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Abstract

This thesis aims to investigate an unexpected islanding operation (I0) which has been identified
in a real distribution network. The process of recording and processing the data obtained from the
field measurements in the distribution network (DN) has been the starting point of this research.
It has to be underlined that this IO raised a problem and became a major challenge for the
distribution operator. Therefore, the aim of this thesis is twofold; solving a real problem as well
as further enhance the current research studies about IOs in DNs. 10s have been object of study
during the recent years due to the rapid proliferation of the distributed generation (DG) within the
so-called smart grids (SGs). Commonly, the power of these DG resources ranges between
hundreds of kW and few MW and are allocated at either low voltage or medium voltage levels.
One of the significant issues that these resources are raising is, undoubtedly, the IOs. These
situations occur when a portion of the grid operates in parallel with the main grid following a
disconnection. Thereby 10s, where the DG is energising the grid after a CB opening, must be
identified and tripped in the minimum time possible. Failure to do so, the list of hurdles may
include; power quality (PQ) disturbances (e.g., frequency and voltage out of range), a safety
hazard for the network personnel or out-of-phase reclosings. That is the reason why the research
towards the anti-islanding protection methods has elicited great interest.

Fundamentally, the substantial improvement of this thesis lies in the fact that, in this IO, there are
no DG resources, but large induction motors. In fact, the grid remains energised after the CB
disconnection due to the induction motors (IMs) which transiently, act as generators. The island
begins with the CB operation and ends when the CB recloses the circuit to restore the electrical
supply. This rapid reclosing operation is widely adopted in DNs to avoid manual operations in
self-extinguished faults and typically ranges between 0.5 and 1s. Given the fact that usually IOs
are originated in the presence of DG, indeed, this IO is utterly unexpectedly for the DSO.

Due to the phenomenon mentioned above, the specific goals of this thesis are described down
below:

1. The first goal of this thesis focuses on developing a model suitable for validation purposes.
To make a proper model validation, the simulations results obtained with this model will be
compared with those obtained from field measurements. Thus, once the model has been
validated, a thorough investigation regarding the most influential factors will be carried out.

2. The second goal of this thesis falls within the scope of the PQ. During the IO mentioned
above, a new voltage sag topology is observed. Consequently, the efforts will be focused on
modelling this new type of sag.

3. The third goal of this thesis emerges from the protective point of view. Once the IO has been
defined and characterised, the need for identifying and preventing it becomes the main
concern. In such a way, the third pillar of the thesis is targeted at implementing a suitable tool
to prevent this particular I0. Besides, this new tool will be compared with the currently
available methods for ID developed for scenarios with DG.






Resum

Aquesta tesi te com a objectiu investigar una operacié en illa no intencional, que ha set
identificada en una xarxa de distribuci6 real. El procés de registre i processament de les dades
obtingudes a partir de les mesures de camp en la xarxa de distribucid, ha estat el punt de partida
d’aquesta investigacid. Cal subratllar que aquesta operacio en illa va plantejar un problema i es
va convertir en un repte important per I’operador de distribuci6. Per tant, I'objectiu d'aquesta tesi
és doble; resoldre un problema real, aixi com millorar els estudis de recerca actuals sobre les illes
no intencionals en xarxes de distribucio eléctrica. El fenomen de les illes dins una xarxa eléctrica,
han estat objecte d’estudi durant els darrers anys a causa de la rapida proliferaci6 de la generaci6
distribuida. Habitualment, la poténcia d’aquests recursos distribuits oscil-1a entre centenars de
kW i pocs MW i s’assignen a nivells de baixa tensié o mitja tensi6. Una de les giiestions
importants que plantegen aquests recursos és, sens dubte, les illes. Aquestes situacions es
produeixen quan una part de la xarxa electrica funciona en paral- lel amb la xarxa principal després
d’una desconnexid. Per aixo, les illes no intencionals es donen quan la generacié distribuida
energitza la xarxa després de la obertura d’un interruptor. Principalment, 1’objectiu es identificar
aquesta situacio i desconnectar dites fonts en el minim temps possible. En el cas de que aixd no
succeeixi, els seglients disturbis poden produir-se; pertorbacions de la qualitat de poténcia (PQ)
(per exemple, freqiiéncia i tensi6 fora del rang), un perill per a la seguretat del personal de la xarxa
o bé reconnexions fora de fase. Aquesta és la rad per la qual la investigacio vers els metodes de
proteccid “anti-islanding” han despertat un gran interes.

Essencialment, la millora substancial d’aquesta tesi rau en el fet que, en aquesta illa, no hi ha
recursos energetics distribuits, sind grans motors d’induccid. Aixi, la xarxa eléctrica continua
energitzada després de la desconnexié del interruptor a causa dels motors d’induccid, que actuen
de forma transitoria com a generadors. L’illa comenga amb 1’obertura del interruptor i finalitza
quan aquest tanca el circuit per restablir el subministrament eléctric. Aquesta operacié de
reconnexid rapid es freqiient en xarxes de distribucié per evitar operacions manuals en faltes
temporals i generalment oscil-la entre 0,5 i 1s. Tenint en compte que generalment les illes tenen
I'origen en presencia de generaci6 distribuida , realment, la illa eléctrica objecte d’aquesta tesi és
inesperada per 1’operador de distribuci6.

A causa del fenomen esmentat anteriorment, els objectius especifics d'aquesta tesi es descriuen a
continuacio:

1. El primer objectiu d'aquesta tesi se centra a desenvolupar un model adequat per la validacio.
Per fer una validacié adequada del model, es compararan els resultats de les simulacions obtinguts
amb aquest model amb els obtinguts de les mesures de camp. Aixi, un cop validat el model, es
dura a terme una investigacié completa sobre els factors més influents.

2. El segon objectiu d'aquesta tesi entra dins de 1'ambit d'aplicaci6é del PQ. Durant I’esmentada
illa, s’observa una nova topologia de forat de tensi6. En conseqiiéncia, els esfor¢cos se centraran
en modelar aquest nou tipus de forat.

3. El tercer objectiu d'aquesta tesi s’emmarca en el punt de vista de proteccions. Un cop definida
i caracteritzada I’illa, la necessitat d’identificar-la i prevenir-la esdevé la principal preocupaci6.
D’aquesta manera, el tercer pilar de la tesi té com a objectiu la implementacié d’una eina adequada
per prevenir aquesta particular illa. A més, es comparara aquesta nova eina amb els actuals
metodes utilitzats per a identificar les illes en escenaris amb generaci6 distribuida.

VII






Table of contents

Acknowledgements I
List of Publications [
Abstract \Y
Resum VIl
1 Introduction, concept and ODJECTIVES..........cocevuirieieieiieeeeeereeee ettt 1
1.1 POWET SYSIEIMS OVEIVIEW ....cutiutieiiieiieieenitenite et ettt ettt sieessee st eeteeteesaeesbeesbeesaeesaneeanes 1
1.2 Power diStribution NEEWOTKS ......cc.cocteriiriirieniirieieriieiete ettt s 4
1.2.1. DNs general structure and cOnfigurations............ceceeceereeneeneeneeniieniicnnieesreeeeeneennes 4
1.2.2. DNs elements and systems appliCations...........ccceereereerieriiernieenieeneeneeneeneeseeenenn 11

1.3 Thesis BaCk@rOUNA .........cocuiiiiieiiiiiiiiiei ettt sttt 14
1.4 Steps Of the thesSiS......uiiiiiiiieee ettt st 15
1.5 ThesiS ODBJECHIVES ...c..eiruririieiiiiieiterte ettt sttt ettt et e sbe e st st st ereesreenaee s 16
1.6 DOCUMENTE STIUCTUIE «...c.uveirieiiieieeitenite ettt ettt st ettt e bt e st e et e satesaneeaneeneenneens 16
1.7 RETETEICES ...ttt st sttt r e s ne s 18

2 SEALE OF TNEAIT ...ttt e 21
2.1 MOtOr DUS TFANSTETS ...eeuveeiiiiiieiiieieeteeee ettt ettt st st s 21
2.2 Islanding operations in DINS.......ccc.ciiiiiiiiiiiiee ettt 23
2.2.1 OVEIVIEW ..oueiiieniiieeienteeitetesie ettt et sttt et sttt bt e bt et et b e eeeeaesae s estesbeesnenneen 23
2.2.3 Intentional islanding OPErations ............cocueeveriirriiesiiriieenieeneeneeete et 23
2.2.4 Unintentional iSIanding OPErations..........ccecuerierrieriierniienienitente st eteesreesbee e 25

2.3 POWET QUALILY «..eeiutieniieieeiteetteet ettt sttt et ettt et sbe e st st et b e 26
2.3.1 PQ FUNAAMENTALS ....ccoceiiiieeiiiie ettt et e e et e e eiva e e e eebaeeeennanee s 26
2.3.2 PQ disturbances classifiCation............cccvieeeiiuiieeeiiiiieeeiiieeeeriiee e e e eeeveee e veeeeeeveeas 26
2.3.3 VOlItage Sag fEALUIES ....cc.eeruiieiieiieieeitei ettt ettt st sttt et e b e eae 28

2.4 Islanding detection MEthOdS. .........oouiiiiiiiiiieieie et 30
2.4.1 The need for detecting the islanding Operations...........ccocueevveeveeneeneeneeneenneenseeenns 30
2.4.2 General classifiCation .......c..cocuecueririerinieriene ettt 30
2.4.3 Passive-based MEthods.........ccceceririeniinienienineeiceee e 31
2.4.4 Active-based MethOdS ......c...oovviriiiiiiiiiiieicee e 32
2.4.5 HIDM OVEIVIEW ....oeiiiiniiiiiinieiieeieeiteeiee st et sttt et et esbeesieesseesatesaneeneenneenneesneens 32

2.5 CONCIUSIONS ....cuventerieetenieetett et ettt ettt ettt et ettt eenesaesbe et e sbeeseesnesaeensesneeaeennesreennennens 32
2.0 RETEIEICES ...ttt sttt ettt et e sae e seee st st e s ne e 33

3 VOIAGE SAGS TEVIBW ...c..oeiiie ettt sttt ettt ebe bt t e 39



3.1 Voltage sags with constant magnitude ..........cccccoeeerieriiriiniinniineecnecec e 39

3.1.1 Voltage sag general classifiCation ...........cocceeierieriiiiiiiiiiiiereene e 39
3.1.2 Voltage sags With abrupt TECOVETY .....eevueeruieruiiniiiieeieeieeee ettt 43
3.1.3 Voltage sags with diSCIELE TECOVETY ...cecueiruiiriiriiriiriieiteteeneente sttt 46
3.1.4 Transformers influence on VOltage SAZS ......cocueeuerriirriieniieniieneeneenee e 52
3.1.5 Effects of the type of grounding.............coceeiiiiiiiiiiiiiiiieeeeeee e 54
3.1.6 Phase-angle JUIMP ......coceeiiiiiiniinieiieiteeeee ettt ettt e 58
3.2 Voltage sags with a non-constant Magnitude .........c..ceeceeeieeriieriieneenieeneenieeneeeeeereeneennes 59
3.3 CONCIUSIONS ..ottt sttt ettt sttt sr et e e st e e b e sbe e e bt eeeenaesaeemeebesaeemne bt sanennenne 62
B4 RETETEIICES ..c..eevviniieiieiirieee ettt sttt sttt b e s be e na e 62
Ilanding operation: Theoretical analySiS........cccocvivirinininiie e 65
4.1 INEOAUCHION ...ttt sttt ettt sre e n e sbe e b e st nesreemnenne s 65
4.2 Electrical network under inVestigation ...........ccoouerueriieeniernienieniente sttt 65
4.3 System components MOAEIIING...........cocuieiiiriiiiiniiniiiicceee et 67
4.3.1 Introduction to modelling guidelines............ccecueeviieiiiniiiniiniiniiieeeececee e 67
4.3.2 DiStriDULION JINES ....cveeuvirieeieiieiieienieeiete ettt ettt ettt s 67
4.3.3 TTanSTOTMETS ...cccvevviruiiiirieetenietet sttt ettt ettt sre e st sbe e nenaes 68
4.3.4 Induction motors mathematical model ..........c..coceeviiniiiniiniiniiniiiecececeeeen 68
4.3.5 ProteCtiVe dEVICES....c..eeruirireriiieienienitetente ettt ettt sttt a e st sr e s ne e 76
4.3.6 L0oad MOEIS ....couveiiriiiiiiiceeiieeertre ettt s 77
4.3.77 Three-phase Model adOpted .........cc.eiviiiiiiieniiiiieeiee ettt 80
4.4 IM behaviour during the fault ............cocieviiiiiiiinieee e 80
44,1 INITOAUCHION ...ttt ettt ettt sttt sttt et st sre s esaesae e sne et ennenaes 80
4.4.2 Transient behaviour during the fault ............ccocooviiiinnieeeee 81
4.4.3 Influence of the fAUlt-tYPE ....ccooviiiiiiiiiiiiieee ettt s 85
4.4.4 Clearing time INfIUENCE ........ooouiiiiiiiiiiiieieeee ettt 86
4.5 IS1anding OPETALION .....c..eeruiiiuieriieiieeie ettt sttt et ettt e bt e sbe e saeesatesateeae e 86
4.5.T OVEIVIEW ..ottt sttt ettt ettt sttt ettt e bt e sbeesaaesateemneeneenneenneens 86
4.5.2 IM Mathematical model during the island ............ccoccevviniiriiniiiniiieeececee 88
4.5.3 Islanding influential factors..........coieerieriiiiiiieeeee et 92
4.0 CONCIUSIONS ...ttt ettt ettt ettt e sb e st st s e et et et e bt e sbeesaeesatesanesaneeane 92
AT REIETEICES ..ottt ettt ettt ettt ettt ettt ettt b bt e sbeesaeesatesaneeaneeane 93
SIMUIBLTONS.......iece ettt 97
5.1 INEOQUCTION ..ttt ettt st sttt sa et be e esn e be e e e 97
5.2 Hypothesis and CONSIAEIAtiONS .......cc.ceeveruiriiriieriieieenitentenee ettt seee e e 98
5.3 Effects of feeder loads and its load model..........ccccoiiriiiiiiiiiiiniiniincceceeeeee 98

5.3.1 Simulations for different 10ad SCENATIOS...........cuvvviiiiiiiiiiiiiiiiiiieieeeieeeeeeeeeeeeeeeeeeeeeeeeeees 98



5.3.2 Load mOdels TMPACT .....ueeiiiiiiiiiiriee ittt ettt ettt e siee e et e s saaeesaneas 108

5.4 Type of fault and clearing time influence ...........cocceeriiriiiiiiiiiiii e 108
5.5 Reclosing time INfIUENICE. .......cocueeiuiiiiiiiiiiiiiceee et 113
5.6 Impact of the 10ad tOTQUE .......ccoviiiiiiiiiiii ettt 114
5.7 Permanent-faults .......c.coociiiiiiiiiieeieeeee ettt sttt saaeas 116
5.8 CONCIUSIONS ....cuverieiietieiieterteetete sttt ettt ettt sbe et bt bt ese e s bt eaeesaesreemae b eaeeneene 120
6 Field MEASUN BMENTS ...ttt 123
6.1 INTOAUCTION ... .eeiiiiiieiieeeite ettt ettt e et e st e st esbteesabeesbaeebbeesabeesabaeenaneas 123
6.2 EVENE L..ceiiiiieeee ettt e s e 124
6.3 EVENE Lottt s e 128
6.4 BVENt IIL ..ottt sttt 128
6.5 EVENE IV oottt s e 128
6.0 EVENE V oottt st s e 132
6.7 BEVENE VI ..ooiiiiiee ettt ettt st sttt eb et s 132
6.8 EVENE V...t st st et e 137
6.9 SUMMATY OF EVEINES....ceiuiiiiiiiiiiiieteet ettt ettt ettt sttt sbe e bt e sbeesaee e 137
7 MOAEl VAITAALTON. ...ttt 140
7.1 GENETAL CTIEIIA. ¢e.uveieiieeeiieeite ettt ettt ettt e ettt e st esbte e sabeesbaeebbeesabeeebaeesaneas 140
7.2 Validation Of EVENt L.......ccooiiiiiiiiiieiiieicecnecec et 141
7.3 Validation of EVENt IL......ccccoiiiiiiiiiiiiiieiciccnceecee et 141
7.4 Validation of Event IIL.........cccooiiiiiiiiiiiiii ettt e 147
7.5 Validation of EVENt IV .....coooiiiiiiiiiie ettt 147
7.6 Validation Of EVENE V ..cc.cooiiiiiiiiiiiiiiiiccite ettt 147
7.6 Modelling features diSCUSSION. .......eevtiriereerierieeteeieeieeee ettt ettt e b e saee e 148
7T CONCIUSIONS ...ttt ettt ettt ettt ettt et e et e et eesateesabteesabeesabteebteesabeesabaeenaseas 150
8 Voltage sagsduring theisland ..........c.ccooviiieieiiieee et 153
8.1 INTIOAUCTION ....cuteiieiietieieeteteetett ettt sttt ettt r e st sae et be e et st enenaes 153
8.2 Main features of the new VOItage SAZ LYPE.....cooveevueerierierierierieeieeieereeeesee e 153
8.3 Novel voltage sag magnitude: Analytical €Xpression .........coceevveevveeneeneeneenieenseenneeenees 154
8.4 Voltage sag duration and FECOVETY ........cceuirueriiriieeniieriteneesite st ete et e e sbee e e seeesaeesaeean 155
8.4.1 VOltage dUIAtiON......cciiuiiiiiiiiiiiiiiiieriee ettt ettt e s iteesibee st e esbteesbeeesaeeesabeeens 155
8.4.2 VOILAZE TECOVETY ....veeiuiieeiiieeiieeiteesitee ettt et e st eesiteesabeessbteesabeesbteesateesnbeessneeesaneeens 156
8.5 Voltage sag magnitude: Simulation reSults..........cccooeeriiniiriiiniiiiiiieeeee e 156
8.5 1 OVEIVIEW ..euiiiiiiieeieie ettt ettt sttt sttt st st sae et s resae e be e e e 156
8.5.2 SIMUIALION TESUILS....ceitiiiiiiieiiieitt ettt ettt ettt e sttt e et eesaeeesabeeens 157
8.6 Voltage sag validation..........covuiriiiriiiiiieiieieeete ettt 167

