal to 100msec based on utilities experience

The nuisance tripping as consequence of microgBoerestability due to remote MV
faults has imposed numbers of issues includingekelt in impaired local power quality
due to voltage fluctuation. Simultaneous disconoactand reconnection of
microgeneration meeting 90% of the local load magaired the network voltage at the
main bus of the secondary substation (i.e. LV Has)orcing voltage unbalance and
voltage steps to be very close to the allowed $imidentified in Engineering
Recommendation P28 and P29. When all the amountthef LV connected
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microgeneration tripped due to instability causgdrbmote faults and reconnected
simultaneously, the voltage step reached -2.3% lwiscjust 0.7% under the normal

limits.

The effect of the spread of reconnection time om tbltage of the LV bus at the
secondary substation has also been demonstratddharresults of the thesis studies
have found that the intervals of reconnecting largebers of microgenerators are very
important. When the total amount of microgeneraimmeconnected during spread of
reconnection time, the impact on the local voltgg®file is less compared to
simultaneous reconnection if the intervals betwtenreconnections are larger than the
starting time of the already connected microgemmratWhen a high penetration of
microgeneration is reconnected during the startofg other already connected
microgeneration interfaced by induction machinegrgha large reactive power will be
drawn, the larger voltage steps will emerge. Theeefif a large penetration of
microgeneration is disconnected due to unstabléogeance and reconnected again
within very short period of time (i.e. during thieuding period), the interaction between
the already connected microgeneration and stilitista and the new reconnected
microgeneration can lead to voltage steps to becamessue, and degradation in the
quality of the supply may emerge. To avoid suchrajp@n, microgeneration with a high
penetration should be reconnected within suitaitkervals.

To reduce the impact of remote faults at MV leval the microgeneration transient
performance, the thesis proposed a network soluiesed on using superconducting
fault current limiters (RSFCLs). The thesis hasnidthat the most appropriate locations
of the limiters to be deployed to the network topmeve microgeneration transient
stability are at MV substations in series with aitg MV feeders. The limiters at these
locations can significantly help the increased tfdeNel to be controlled by providing

additional headroom against switchgear short-dinatings, and at the same time help
downstream connected microgeneration cope withreaitéransient disturbances on the
remote locations of the host network. The effectess of the RSFCLs on fault level
limitation and microgeneration transient stabilifpnprovement were tested by
conducting informative transient studies by usimyeloped microgeneration transient
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models and RSFCL transient model with real resesgaime characteristics. The results

of the studies have shown that the limiter can jol@\a reduction factor in the fault

current ( e/ limieq) UP t0 1.4 of the fault current peak make and 30 the fault

current peak break. This in turn will lead to numsbef advantages such as reducing the
stress of the heat on the protected system compariech helps the component to last
longer, and reduces the need for larger componéhtlarger rating, so smaller space
will be required and the cost of land which is gn#ficant issue in urban areas can be
reduced. In addition, reduction in the fault cutrezsulting in reduction in the voltage
dips on the nearby areas to the fault location, #msl can be seen as a significant

measure to improve system power quality.

Using RSFCL as a solution to provide improved \gdtaag performance to consumers
connected to unfaulted cells has been shown tafisigmtly enhance microgeneration
stability and ensure they ride through remote fauty using an example of RSFCL
with resistance-time curve based on real datarabelts of transient studies have shown
that the transient stability of LV connected miaogration has been significantly
improved following remote faults. This is becaube tise in the limiter resistance
during the fault duration will improve the retainedltage on the microgenerators
terminals. Improved terminals voltage and machnoésr speed are intrinsically related,
and hence the acceleration in rotor speed of sipiggese induction microgenerators is
reduced when terminal voltages are improved. Impg\the resilience level of the
faulted cell by using RSFCL will improve the faulie through capabilities, and hence
no massive disconnection of microgeneration wipgen due remote faults, and power

quality issues caused by voltage steps can be edoid

In order to ensure RSFCL will provide the requinedained voltage, and hence a
damping torque on microgenerators interfaced bglsiphase induction generators to
be applied during remote faults and stability tarntained, the thesis has introduced a
new mathematical approach to determine at whiclditon RSFCL can maintain the
transient stability of LV connected microgeneratiby calculating the minimum

required value of the resistive element of RSF®,,(;,) to meet such purpose. The
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approach is based on equation solution, and itbesamsed to determine the value of

Rimin from the host system parameters and microgenesiéady state parameters.
Ri.min IS calculated from the developed approach whemthehine reaches its critical

speed, so as soon the resistance-time curve of R&dthes this value the transient
stability of the connected induction microgeneratmaintained regardless the fault

duration.

The results from the transient studies have shinvanvrhen the resistance of the RSFCL

is equal toR,;,,» @ damping torque on the machine during the fawpplied, and this

makes the machine speed to be within the stabifitigs until the fault is cleared. The

R.. .., has assured that the post-fault electric torqueetalways equal or higher than the

mechanical torque, and whenever the fault is ctetre stability will be maintained.

The mathematical approach to identiR;, ., of RSFCL has been tested on different

single-phase induction machines with different pseters, and the method has been

validated by comparing the effectiveness of catedaR., . from the approach to

fcl min

Ri.min Obtained by trial-and-error from detailed simwattransient studies by using the

time-domain PSCAD/EMTDC simulation program. Thecoéted R from the

fcl min
method and simulated results compared and foube tdose. The obtained results have
shown that using the developed mathematical apprascan effective method to

calculateR

fclmin *

The developed method to determRyg,,, has offered numbers of advantages such as; a

simple method to identify the resistance requiredoé developed by the limiter to
ensure the transient stability of a large penetmatiof downstream connected
microgeneration, and this will offer another addadction of RSFCL by improving
local system transient performance as well as faultl control. Another advantage of
the method is to offer recommendation of the charestics of the limiter that will suit a

certain system to ensure the stability of LV mi@oegration. This is because the analysis
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has shown that different systems with differentrsbwocuit grid impedances will require

different R to maintain the stability of the connected micragr@tion. In addition,

fclmin
the approach reduces the reliance on detailedi¢ra@nsodels and informative transient

studies to calculateR By using the developed method to calculd&e, ., and

fclmin *
ensuring the RSFCL response during the fault reattieerequired value, failure to clear
remote faults quickly are no longer result in coet@lunnecessary disconnection of
substantial amount of microgeneration connecteldwovoltage distribution networks.
Furthermore, the impact of this method is to helpFRL designers to consider the
required transient characteristics of RSFCL forteaystransient stability improvement
rather than just considering the characteristias shit fault level limitations.

By proposing a new system control structure based aell concept as one of the
solutions that can deliver the objectives of futposver systems, and understanding the
transient behavioural characteristics of a systaporporating a high penetration of
microgeneration and quantifying the resilience lesfethe microgeneration that can be
connected at LV level, and introducing a networkugon based on using RSFCL to
improve the transient stability of large amountlLaf connected microgeneration the
thesis has offered very valuable contributions ti@at support future sustainable power

systems.
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7.2 Future work

Based on the work presented in this thesis, tHewolg points summarise the future

work that can be conducted to increase the uptékeooe renewable and low carbon

microgeneration which has the potential to contebpositively to future sustainable

power systems:

1-

Demonstrating the cell concept by developing nergsslynamic decentralised
control measures by which the negative impactsooéll generation and dynamic

loads on the system transient performance are risadn

Evaluating the extent of the impact of trippingighhpenetration of microgeneration
on the system wide stability. Two emerging areas thay potentially be affected by
microgeneration response under transient distudsatitat require further research

are: system frequency stability issue, and systansient stability issues.

The impact of microgeneration response during tesmsdisturbances on low
frequency events is important to be understoodderto protect a large number of
consumers from being disconnected by lowering teguency further and initiating
under frequency load shedding schemes (UFLS) dteettrip of a high penetration

of microgeneration.