A 001 o] L1 T (o) s 167



O 19HaNdiNG AELECLION .......oouiiiiiiieieiieeet ettt eas 170

0.1 INEFOAUCTION ...ttt ettt ettt e b e e beesbt e sab e et e et ebeenbeenbeen 170
9.2 Passive-based Methods TEVIEW .......c..ceiiiiiiiiiiiiiieeeetete ettt 171
0.3 HIDM fRALUIES......eeeuiiteiieeetieeiit ettt ettt ettt ettt e st te e bb e e sateesbeeesabeesabeesabeeesaseesaneeens 172
.31 OVEIVIEW enitiiiiiieeiteeette ettt ettt ettt e st e et e e bt e e st esabbeesateesabeeebbeesabeesnbaeenabeesabeenns 172
9.3.2 DIrectional CIILEIION ...cecueeruieriieiiiieieeie ettt ettt ettt e e st sbeesaeeeaee s 173
9.3.3 Input, outputs and intermediate variables............ccoeuiiriiiiiiiiiniieiieeeeee e 174
0.3.4 ATCRITECIUTE ...coutiieiiieeiie ettt ettt ettt et e bt eeibe e s ateesabeeesabeesabeeeas 175
9.3.5 Time constraints in islanding detection ...........cc.ccevveervieeiienniinienieneente et 180
0.4 STMULALIONS ...ttt ettt et e sb e sbt e st e st et e ebeenbeenbee s 180
.41 OVEIVIEW .enitiiiiiiieiieeeite ettt et e et e ettt e st e e abte e sate e st esabteessteesabtesnbbeesateesnbeeensseesabeeans 180
9.4.2 Tripping times for different feeder load SCENATIOS .......cccueevueeriienieniinienieeieeieeee, 181
9.4.3 Tripping times for different types of faults .........coceeveiiiiiiiiinee, 187
9.4.4 Testing the NDZ capabilities of the HIDM .........cccccccooiiiiiiiiiiiiiiiiiiieeceeeeen 193
0.5 CONCIUSIONS ....eeiniiieiiiieeiie ettt ettt ettt et e et e e bte e st tesbteesateesabeesbbeesabeesabaesnnbeesabeeens 200
0.6 RETETEICES ...ttt ettt ettt e sb e s bt e sbt e st et e et e beenbeenbee s 201
10 General Conclusions and fULUr@WOIK............ccuveireireirieirceeeeee e 204
10.1 General CONCIUSIONS ......eeeuviiiriiiiiiieiiieerttesite ettt ettt e st e esiteesibeesbteesabeesabeesbeeesnbeesbeeens 204

TO2Z FULUIE WOTK oo 206









List of Tables

Table 2.1:
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 3.7:
Table 3.8:
Table 3.9:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:
Table 5.5:
Table 5.6:
Table 6.1:
Table 6.2:
Table 7.1:
Table 7.2:
Table 8.1:
Table 8.2:
Table 9.1:
Table 9.2:
Table 9.3:
Table 9.4:
Table 9.5:

Power Quality disturbances SUMMATY.........cocccevuieviirriieneeneeneenientenre et 27
Voltage sags general classifiCation .........coceevueeviirniiiniinienienienccee e 40
Summary of the voltage sags general classification. ..........cceccevveerveriericinenneeneenne. 40
Angles for voltage sags C, D, Fand G........ccccoeoiriiiiiiiiiiniinncceceeceeeee 41
Symmetrical components of the voltage Sags. ......cc.ccevueriiieiiriiinienienieeceeeeeen 42
Voltage recovery for SLG and LL faultS ........ccccoooiiiiiiiiniiniinceceeeeee 44
Voltage recovery for LLG faults........ccoccooiiiiiiiiiiiiiieeeeee e 46
Voltage recovery for LLL and LLLG faults. ........cccooceiieniiniiniiniiiiiecececeeee 51
Influence of transformers winding CONNECHION .......cocueevueeriereerieriieriieieeeereeieene 52
Transformers shift inflUENCE .......cccoviiriiniiiiiii e 54
TeSt SYStEM PATAIMELETS ... ..eouveeurieieeniienieeneeete et ettt et et e steesaeesaeesanesaresareeareeneennee 66
Induction MOLOr dALa......ccc.eevueeriiiriiniiiiieieeeett ettt 76
Over-current relay ParamMEters. . ... ..ueeueerieereerierienteete et eesteesteesteesieesatesbesbeenbeenees 77
Feeder A loads rated ValUe..........coccecueriirieiiininienienecieececteceeene e 78
VOltage SAZS ZIOUPINE....couertiriierieeitienitenieete ettt et et e bt esbeesbtesbtesatesatesabeeabeebeenses 86
Summary of the simulated scenarios for different feeder loads value..................... 104
Parameters of the simulated faults. .........ccccooieiiniininiinicee 108
Summary of the simulation results to evaluate the fault influence. .........c...c...c....... 112
Summary of values for different reclosing times. ..........ccocceeveeeveeveeneenecniecniecnnnens 113
Summary of the measurements obtained from simulations. ...........ccccceveerveervcnnnenne 114
Data of the simulated faults. ..........ccccovieveniniiiine e 116
A selected list of the real occurred EVents..........coeeeverereerieneeeeninieeneeeee e 124
Summary of the main values of the recorded events. .......cc.cccocervieriinninieeneeneene. 138
Parameters of the PLLI. ..ot 149
Parameters of the PLLa. ..oc.cooiiiiiiiiiiiict et 149
Summary of the voltage sag parameters for each simulated scenario...................... 149
List of the occurred events with the voltage sag magnitude coefficient.................. 149
Parameters used in the passive-based ID methods...........cccceeveenieniiniinsenieenennen. 173
State variables for ID. ........coooiiriiriniieeeece e 175
Tripping times of SUbSECtiON 9.4.2. .....cccuiiiiiiiiiiiiet et 182
Tripping times of SUbSECtion 9.4.3. ..ot 188
Summary of the tripping times for islanding and non-islanding events. ................. 194






List of figures

Figure 1.2: Power systems general structure with DGS. .....c.cccociiiiiniiniiniiniinieeccenecneceee 4
Figure 1.3: Primary distribution substations with single bus. .........ccc.cceceriniiniiniinencncene 5
Figure 1.4: Primary substations with single bus. ..........ccoccoviiiiiiiiiiinecececee 6
Figure 1.5: Substation with main bus transfer configuration. .........c..cceceeeverviniinnennenicnicnnen. 7
Figure 1.6: Substation with breaker-and-a-half configuration ............cccccevvinviiniinininniencnen. 7
Figure 1.7. Substation with double-breaker-double-bus. ...........ccocceeviiiieniininiiieeeeeseeee 8
Figure 1.8: Typical Distribution network with radial configuration. ...........ccccceceeveinenneninnnnenn. 9
Figure 1.9: Distribution network configuration with open-loop configuration............cc.ccceceeeueeee. 9
Figure 1.10: Distribution network scheme with DG units. ........ccocccevverveiieenienienicncneeeieeeen 10
Figure 1.11: Secondary distribution substation configurations...........c..ccecceeeeeveeneeneerneenneennen. 10
Figure 2.1: Power system stability classifiCation. ..........ccccceveeriirieriiniinniennienenecceceeceeceeen 25
Figure 2.2: An example of voltage sag and voltage swell. ........ccoccoociriiiiinniinicnincneeeeeee 28
Figure 2.3: Main characteristics of @ VOItage Sag.........cccereeriiriiniiiniiiiieeeeeteee e 30
Figure 3.1: Test system with three voltage levels to represent sag types........cceceeceerveeereeeneeennen. 39
Figure 3.2: Types of voltage recovery. Abrupt (Dashed line), Discrete (Solid line). ................. 43
Figure 3.3: Voltage waveform of sags type B, Cand D. .......ccccooviiiiiiiiiiiiiiceee, 45
Figure 3.4: Phasor representation of sags type B, Cand D.....c..ccocccociiiiiiiiiiinininiicniceees 45
Figure 3.5: Phasor representation of sags type Ei-Ea. ....coooveiiiiiiiiiiiiiiiccececeeen 47
Figure 3.6: Phasor representation of sags type Fi-Fa. ...cooiiiiiiiiiiiiicececeee 48
Figure 3.7: Phasor representation of 5ags type G1-Ga. ...cooeeveiriiriieriiiinieeneeneeneeniceceeeeeeeneen 48
Figure 3.8: Voltage waveform for a LLG fault at location L..........ccccooiiiiiniininiiiiiciceen, 49
Figure 3.9: Phase voltage waveform for sags type Ajand Aj. ....cccceevveeneenieniieniieniiiececeeeeen 50
Figure 3.10: Phase voltage waveform for sags type Az, Az and As. ...cccceveeriiniiniieiiineeneeen, 50
Figure 3.11: Voltage sag phasor representation for a LLLG fault. (a) Sag Ai, (b) Sag Asand (c)

SAZ A ettt et ettt et s at e ettt e bt e bt e be e et et et e eneeneens 52
Figure 3.12: Phasor representation of the voltage sags considering transformer shifting........... 53
Figure 3.13: Comparison between solid and resistance-grounded networks for a SLG. ............ 56
Figure 3.14: Comparison between LL and LLG faults in resistance-based grounding grids...... 57
Figure 3.15: Detailed comparison between the sags produced by LL and LLG faults. .............. 58
Figure 3.16: Phase-angle jump comparison for different fault locations. ...........cceceeveieveennennen. 59
Figure 3.17: Voltage sag for a three-phase fault considering induction motors contribution..... 60
Figure 3.18: Voltage sag due to transformer energisation. ........cc..ccecueevuernieeneeneenieneeneeseeeeeen 61
Figure 3.19: Voltage sag due to induction motor StArting. .........ccocueevvervueenreeneeneeneeneenreenneeennees 61
Figure 4.1: One-line diagram of the test system under study..........c.cccoceeveenienieeniennennenneenen. 66
Figure 4.2: Induction machine model in the abc-reference frame ..........ccccceeveevieniiniinicnncnnen. 69
Figure 4.3: Electrical model of the induction machine in dq components...........ccccceceeeveerveeenen. 73
Figure 4.4: Electrical model of the induction machine in dq components in stator reference. ... 74
Figure 4.5: Electrical model of the induction machine for steady-state analysis.........c..ccccueen.ee. 75
Figure 4.6: Time-current curves of overcurrent relays. .........cocevveriiiieiiienieneneeeeeeeeeeeen 77
Figure 4.7: Load profile at PCC; with the time of occurrence of some events............ccccceeueennee. 79
Figure 4.8: Three-phase Matlab/Simulink implementation of the test system.............c.cccecueeneee. 80
Figure 4.9: Single-line representation of the test system under study.........ccccceeveereerveenienneeennen. 81
Figure 4.10: Equivalent circuit of the teSt SYStEML. .....cccueervieriireirieriirieeeeeeeeeesee et 82
Figure 4.11: Thévenin equivalent seen by the IM Stator........cc.cccoeeereiiriirieeniieniinicrceeeeeceeee 82
Figure 4.12: Thévenin equivalent seen by the IM magnetisation branch. ...........cccccocceevrenennee. 83
Figure 4.13: Flowchart to obtain the transient behaviour of the IM during the voltage sag....... 84
Figure 4.14: Phase-voltage comparison scenarios with and without IMs. ..........cccccceceivinnennen. 87

Figure 4.15: Phase voltage comparison scenarios with and without IMS. ..........ccccceevirvennennnen. 87



Figure 4.16: Electromagnetic torque developed by the IM. .......c..ccccoviiiiiiiiiiiniiniceee 88
Figure 4.17: Flowchart to obtain the transient behaviour of the IM during islanding................. 89
Figure 4.18: Single-line diagram of reduced test system before islanding.............ccccceveerienicn. 91
Figure 4.19: Single-line diagram of the reduced scheme of the system during islanding........... 91
Figure 5.1: Voltage and current measured at PCCi.......coccooiiiiiiiiiiiiiiiiieiiccceeeeee e 99
Figure 5.2: Voltage and frequency measurements obtained from scenario L. .........c..ccccceueeee. 100
Figure 5.3: Voltage and frequency measurements obtained from scenario IL. ............cc..c........ 100
Figure 5.4: Voltage and frequency measurements obtained from scenario IIl......................... 101
Figure 5.5: Voltage and frequency measurements obtained from scenario IV. ..........cc..c........ 101
Figure 5.6: Voltage and frequency measurements obtained from scenario V.........cc.cceeeneeeee. 102
Figure 5.7: Voltage and frequency measurements obtained from scenario VI. ........................ 102
Figure 5.8: Voltage and frequency measurements obtained from scenario VIL. ....................... 103
Figure 5.9: Voltage and frequency during the island for all simulated scenarios. .................... 103
Figure 5.10: IM mechanical speed comparison between scenarios II, II[, IV and V. ............... 105
Figure 5.11: Comparison between torques in scenarios II, III, IVand V. ... 105
Figure 5.12: Active-power comparison between scenarios II, III, IV and V. .........cc.ccceee 106
Figure 5.13: Frequency and IM rotor speed in per unit COMpAarison. .........ccoccevvervvernreenreenneenne 106
Figure 5.14: Voltage, active-power and reactive-power for the three type of load models. ..... 107
Figure 5.15: Voltage and frequency for the three types of load models. ...........cccceeveeneeneenee. 107
Figure 5.16: Simulated scenarios with fixed clearing time. ...........cccceeveeneniienienienncineeeee 109
Figure 5.17: Voltage and frequency comparison of the simulated scenarios with fixed clearing
BIITIE. ¢ttt ettt ettt ettt et sttt bt et bt e et b et a s a e s h e e et eh e eaa e bt e ae e ae s r et enesre e ene e 109
Figure 5.18: Voltage and frequency of SCENario V........ccccceeiieiiriiiiniineenienecnicniceieeieeeee 110
Figure 5.19: Voltage and frequency of scenario VL. ........ccocoeviriiiiiniinnincceeceee 111
Figure 5.20: Voltage and frequency of scenario VIL .........ccccocieiiiiiinininninceceeceene 111
Figure 5.21: Voltage and frequency of scenario VIIL.........c..ccoccoeiiiiiiiiinincnicniiiceeceene 112
Figure 5.22: Voltage, IM speed and frequency during the IO for several reclosing times. ...... 113
Figure 5.23: Voltage and frequency comparison between scenarios with different load torque
VALUES. ..eveieiiteie ettt ettt ettt sttt ettt ettt s h e et h e s b e at e s r et sre e ene e 115
Figure 5.24: Speed and torque comparison between scenarios with different load torques...... 115
Figure 5.25: Voltage, frequency and IM mechanical speed of permanent fault-scenario I....... 117
Figure 5.26: Voltage, frequency and IM mechanical speed of permanent fault-scenario II. .... 117
Figure 5.27: Voltage, frequency and IM mechanical speed of permanent fault-scenario III. ... 118
Figure 5.28: Voltage, frequency and IM mechanical speed of permanent fault-scenario IV.... 118
Figure 5.29: Voltage, frequency and IM mechanical speed of permanent fault-scenario V..... 119
Figure 6.1: Event I — Measurements at PCC; for a SLG fault at node 8. ...........cocceeveininnnnn. 125
Figure 6.2: Event I - Measurements at PCC, for a SLG fault at node 8. .........cccccoveeniiniennnne. 126
Figure 6.3: Event II - Measurements at PCC; for a SLG between nodes 6 and 7. .................... 127
Figure 6.4: Event III — Measurements at PCC; for a Permanent fault at node 8. ...................... 129
Figure 6.5: Event IV — Measurements at PCC; for a SLG in a midpoint in Line 5................... 130
Figure 6.6: Event V — Measurements at PCC; for a SLG at node 7. ......ccocceveeriervcinceneenncnne. 131
Figure 6.7: Event VI — Measurements at PCC; for a SLG at Line L6. .........cccoccceveiniiniennennn. 133
Figure 6.8: Event VI — Measurements at node 9 for a SLG at Line L6..........cccccoviininninnnnn 134
Figure 6.9: Event VI — Measurements at PCC, for a SLG at node at line L6. ........c..ccceennee. 135
Figure 6.10: Event VII — Measurements at PCC, for a SLG at node at Node 5..........cccccc.e..e. 136
Figure 7.1: Validation of EVEnt L.........ccccoiiiiiiiiiiiiiitee et 142
Figure 7.2: Validation of Event IL. ........ccccooviiiiiiiiiiiiiiiiieeceenee e 143
Figure 7.3: Validation of Event IIL. ..........ccoccoiiiiiiiiiiiieceeceeece e 144
Figure 7.4: Validation of EVent IV ........ccccoiiiiiiiiiiiiiiictcnee e 145
Figure 7.5: Validation of EVENt V. .......ociiiiiiiiiiiiiitcceccnee et 146

Figure 7.6: PLL Blocks of the Matlab model 148



Figure 8.1:
Figure 8.2:

Figure 8.3:
Figure 8.4:
Figure 8.5:
Figure 8.6:
Figure 8.7:
Figure 8.8:
Figure 8.9:
Figure 8.10
Figure 8.11
Figure 8.12
Figure 8.13
Figure 8.14
Figure 8.15
Figure 9.1:
Figure 9.2:
Figure 9.3:
Figure 9.4:
Figure 9.5:
Figure 9.6:
Figure 9.7:
Figure 9.8:
Figure 9.9:

Figure 9.10:
Figure 9.11:
Figure 9.12:
Figure 9.13:
Figure 9.14:
Figure 9.15:
Figure 9.16:
Figure 9.17:
Figure 9.18:
Figure 9.19:
Figure 9.20:
Figure 9.21:
Figure 9.22:
Figure 9.23:
Figure 9.24:
Figure 9.25:
Figure 9.26:
Figure 9.27:
Figure 9.28:
Figure 9.29:
Figure 9.30:
Figure 9.31:
Figure 9.32:
Figure 9.33:
Figure 9.34:
Figure 9.35:

Voltage sag analytical function for a given b parameter. .........c...ccccceeeevieniennnenne. 155
Comparison between the voltage sag analytical expression and simulation results.

................................................................................................................................ 157
Results obtained from Scenario IV of subsection 5.3.1 in Chapter 5..................... 159
Voltage sag magnitude analytical function and simulations of scenario IV........... 159

Results obtained from Scenario V of subsection 5.3.1 in Chapter 5. ..................... 160

Voltage sag magnitude analytical function and simulation of scenario V.............. 160
Results obtained from Scenario VI of subsection 5.3.1 in Chapter 5..................... 161
Voltage sag magnitude analytical function and simulations of scenario VI........... 161
Results obtained from Scenario VI of subsection 5.3.1 in Chapter 5..................... 162
: Voltage sag magnitude analytical function and simulation of scenario V1. ......... 162
: Island caused by a LLL fault. .....ccccooiiiiiiiiiiiiiieeeeeeeceee e 164
: Island caused by @ LLG fault.......cccoooiiiiiiiiiiiiiiiieie e 164
: Island caused by a LL fault.........ccoceriiiiiiiiiiieee e 165
: Island caused by a LLLG fault. .......ccccoooiriiiiiiiiiinincececececee e 165
: Voltage sag magnitude analytical expression for different reclosing times. ........ 166

Flowchart to compute the state variables and the pattern for islanding detection.. 173

Graphical representation of the adopted directional protection...........ccccceceeeueennee. 174
Seven-level HIDM........cccoiiiiiinieiiiieeneceeeeetee ettt 176
Matlab model with the proposed HIDM..........cccccoviiiiiniiniiniinieiicecececeeee 177
Matlab implementation of the seven-level HIDM block. .........c.ccceoeeiiieniiniennnnne. 177
Scheme of the UVP/OVP Protection. ...........cceceereenienieniieniiieseenieesieneesee e 178
Scheme of the UFP/OFP ProteCtion. .........ccocceeuerieriierniersieeneeneeneeneesee e 178
Scheme 0of ROCOF ProteCtion.........ccueeeriieerieeniieeeniieesieeeiee et eieeeiteesieeeeiee e 178
Scheme for ROCOV ProteCtion. ..........eeiuiiiriieeriieiniiienieeeiteesieeeieeeite e e siee e 179
ROCOP and ROCOQ PIroteCtions. ........eeeuveerveeerieeriieeniieenieesieeesineeseeessieeesveens 179
Voltage and frequency from simulations of subsection 9.4.2..........cc..ccoceeeeein. 182
Tripping times for Case 1 of subsection 9.4.2. ........ccccooviiiiniiiiiiniinienieeieee 183
Tripping times for Case 2 of subsection 9.4.2. ........ccccoovirviiiiiniiniinienienieeee 183
Tripping times for Case 3 of subsection 9.4.2. ........ccccooviriiniiiniiniinienienieeee 184
Tripping times for Case 4 of subsection 9.4.2. ........ccccocervirvinniiniencncnicnene 184
UVP/OVP and ROCOYV protections results for case 2 in subsection 9.4.2.......... 185
UFP/OFP and ROCOF protections results for case 2 in subsection 9.4.2. ........... 185
ROCOP and ROCOQ protections results for case 2 in subsection 9.4.2.............. 186
Directional criterion protection results for case 2 in subsection 9.4.2.................. 186
Voltage, mechanical speed and frequency from simulations of subsection 9.4.3. 188
Tripping times for Case 1 of subsection 9.4.3. ........ccccoiiiiiiiiiiiieneeeeee 189
Tripping times for Case 2 of subsection 9.4.3. ........ccccoiiiiiiiiniieeeeeeee 189
Tripping times for Case 3 of subsection 9.4.3 .........cccccovirviiiiiniinienncniceee 190
Tripping times for Case 4 of subsection 9.4.3. ........cccccovirviininniinienniceeee 190
UVP/OVP and ROCOYV protections results for case 2 in subsection 9.4.3.......... 191
UFP/OFP and ROCOF protections results for case 2 in subsection 9.4.3. ........... 191
ROCOP and ROCOQ protections results for case 2 in subsection 9.4.3.............. 192
Directional criterion protection results for case 2 in subsection 9.4.3.................. 192
Tripping times for case 1 of subsection 9.4.4 .........ccoceiiiiiiiiiiniinienenieeeeeee 194
Tripping times for case 2 of subsection 9.4.4. ........ccceeviirviiiiiniiinienienerieeee 195
Tripping times for case 3 of subsection 9.4.4 ..........ccccoovirviriiinienienecnecnceeene 195
Tripping times for case 4 of subsection 9.4.4. .........ccccoevirvirvinnieniencneeneeeene 196
Tripping times for case 5 of subsection 9.4.4 ..........ccccoovirviriiinienienecnecneeee 196
Tripping times for case 6 of subsection 9.4.4. .........cccccovirvirviiniinencnicnceene 197
Tripping times for case 7 of subsection 9.4.4. ........cccccoviiriiiiiiniiinienienieneeeee 197



Figure 9.36: Tripping times for case 8 of subsection 9.4.4. ........c..cocceeviineniinienicnneeeeeene 198

Figure 9.37: UVP/OVP and ROCOV protections results for case 2 of subsection 9.4.4........... 198
Figure 9.38: UFP/OFP and ROCOF protections results for case 2 of subsection 9.4.4............ 199
Figure 9.39: ROCOP and ROCOQ protections results for case 2 of subsection 9.44.............. 199

Figure 9.40: Directional criterion protection results for case 2 of subsection 9.4.4.................. 200



Nomenclature

AC

DC

HV

MV

LV

Ms

CB

PQ

DG

SI

VI

EI

IEEE

DN

SCADA

DSO

TSO

SG

XLPE

ID

(0]

UVP/OVP protection
ROCOF-ROCOV
UFP/OFP protection
ROCOP-ROCOQ
VSR

HIDM

NDZ

H

D

J

SLG fault

LL fault

LLG fault

LLL fault

LLLG fault

Rf

Zfeeder

Zsource

PLL

PCC

RMS
COMTRADE

Alternating Current

Direct Current

High Voltage

Medium Voltage

Low Voltage

Induction machines

Circuit breaker

Power Quality

Distributed Generation

Standard Inverse

Very inverse

Extremely inverse

Institute of electrical and electronics engineers
Distribution Network

Supervisory control and data acquisition
Distribution Operator

Transmission Operator

Smart Grid

Cross-linked polyethylene

Islanding Detection

Islanding Operation

Under and over-voltage protection
Rate of change of frequency and voltage
Under and over-Frequency protection
Rate of change of Active and reactive-Powers
Vector surge relay

Hybrid Islanding Detection Method
Non-detection Zone

Inertia in seconds

Damping coefficient

Inertia in kg- m?
Single-line-to-ground fault
Phase-to-phase fault
Line-to-line-to-ground fault
Three-phase fault
Three-phase-to-ground fault
Resistance fault

MYV feeder impedance

Main grid impedance

Phase-Locked Loop

Point of common coupling

Root mean square

Common Format for Transient Data Exchange (IEEE format)






Chapter 1: Introduction, concept and objectives

Chapter 1

Introduction, concept and objectives

1.1 Power systems overview

Conceptually, power systems can be defined as the set of elements required to supply electrical
power to the costumers. As a whole, power systems can be seen as a chain where several agents
take part of it and interact between them. To understand the present power systems structure, a
brief recall regarding its beginnings becomes crucial. Indeed, the electrical networks have evolved
tremendously from its beginning at the end of the XIX century. At first, the electrical networks
were formed by power plants linked with the supply centres with low distances, fed through direct
current (DC) at a voltage of 100 V with very low power in the range of hundreds of kW. Years
later, with the invention of the alternating current (AC) and the implementation of power
transformers, the electrical energy was transmitted through long distances, where the voltage
increased to the hundreds of kV and the transmitted power increased to the MW. Thus, in 1922
the first 245 kV transmission line was inaugurated, this voltage level has been increasing until
today. In more or less extent, the electric energy systems have developed equally for all countries,
converging towards a very similar structure and configuration [1.1]. However, each electrical
network may have a particular configuration.

As a rule of thumb, the aforementioned electrical chain is composed of electrical generation, a
transmission system, distribution networks and lastly the costumers. Meanwhile, production
centres have to produce the required amount of electrical energy required by the costumers,
transmission and distribution networks are designed to connect both agents. Furthermore, these
two magnitudes (i.e., the amount of generated and consumed energy) have to be properly
balanced. Since generators produce electricity at low voltage levels in the range of few kV, this
voltage has to be increased through a step-up transformer and after that, the latter is connected
with the transmission system. The transmission networks is used interconnect the major part of
the electricity generation plants with the major part of the distribution substations. Typically, the
transmission system operates with a meshed configuration (i.e., with a closed-loop configuration),
that is, the network is fed by more than once source. Therefore, HV substations can be supplied
by different generation centres simultaneously. Commonly, HV substations are highly automated
and are protected with a high degree of redundancy in order to assure high reliability. Detailed
information about the full range of configurations in an HV substation, see [1.2-1.3]. In these
substations, high-capacity power transformers are allocated so as to evacuate the high amount of
energy. The operation and maintenance of the transmission system, as well as the coordination
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between generation and consumption, is under the responsibility of the transmission operators
(TSOs).

The subsequent step in the electrical chain is the subtransmission system, which hangs from the
previously mentioned transmission system at HV levels, and subtransmission systems can be seen
as the connection between the HV substations with the distribution primary substations. Even
though, presently is still not clear if these assets belong to the transmission network or instead, to
the distribution networks.

Distribution networks (DNs) hang from the previously mentioned subtransmission systems,
which operate at lower levels. Although only two different voltage levels are theoretically defined
(HV and LV levels), in practical engineering, the concept medium voltage (MV) is widely used.
DNs encompasses two types of distribution systems, named primary and secondary distribution
systems. The first distinction is aimed at connecting the subtransmission levels (e.g., Lines
between 66 and 132 kV) with the secondary distribution system which operate at MV levels (e.g.,
between 11 and 25 kV). Therefore the transformers allocated at the primary substations operate
between HV and MV (e.g., 132-66 / 11-25 kV). Afterwards, the so-called MV grid is connected
through the LV networks at the secondary distribution substations where the voltage reduction
takes place (e.g., step-down transformers of 25/0.4 kV are widely used). Costumers are the last
step of the electrical chain and are supplied by the LV networks. Even though different
configurations and voltage levels may vary depending on the country, commonly, low voltages
are around 0.4 kV and its configuration is mainly radial. The main difference between LV
networks rises in the type of grounding. In Section 1.2, the configurations and parts of these
distribution networks (DNs) will be showed and briefly discussed. The DN is operated by the
distribution operator (DSO), who is responsible for the grid planning, operation and its
maintenance. Figure 1.1 shows the typical configuration of an electrical power system where the
previously mentioned agents are depicted. As can be drawn from this Figure, the power flow is
unidirectional and is all supplied by the transmission levels.

Focusing on DN, its degree of automation and observability used to be lower than the one
implemented in the transmission systems. Nonetheless, in the recent years, due to the emerging
challenges that DNs are facing such as the integration of dispersed generation or the increasing
interest in the power quality, they are transitioning to full automated grids. On the other hand, the
LV networks are less automated than the MV are, which makes them weaker. Nevertheless, they
are also experiencing noticeable changes, especially due to the rapid proliferation of the rooftop
PV generation and also due to the implementation of the smart meters [1.4-1.5]. Even though, as
has been stated before, the huge amount of generated electricity is transmitted to the consumption
centres through the HV transmission lines and its substations, this fact is changing recently with
the proliferation of the so-called distributed generation (DG). These power plants are usually
based on renewable energies (e.g., mini-hydraulic, photovoltaic or wind power), range between
hundreds of kW to few MW and are connected to the different voltage levels of DNs. At the early
beginnings, these resources were seen as a threat to the network, given the changes that these
plants will rise, and indeed, these DG units have changed the way classical DNs were operated.
Among the issues that have appeared, it is relevant to highlight the change in the protective
coordination [1.8], and the reverse in the power flow [1.9].

On the other hand, it has been demonstrated that these DG units can provide valuable advantages
such as losses reduction and voltage improvement [1.6-1.7]. As a consequence of this dispersed
generation, the resulting electrical system is shown in Figure 1.2. As can be seen, the power
system depicted in Figure 1.1 has suffered major changes.

Costumers are the last step of the electrical chain, and the electrical loads represent them.
Depending on the load profile, the following classification is done: (i) industrial, (ii) commercial
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and (iii) residential. The first group, have a large rate of power and high load profile, the second
group typically have a high rate of power and consumption per area (kW/m? and kWh/m?) and
lastly, the third group has a low rate of power and the rate of consumption is below the commercial
one. The (i) group, depending on its power rate, can be either connected to the subtransmission
grid or to the MV grid, the (ii) and (iii) are typically connected to the LV grid. In addition to the
load profile classification, if the type of load voltage-dependence is considered, the following
distinction can be done; (i) constant impedance loads, (ii) constant power loads and (iii) constant
current loads. Lastly, it is worthwhile to note that, the previous loads have been assumed linear,
nevertheless, with the appearance of the electronically-interfaced devices (i.e., devices fed
through AC/DC converters) the non-linear loads are increasing.

Figure 1.1: Power systems general structure.
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Figure 1.1: Power systems general structure with DGs.

1.2 Power distribution networks

1.2.1. DNs general structure and configurations
Distribution substations

As stated in the previous subsection, distribution networks hang from the subtransmission levels
and the step-down HV/MV transformers allocated at the substations reduce the voltage level
between the subtransmission system and MV network. Therefore, once the DNs structures have
been defined (i.e., primary and distribution systems), this section will list the most common types
of substations configurations and its main features. In general, these substations are equipped with
measurements devices, protective equipment (e.g., circuit breakers, switches, potential
transformers, current transformers or surge arresters), communication devices and automation
systems. Commonly, the substation configuration depends, to a large extent, on where they are
located (i.e, rural, suburban or urban) and regardless of the type of configuration these substations
can be fed by one, two or more lines and can have one, two or even three transformers in
exceptional occasions. It is worthwhile to note that regardless of the type of substation, the MV
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configuration (i.e., the secondary side of the transformer) may vary. The first type is composed
by only one main bus and one transformer, the second is known as split bus and is formed by two
transformers and the third is composed by a main bus and has a tie-switch which guarantees the
continuity of supply in case one transformer fails. Thus, Figure 1.3a shows single transformer
configuration and Figure 1.3b shows double transformer with split configuration. Thirdly, even
though double MV bus is not the most common scheme, this configuration can be found
especially in urban substations with large amount of clients and uninterruptible supplies.

a) Single MV bus b) Split configuration for MV bus

Figure 1.2: Primary distribution substations with single bus.

The most common substations schemes for HV/MV voltage reduction, are listed down below:

* Single bus

* Sectionalized single bus

e Main and bus transfer

* Ring

¢ Breaker-and-a-half

¢ Double-breaker-double-bus

For a more detailed explanation about these configurations and other substation configurations,
see [1.2].

Single bus

This substation configuration is the simplest one and is formed by one bus which connects the
HYV grid lines with the HV/MV transformer. The main disadvantage of this configuration is the
low level of reliability where, in case a transformer or bus fails, it implies the loss of the whole
electrical supply. The MV lines which hang from the substation will experience an interruption.
Figure 1.4a show this configuration. Note, that this configuration can be fed with one or two HV
lines and can allocate one or two transformers.

Sectionalized single bus

This configuration is the evolution of the previously described single bus substation. The main
feature and advantage is the possibility of splitting the main bus, therefore, if in the substation a
bus fault occurs, it can operate with one circuit breaker and one transformer, thus increasing the
level of operations in case a fault occurs. Thus, by operating the central tie-switch, this type of
structure improves reliability, enhances the single bus configuration and allows the isolation of
the main bus for maintenance tasks. On the other hand, the cost is increased in regards to the
single bus. Figure 1.4b shows this configuration.
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a) Single bus b) Sectionalized single bus

Figure 1.3: Primary substations with single bus.

Main and bus transfer

A main and a bus transfer configuration consists of two independent buses, where one acts as the
main bus which is fed by the HV lines and, two switches and a circuit breaker (CB) protect the
transformer. The main bus and the second bus are connected through the interconnection CB
equipped with two switches. In case a circuit breaker has to be removed or put out of service, this
can be accomplished by taking advantage of this bypass tie-switch. This configuration requires
two switches for each HV line and each transformer, in Figure 1.5, an example of a double bus
with bypass switch is depicted. Concerning the previous configuration, the main advantage is the
reliability increasing, whereas the main disadvantage is that its cost is also increased.

Ring

Ring configuration is an extension of the sectionalised bus substation and is formed by
interconnecting the two open ends with a CB. This configuration creates a loop where two
switches and a CB protect each section. The main advantage of this configuration is that in the
case of transformer or circuit breaker failure, this section can be isolated and the substation
continues operating. In case a bus fault occurs, with this configuration, the two circuit breakers
of the faulted side clears the fault without interrupting the power supply. Figure 1.6 shows this
substation scheme. As for the sectionalised bus configuration, the main advantages of these
substations are the high reliability in case of outages, and the flexibility to perform maintenance
tasks. On the contrary, the cost increases due to the required number of switches and CBs.

Breaker-and-a-half

The breaker-and-a-half configuration is composed of two buses which are connected both CBs
and switches.



Chapter 1: Introduction, concept and objectives

Figure 1.4: Substation with main bus transfer configuration.

A

v

Figure 1.5: Substation with breaker-and-a-half configuration

Usually, for each high voltage line and transformer, there are two switches and one CB. In each
side, three circuit breakers are allocated. Thereby, the reason why this substation is called breaker-
and-a-half is that each side (either HV line or transformer) has one CB and share the second one.
This configuration provides high flexibility in case a CB has to be replaced and guarantees full
protection during this task. Besides, bus faults do not produce any substation outage. The pros
and cons of this configuration are the high flexibility, high reliability, the chance of remove either
circuit breakers or bus for maintenance with no interruption, however, the cons are the high price
and the protective coordination between circuit breakers (i.e., the shared circuit breaker which
both high voltage line and the transformer). This configuration with two HV lines and two
transformer positions is shown in Figure 1.6.
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Figure 1.6. Substation with double-breaker-double-bus.

Double breaker-double bus

This substation configuration is probably the most complex, essentially, because of the number
of switches and CBs. As for the three previous configurations, this substation has two main buses
which generally energised. For each circuit of the substation, there are two CBs, thereby, any of
them can be removed without interrupting the electrical supply. Each branch between the two
buses allocates either an HV line or a transformer position. Figure 1.7 shows this configuration
with two HV lines and two transformers. Undoubtedly, among all the listed substations
configurations, this is the one which provides more reliability, however, is the most expensive
due to the number of switches and CBs.

Primary distribution systems

Primary distribution systems can be either single-feeder which means that there is only one MV
line or a multi-feeder when several lines hang from the substation. As an example, a typical DN
configuration is shown in Figure 1.8. In the latest, an open-loop configuration can be made if two
or more feeders can be connected. However, Figure 1.9 shows the configuration of the feeders,
where the normally open switch is closed. An essential factor to take into consideration in the
open-loop configuration is the high reliability. Commonly, each feeder which hangs from the
HV/MV is protected by a CB with an overcurrent function implemented, whereas fuses protect
the lateral branches. Note however, that this configuration can be different if the grid contains
DGs, as an example, see the network layout of Figure 1.10.
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Figure 1.7: Typical Distribution network with radial configuration.

Figure 1.8: Distribution network configuration with open-loop configuration.
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Figure 1.9: Distribution network scheme with DG units.