In terms of system transient stability performanoest of the current approaches
such as time domain simulation tools to analysestemt stability phenomena and
identify the system transient stability boundanese classical models to represent
the system generators and constant impedancepreseat the system loads. When
large amount of microgeneration are added to Higion systems, such assumption
may not be valid since the devices will impact tteracteristics of distribution
systems. Such new characteristics may impact tldensystem stability margins.
So, it may become important to investigate the ichpéactive distribution networks
with different characteristics to traditional dibtrtion networks due to the presence
of a significant penetration of microgeneration the wider system transient

stability.
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3- The impact of voltage steps caused by reconneabiora high penetration of

microgeneration interfaced by single-phase inducgienerators on the performance
of instantaneous overcurrent protection of low ag# feeders would require further
investigation. This is because inrush currents @hudy microgeneration

reconnection may cause low set instantaneous aventielements to unnecessarily
trip. The impact of “cold load pickup” on the instaneous overcurrent protection
has received some research, and the impact of gansyation reconnection would
be an interesting area that needs further attenmomrder to make sure that

undesirable protection performance will not result.

The interaction between the impact RSFCLs on therageneration stability
performance and the existing protection performaniteneed to be investigated.
This is because for traditional RSFCLs applicatjiomsly the interaction between
protection and fault current limitation has beemsidered. So it is important to
ensure that the minimum required value of the tesiselement of RSFCLs to
improve downstream connected microgeneration vatlimpact the operating time

of the host system protection schemes.

In spite of the advantages that RSFCLs can offdragsbeen proven by this thesis,
the devices are still considered as expensive e@tnm&herefore, balance between
the cost and the benefits of RSFCLs needs furtinerstigation so the cost can be

justified, and how to share the cost based onetel lof the gained benefits can be

proposed.
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Appendix A: The parameters of 28kVA 3-phase synchmwous generator

Ta H Xd xd’ Xd” TdO’ Tdo” Xq Xq" | Tqo” [ X1
(s) (s) pu pu pu (s) (s) pu pu (s) pu
0.004| 1 | 2.637| 0269] 0.172 0.338§ 0.03d7 1335 0.301 0Joa105
9 4

Table 22: The impedances and time constants pagesn&t28kVA 3-phase

synchronous generator

AC1A Exciter Parameters Values
Regulator gain (KA) 400 pu
Regulator time constant (Ta) 0.02s
Max reg. internal voltage (Vamax) 14.5 pu
Min reg. internal voltage (Vamin) -14.5 pu
Max reg. output voltage (Vrmax) 3.95 pu
Min reg. internal voltage (Vrmin) -3.85
Rate feedback gain (KF) 0.03 pu
Rate feedback time constant)T 10s
Exciter time constant ) 0.80s
Exciter constant related to field (KE) 1.0 pu
Field circuit commutating reactance 0.2 pu
Demagnitizing factor (KD) 0.38 pu
Saturation at VE1 (SE(VE1) 0.1 pu
Exciter voltage for SE1 (VE1) 4.18 pu
Saturation at VE2 (SE(VE2) 0.03 pu
Exciter voltage for SE1 (VE2) 3.14 pu
Table 23: AC1A Exciter Parameters
Woodward governor parameters values
Gain G 1
Lead time constant T 0.25s
Lag time constant T 0.039s
Time constant of the actuator T 0.009s
Engine time delay (Td) 0.025g

Table 24: Woodward governor parameters
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Appendix B: Transient model details of single-phaseduction machine

The basic equations of single-phase machine stator and rotor voltages:
Voltage equations of the main and auxiliary windiregn be written as follows:

dy
dt Ri

| v |

Figure 1: Voltage across winding carrying ac curren
Vins = PWs + Riding (58)
Vas = PWas + Rl (59)
V... is the voltage across the stator main winding.
V., is the voltage across the stator auxiliary winding
¢ is the flux linkage of the winding indicated bybsaript ms for the main, and as for

the auxiliary of the stator.