Secondary distribution systems

Secondary distribution systems are the part of the grid which hang from the MV/LV substations,
and as stated before, its configuration will vary depending on how important is the load's power
continuity. Accordingly, the major part of the LV grid is operated radially, while, for consumers
where the power cannot be interrupted (e.g., hospitals, large factories, large buildings) a spot
configuration is selected. In Figure 1.11a, the typical radial LV grid configuration is showed;
meanwhile, a spot configuration is shown in Figure 1.11b. Fuses protect the LV feeders which
hang from theses substations.

a) Radial multi-feeder LV grid b) Spot configuration of a LV grid

Figure 1.10: Secondary distribution substation configurations.
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1.2.2. DNs elements and systems applications

The elements that compose a DN can be classified into three main types; the inherent elements of
the DN, which are focused on transmitting the power between primary and secondary substations.
Distribution lines (i.e., they can be either over-head wires or cables) and transformers are the main
components of this group.

The second group of devices is focused on providing reliability and safety. This group includes
elements such as relays, CBs, switches, sectionalizers, reclosers, fuses or surge arresters. Besides,
the coordinated between those elements becomes crucial. Additionally, other elements such as
voltage regulators, capacitor banks or inductances can be found along the DN to provide reactive
support for voltage support.

The third category of elements is focused on measurement, operation and grid monitoring.
Measurement devices are, at the same time, composed by elements such as potential transformers,
current transformers, power quality analysers and smart meters. The electrical measurements
sensed by the previously mentioned tools are typically collected with a remote terminal unit
(RTU) and transmitted to the monitoring systems taking advantage of a communication system
(e.g., GSM, GRPS, or optic fibre). Finally, software systems such as SCADA or state estimators
manage the data obtained from the obtained field measurements. The latter has aroused great
interest during the last decade and have provided successful results to detect missoperations.

Lines

Lines are designed to transmit power along the grid. These lines can be either an overhead line or
a cable depending on its configuration. Mainly, distribution lines along urban areas are typically
composed of cables, whereas overhead lines are the most used type in suburban and rural areas.
Meanwhile, overhead lines are based on aluminium; cable lines are insulated with polymers such
as XLPE or EPR. A detailed modelling regarding lines in power systems is done in [1.10].
Furthermore, a comprehensive study of electrical lines modelling for transient studies can be
found in [1.11].

Transformers

Transformers are one of the most critical elements of an electrical system and are used to adjust
the voltage level to the desired value; thus, it can be used to increase or decrease (i.e., step-up and
step-down transformers) the voltage level through its electromagnetic fields between windings.
They transfer power through its windings without changing the frequency. Transformers can be
categorised by the number of windings and its connection, the core configuration (e.g., three-limb
core, five-limb core or three single-phase transformer), the transformation ratio, the power rating,
its clock ratio between windings, and the type of cooling. ANSI/IEEE-Std. C57.12 provides useful
data regarding transformers characteristics and tests [1.12]. The main characteristics of a
transformer are supplied by the manufacturer and showed in the rating plate. Usually, the main
features are as follows: its ratio between winding voltages, the rated apparent power, the short-
circuit impedance and its losses. In [1.13-1.14], a comprehensive evaluation of transformer
models for transient studies is carried out.

Circuit breaker

A circuit breaker is a switching element designed to energise or de-energise a circuit; therefore,
it can interrupt the electrical current. The circuit breaker is defined by its breaking capacity in
steady-state as well as under fault conditions. This current interruption can be done to protect the
grid against disturbances or to carry out maintenance tasks. Presently, several types of the circuit
breakers are available, among them, SF6 CB, vacuum CB or oil CB. For a thorough analysis
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regarding the types of CBs and its capabilities, see [1.15]. Overall, in MV networks, the breaking
capacity during steady-state operation of these devices is around a maximum value of 800 A,
while during short-circuit, the breaking capacity is approximately 20 kA.

Relay

The main goal of a relay is to drive the circuit breakers or other switching devices. This device
performs the task of preventing abnormal situations in the grid (e.g., short-circuits, over-voltages,
etc.). These devices have the capability of generating a trip and send it to the CB in case a
threshold has been exceeded. The thresholds and settings of each relay depend on the desired
protective function (e.g., over-current relays, voltage relays, frequency relays, etc.). In general,
radial distribution networks are equipped with overcurrent relays to protect the grid against short
circuits or over-loads [1.16].

Nevertheless, depending on the type of grounding and the type of network (i.e., radial or meshed),
this overcurrent protection has to be replaced by a more complex protective system. Particularly,
in the presence of DG units, voltage and frequency relays are widely used. In the further sections,
the main types of relays used in distribution networks will be assessed.

Recloser

A recloser is a protective device which is allocated along the grid and has the capability of
interrupting currents. In case a fault occurs, it de-energise the circuit, and after a preset reclosing
time, it attempts to re-energise it to restore the supply. If this operation is unsuccessful, few more
reclosing operations are typically implemented (e.g., between three and four reclosing operations
at different time rates is a commonly used procedure). If these attempts proved to be unsuccessful
because the fault is permanent, the circuit remains opened isolating the faulted section. The
breaking capability of these devices can be similar to those adopted in circuit breakers. It is
essential to highlight that, reclosing function can also be implemented in a relay, see
manufacturers data [1.17].

Sectionalizer

Essentially, a sectionalizer is a protective device which acts as a slave of a master device, which
can be either a circuit breaker or a recloser. Therefore, the principal goal of these devices is the
fault location. A typical procedure implemented in sectionalizers for fault location and isolation
in MV DN is described as follows. Firstly, it counts the number of faults and interruptions (i.e.,
a short-circuit and its subsequent CB opening). Secondly, and depending on the desired time,
between two of the aforementioned reclosing operations, it orders the switch opening to isolate
the faulty section. Note, however, that during normal operation, sectionalizers are capable of
interrupting less current than circuit breakers. For instance, in MV networks, regardless of the
voltage level, commonly the breaking capacity of sectionalizers during normal operation is
between 200 and 600 A. These devices proved to be useful to locate and isolate the fault in DNs.

Switch

A switch is used to isolate a faulted section of an electrical network. Mainly, the difference
between a CB and a switch is its breaking capacity. Meanwhile, the CB can interrupt high fault
currents; this switch can only interrupt low current levels. As mentioned earlier, they are
especially useful to isolate faults when the upstream CB has previously de-energised the circuit.

Fuse

Unlike the other protective devices such as CB, reclosers or sectionalizers, fuses are only designed
for over-current protection. Fuses are formed by a piece of wire which melts when current exceeds
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a particular threshold. The most common fuses curves can be seen in [1.18]. For reliability
purposes, these protective devices are not recommended and are used to protect laterals and
secondary branches in the MV distribution network. Indeed, based on a cost-effective solution,
fuses are widely adopted in secondary distribution substations to protect LV lines.

Potential transformer

A potential transformer is used for measurement purposes, it usually is formed by a common core
and its main aim is to adapt the voltage level of the grid to a low voltage level suitable for devices
such as relays and meters. More detailed data of these transformers can be found in [1.19].

Current transformer

Current transformers are used in measurement and protection purposes. Unlike potential
transformers, these devices are used to reduce the current level that flows through the primary
winding. These transformers have a ratio between the primary winding and the secondary
winding. The primary winding is connected in series with the wires, and the secondary is
connected to the protective relay or measurement unit. Presently, different topologies of current
transformers are available; some of them are designed to avoid line de-energisation (e.g., open-
core CT). The relationship between primary and secondary is kept fixed. See manufacturer data
in [1.20].

Power quality analyser

As a general definition, a power quality analyser is aimed at measuring a wide range of parameters
for power quality assessments. The most common power quality disturbances are as follows:
voltage sags/swells, voltage interruptions, flicker, transient over-voltages, harmonics, voltage and
current unbalances or even frequency deviations, an extensive analysis of power quality
disturbances can be found in [1.21-1.22]. Presently, the use of these devices is gaining importance
among utilities to record system disturbances. Depending on its accuracy, they can be classified
as class A or B, see the measurements requirements in the standard UNE-EN 61000-4-30.

Capacitor bank

Capacitor banks are used to provide reactive power to the grid and help to improve the power
factor of end-users. Even though three-phase capacitor banks are the most commonly adopted in
DN, single-phase capacitor banks may also be found in single-phase LV networks. Due to the
power factor correction, they help to improve the voltage drop and losses. These devices usually
are allocated in either the primary substations (i.e., at the MV bus of the substation) or at the
secondary distribution systems (i.e., at the primary side of the MV/LV distribution transformer).
A comprehensive investigation regarding the optimum allocation of capacitor banks in DNs can
be found at [1.23].

Smart meter

Smart meters are measurement devices and the main difference with regards the typical ones is
its capability of transmitting the data through the distribution network wires. Indeed, the power
line communication (PLC) system, is one of the most commonly adopted solution by DSOs.
Additionally, they are prepared for bidirectional measurements and can register events such as
power failure or detect over/under-voltages in steady-state. In the modern power systems, these
devices are a valuable asset for the DSO to carry out other functionalities such as voltage control,
demand-response, DG dispatching control or network losses evaluation (either technical or non-
technical). Lastly, in smart grids, these devices can be crucial to improve the current load shedding
procedures. An excellent example of smart meters project can be seen in [1.22].
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Voltage regulators

Voltage regulation can be done by using a transformer equipped with a tap changer of a specific
apparent power capacity, which allows the user to modify the ratio by changing the number of
turns. Usually, the addition or removal coils is done in the primary winding (i.e., the higher
voltage winding). Thus, by switching the taps, the voltage drop can be reduced.

In the recent years, as a result of the electronically-interfaced devices, the voltage control is done
with several flexible alternating current transmission systems (FACTS) devices such as static var
compensators (SVC) (it that can be either a capacitor or a reactor) or static synchronous
compensator (STATCOM). These devices are electronically-interfaced capacitors or even
reactors connected to the grid through a voltage source converter (VSC); thereby, the injection of
reactive power can be controlled by its thyristors. For more information about this voltage
compensation, see [1.24].

SCADA

Conceptually SCADA (System control and data acquisition) systems are implemented for real-
time monitoring. This control can be implemented through a communication system which
receives the signals (i.e., bus voltages, line currents, system frequency, circuit breakers state, etc.)
from in-field measurement and protection devices. These data is sensed, collected and stored into
a database. The stored data can be evaluated and classified by the SCADA main program and
allows the DSO to analyse the state of the grid as well as evaluate prescribed events. SCADA
systems are beneficial for DN dispatching tasks.

State estimators

State estimators have represented one of the most noteworthy achievements in the power systems
control, especially during the recent years in the so-called smart grids. The input of this tool is the
obtained data from the SCADA, which in turn, it has been collected from field measurements.
The state estimators main goal is to detect ill-conditioned measurements and false alarms; thus, it
estimates the grid from local measurements. For more detailed information regarding state
estimators, see [1.25].

1.3 Thesis background

DN in rural areas are those who are more vulnerable and are more exposed to contingencies due
to the environment and due to the low level of redundancy. Typically, DNs are operating in radial
configuration and are protected by CBs and reclosers which are driven by over-current relays.
Hence, if a fault occurs (e.g., it can be either short-circuits or over-loads), after the clearing time,
the circuit is de-energised. As mentioned earlier, following this operation, in order to avoid
manual operations and time-consuming posting of employees, the recloser will attempt to re-
energise the circuit on several occasions to restore the electrical supply. Therefore, the costumers
located downstream of the faulted section are expected to experience a voltage sag before the
fault is cleared, and a supply interruption once the CB has opened the circuit. However, if a source
is acting in parallel with the main grid during the reclosing time, instead of an interruption, an
islanding operation (IO) can occur. To date, these I0s were expected only in the presence of
distributed generation (DG) units, which following the CB disconnection, they continue
energising this portion of the network.

However, unexpectedly, and IO was observed in a DN with no DG units. This fact, undeniably,
raised a problem for the DSO accentuated by a considerable amount of consumers complaints.
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Crucially, this was the starting point of the undertaken research. This being the case, the first steps
focused on locating the source of this unexpected 10 and analyse the occurred events which, given
the situation, it was not a trivial issue.

As a general matter, the background of this thesis lies in solving a major problem identified in a
real DN located in Spain.

1.4 Steps of the thesis

As derived from the previous section, essentially, this thesis has been oriented at solving a real
problem identified in a DN located in Spain. Although the main pillars of the thesis have been
detailed in the abstract, this section will list a detailed point-by-point summary of the main stages.
Particularly, during the research period, the following steps have been carried out:

1. Carry out an in-depth analysis of the recorded field measurements.

>
>
>
>
>

Collect the data from relays.

Extract this data from Comtrade files.

Analyse of the origin of the events.

Determine the origin of this IO.

Classify each event depending on its duration and characteristics.

2. Preliminary characterisation of the transient.

>
>

>

>

Characterise the main features of the islanding.

Accurately identify the different stages of the 10. Thus, considering the
pre-fault, during-fault, the IO and the recovery process.

Preliminary discussion concerning the possible influential factors of this
IO.

Study the possible effects of the IO into the grid and costumers.

3. The development of the model

YV VVY

Evaluate the Matlab/Simulink capabilities for the transient simulation.
Analyse the main characteristics of the network components.

Select the most appropriate model for each grid component.

A comparison between the model and the real system was investigated.
The last step focused on load modelling. Given the fact that its pattern is
random in time, to obtain successful results, the trial and error method
had been used.

4. Simulations with the implemented model

>

>
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Once the model has been created, the first preliminary simulations were
performed.

After preliminary attempts, a successful wide range of scenarios were
simulated (See Chapter 5).

Analyse the obtained results from the simulations.

A comparison between the simulation results and those obtained from
in-field results has been performed. From this comparison, the exact
location of the faults occurred in the grid proved feasible. Given the fact
that with voltage and current measurements in only two locations (PCC;
and PCC,, See Figure 4.1 in Chapter 4) it is complicated to locate a fault.
However, by making this comparison, this location is successfully
obtained.

Simulate the IO with different feeder load scenarios.

Simulate the islanding operations by adding different load torque values.
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» Simulation with different types of faults so as to observe its effects on
the island.
» Simulate several reclosing times with both permanent and non-
permanent faults.
5. Model validation
» Carry out a comparison between the real occurred events and simulation
results, which is achieved by comparing both voltage and frequency
measurements separately.
» Test the accuracy of the developed model.
6. Voltage sag assessment
» A review of the main power quality disturbances.
» A general survey of the voltage sags state of the art.
» Establish the main features of the proposed voltage sag that is observed
during the island.
» Define the analytical expression that follows this voltage sag.
» Validate the proposed analytical expression of the sag magnitude taking
advantage of the real occurred events.
7. Anti-islanding evaluation
» A brief review of the currently available islanding detection (ID)
methods.
» Test the available methods for DG islanding detection.
» Describe the principles of the proposed algorithm.
» Demonstrate the efficiency of this method in ID as well as the
incapability of the current ID methods for several particular scenarios.
» Test the hybrid islanding detection method for both islanding and non-
islanding events.

1.5 Thesis Objectives

Fundamentally, the main goals of this thesis can be summarised in three main points, which are
listed down below:

» The first objective of this thesis is the development of the required model to validate the
recorded field measurements where the islanding operation has been identified.

» The second goal is the assessment of the voltage sags that occur during the islanding
operation object of study.

» The third goal of this thesis is the implementation of a suitable tool to prevent the
islanding operation which has been previously evaluated, modelled and validated.

1.6 Document structure

This thesis is structured in 10 chapters, as follows:
Chapter 2

The second chapter describes the state of the art of each key issue of this thesis. Thus, the first
part will describe state of the art in IOs, the main types and its principal features. The second part
is aimed at introducing the main fundamentals of the power quality, which falls within the second
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key issue of this thesis. Lastly, the third part makes a review of the currently available islanding
detection methods and introduce the basic principle of the islanding detection criterion
implemented in this thesis.

Chapter 3

The third chapter reviews the current literature about voltage sags. In this chapter, the voltage
sags will be divided into two main types; the ones with constant magnitude (i.e., originated by
short-circuits) and ones with non-constant magnitude (i.e., voltage sags originated by the
contribution of induction motors, caused by motors starting or transformers energisation).

Chapter 4

The fourth chapter seeks to address the theoretical analysis of the IO. In this chapter, the following
aspects are analysed; (i) the origin of the islanding operation and its contributory factors, (ii) the
equations of the system before the fault, (iii) during the fault and, (iv) during the IO. Besides, this
chapter describes the main features of the three-phase Matlab/Simulink implemented model.
Mainly, this chapter describes the modelling guidelines followed to validate this transient.

Chapter 5

Chapter 5 provides the results obtained from simulations and describes the critical aspects of each
group of simulations. Since each influential factor has grouped simulations, this Chapter will also
be divided according to these factors. Therefore, this chapter is divided into four subparts
according to every influential factor, which are the following; the feeder loads value and its model,
the motor load torque, the type of fault that caused the IO and the reclosing time.

Chapter 6

This Chapter is principally focused on show and discuss the field measurements. For the sake of
brevity, this part will only show and discuss seven events from the available events in the
database. It is worthwhile to note that this selection of the recorded events, provides a sufficiently
representative sample to characterise the IO object of study.

Chapter 7

This chapter compares the simulations obtained in Chapter 5 with the field measurements from
the real occurred events. The validation of this model transient will be carried out comparing
both voltage and frequency separately. Additionally, an in-depth discussion regarding the
appropriateness of the adopted model and its accuracy is presented.

Chapter 8

Chapter 8 assesses the voltage sag that occurs during the IO and details its main features.
However, the crucial aspect of this Chapter is the characterisation of the non-constant magnitude
of this sag. A validation between simulations and field measurements can fulfil the validity of the
proposed voltage sag analytical expression.

Chapter 9

Chapter 9 is aimed at detailing the main characteristics of the new islanding detection tool that
has been implemented to prevent the unintentional IO described in the previous Chapters. This
tool has also been tested for both islanding and non-islanding events.
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Chapter 10

Lastly, Chapter 10 contains the main conclusions derived from this thesis as well as includes some
suggestions for future work.
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2.1 Motor bus transfers

The guiding principle of this thesis is the transient behaviour of the induction motor which
following a disconnection, transiently, behaves as a generator. This transient has been object of
study in the industry practice when a motor is transferred from one bus to another, see [2.1-2.3].
At the beginnings, what concerned most was the higher torques that occur during these bus
transfers, in [2.3] a specific ratio (Volts per hertz) value of 1.33 has been established to achieve
successful reclosing operations when carrying out these transfers.

Since these transfers were very fast (i.e., typically less than ten cycles), these studies considered
that the mechanical motor speed remains constant during the process, which cannot be considered
in the present study.

Other works concerning motor bus transfers have been focused on developing several tools to
prevent these undesired out-of-phase reclosing operations, see for instance, [2.4-2.5]. Particularly,
in [2.5], the main goal is to estimate the angle and voltage magnitude of the motor bus before the
other source is connected.