R, is the stator main winding resistance.
R,,is the stator auxiliary winding resistance.

pis the differential operator d/dt.

The flux linkage equations of the stator main aodileary winding can be derived as
follows:

The flux linkage of stator main windings:
l//ms = Lmsmg ms + Lmsmr(imr COSH'. ) + Lmsar(iar Cosg - 6r )) (60)

l//ms = Lmsm! ms + Lmsmr(imr COSH) - Lmsar(iar Slne) (61)

Where, L is the self-inductance of the stator main winding.

7 —msms

L is the mutual inductance between the stator manmding and the rotor

msmr

winding referred to the stator main winding.

L Is the mutual inductance between the stator mamding and the rotor

msar

windings referred to the stator auxiliary windings.
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Theflux linkage of stator auxiliary windings:

l//as = Lasasj as + Last ms + Lasmr(imr Cosg - 6) - Lasari ar Cose (62)
l//as = Lasasj as - Lasmr(imr Slne) + Lasar (iar Cose) (63)
Where L. is the self-inductance of the stator auxiliary eirg.

asas

L. is the mutual inductance between the stator auyilvinding and the rotor

asmr

winding referred to the stator main winding.

L.... is the mutual inductance between the stator auyilvinding and the rotor

asar

windings referred to the stator auxiliary windings.

It is assumed that the current induced in the skdamtor windings produce a field with
the same number of poles as that produced by &b s§o, rotor winding is considered
to be modelled of the same number of stator wirgl{ng. main and auxiliary windings).

The rotor voltage equations and rotor flux linkaga be written as follows:

Voltage equations of the rotor windings referrethi® main and auxiliary windings:
Vi = P + Ryl 416
Va = P4 R, (65)
R, is the main winding rotor resistance.

Y., is the flux linkage of the rotor main winding.

R, is the auxiliary winding rotor resistance.

Y., is the flux linkage of the rotor auxiliary winding

Flux linkage equations of the rotor referred to main and auxiliary:
l//mr = Lnrnrimr + Lmrmsi ms + Lmrasi as (66)
l//ar = Larariar + Larmsi ms + Larasi as (67)

The d-g transformation
The following mathematical equations reflect transfations of the ab variables to d-q

frame values applied to the single phase inducienerator. The variables represent
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voltages, currents and the flux linkages. All gi@hales refer to the main winding and d
variables to the auxillary winding.

For the stator quantities:

Vil [1 0V,
Tl= (68)
| Ves | 0 -1V,
For the rotor quantities:
'V, | [cos8 —sing, V.,
_| cos (69)
Vi | | —sing, —cosd, ||V,

All the quantities are referred to the stator namd the auxiliary winding axes.

Stator main (ms) and auxiliary winding (as) transfamation to d-q components

Vs Is on the same axis of the main winding, afdis on the same axis of the auxiliary

windings, and the angle between the main and th#iany winding axis is90 . Thus
the currents, voltages and flux linkage variablésth®e stator main and auxiliary

windings can be transformed to d-q axes as follows:

Currents:

g = ims (70)
4e = =l o (71)
Flux linkages:

Yo =Wnms

Wins = Linsmdms + Lngme(imr €080) — L, (i, SING)

Was = Linsmdgs * Lingme(ime €088) — L . (i, SiN6) (72)

Yo = Was

Was = Lasadas + Lasme(im SINO) + Lo, (i, COSH) (73)

Voltages:

Vms = pwms + RmsI ms
Vas = plﬂas + Rasl as

Vqs =Vms = Rmsl ms T p[/jms

Vds = _Vas = _Rasi as pwas
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Vqs = Rmsl gs + pl/qu (74)
Vds = _Rasids - pl//ds (75)

Rotor main (mr) and auxiliary winding (ar) transfor mation to d-q components

The rotor of an induction machine does not haveixadf speed, and the d-q
transformation for the rotor quantities should ¢édesthis fact. As mentioned aearly in
this section, thé. is the angle by which the rotor winding axis legesxis. If the rotor
rotates at slif, then the rotor speed is equabto,. So the speed will impact the angle
between the rotor main winding and the q axis wigdiThe relationship between the
induction machine rotor speed and this angle cdoudred from the equation below.

dog. _
dt

6=awt-6, (77)

L = pg =, (76)

By using the transformation of rotor quantitiesere¢d to the main and auxiliary of the
stator to d-q frame of single phase machine a65hthe d-q rotor currents, voltages and

flux linkages can be written as follows:

d-q rotor currents components:

lqr =1y COSE, =i, SING, (78)
Iy =~ SING. =i, COSH, (79)
d-q rotor flux linkage components:

Yy =W, COSO, ¢, SING, (80)
Yy =Y., SiNG. -y, cosb, (81)
Whered . = Lo * Limdms + Livadas @N0% o = Laarlar * Lamd s + Laraslas

d-q rotor voltages components:

Vor = Ryl + Py + PO, (82)
Voo = Ryl + PYy + POY, (83)
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Appendix C: Transient paramaeters of single-phasenduction machines
V=230, N=1, and the number of the poles =4

KVA Rgs Rds | Rgr | Rdr | Xgs Xds Xqr Xdr Xmgs | Xmds | J
Kg.m2
Q) @ @@ @ |@ |[@ |@ |@ |® o
1kVA 4 4 329 5 45 6.95 6.95 6.95 135 77 0.0146
1.5kVA 22 762 13| 35| 5 25 6.95 6.95 180 100 29.0

Table 25: Tranient stability data of 1kVA and 5k\éAgle-phase induction machines

Data of a typical small scale wind turbin that

Average wind speed 16.5m/s
Rotor radius 1m

Rotor area 3.4m2

Air density 1.229 [kg/B"
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Appendix D: Steady state model of single-phase indtion machines

Steady state equivalent circuit of an induction matine:

During the steady state operation the transiem 8¢/ is equal to zero. Therefore the

equations of the stator d and q axes of the vadtafehe transient equivelant circuit of
an induction machine as discussed previously ireagp B five can be rewritten as

following.
Vds = Rsids + p‘//ds - a‘s‘//qs = Rsids - a‘s(Lssiqs - Lmiqr)
Vqs = Rsiqs + pqu + a‘sl//ds = Rsiqs + a‘s(Lssids + Lmidr)

Vs :Vds+ qus = &(ids-'- qus) +a‘sLSs(jids_iqs) +a‘sLm(jidr _iqr)
Ve =R+ Jigd +Jashiiag + g + skl + Jig) =R +Jagkl +akyl

By adding the termjL 1, and — jL 1. to the equation the Vs will be equal to
VS = RSIS + ja"S(LSS - Lm)ls + ja"SLm(IS + Ir)

The steady state voltage of the stator will be etjua

\Y :Rs|s+jxs|s+jxm(|s+|r) (84)

S

WhereR_is the statorX, =@ (L — L) is the stator leakage reactance, and

X = &L is the magnetizing reactance.

The rotor d and q voltages Vdr and VqQr are equatexm since the rotor circuits are

shorted, therefore the d and q voltages can béawrés follows:

Vdr = O = I:\)ridr - Sa‘s‘//qr = I:\)ridr - Sa‘s(l—rriqr - Lmiqs)

Vqr = O = I:\)riqr + Sa‘s = Rriqr + Sa‘s(l—rridr + Lmids)

Vr :Vdr + jvqr = O = Rr (idr + jiqr) + jsa‘err (idr + jiqr) + jsa‘sLm(ids + jiqs)
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Dividing the equation by the slip S

V. =V, + |V =O=&I +jwl | +jwl. |
r dr qu Q Jsrrr s—m's

Y, :-Eg-h fiw(l L)+l (1. +1)

Lo+ X+ X+ 1) (85)

tn L;U

WhereR is rotor resistance an, =& (L, — L) is the rotor leakage reactance.

From the equations (84) and (85) the steady staievaent circuit with all the values

referred to the stator can be drawn as in the digpelow.