In-depth research has been carried out by the IEEE Task Force, see the report in [2.6]. In motor
bus transfers, two main type categories can be distinguished; closed transition or open transition,
where the fundamental difference lies in the type the paralleling. Thus, the closing transition
involves a brief paralleling between sources, whereas the open transition does not operate with
both sources. Among the techniques in the closed transition, the hot-parallel transfer is the most
common; meanwhile, within the open transition, the fast, residual and long-time procedures are
widely implemented in the industry. Take into consideration that if the new source is not
paralleled, the instant when the motor is disconnected is crucial. The period between the motor
disconnection and the other source connection, the motor is acting as a generator.

Hot-Parall€l transfer

In this technique, the new source feeds the motor before for the old source is tripped to avoid
supply interruption, and during a brief period of time (between 100 ms and 200 ms), both sources
supply energy to the motor. The main advantage of this method is that no transients occur,
however, due to the paralleling, if a fault occurs during this transfer, this can overstress the system
components due to the rise in the short-circuit power.
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Fast smultaneous transfer

This technique belongs to the open transition method and is based on tripping the old source and
reconnect the new one at the same instant. Due to the delay between both CBs, either a brief
unintentional paralleling or brief islanding may occur depending on which breaker trips first. In
this technique, the deviation between voltage, frequency and angle between sources used to be
small since two stiff sources are reclosed. Among the unsupervised reclosing operations, this bus
transfer technique is the fastest one.

Fast sequential transfer

The operating principle of this technique is very similar to the previous one, nevertheless, in this
technique, the new source is tripped, and as soon as these CB has started the process (i.e., typically
one or two cycles), the new source CB is connected. Thus, in this method, a supervised command
is implemented to track the state of the CB of the first source. However, if the reclosing is
unsupervised, several issues may occur, see the results obtained in [2.3]. On the other hand, if the
process is supervised by a closed command, which can dynamically block the fast transfer just
after the main source (i.e., the first one) is disconnected, even if a fault occurs during the process,
a change in angle or voltage is detected.

Residual transfer and long-time transfer

This technique aims to wait until the motor bus voltage falls below a preset value, typically 0.25
pu; therefore, the reclosing transient will be similar to the one experienced in a motor energisation.
In this technique, the angle is not taken into consideration. This technique is the third faster among
the open transition methodologies. The main advantage is that no commands or advanced tools
are required to fulfil such a task. However, the main disadvantage of this reclosing procedure is
the fact that the industrial process is almost stopped; therefore, the motors may need a restart.
Note also, that depending on the motor inertia, the load torque and its type, voltage in the motor
bus will decay slowly, which will make the process time-consuming. As an example, if no loads
are connected to the same busbar, and the motors are rotating with low load torque, this process
may take between seconds and a few minutes.

In-phase transfer

This technique offers the possibility of avoiding a fast transfer as well as avoid a supply
interruption during a residual or even long time reclosing procedure. Thus, the command to
reclose the CB and connect the motor bus to the new source waits until 0 degrees of phase
coincidence regardless of the slip frequency or the voltage magnitude difference (i.e., the
difference between the motor bus and the new source). Since the motor bus frequency is decaying
following its de-energization, this technique requires advanced tools to measure the angle in both
sides. Here, CBs are assumed to open in four-cycles, and a variance of one cycle can produce
errors in the predicted angle. Therefore, due to the fact that CBs interrupt the alternating current
(AC) at zero crossing, depending on the rate-of-change-of-frequency (ROCOF) in the busbar, a
half cycle or even one cycle delay can produce an angular error. Fortunately, the angular
difference that can occur during this process is assumed as an acceptable error, see [2.3]. A
practical discussion regarding how to carry out as well as practical experiences of how to carry
out such transfers is done in [2.6].
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2.2 Islanding operations in DNs

2.2.1 Overview

An islanding operation can be defined as a parallel operation between the main utility and an
isolated area due to either a fault or a maintenance task. Several categories may be used to classify
such operations; the first distinction is between intentional and unintentional; the second one is
referred to long term and short term. When a part of the grid is isolated, the mismatch between
the power delivered by the sources and the local loads that remain in the isolated part plays a
pivotal role in the purpose of maintaining system stability within the islands [2.7]. According to
IEEE Std. 1547 during unintentional islanding operations, distributed generation (DG) must be
disconnected within 2 s for slight voltage and frequency deviations, and in 0.16 s for significant
variations [2.8]. Several detailed studies have been carried out to prevent islanding operations in
DNs in the presence of DG; see. Several authors have studied (intentional or unintentional)
islanding operations under different contexts; see, for instance, [2.9-2.10].

2.2.3 Intentional islanding operations

This type of IO has been object of study in several research articles [2.11-2.12], where the island
is created utilising a multi-machine system and considering a wide range of generators. Mostly,
these islands have been designed to maintain stability and avoid catastrophic blackouts for wide-
area power systems. Stability is a crucial issue in wide-area power systems, in [2.13], the power
system stability definition and classification is done. Figure 2.1 shows the main categories and
magnitudes that are analysed in power systems stability. From [2.13], it is quite clear that each
contingency has to be analysed separately, however, it is also true that a large contingency in one
magnitude can produce a collapse to another one. For instance, even though frequency and voltage
stabilities are analysed separately, major disturbances in one variable may lead to another variable
collapse and as a consequence, entail a major blackout, an excellent report can be found in [2.14].
As stated before, the main aim of the intentional islands is to avoid major blackouts, for example,
in [2.15] the causes of several occurred blackouts are thoroughly investigated. The equilibrium
between active-power generation and active-power loads has to be maintained and is a crucial
indicator (minimum power imbalance), nonetheless, other factors such as generator coherency
has to be also taken into account [2.16-2.17].

Although the intentional islands have been thoroughly investigated for wide area, in the recent
years the investigation of intentional islanding operations to avoid interruptions and enhance the
distribution networks reliability is gaining prominence [2.18-2.19]. In these situations, the
distributed generation allocated along the distribution networks is of utmost importance.

That being said, a brief recall of the stability concerning the main magnitudes are detailed down
below:

Rotor angle stability

The rotor angle stability is the generators ability to remain in synchronism after being affected
by a disturbance. The equilibrium between the electromagnetic torque and mechanical torque is
the main concern to maintain the generators in synchronism. During a disturbance, an imbalance
between torques occur, thereby, depending on factors such as; generators inertia, the type of fault,
the clearing time, and the severity of the disturbance itself, may lead generators to lose
synchronism. Transient stability has been widely analysed in [2.20]. Recently, the proliferation
of renewable energies such as solar farms or wind parks, have reignited a fruitful debate about
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the effects of such generators into the traditional synchronous system, see [2.21-2.22]. Depending
on the disturbance severity, we have the following classification:

1. Small disturbances of angle stability (e.g., either inter-are or local oscillations).
2. Transient stability (e.g., due to large disturbance).

The first distinction has been assessed in [2.23], whereas the second type has been object of study
in [2.24-2.25].

Frequency stability

The frequency stability is the ability to maintain stable frequency following an imbalance between
the amount of generation and load. Whereby, deviations between active power generation (Pg)
and active power loads (Pr) can be absorbed by the kinetic energy stored in the rotor-synchronous
generators with inertia constant () and the damping constant (D) respectively. In electrical power
systems, a frequency deviation is highly linked with lack of generation reserve [2.26]. Depending
on its duration, frequency disturbances can be either short term or long term. Crucially, a three-
stage procedure is established to address a frequency deviation, this procedure is detailed in
chapter 9 of [2.13], and a brief resume is described as follows:

* First control: In this group, little deviations are considered and normally the required
times for taking actions is between 2 and 20 seconds. This control is not responsible of
restoring the reference value of the frequency, the reference is kept constant. This
response is based on local actions.

* Second control is related to wide-area with a multi-machine system and involves the
operation of the generation dispatching. The timing for this control is between 20 seconds
and 2 minutes. The aim of this control is to keep the balance between generation and load.

* The tertiary control is responsible of address large frequency deviations. This control can
order an increase or decrease generation reference to all generation levels. Normally, this
control, takes place when the first and the second failed to restore the system frequency.
Furthermore, this control considers not only active-power readjusting but also voltage
and reactive-power control.

More details about wide-area frequency control in Spain can be found in [2.28].

Voltage stability

Voltage stability is highly linked with the reactive power, thus, imbalances in reactive power
between generators and loads may evolve to voltage instability. It is seen in several studies that
following a large disturbance, injections of reactive power (i.e., it can be either inductive or
capacitive) helped the system to recover. As stated in the introduction, in some particular
occasions, voltage instability can cause frequency excursions, see [2.29-2.30].

Depending on the severity of the occurred contingency and its duration, voltage stability can be
classified in two categories; small disturbance and large disturbance. Commonly, small
disturbances are related to insufficient damping of oscillations or even a little oscillation of the
prime mover, especially if there is no governor or the excitation is constant system. Meanwhile,
the largest disturbances are mainly due to short-circuits where the system is not capable of
supplying the amount of reactive power, this assessment is done in [2.31].
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Figure 2.1: Power system stability classification.

2.2.4 Unintentional islanding operations

Unlike the IOs evaluated in the previous section, this part is aimed at describing the ones that are
not planned. Mainly, non-planned islanding operations occur at the distribution networks when
the distributed generation (DG) units remain energising the grid after the main CB has opened the
circuit. Typically, in order to prevent these islands and avoid protective misscoordinations, DSO
codes compel the DG resources to trip if a fault occurs.

Based on the previous premise, an essential aspect of any ID study is the capability of the
protective devices to detect the island quickly; commonly, within 200 to 400 ms after the loss of
mains have occurred [2.32]. The list of hurdles in case of failure to trip may include; PQ
disturbances [2.33] (e.g., frequency and voltage out of range), a safety hazard for the network
personnel, or a damaging effect due to the out-of-phase reclosing. The increasing demand for
detecting IOs have led to implementing islanding detection (ID) methods in coordination with the
electric power system protection. Since the survivability of these islands depends on the mismatch
between generation and load, in cases with low imbalances, frequency and voltage will remain
stable. Therefore, this fact makes the task of detecting the island more challenging. In Section
2.3, areview of the available techniques to identify these undesirable operations is done.

It is essential to highlight the fact that the IO that is assessed in the present thesis falls within this
type (i.e., unintentional IO). As mentioned earlier, it occurs when the utility CB opens the circuit,
and the induction motors act as generators energising the grid until this CB recloses to restore the
supply (e.g., Typically between 0.5 and 1 s).
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2.3 Power quality

2.3.1 PQ Fundamentals

Although the term Power Quality is widely used, several definitions can be found in the literature
about this concept. Thus, the term power quality is defined by the IEEE in the std. 1100-2005
[2.34] and IEC has also defined this concept in [2.35]. However, M.H.J Bollen [2.36], established
the following definitions:

» “The quality of voltage can be defined as the variation with regards its ideal form (in
sinusoidal waveform and constant amplitude)”

» “The quality of current can be defined as the variation with regards its ideal form (in
sinusoidal waveform and constant amplitude)”

» “The power quality encompasses both voltage and current quality”

Having said all that, the quality of power is seen as a matter of reliability and quality in terms of
the electrical power that is delivered to the customer. Each deviation from a pre-established value,
which is understood as an acceptable, is considered a disturbance.

Over the last decade, power quality (PQ) attracted the attention of the scientific community, while
presently, monitoring PQ disturbances has become a crucial task for distribution operators
(DSOs) being one of the issues of major concern. Since the DNs supply power to the costumers,
monitoring the occurring events has become essential; therefore, the smart meters allocated at
each customer node will play a pivotal role [2.37]. Regarding the measurement and monitoring
of PQ disturbances, several standards have been published within the EN-61000 series; these
standards fall within the electromagnetic compatibility field. Particularly, EN61000-4-30 defines
how to measure PQ disturbances and makes a distinction in the measurement accuracy. A relevant
summary and interpretation of these standards are given in References [2.38].

Furthermore, other research has been focused on how to identify the different type of disturbances
from occurred events; for instance, see references [2.39-2.40]. Once PQ disturbances are detected,
classifying them and compressing them into separate events is a challenging task and requires
advanced tools; see references [2.41-2.42]. Some authors have considered fuzzy logic or neural
networks to classify them [2.43], some others proceed based on clustering the data depending on
its origin from offline and prescribed events, and lastly, certain studies have focused on real-time
classification, which results in a successful classification; for instance, see reference [2.44].

It is understood that PQ is one of the major concerns for DSOs, and probabilistic studies have
been carried out to evaluate the grid reliability with statistical and stochastic assessments. Such
studies have concluded that protective devices and the weakness of the grid, as well as the type
of loads, are crucial factors when carrying out PQ studies. Besides, with the growing interest in
distributed generation (DG) and smart grids, their influence on the PQ field is currently under
investigation, see [2.45-2.46].

2.3.2 PQ disturbances classification

Before a classification is done, four parameters such as; frequency, amplitude, waveform and
symmetry can serve as reference frames for the following classification. All PQ disturbances are
summarized in the standard EN-50160, where current disturbances are not considered. This
standard defines disturbances as two types: (i) continuous phenomena (e.g., long-time
disturbances in the range between ms and minutes), such as voltage drops, voltage swells or
frequency oscillations; and (ii) short-duration disturbances such as voltage interruptions, voltage
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Table 2.1: Power Quality disturbances summary.

Disturbance Category Subcategory Duration Amplitude
Transients Surge 50 ns -1 ms -
Transients Oscillating 0.3 ms — 50 ms -

Short duration disturbances Interruptions I0ms—-1m <0.1 pu
Short duration disturbances Voltage sags* I0ms—1m 0.1-0.9 pu
Short duration disturbances Voltage swells* I0ms—1m 1.0-1.8 pu
Long duration disturbances Long interruptions Steady-state 0 pu
Long duration disturbances Under-voltages Steady-state 0.1-0.9 pu
Long duration disturbances Over-voltages Steady-state 1.1-1.2pu
Voltage unbalance - Steady-state 05-2 %
Waveform distortion DC component Steady-state 0-0.1%
Waveform distortion Harmonics Steady-state 0-20%
Waveform distortion Interharmonics Steady-state 0-2.0%
Waveform distortion Notches Steady-state -
Waveform distortion Noise Steady-state 0-1%
Flicker - Flashing -
Frequency deviation - <10s +/- 10 Hz

* See an example of both sag and swell in Figure 2.2

sags, voltage swells, and over-voltage transients (e.g., short-term disturbances in the range
between ps to ms). These disturbances are also summarised in Table 2.1.

Among all PQ disturbances, voltage sags have been the object of study for many years. At first,
voltage sags were assumed to be rectangular. Afterwards, it was demonstrated that this was not
strictly true, and the type of recovery, as well as the phase-angle-jump, played a significant role
[2.47]. It is relevant to highlight the characterisation done by M.H.J. Bollen in [2.48].
Furthermore, immunity tests and studies of electrical devices’ behaviour towards voltage sags
have been thoroughly analyzed in Reference [2.50], where the effects of the voltage sags are
evaluated. In this direction, several standards have been published; for instance, EN 61000-3-2
(limits for harmonic current emissions, less than 16 A), EN-61000-4-34 (immunity test for high
current equipment, more than 16 A), and voltage sags with statistical results are summarized in
IEC-61000-2-8. Considering that electrical device sensitivity is an aspect of utmost importance,
immunity tests for voltage sags and interruptions are still under study.

Even though standard indices for reliability such as standard average interruption frequency index
(SAIFI), standard average interruption duration index (SAIDI) or the reliability curves published
by the information technology industry council (ITIC) have been defined, each country has its
own regulations regarding the number of interruptions or their duration [2.51]. To deal with
voltage sags effects, well-known equipment such as dynamic voltage restorers or uninterruptible
power supply devices are used [2.52].
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Mainly, the origin of voltage sags in DNs and transmission networks (TNs) are faults; given their
random nature in time and location, their magnitude, type and recovery can change along the grid.
A fault in the system can produce either a voltage sag or an interruption, depending on where the
fault originates; that is, depending on the type of network and configuration which is feeding the
fault. Thereby, if several lines are feeding the fault, and if we assume that each one has its own
CB, the faulted line/section will experience an interruption, whereas the adjacent section will
experience a voltage sag.

Phase-Voltage (pu)

Phase-Voltage (pu)

Time (s)

Figure 2.2: An example of voltage sag and voltage swell.

2.3.3 Voltage sag features

Since voltage sags are a short-duration reduction of the root-mean-square (RMS) voltage, it can
be said that their characterisation depends on (i) their magnitude (i.e, voltage characteristic), (ii)
their duration, (iii) their type, (iv) the type of recovery, (v) the phase-angle-jump, and (v) their
origin. Nevertheless, the origin of the voltage sag will, in fact, dictate its type and its recovery.
Moreover, voltage sags can change their type and become evolutionary voltage sags because the
fault conditions can change (i.e., faults can evolve from one type of fault to another during the
same event). Other parameters such as the point-on-wave in both the initiation and the recovery
have been the object of study in Reference [2.53]. Besides this, an interesting analysis is done by
Bastos et al. in Reference [2.54].

On the other hand, the data extracted from a measured sag are gained from the sag type
characteristic voltage (i.e., the complex voltage) and by the positive-negative factor as published
in References [2.55]. Particularly, according to Reference [2.56], there is a need to compress the
three-phase voltage sag event into a single event, which is still under study by the IEEE project
group P1159.2. Furthermore, a two-type contribution has been made in Reference [2.57]. To
obtain the main characteristics from a measured voltage sag, relevant methods are available in the
literature, among which are the following:

1. Complex voltage: This method uses symmetrical components to evaluate the type of sag;
thus, comparing the angle between the definite sequence and the negative sequence, the
sag type is obtained. The voltage characteristic is computed with the complex sum and
difference of the positive and negative sequence-voltage.
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2. RMS voltage: These algorithms use the RMS voltage as input; thus, the computation of
the six RMS values of the phase-to-phase and phase-to-neutral voltages is proposed.
Therefore, the voltage characteristic, the voltage sag type and the positive-negative factor
are extracted from these six voltage time-domain values.

3. Advanced features: Within this group, a considerable number of studies have been
published, and the main aim is to extract features from the voltage waveform considering
a wide range of measurements and classify them with an algorithm that helps to compress
the data. From all studies, the most appropriate methods are summarised in Reference
[2.58]. Furthermore, Cai et al. in Reference [2.59] developed a mapping strategy for
multiple disturbances.

In Reference [2.60], the authors focus on voltage sag characterisation; a general distinction is
made considering balanced and unbalanced voltage sags originating from faults (i.e., short-
circuits). Nonetheless, in this study, other sources of voltage sags, such as induction or
synchronous motors during their starting process, are considered. Moreover, further classification
is included in Reference [2.48], where the voltage sag produced during transformer energisation
is evaluated.

Previously, in faults originated by short-circuits, between the fault inception and the fault
recovery, the voltage characteristic has been considered constant, and therefore the voltage sag
has been considered rectangular; see Figure 1. However, this voltage characteristic may not be
constant during the voltage sag and non-rectangular voltage sags may occur; for instance, see
Figure 3 of Reference [2.48]. One reason for this voltage characteristic increasing or decreasing
during the fault could be that the impedance seen from the source changes during the disturbance.
Another cause for a decrease in the residual voltage during a non-rectangular voltage sag can
occur in the presence of IMs. In such a way, immediately following a fault, the IMs tend to
contribute towards the fault (e.g., roughly one or two cycles) so that the drawn current decreases
in time and the voltage value also decreases; this phenomenon is thoroughly detailed in Reference
[2.61].

To summarize, the studied sources of voltage sags are listed as follows:

» Short-circuits (constant retained voltage);

» Motors start—either synchronous or induction motors (non-constant retained voltage);
» Transformer energization (non-constant retained voltage);

» Short-circuits in the presence of IMs (non-constant retained voltage);

This subsection will show the main characteristics of voltage sags graphically in order to compare
these parameters with the proposed voltage sag of the subsequent Section 8 where a novel voltage
sag topology will be presented. Although the voltage sag representation of Figure 1 is not
innovative, this figure and its analysis are necessary to highlight the improvement made with the
proposed voltage sag as the object of study.

In Figure 2.3, the three principal magnitudes are shown in different plots. The first plot depicts
the phase voltage waveform of the faulted phase. In this waveform, the beginning and the end of
the fault can be observed as well as the point-on-wave in both the initiation and clearing (these
two points are within two circles in the voltage waveform). The retained voltage—that is, the
magnitude of the voltage sag—is shown in the second plot of Figure 2.3, and lastly, the phase-
angle-jump is observable in the third plot of the same figure. For this particular event, the duration
is 300 ms, and it originated due to a single-line-to-ground fault (SLG), which belongs to voltage
sag type A in the characterization done by M.H.J Bollen in [2.36], the retained voltage is 0.12 pu,
and the phase-angle-jump is —30 degrees, which means that the grid is predominantly inductive.
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Figure 2.3: Main characteristics of a voltage sag.

2.4 Islanding detection methods

2.4.1 The need for detecting the islanding operations

As has been pointed out previously, if a source continues energising a portion of the electrical
grid after CB has cleared a fault and it is acting in parallel with the main grid, this is known an
I0. The DSO intends to avoid these scenarios. If this IO is not identified, the following issues can
occur: (i) the power quality during the island is not guaranteed, (ii) the out-of-phase reclosing due
to the mismatch between the frequency and voltage magnitude between sources (i.e., the main
grid and the island), (iii) the protective misscoordination because the DG can continue feeding a
permanent fault following the CB action and lastly, (iv) the grid remains energised which becomes
a significant hazard for the personnel. Due to the mentioned previous issues, there is a need to
detect the islanding operations and disconnect these sources as soon as possible. That is the reason
why utilities compel to disconnect the DG in case any disturbance occurs. The subsequent
subsection defines the general classification concerning ID methods. Note that the currently
available methods are only posed for scenarios with DG, which differs from the present case
where large induction motors cause the 10.

2.4.2 General classification

As exposed above, the need to identify these 10, fostered the implementation of the so-called ID
methods, which are targeted at tripping the sources responsible for such I0. Generally, ID
methods can be classified into three main groups: (i) passive-based methods, (ii) active-based
methods, and (iii) communication-based methods.

The first group is based on local measurements. The priority is to prevent false-triggering
operations. The most challenging situation arises when the relation between the power of the
source and the power load demand is near balanced. The principal protective functions that are
involved in these methods are fundamentally: the rate-of-change of frequency protection
(ROCOF), the rate-of-change of voltage (ROCOV), under/over voltage (UVP/OVP), under/over
frequency (UFP/OFP), the rate-of-change of active and reactive power (ROCOP/ROCOQ), the
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vector surge (VS) relay, and the harmonic distortion deviation; these methods have been
implemented in the following works [2.62-2.64].

The second group is aimed at detecting IO by injecting signals into the system (e.g. from the DN
substation to the target islanded source). This technique has generated successful results; see, for
instance, [2.65]. The weakest aspect of these methods falls in the complexity of the required
equipment and its impact on the grid PQ.

The third group uses several technologies (e.g., optic-fibre, power line communications, GPRS,
etc.) to communicate the substation-feeder CB with the interconnection CB located at the PCC of
the target DG. If communications are feasible, it is an excellent option to consider. Moreover, it
is widely extended in practical industry applications.

2.4.3 Passive-based methods

This section reviews the main principles of some passive-based ID methods. It is essential to
mention that this topic has been the subject of many other research studies; see for instance [2.66-
2.67]. In general, the main disadvantage of these methods is observed when the amount of
generation and load are close, because the system can remain stable, therefore frequency and do
not exceed the acceptable thresholds.

Under/Over Frequency (81U/810)

Frequency values are usually captured every cycle, at voltage zero-crossing. The classical
frequency thresholds for a 50 Hz system are 50.5 Hz for over-frequency values and 49.75 Hz for
under-frequency values. As a rule of thumb, relays generate a trip signal with a delay after any of
these thresholds has been exceeded. Both under/over frequency protection can be implemented
using either a time curve or a fixed time. The tripping time can be adjusted between 0.16 s for the
highest deviation, and 300 s for the minimum deviation [2.68]. For deviations beyond 95% of
rated the frequency, a 0.16 s fixed time delay is used. Slight frequency deviations in transmission
levels may involve frequency nuisance tripping with this method.

Under/Over Voltage (27/59)

Voltages are measured to obtain the RMS value of the phase-to-ground voltages. Commonly used
voltage thresholds are set to 1.2 pu for over-voltages and 0.8 pu for under-voltages. Voltage
deviation protection can be set using either a time curve or a fixed time. Typically, the delay is
set to 100 ms for both over- and under-voltage protection. Nonetheless, for voltages between 1.1
pu and 1.2 pu, the time delay is set to 500 ms. A succinct assessment concerning voltage curves
for ID detection is presented in [2.69].

ROCOF (81R)/ROCOV

ROCOF and ROCOV are methods based on the derivative with respect to time of respectively
frequency and voltage measurements. Usually, df/dt is measured over a few cycles, generally
between 2 and 50, and its value is sent to a low-pass filter to remove the high-frequency
harmonics. A value of 1.2 Hz/s is seen as an inadmissible frequency rate of change. Nevertheless,
the value typically ranges from 0.1 to 3.5 Hz/s; see, for instance, [2.70-2.71]. A minimum voltage
supervision is also implemented in ROCOF relays, commonly 0.85 pu.

Although measurements are available for a minimum of four cycles, false tripping could occur if
only four cycles were selected. Typically, 7-cycle supervision is considered; for a 50 Hz power
frequency, this is a time delay of 140 ms, a widely used setting in ROCOF relays. Voltage
derivative will be similarly computed as for the ROCOF relay. A typical rate-of-change of 250
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V/s is used, with a time delay of 100 ms; however, as for the ROCOF, a 140-ms delay will be
used in the present work for this derivative.

ROCOP/ROCOQ (32R)

The rate-of-change in both active and reactive powers is a reasonable indicator for islanding
detection, considering that, except for a balanced situation, it competes favourably for a quick 10
detection.

To sum up, in this subsection, the most common magnitudes used in the passive-based methods
have been defined, however, other parameters are also used, see for instance [2.72].

2.4.4 Active-based methods

These methods are based on the injection of a signal at the substation once the main CB has
opened, in order to indicate that the CB located at the PCC of the DG has to be tripped. These
techniques have high feasibility in detecting islanding operations; nevertheless, these methods
jeopardise the power quality of the grid because of the harmonic and sub-harmonic components.
A widely known method is the power line communication (PLC), where the signal is transmitted
through the power wires. On the other hand, other techniques such as ripple control, waveform
shift technique or waveform distortion techniques have been previously used as active methods.
Additionally, it has to be highlighted that successful results were achieved by applying these
methods in the presence of synchronous-based DGs in [2.73-2.74].

2.4.5 HIDM Overview

Once the currently available methods for ID for DG units have been described, it seems
appropriate that a new tool is required to prevent the IO object of study. Since the IO object of
study is not caused by DG but due to large induction motors, a comprehensive evaluation
regarding which of the parameters mentioned above would be useful to identify such IO. As has
been stated above, the passive-based ID methods can lead to missoperations in near balanced
islands. Thus, the same situation may occur for the present case if voltage and frequency remain
within the thresholds, which evidence that another criterion is required. Therefore, this thesis
proposes a hybrid tool which merges some of the previously defined parameters used in passive-
based ID with an additional directional criterion to assure absolute efficiency in detecting 10.

Note that some of the passive-based methods cause untimely tripping due to events that are not
likely to provoke an islanding operation (e.g., faults in MV neighbour feeders, induction motor
starting, capacitors switching, faults at the transmission network or even frequency excursions).
The hybrid islanding detection method has been created to prevent both islanding and non-
islanding methods. This islanding detection tool will be evaluated in detail in the subsequent
Chapter 9.

2.5 Conclusions

To conclude this Chapter, it is worth pointing that the transient behaviour of the motor during
these bus transfers, provides a general idea about the transient object of study in this thesis.
Nonetheless, this research has gone beyond. Indeed, the islanding operation caused into the DN
and its effects have not been evaluated yet. On the other hand, the motor bus transfers techniques
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defined in this section establishes a starting point for our research as well as help the reader in
understanding the islanding operation explored in this thesis.
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Chapter 3

Voltage sags review

3.1 Voltage sags with constant magnitude

3.1.1 Voltage sag general classification

Voltage sags with a constant magnitude (i.e., voltage sags originated by short-circuits) have been
thoroughly analysed and can be classified as in [3.1]. As a general distinction, voltage sags can
be divided into symmetrical (i.e., sag magnitude is equal the three-phases and the angle between
them is 120 degrees) or asymmetrical (i.e., the voltage reduction is not equal for all phases and
the angle is no longer 120 degrees). Symmetrical sags are usually originated due to three-phase
faults (LLL) or three-phase-to-ground faults (LLLG) and the asymmetrical ones, are originated
by single-line-to-ground (SLG), two-phase (LL) or two-phase-to-ground faults (LLG). Each type
of fault causes a particular voltage sag, however, the voltage sag is propagated along the grid and
due to the transformer windings connection, the type of sag changes. Thence, the type of sag
expected on a particular bus depends on the type of fault where it is originated as well as on the
windings connection of the transformer between the fault and this bus, see Table 3.1.

Figure 3.1: Test system with three voltage levels to represent sag types.

The voltage sag classification into seven types is done according to Figure 3.1, where the test
system used to define this voltage sag topologies is shown. Furthermore, in Table 3.2, this seven
type of voltage sags are summarised where the fault that originated the sag, the temporal
expression and the phasor expressions are deduced.

From table 3.2, it should be noted that the angles o, o, 03, a4 depend on the transformer windings
connection, and can be computed as follows in Table 3.3.
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Table 3.1: Voltage sags general classification

L ocation of the voltage sag

Type of fault
I 1 Il

LLL A A A
LLLG A A A
SLG B C D
LLG E F G
LL C D C

*Table obtained from M.H.J Bollen in [3.2].

Table 3.2: Summary of the voltage sags general classification.

Type C SLG”

Sag Fault Voltage sag Phasor
TyPe  origin temporal expression expression
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Vo= \/EVT- sin(@r + Qa+120° + )

Vi =~/2-V-sin(c + a.)

Va=V-h
LL" \/—2
_ B3R 0
TypeD SLG™ Vi —\/E-V 5 sin(arf + Qa-120 -a2) Vi = -%V-h—jgv-h

N3+hH 1 J3

Vi =2V ) sin(a + Qa+120" +a2) VC:—EV~h+j7V~h
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Vo=V
Va=+2V- sin(at + da) V= —l-V~h - jﬁhv
TypeE LLG
b Vi = 2.V hesin(ar + - 120" ? jg
Ve =2Vl sin(at + Qa+120") Ve==SVeht j—=hV
Vo =2V-hsin(ar + a) Va=V-h
1 2+h
1+h+h* . Vo=—=V-h—j v
LLG" V=2 | —— sin(e + Qa-120" - a3) ’ 2 / J12
Type F 3
V.= 1 Vo 2+h v
i =Y. .
Ve=+/2- #-Sin(m +Qa-120" -a3) 2 J12
+ +
Va:\/E'V'z:;hSin(a)l""aa) Va:23h'v
_ a1+ TR : __2+h, 3
TypeG  LLG" Vb—ﬁ-f-sm(al+a’a—1zo “a) | Vb=- - V- ]7-/1-‘/
N1+ h+T7hH +
Vc:ﬁ-%sin(a)‘+a’a—1zoo—m) Vc:——26hV+j\/2§h

* Sag obtained after one Dy transformer

** Sag obtained after two Dy transformers

Table 3.3: Angles for voltage sags C, D, F and G

Type of Sag Angle
T
Type C a = —arctan(\/g-h) + 3
Type D a.= arctan(i iy
ype \/g 6
Type F as = arctan(@) _z
2+h 6
Type G a.= arctan(gx/g.h) 7
2+h° 3

*Table obtained from M.H.J Bollen in [3.3]

By observing voltage sags Type C and D, one can conclude that both sags can be caused by either
a SLG or a LL fault due to the transformer effects (e.g., Dy in this case). The type of transformer
and its clock ratio will be assessed in the following subsection. The phasor expressions in Table
3.2 can be also expressed in terms of its symmetrical components. Based on this transformation,
Table 3.4 will summarise the direct, inverse and zero components of each type of sag. It must be
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Table 3.4: Symmetrical components of the voltage sags.

Sag Fault Symmetrical components
TYPe  origin Zero sequence Direct sequence | nver se sequence
LLL
Type A or Vo=0 Vi =hV V.=0
LLLG
Type B SLG - + —
Vo:—ﬂv V|:—2 h-V Vz:—u-V
3 3 3
LL
Type C  or + -
P V=0 y, =10 y.=12hy
SLG* 2 2
LL"
TypeD or + —
P V=0 vy, =1thy v.=-12hy
SLG™ 2 2
TypeE LLG - + -
Vo:u-v V1—1 2hV V. :u‘V
3 3 3
Type F  LLG" . _
P V=0 =1r2hy, v.=-120y
3 3
Type G LLG™ +92. -
Ve=0 V.= ! 32 hV V.= %V

* Sag obtained after one Dy transformer

** Sag obtained after two Dy transformers

noted that these expressions are crucial to understand how these voltage sags are propagated along

the grid.

Following the previous general classification which has considered the type of fault and the
influence of the transformers winding connection, the voltage sag recovery has to be evaluated.
Since the short-circuit currents originate a voltage sag during a fault and these currents are cleared
by a protective device following a certain period (i.e., the clearing time), the recovery has to take
into consideration the shift between currents and voltages. The instant when the fault current zero-
crossing takes place will dictate the beginning of the recovery process, and the grid thévenin angle
will play a significant role in this recovery. Indeed, this angle indicates the shift between voltage
and current (i.e., it can be considered as the grid cos ¢). Depending on the type fault as well as on
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the Thévenin angle of the grid where the fault occurs, the voltage sag recovery will take place in
one, two or three stages. Thévenin angle depends on the X/R ratio of the grid, for example, if the
grid is purely inductive this would mean that fault current lags 90° the pre-fault voltage,
meanwhile if resistance increases (i.e., as occur in DNs) this angle will vary. The point on wave
of the voltage recovery after a voltage dip due to a fault is y or y +180°. Since the CB clears the
fault at the current zero-crossing, the recovery can occur either at t = O s plus the angle or half-
cycle after this, plus the angle. Besides, depending on where the fault occurs (i.e., at the
transmission system or DN), this angle will inevitably vary; for distribution networks, this value
is typically between 40° and 60° whereas in transmission networks, it is between 70° and 80°.

If the voltage sag recovers at the same instant, this would mean that the sag is abrupt, on the
contrary, if the recovery takes place with different stages, the voltage sag is considered discrete.
To observe the differences between these two types of recovery, see Figure 3.2. In that figure, the
CB clearing times are showed, tcl; belongs to the first zero-crossing, tcls to the zero-crossing of
the second fault current and lastly, tcls is the clearing time of the last fault current. Particularly,
the recovery shown in Figure 3.2, belongs the voltage recovery due to a three-phase-to-ground
fault. Note that depending on \, these instants correspond to a specific moment on the voltage
waveform, for example, if the grid is mainly inductive, the zero-crossing corresponds to voltage
maximum value. Each fault has a different thévenin angle, and therefore, the type of voltage sag
recovery is obtained by considering the angles difference between faults. Crucially, a useful
summary of the voltage sags recovery is done by A. Rolan ef al. in [3.4-3.5].

Figure 3.2: Types of voltage recovery. Abrupt (Dashed line), Discrete (Solid line).

According to the previous explanation, in this section, the stages and the total recovery time will
be shown separately for each type of fault for a solidly grounded system. Nonetheless, it has to
be underlined that the DN object of study in this thesis is a resistance-grounded network. The
particularities of such grounding will be evaluated in the next subsections.

3.1.2 Voltage sags with abrupt recovery

As has been previously introduced, the abrupt voltage sags are those where all faulted phases
recover at the same instant. In this category, the voltage sags originated by either SLG faults or
LL faults are included.

SLG and LL faults

Voltage sags type B are due to SLG faults and the voltage recovery process is abrupt with the
point-on-wave in the faulted phase equal to the angle of the fault current (y1). Equation (3.1)
shows the temporal expresions of the voltage recovery.
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Ve =sin(ax + )

Vi =sin(ar +{1-120") (3.1

Ve =sin(ar +{1+120")
Voltage sags type C are due to LL faults or SLG faults after a Dy transformer, and the recovery
takes place at the same instant, see eq. (3.2). If the voltage sag type C has been caused by an SLG
after a Dy transformer, equation (3.1) has to be rewritten as (3.3).

Ve =sin(ar +(f2+ ")

Vi =sin(ar +f2-3") (3.2)

Ve =sin(ar +{1-150")

Ve =sin(ar +{1+90")
Vb = sin(ax + 1 -30") (3.3)
Ve =sin(ax + 2 -150")
where o is the synchronous speed of the grid, y; the Thevenin angle for an SLG fault and > the
Thevenin angle for a LL fault. Since a voltage sag type D is produced by either a LL fault after

one Dy transformer or an SLG after two Dy transformers, the termporal equations for the voltage
sag recovery are defined in (3.4).

Va =sin(ax + )
Vb = sin(a + i -120") (3.4)
Ve =sin(a + Uk +120")

where k = 1 for an SLG fault and k = 2 for a LL fault.

Table 3.5 summarises the point-on-wave angle of the recovery process for both SLG and LL
faults.

Table 3.5: Voltage recovery for SLG and LL faults.