RS+]XS T].XT—_\\\
-~ ~
——— e ~
e - — 7 N .
/7 N 7 : I \
/ / \
/ -~ \ / \
/ M [ \
/ : \
/ ¥ . |
Vs } 1\ jXm Rrs |
\ e /
\ /A B /
\ P N /
\ Stator / N Rotor /
N R L N -
— ~ I

Figure B- 1: The steady state equivalent circugminduction machine

R
r |2 )
|r , and the rotor resistance

S

The power transferred across the air-gad:‘@

. — 2
loss is equal t, = R, 1.
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Appendix E: Steady state and transient parameters fosingle-phase induction

machines with different ratings

Rating Rg Xg Xt RI Xl Rs Xs Xr Rr Xm
Q) | (@) Q) Q) Q | (@ | (@ | @ | (Q | (Q
1.5kVA | 0.018| 0.2684 0.0182 0.0117 0.0035 4.03 7.38.92 | 5.98| 1554

2
1lhp 0.018] 0.2684 0.0182 0.0117 0.0035 2{87 2)282112. 1.49| 122
700W | 0.018] 0.2684 0.0182 0.0117 0.0035 4.0 4.5 1.8.29 | 129
2

1.1Kw | 0.018] 0.2684 0.0182 0.0117 0.0035 2.556 2.02244| 3.733 152.4

Table 26: Steady state data of numbers of singés@mduction generators with

different ratings used for calculatirfg .;, from equation (51)

Rating | Rsm| Rsa | Rrm | Rra | Xsm | Xsa | Xrm | Xra | Xsm | Xsa
Q | @ | (@ | (@ | | ©Q | ©Q]|©@ | Q]
1.5kVA | 2.2 4 3.29 5 2.5 695 6.95 6.95 135 17
1lhp 3.14| 11.22 437 80L 399 6.433 3|99 6433 [17B.65
700W 4.0 5.0 3.4 3.4 4.5 695 45 4.6 1p0 90
1.1kW | 2.2 7.62 3.5 1.3 39y 29r 0.87 0.f8 B2 24

Table 27: Transient data of numbers of single-pliracgction generators with different

ratings used with transient simulation studieslamtify R

fcl min
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Appendix F: Derivative of the mathematical approachto identify the values of

Rfclmin

By substituting the values dof, ., from (31) andR, ,,and X

hmin thmin

above the following equation is resulted.

AZszcI + BZRfcI +C2 2 + AZszcI + BZRfcI +C2
(R +Ry)* +(X,)? (R + Ry)* +(X,)?
R, RZ
Vg4 . fcl min . - +ng fcl m|n2 . RS +
2aT,) (R +Ry)™ +(X4)7] Wl [(Rig +Ry)™ +(X4)7]
2 Rf2<:lmin AlszcI + BlRfcI +Cl _

Yo WT IRy +R)*+(X)’T (R +Ry) +(X)*

(Xs+Xr)+(Xs+Xr)2_

[ARY +B,Ry +C,17 +2[(Ry, + Rg)z +(xg)2](xs + X )ARY +B,Ry +C,] +
4

2 272 2 _y\/4 Rfclmin
[(R +Ry)™ + (X)) T (X + X,)™ =V, @aT.)? +

Rf2cl min 2 R?cl min 2 _
Wl Rs +Vg T [AincI + B1Rfcl +C1] =0

m m

Vol(Re +Ry)* +(X,)°]

AR +2ABRy (@A +B)Rmn tBCR +C; +
AARGX+X) Riamint2RaR, +R)+HBRo(X +X ) Rimin T 2RaR, +R) +
C(X X ) Remint2RaR, +R)FAX +X ) (X,) Ry +
B,(X, +X)(Xg) R +C (X +X)(X,) T+
R?(:Imin

[szclmin+2?fclR3 +I§ +(Xg) ] (Xs +Xr) _Vg m-'-
I:\)fzclmin

a]_m

ng[thclmin+2Rfcl% +|§ +(Xg)2]