Sag Type Point-on-wave of voltagerecovery

0a=y1
Type B O = y1-120°

Oc=y1+120°

04 = y2+90°
Type C OB = y2-30°
Oc = y2-150°

0a= yx
Type D O = yi-120°

0c = y+120°

In this subsection, the voltage sag types B, C and D have been characterised. As can be deduced
from Table 3.5, the recovery takes place at the same instant for all phases. Therefore, these voltage
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recovery of these voltage sags is considered abrupt. The voltage waveforms of these voltage sags
will be depicted in Figure 3.3. The first plot of this Figure shows the sag at location I (Type B)
the second plot shows the sag at location II (Type C) and the third plot the sag at location III
(Type D). It can be seen that these types of sags recover abruptly at t = 0.404 s.

Figure 3.4 shows the phasor representation of the originated voltage sags at the different locations
depicted in Figure 3.1 due to a SLG fault at location I. Thus, 3.4(a) represents voltage sag type B
at location I, 3.4(b) represents voltage sag type C and, 3.4(c) depicts the voltage sag type D at
location III. In this figure, phase-voltages are plotted as follows: V, (blue-solid line), Vy, (Yellow-
solid line) and V. (solid-purple line).

For this particular case, location I is the HV system at 120 kV, location II belongs to the MV grid
at 25 kV and location III is the LV grid at 0.4 kV.

Figure 3.3: Voltage waveform of sags type B, C and D.

Vc V¢
Ve

Va Va Va

%
Vb a Vb Vb

(a) (b) (c)

Figure 3.4: Phasor representation of sags type B, C and D.
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3.1.3 Voltage sags with discrete recovery
LLG faults

To clear a two-phase-to-ground fault, two steps will be needed, and therefore, the voltage recovery
will take place in two stages. Once the first fault current is cleared, this fault evolves to a SLG
fault. If we consider a LLG fault between phases b and c to the ground and let’s assume 0° as a
reference, the CB has four possible clearance sequences during a cycle. Firstly, fault in phase b is
cleared at 0° and phase c at 120°. The second likely sequence clears the fault current in phase c at
120°and phase b is cleared half cycle after, that is, 180°. The third possible sequence clears phase
b at 180° and phase ¢ 120° after (300°). Lastly, the fourth option can occur at phase c at 300° and
phase b at the end of the cycle (360°). Even though the current angle between the LLG and SLG
has been neglected, this difference should be considered to obtain an accurate time recovery. If
we consider this difference, the main consequence is that more degrees will be added to the second
clearing (i.e., the time between the first clearing and the full recovery will be extended few
degrees). Table 3.6 presents the recovery cases that may occur for a LLG, considering the test
system defined in Figure 3.1.

Table 3.6: Voltage recovery for LLG faults.

Sag Point-on-wave of Intermediate stage and Point-on-wave of
Type voltagefirst recovery duration Voltage second recovery
0a=yi+120° Be  120° yi- y3 0a=y1-120°
Type E; 0B =y3 0p =y +120°
Oc=ys3-120° Oc=y1
0a = y3-120° By 60°+ - 3 04 = y1-60°
Type E» 0 = y3+120° O = y;+180°
Oc=y3 Oc = y+60°
0a=y3-150° Ce  120% yi- ys 0a=y1-30°
Type F 0 = y3+90° O = y1-150°
Oc = y3-30° Bc=y1+90°
0a = y3+150° Gy 60°+ - 3 0a=y1-150°
Type F» 0p = y3+30° 0p = y1+90°
0c = y3-90° Oc = y1-30°
0a = y3+120° D.  120°F yi- y3 0a = y1-120°
Type Gi OB =y3 0 = y1+120°
Oc=ys3-120° Oc=y1
0a = y3-120° Dy 60°+ - 3 04 = y1-60°
Type G2 0 = y3+120° O = y;+180°
Oc=y3 Oc = y1+60°
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It is relevant to mention that the recovery instants that appear in Table 3.6 have considered the
fact that the CB clears the second fault current (i.e., the SLG fault current) at the first chance after
the first clearance. This might not be the case if the CB clears the fault half-cycle later; therefore,
in such case, 180° will be added in both intermediate stages and the final recovery will be
prolonged. In the intermediate stage, Wi and W3 belong the fault current angles of the SLG and
LLG fault current respectively and subindexs b and c indicate that the voltage sag due to the SLG
that occurs in the intermediate stage is symmetrical with respect to phase b or c. The phasor
representation will clearly see this last consideration in the next subsection.

Thus, if phase b is cleared first, the intermediate stage involves phase c-to-ground fault, therefore,
a voltage sag type E1 is obtained in bus I (Ea- B¢), a voltage sag Fi occur in bus II (Fa- Cc) and, a
voltage sag Gi in bus III (Ga- Dc). On the other hand, if phase c is cleared first, this causes phase
b-to-ground fault and, as a consequence, voltage sag type E>is obtained in bus I (Ea- Bg), a voltage
sag F>in bus II (Fa- Cg) and, a voltage sag G in bus III (Ga- Dg).

The phasor representation for the discrete recovery for voltage sags originated by LLG faults is
showed in the following figures 3.5, 3.6 and 3.7. In this figures, the intermediate stage between
the first clearing and the full recovery is described. Accordingly, Figure 3.5(a) shows the phasor
representation of sag E; and Figure 3.5(b) sag E. Figure 3.6(a) shows the phasor representation
of sag Fi and Figure 3.6(b) sag F, and lastly, Figure 3.7(a) shows the phasor representation of sag
Gi and Figure 3.7(b) sag G>.

The waveform of the previously mentioned voltage sags, which are originated due to LLG faults
are plotted in figure 3.8. In this figure, it can be seen that, as stated before, the recovery of this
sags takes place in two stages ( the first recovery at t = 0.401 s and the second at t = 0.407 s ). For
this particular voltage sag, the second cleared phase after phase b is c; therefore these sags are E»
(the first plot), F» (the second plot) and, G: (the third plot) respectively. The plotted voltages in
Figure 3.6 have the same colours as in Figure 3.1 of the previous subsection.

To sum up, in this subsection the following types of sags have been obtained: Ei, E» Fi, F» G;and
Go.

Figure 3.5: Phasor representation of sags type Ei-E».

47



A novel assessment of unintentional islanding operationsin distribution networks

Figure 3.6: Phasor representation of sags type Fi-F.

Figure 3.7: Phasor representation of sags type Gi-Go.

LLL and LLLG faults

These types of faults are balanced faults since the current magnitude and its originated voltage
sag magnitude is equal for the three phases and angles between phases are 120°.

Both LLL and LLLG faults cause voltage sags type A. However, LLL three involves three fault
currents, whereas LLLG four current faults, and as a consequence, the voltage sag recovery will
be different. The voltage recovery of each type of fault is described down below.
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Figure 3.8: Voltage waveform for a LLG fault at location L.

e Three-phase fault

Once the first current of a LLL fault has been cleared, this fault evolves to a LL fault which, as
has been described in the previous subsection, will be cleared at the same instant. Hence, LLL
faults will be cleared in two steps. If the first clearing is in phase a (i.e., the first chance of the
CB), the remaining LL fault between phases b and c is cleared in one step. At location I the voltage
sag will evolve to a sag type C after the first clearing, whereas, at location II the voltage sag will
evolve to a sag type D and thus, two voltage sags named A; and A, are obtained. The first plot of
figure 3.9 depicts the voltage waveform of sag A; which occurs at location I, and the second plot
shows sag A, which occurs at location II. From 3.9 it has been demonstrated that the voltage sag
recovery is discrete and it takes place with two steps (the first at t = 0.401s and the second at t =
0.406 s).

*  Three-phase-to-ground

Once the first current of an LLLG fault is cleared, this fault evolves to an LLG fault which, as has
been described in the previous subsection, will be cleared in two stages due to the remaining SLG
after the latter clearing. As a consequence, LLLG faults will be cleared in three steps. If phase a
is the first cleared phase (the first chance of the CB), the remaining LLG fault between phases b
and c and ground is cleared in two steps. The duration of each intermediate stage between clearing
instants is 60°, therefore, three voltage sags are obtained, named As, Asand As. These three
topologies are detected at different locations; the first type results in A-E-B (location I at Figure
3.1), the second A-F-C (location II at Figure 3.1) and A-G-D (location III at Figure 3.1).

The first plot of figure 3.10 depicts the voltage waveform of sag As which occurs at location I, the
second plot shows sag A4 which is observed at location II, and the third plot shows As which is
observed at location III.
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Figure 3.9: Phase voltage waveform for sags type Ajand A,.

Figure 3.10: Phase voltage waveform for sags type Az, A4 and As.

The first recovery takes place at t = 0.401 s, the second at t = 0.404 and the third at t = 0.408 s, as
expected, this means that there are two intermediate stages and three steps to full recovery.
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Table 3.7: Voltage recovery for LLL and LLLG faults.

Sag First Intermediate Second Intermediate Third
Type recovery stagel recovery stage 2 recovery
0a= 2 C, 60°+ Y2- Ys 0a= \V2+900
Type 05 = yu-120° 05 = y2-30°
A
Oc=ys+120° Oc = y2-150°
0a=ys+90° | Dy 60°+ y2- ya | 04 = yr+180°
Type 9}3 - \V4'300 eB - W2+600
Ar
Oc= \|I4-150O Oc= \|Iz-60O
0a= 4 E. 60°+ y3- ya 04 = y3+60° By 60°+ yi- y3 0a =y +120°
T
Azpe 05 = yu-120° 05 = y3-60° s =y
Oc= yat+120° Oc= y3+180° Oc= yi1-120°
Oa=yst90° | Fy  60°+ ys3- yy 0a=y3+150° Cp 60°+ yi- y3 0a=y1-150°
iype 05 = y4-30° 05 = y3+30° 05 = y1+90°
4
Oc= \|I4-150O Oc= \|I3-90O Oc= \V1-30°
0a= 4 Ga 60°+ ys3- yy 04 = y3+60° D 60°+ yi- w3 | 0a=y1+120°
T
Afpe 05 = yu-120° 05 = y3-60° 0=y
Oc=ys+120° Oc = y3+180° Oc=y;-120°

Figure 3.10 depicts the discrete voltage sags that are originated due to LLLG faults. Thus, the first
plot shows the originated sag at location I (type As), the second plot the sag at location II (type
A3) and the third plot the sag at location III (type As).

The evolution of this voltage sags during the recovery has been detailed in table 3.7. Nevertheless,
the phasor representation for all stages will be shown in the following figure 3.11. In this Figure
(a) represents the evolution Asz-E»-B, (b) As-F»>-C and, (c) As-G>-D.

As a main accomplishment of this subsection, the voltage sags Ai, A,, A3, Asand As have been
obtained.
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Figure 3.11: Voltage sag phasor representation for a LLLG fault. (a) Sag Ay, (b) Sag Az and (c) Sag As.

3.1.4 Transformers influence on voltage sags

When performing a voltage sag assessment to study the behaviour of electrical devices due to
such disturbances, one can either consider the transformer influence or dismiss its one. If this
effect is taken into consideration, two factors such as transformer windings connection and the
shift between primary and secondary windings (i.e., the clock ratio) are of interest. Since several
transformer configurations remove the voltage zero sequence component, the type of sag also
changes. To observe the effects of the windings connection, Table 3.8 will show the changes in
the voltage sag type due to transformer windings connection. By observing that table, the
wye/wye (grounded at both sides) transformer connection is the only configuration that has no
change in voltage sag type. Since the zero-sequence is removed by transformers with a winding
connected in delta or zig-zag, the voltage sags that have a zero-sequence component (i.e., sag type
B and sag type E) evolves to other types of sags after a Dy transformer. On the contrary, voltage
sags with no zero-sequence components (Type C, D, F and G) only change with Dy transformers.

Table 3.8: Influence of transformers winding connection.

Transfor mer Sag at theprimary side

connection TypeA TypeB TypeC TypeD TypeE TypeF TypeG
YNyn A B C D E F G
Yy, Dd, Dz A D C D G F G
Yd, Dy, Yz A C D C F G F

*Table obtained from M.H.J Bollen in [3.1].
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On the other hand, regardless of the type of windings connection, the shift introduced by the
transformer between the primary and secondary voltages influences the voltage angle taken as a
reference. By observing the temporal expression defined in the second column of Table 3.2, it can
be seen that all cases consider the phase a as a reference and if this angle is shifted, this reference
will change as well. Table 3.9 summarises, for a Dy transformer, the most commonly used shift
ratios and its effects in voltage sag characterisation. This shift between windings is expressed in
degrees and is defined as the product by the shift index (known for electrical engineers as clock
ratio) multiplied by 30°. This shifting between angles has been considered in the present
subsection for an SLG fault at location I of Fig. 3.1. However, this reasoning can be similarly
applied to other types of faults.

To clearly observe what has been deduced in Table 3.9, Fig. 3.12 shows the transformer shifting
effects for three types of faults (SLG, LLG and LLL). The test used to define the voltage sag
topologies (i.e., Fig. 3.1) is also used here with two Dy transformers with different shift ratios,
the first is a Dy11 and the second is a Dy]1.

Figure 3.12: Phasor representation of the voltage sags considering transformer shifting.
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Table 3.9: Transformers shift influence.

Location | Shift Location 11 Shift L ocation 111

Sag typelaa index Sag type/ oaz index Sag type/ aas

Type B/ 0a 1 Type C/ aa1-30° 11 Type C/ 01 = 02+30°
Type B/ 0a 3 Type C/ 0a1-90° 9 Type C/ 0a1 = 02+90°
Type B/ o, 5 Type C/ 0a1-150° 7 Type C/ a1 = a2+150°
Type B/ o, 7 Type C/ 0a1-210°= 0, +150° 5 Type C/ ta1 = 02-150°
Type B/ 0, 9 Type C/ 0a1-270° = 014 +90° 3 Type C/ 01 = 02-90°
Type B/ 0, 11 Type C/ 0a1-330° = 041 +30° 1 Type C/ ta1 = 02-30°

3.1.5 Effects of the type of grounding

Conceptually, the system grounding is the process of establishing a connection from one wire of
the system to earth. Typically, in electrical power systems, the grounding is carried out through
power transformers. Depending on the transformer type of windings connection, the system can
be connected to ground in either one way or another and, the resulting fault currents will be
different. Therefore, since voltage sags are caused by faults, the type of grounding will also affect.

The most common types of power systems grounding can be: (i) solidly grounded, (i1) impedance-
based grounding, which can be either a pure resistance, a reactor (e.g., the Petersen coil), or a
combination of both [3.6] and, (iii) ungrounded [3.7-3.8]. In the latter case, the system is uniquely
connected to earth thought the capacitance of the cable. It is important to note that the voltage
sags detailed in the previous subsections have been simulated in a solidly grounded system.
Considering the fact that the electrical network under investigation in this thesis is grounded with
a derived neutral via a zig-zag transformer with a series resistance, the influence of the resistance-
based grounding in voltage sags will be further discussed. It should be noted that a thorough
explanation regarding reactance-grounding and other configurations is done in the following
studies [3.8-3.9].

Crucially, the ratio between the zero-sequence reactance and the direct-sequence reactance Xo/X
and the ratio between the zero-sequence resistance and direct-sequence reactance Ro/X1, depend
on the type of grounding. Thereby, these ratios will influence the phase-voltages during the fault.

Resistance-grounded systems

This type of grounding is typically used to limit the earth fault current to a particular value. The
wye connection of a transformer or an artificial derived neutral from a zig-zag transformer,
generally are used to add an impedance. This impedance can be purely resistive, a reactor or a
mixed combination impedance. Depending on the voltage level, the type of grounding can change,
and consequently, its fault currents.

The voltage sag magnitude expected at the point of common coupling (PCC) between the source
(or its equivalent infeeder) and the impedance to the fault, can be expressed as a voltage divider
such that:

Zfeeder

Vs'ag = % unrte (3.5)
Zfeeder + Zsource
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where Zre.qer represents the impedance between PCC and the fault and has this notation in order
not to confuse it with the impedance fault (i.e., resistance fault). In (1) it is assumed that the pre-
fault voltage is 1 pu, there are no pre-fault currents before the event, and the three-phase fault is
solid. To show the influence of the grounding in the voltages during an earth-fault, the
symmetrical components for the unbalanced faults such as SLG and LLG faults will be detailed
down below. Since LLLG fault is balanced and only has direct-sequence component, voltages
during the fault are not affected by the grounding connection of generators or transformers.

« SLG

During an SLG fault, the three-phase system can be decoupled into the direct, inverse and zero
sequence components, see the Fortescue transform in [3.3]. Considering the voltage divider
expressed in (1), now it can be rewritten for the three sequences. Thus, the direct, inverse and
zero sequence voltages at the point of common coupling (PCC) are as follows:

Zfeederm) + Zfeeder(l) + Zfeeder(:) + Zsource(()) + Zsource(Z)

Vo=
(Zfeeder(o) + Zfeeder(]) + Zfeeder(z) + Zsource(o) + Zsaurce(z)) + Zsource(l)
Zsuurce( 2)
Vo= (3.6)
(Zfeeder(()) + Zfeeder(l) + Zfeederu) + Zsource(l) + Zsource(())) + Zsource(Z)
Zsourcem)

V=

(Zfeeder(o) + Zfeeder(]) + Zfeeder(z) + Zsource(l) + Zsource(z)) + Zsaurce(O)

Taking advantage of the Fortescue transform, the phase-to-neutral voltages during the fault can
be expressed as (3.7):

Zsource(l) + Zsourceu)Zsourcem)
Zfeeder(l) + Zfeederu) + Zfeeder(o) + Zsourceu)) + Zsource(l) + Zsourceu)Zsourcem)

Vazl_

2
_ 2 a Zsource(l) + ClZsourceu)Zsource((})
Ve=a" - (3.7
Zfeeder(l) + Zfeedemz) + Zfeeder(o) + Zsource(o) + Zsource(l) + Zmurce(z>Zmurce(m

2
ClZsourcem +a Zsource(2> + Zmurceu))
Zfeeder(l) + Zfeeder(Z) + Zfeeder(()) + Z.vource<()> + Zsource(l) + Z.vource<2)Zsoul‘ce<())

Ve=a-

In a solidly-grounded network, the three-sequence source impedances and variables in the
numerator are canceled, therefore, these voltages can be rewritten as in (3.8):

V _ 3ZSource(1)
= -
(Zpeedery ¥ Zfeeder + Zpeeder ) + 3 Zsource
3
Ve (3.8)
Ve=a

Nonetheless, in an impedance-based system, Zo is no longer equal to Z; and Z», (the two latter can
be considered equal for both source and feeder) and the numerator is not cancelled. Therefore,
the voltages during the voltage sag are expressed as in (3.9):
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Zsource(o) + ZZsuurceu)
(2Zfeeder<1) + Zfeeder(())) + (2Zsource<1) + Zsource(()))
Zsource(()) —27s ource(l)
Ve=a’ - ( (3.9)
(ZZfeederu) + Zfeeder(o)) + (2Zsource(1) + Zsource(o))
Zsuurce(t)) - 2Zsource(1)

(2Zfeeder<1) + Zfeeder(())) + (ZZsourceu) + Zsource(()))

Va=1

Ve=a-

It can be seen that during a fault, between the first phase and ground, the voltage sag for the
faulted phase is the same as in (3.8). However, the voltage for the non-faulted phases changes
because the numerator is no longer cancelled. This voltage drop can be related to the difference
between direct and zero impedances. Since in a resistance-grounded system Zo > Zi, the non-
faulted phases will experience, as commented before, a voltage swell. This over-voltage for the
phase-to-ground voltages that is produced during the fault has to be at most the rated RMS value
of the line voltage, see references [3.7-3.9].