T}:‘”[ARECWB&. +G]=0

F§+

2
Vg

from (41) in (49)

(86)

(87)

(88)
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AR, +2ABR, +@CA +B)R, 1t 2BGR, +C +

AR+ XR, i 20K+ X )RR A XK+ X)RRE +BOC+X )R, i
2B/(X+ X )R Rimint RBOK + X )R +

COCHXIRmin P20+ X)RR +CX +X)R + (89)
AX X)X R +BX X)X R +C+X) (%) T+
[Remint Romin@RoR, +R+(X,)) +(RR +R (X)X +X Y -

V4 |:{tzlmiﬂz +\/g2[|$c|min+2RCI% +|§+(Xg)2] Ff;r_nin Fﬁ:lmm[ﬁgd_*_al%d_,_q] O

? (@dt)

AR +2ABR +(QGA +B)Romn +2BCR, +C +

AAX+ X )R+ 28X+ X )RRy + AX 4 X)RRG +B(X + X )R +
2B,(X;+ X )R Rigmin + RB.(Xs + X ) Retmin)

Co(Xe+ X )Rigmin + 5,(X; + X )RR, +C,(X + X )R +

AX X)X Ry +B(X + X ) (X)) Ry + (X + X )(X) T+ (90)
[(Xe+X)Ritmin + 4R Reamin(Xs + %) + 2Rmn R, + X9 (X +X)* +
ARI(X,+X )Z%m.n”Rfd%(lﬁ XY AX) +HX X ) (R +X0)] -

4 clmin g g2 V_gZ V_gz )
\/g (Za]-m) a]- I1R1<:Im|n RSF\?clminR, +aj|_m &%Rﬁ:lmin-‘-ajrm &(xg) szclmin+

2

V
R?cl a |?clmln E clmin:o

m

2

(A +2A (X, +X,) (X + X, Vi

9 (2((5'-) +E g ]R?CI

[ZAEBZ +4A2(Xs +Xr)R_) +ZBZ(XS +Xr)+4%(xs +Xr)2 +2;;Qf &Rg + a.c\;gf]R’fgclmin +

(2CA +B) +2A(X, + X )(R) +(X,)*) +4B,(X, + X )R, + 2C,(X, + X,) +
2 2 2 ng L; 2 LQZ
2('% + Xg)(xs + Xr) +4R§(xs + xr) +Em &Iﬁ + CJm I%(Xg) +q a]-m]szclmin

+

2B,C, +2R1B,(X, +X.) +AC,(X, + X )R, + 2B, (X, + X, )(X,)* +4R, (R + X)X + X, )" IR +

G +2C,(X + X )R +20,(X, + X )(X,)* +(X + X )* (R + X)*=0
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F(R,. )=DRY +D,R} +D,R: _+D,R +D, =0
fcl min 1 2 3 5

fcl min fcl min fcl min 47 Mclmin

Where the coefficient®1, D2, D3, D4 andD5 are constants, and can be calculated

from the following formulae.

D, = AL +2A (X, + X, )+ (X, +X,)* =V! 1 +ng RS+A1V92
' = =T ®Qawr,)? o, Wl

D, =27, +4A (X, X R, +2B,04 +X)+4R (X, +X )" +2 L RR, +B >

D, = (CA +B) +2A X+ X )R +(X,)) +4B,(X, + X )R, + 25,(X, + X ) + AR + X)X, + X )* +

V2 V2 V2
X +X 2+ 9 + 9 X 2+ 9
R X)+ T RR RO G 2

D, =2B,C, +2R1B,(X, +X,) +4C,(X, + X )R, +2B,(X, + X, )(X;)* +4R, (R + X;) (X, + X, )°

D, =C +2C,(X, + X )R +2C,(X, + X )(X;)* +(X + X )" (R +X7)”

Al, B1, C1, A2, BAndC2 are constants which consist of the parameterseo§ystem,

and their formulae are given above in equation3 {@%40).
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