Figure 3.13: Comparison between solid and resistance-grounded networks for a SLG.

The second plot of Figure 3.13 shows an SLG in a resistance-based MV network, where both
voltage sag and swells can be observed. On the other hand, the first plot shows that for an SLG
in a solidly-grounded system, no swells occur. Besides, the more significant is the difference
between these two impedances, the lower is the voltage drop during the sag, even for a zero-
resistance fault.

« LLG

Similarly, as calculated for the SLG fault, the voltages during this type of fault can be decoupled
into direct, inverse and zero sequences. Voltages at the PCC during the fault are computed as the
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voltage divider of (1), but applied to the LLG fault (for a solidly-grounded system) are expressed
as (3.10):

(Z‘eeder(t)) + Z"eeder(z) + Zourre(o) + Z‘uwmz))'Zumm 1)

Vo =1 (Zpeederco) + Zsource)): (ZLeedera + Zsourceay + Zeeder + Zsource ) +(ZLjeederay + Zsourcecy) (Leederce) + Zsourceca)

Vo = (Leeder o) + Zsource, ) Zsourceco (3.10)
(Z%eder(m + Z‘owt‘e(t)))' (Z%aier( v + Zsowrcen) + Z‘eedem) + Z‘oumem) + (Z‘eeder( v + Zsource( l))' (Z‘eedem) + Zoww(Z))

Vo = (Zuators + Zoaws) Zenmo

(Z‘eederm) + Zomrem))' (Z‘eeder( y+ Zomrc( y+ Z‘eedem) + merea)) + (Zeaiem) + Zvoume( 1))' (Z‘eederm + Zmume(z))

Now, symmetrical voltage components can be converted into phase-to-neutral voltages through
the Fortescue transform. During an LLG fault, the phase-voltage of the faulted phases is the same
and the non-faulted phase remains equal for a solid grounded system, nevertheless, as for the
SLG, as the Zo> Z1, the non-faulted phase experience a voltage swell.

Figure 3.14: Comparison between LL and LLG faults in resistance-based grounding grids.

It has to be underlined that the effects of either a LL or LLG faults in a resistance-based grounded
system produce the same voltage sag, therefore, after a Dy transformer, the voltage sag will be
also the same. To observe such effect, Figure 3.14 shows the three-phase voltages for both LL
and LLG faults in a resistance-grounded system like the one object of study (see the test system
under investigation in Figure 4.1 of the next Chapter 4). In the first plot of Figure 3.14, the
resulting phase voltages for a LL fault at the MV network are depicted, and the second plot shows
the voltage sag at the LV level (i.e, after a Dy transformer). The third plot of this Figure shows
the voltage sag originated due to an LL.G at the MV network, while the four shows the voltage
sag at the LV side (after a Dy transformer). By comparing the second and fourth plots of Fig.
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3.14, it can be seen that in a resistance-grounded network, both LL. and LLG produce the same
sag after a Dy transformer (Sag type D).

To observe such effect, Figure 3.15 shows the three-phase voltages at the LV network for both
LLG (Solid lines) and LL (dashed lines) at the MV network. It is worth mentioning that the only
difference between sags is observable in the recovery because as mentioned earlier, the LLG
recovery differs from the LL.

Figure 3.15: Detailed comparison between the sags produced by LL and LLG faults.

3.1.6 Phase-angle jump

During a fault, the involved phases experience an angle shift, and this angle depends on the
Thévenin angle of the grid. It has to be noted that, depending on the ratio between X/R, which
can be seen as the power factor of the fault, this angle jump will vary. Typically, the angle jump
is not considered in HV networks because the grid is mainly inductive and X/R is between 7 and
10, however, in distribution networks, where this ratio is higher, this shift has to be taken into
consideration. As a matter of fact, this angle has been used to compute the voltage sag recovery
in the previous section. Whereas in DN it is roughly between 45° and 60° (or even lower for high-
resistance faults), in transmission networks, it is close to the 80°.

Figure 3.13 shows the phase angle jump for faults at different locations, where the effects of the
different impedance on the phase-angle-jump can be seen. The purple line represents a fault at the
beginning of an MV feeder (i.e., at the HV/MV substation) meanwhile, the red line belongs to a
fault at a midpoint in the MV feeder. By comparing purple and red lines, the change in the phase-
angle jump due to change in the thévenin impedance can be noticed. On the other hand, if the
resistance of the Thévenin impedance is increased, the angle jump is also affected, see for instance
blue and green lines. In fact, blue and green lines are the obtained phase-angle jumps for faults at
MYV lateral branches where the cross-section of the wires is small and consequently, the relation
X/R is low.
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Figure 3.16: Phase-angle jump comparison for different fault locations.

3.2 Voltage sags with a non-constant magnitude

The previous subsection has reviewed the voltage sags caused by faults, which show a constant
magnitude during the whole event. Nonetheless, this subsection focuses on analysing those sags
where the voltage is not constant during the event (i.e., voltage recovers or decreases during the
event). The latter type of sags, are not caused by faults but due to transients such as induction
machine starting, transformer energisation, or sudden load connections. Additionally, a particular
type of sag with a non-constant magnitude can be observed when an induction motors fault
contribution is considered. This effect is discussed M.H.J Bollen in [3.10]. To illustrate such
effect, Figure 3.17a shows an example of the voltage sag produced when an IM contributes to a
three-phase fault. In that Figure, the symmetrical voltage sag (Type A) is plotted.

Nevertheless, to properly observe the voltage variation due to the contribution of the motor, in
Figure 3.17b, the voltage sag is enlarged. In this figure, the decrease in the voltage magnitude
during the event can be observed. This voltage reduction during the voltage sag is due to the brief
IM contribution towards the fault, which starts at t = 1.62 s, and in 2 cycles, the current starts to
decrease. In this case, the voltage variation due to this effect is AV =125 V.

Figure 3.18 depicts the voltage sag produced when a transformer is energized. Due to the current
drawn by the transformer, transiently, the voltage drops to 0.94 pu. As can be seen, the voltage
magnitude is not constant; it reaches a minimum value at t = 0.82 and starts to increase until t =
1s when the voltage sag is absolutely recovered. This voltage sag is unbalanced due to the current
unbalance during this energisation. By observing the third plot of Figure 4, the high content of
harmonics of the current waveform can be seen; these harmonics are a direct consequence of the
transformer core saturation [3.11].
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Figure 3.19 shows the voltage sag produced by IMs starting; in this case, a group of 4 IMs of 160
kW have been simulated. It can be seen that the duration of the event is 500 ms, the voltage depth
is 0.96 pu, and the voltage sag is balanced. Nevertheless, it is easy to observe that its magnitude
is not constant during the event. The first plot depicts the RMS phase voltage; the second
represents the RMS current, while the third shows the current waveform.
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Figure 3.17: Voltage sag for a three-phase fault considering induction motors contribution.
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3.3 Conclusions

This Chapter has made a general review regarding the main features of the voltage sags. Thus,
voltage sags have been divided into two major groups; the ones with a constant magnitude (i.e.,
the ones caused by faults), and the ones with a non-constant magnitude. After this principal
classification, the next distinction is done regarding its symmetry (i.e., symmetrical and non-
symmetrical voltage sags). The subsequent distinction considers its recovery; on the one hand,
we have the ones which recover in one stage (abrupt sags) whereas the others, recover with several
steps (discrete sags). Each type of fault has been detailed separately to observe the originated
voltage sags for each event.

Secondly, the effects of the transformer in voltage sags have been considered in subsection 3.1.4,
where it has been observed that considering the shift introduced becomes crucial to determine the
type of sag transmitted along the grid.

Thirdly, the influence of the type of grounding has also been assessed in subsection 3.1.5. Many
studies considered the voltage sags are originated in transmission networks where the connection
is commonly solidly-grounded. However, in this section, other topologies such as the resistance-
based grounding and its effects into voltage sags have been studied. Crucially, it has been
demonstrated that while in a solidly-grounded system LL and LLG faults cause a different sag
(Sag type C or E), in resistance-grounded systems both LLG and LL faults cause the same voltage

sag (E).

Additionally, the phase-angle-jump is discussed for several fault locations, and the effects of this
shift have been evidenced, especially, in distribution networks where X/R is weak.

To summarise, in this section the following 14 topologies of voltage sags have been obtained: Aj,
Ao, As, A4 As, B, C. D Ey, E;, Fi, F2, G; and, G». This classification is essential to assess the
during-fault behaviour of the IM in the subsequent Chapter 4. Additionally, in this section, sags
with constant and non-constant magnitude have been evaluated, which allows the reader to
understand the new voltage sag topology presented in the subsequent Chapter 9.
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Chapter 4

Islanding operation: Theoretical analysis

4.1 Introduction

The central pillar of this thesis is the assessment of the IO that occurs in a DN. Conceptually, 10
can be defined as an abnormal operation that occurs when a portion of the grid is isolated from
the main grid due to a protective device operation but, even so, this grid portion remains energised.
In this chapter, an in-depth analysis of the IO operation that occurs following a CB operation in
the presence of large induction motors will be carried out. In this Chapter, the modelling
guidelines used to assess the IO are provided. The mathematical equations of each element of the
model are analysed and a broad discussion is done to evaluate the feasibility of each selected
element. Indeed, the model defined in this Chapter is a crucial means in order to achieve a
successful validation of the transient under study.

In consideration of the above, the main goals of this Chapter can be summarised as follows:

1. Describe the main features of each test system component used in the model. This description
can be found in section 4.2 and section 4.3.
2. The stages of the whole event are detailed separately.

» Firstly, the pre-fault conditions are evaluated (i.e., steady-state analysis of the system) in
section 4.3. The obtained pre-fault results are required to initialise the transient behaviour
of the subsequent section.

» Secondly, the induction motors behaviour during the fault before the CB operation are
analysed in section 4.4. The results obtained in this section will be used to initialise the
islanding operation evaluated in the next section.

» The IO is explored in section 4.5.

Lastly, to conclude this Chapter, the main conclusions are summarised in section 4.6.

4.2 Electrical network under investigation

The system where measurements have been recorded is a real DN, which is operating radially
with an infeeder from a transmission system at 120 kV, 50 Hz. The single-line diagram of the
system is depicted in Figure 4.1. As shown in the figure, the substation wye/delta transformer
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supplies three medium voltage (MV) feeders; Feeder 2 and sub-feeders A and B form the system
analysed in this work. Feeders 1 and 3 are not detailed, because they are not relevant to the task
due to its radial configuration and also because feeder 1 is the one where the unintentional 10
object of study occurs. The end-users are supplied at a low voltage (LV) of 0.4 kV through their
MV/LV Dyn 11 transformers. The MV system is grounded via a zig-zag transformer with a
resistance of 23 Q that limits the fault current to 630 A. The short circuit capacity at the 120 kV
busbar is 1000 MV A. The main system parameters and the IMs data, are detailed in Table 4.1.

Figure 4.1: One-line diagram of the test system under study.

Table 4.0.1: Test system parameters.

Transformers
V! Vs (kKV) S £ (%) L,/R,, (H/kQ)
(MVA)
Substation transformer TR1 | 120/25 kV 10 10.4 78 ;313
TR2 | 25/0.4 kV 1 6 180 ;370
Distribution transformers TR3 | 2504 kV 0.63 2.1 350 ; 430
TR4 | 25/0.4 kV 0.4 4.3 404 ; 694
TR5 | 25/0.4 kV 0.25 4.1 811 ; 1666
Distribution Lines
Lines | Nodes Length Parameters: Z; /Zy (Q/km) ; Cy Loadbility (A)
(km) (uF/km)
L1 2-4 5 0.306+j0.405/0.38+j1.62 300
L2 4-3 3.3 1.07+j0.441/1.3+j1.76, 120
L3 4-6 4.3 0.306+j0.405/0.38+j1.62 300
L4 6-5 4 1.07+j0.441/1.3+j1.76 120
L5 6-17 2.5 0.306+j0.405/0.38+j1.62 300
L6 7-8 2 0.306+j0.405/0.38+j1.62 300
L7 8-9 7 0.687+j0.416/0.8+j1.66 200
L8 2-10 3.8 0.127+j0.114/0.17+j0.45 ; 0.229 389
L9 10 -11 4.43 0.208+j0.123/0.278+j0.492 ; 0.192 320
L10 11 -12 4 0.687+j0.416/0.8+j1.66 200
L11 12 -13 3.3 0.687+j0.416/0.8+j1.66 200
L12 1-2 0.28 0.306+j0.405/0.38+j1.62 300
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4.3 System components modelling

4.3.1 Introduction to modelling guidelines

This section aims to discuss how to model the main test system elements: lines, transformers,
loads, IMs, and protective devices. A crucial aspect to consider in order to accurately assessing
the transient behaviour of the test system is the range of frequencies with which transients are
generated. Other factors that may significantly affect the simulation results are the load profiles,
the voltage/frequency-dependence of loads, or protective device settings. The guidelines followed
when implementing the test system model are summarized hereunder:

e The saturation effect is considered in transformers for modelling purposes, so as to fulfil the
maximum accuracy.

* Transmission line impedance, for each particular section, is assumed to be equal for the three
phases.

* Very low load unbalances are assumed. Accordingly, a single line diagram power flow would
be precise enough to establish the initial conditions of the transient.

* IM is modelled as saturable because of the stator current increase, following circuit breaker
(CB) disconnection.

*  Widely known IEC-IEEE curves of protective devices are considered.

4.3.2 Distribution lines

Transmission and distribution lines representation can be based on distributed or lumped
parameters. A precise way to model a transmission line is with distributed parameters at a specific
range of frequency. An extensive literature about transmission lines is available; particularly this
matter was deeply discussed in [4.1]. In the particular case of insulated cables, the shunt
capacitance has to be considered. Hence, any transmission line can be represented by a four-
terminal ABCD network. The initial and final buses are named r and s respectively. Accordingly,

the equation is defined:
Vs A B||V:
= (4.1)
e ol

where V is the bus voltage, [ the line current, subscripts r and s are referred to the buses r and s
respectively. For transient studies, a detailed representation of transmission lines has been
extensively studied in [4.2]. The frequency dependence in transmission line modelling is
discussed in [4.3, 4.4]. In the case of over-head distribution lines where the admittance values can
be neglected, the term B corresponds to the series impedance. However, despite this, in the present
study to achieve higher precision, the pi section will be used. Although the central part of the
system under study is composed of overhead lines, a non-negligible portion is formed of
underground cables; a thorough evaluation regarding cables is done in [4.5]. Thereby, modelling
overhead lines as pi section line at a 50 Hz will suffice in our study. Due to the underground
cables, the zero sequence component of the shunt capacitance has to be taken into consideration.
Direct and inverse sequence values of the series impedance will be assumed equal. The line
parameters of the test system have been previously summarised in Table 4.1.
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4.3.3 Transformers

Transformers are one of the most critical elements of an electrical system and are used to adjust
the voltage level to the desired value; thus, it can be used to increase or decrease (i.e., step-up and
step-down transformers) the voltage level through its electromagnetic fields between windings.
They transfer power through its windings without changing the frequency. Transformers can be
categorised by the number of windings and its connection, the number of phases (e.g., three-limb
core, five-limb core or three single-phase transformer), the transformation ratio, the power rating,
its clock ratio between windings, and the type of cooling. Furthermore, depending on its use,
several transformers can be used, for instance, power distribution transformers, grounding
transformers, measurement transformers; either potential or current transformers, phase-shifting
transformers or even shell transformers. ANSI/IEEE-Std. C57.12 provides useful data regarding
transformers characteristics and tests [4.6].

The magnetic field in the air gap is considered as nonlinear and depending on the transient
object of study, take into account the saturation effects is crucial [4.7]. Therefore, in the present
study, transformers will be modelled as saturable. Even though taking into consideration the
frequency-dependence is required in transformer transients, and this dependence will not be
considered in the present modelling due to the low-frequency range of the transient object of
study.

Thus, the saturation effect curve that has been used in our model for a three-limb three-phase
transformer belongs to the power systems toolbox library of Matlab/Simulink, and describes the
following generic polynomial curve:

I, =A+AA+ AL +AN +  +A N (4.2)

where the generic coefficients expressed in (4.2) are different depending on each transformer
power rating as well as depending on its configuration. In-depth research regarding transformer
modelling for low and mid-frequencies are detailed in [4.8-4.10]. In [4.11] a practical saturation
estimation from recorded inrush currents waveform is developed.

In this study, the transformer tap changer will not be considered under the assumption that the
transformer ratio between primary and secondary will remain constant during the whole transient.
Particularly, in our model there are three types of transformers; (i) HV/LV transformer which is
wye/delta winding connection (Substation transformer), (ii)) MV/LV transformers which are
delta/wye winding connection and (iii) grounding zig-zag transformer via artificially derived
neutral, which allows the system to be resistance grounded. Transformers direct and inverse
impedances will be assumed to be equal; the zero sequence impedances will be considered in (iii)
and neglected in (i) and (ii) transformers regarding its winding connection. Transformer
parameters are provided in Table 4.1.

4.3.4 Induction motors mathematical model
I ntroduction to modelling

The induction machine (IM) modelling will depend on the level of accuracy required as well as
on the type of study that is going to be carried out. As a general classification, there are two types
of models to evaluate the induction machines, the fifth-order model which is composed by four
electrical equations plus the mechanical equation and the reduced third-order model composed
by two electrical equations plus the mechanical one. The latter is derived from the fifth-order
model, considering stator fluxes derivative to zero. It should be noted that both models are derived
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from the seventh-order induction model composed by six electrical equations (i.e., model in the
abc reference frame), plus one mechanical. The selected model depends on the purpose of the
study, for instance, in wide-area power systems stability studies, the third-order model due to the
fact that it considers negligible the dynamics stator transients, see [4.12, 4.13]. By considering
the third-order model, the complexity of the system is notably reduced, nonetheless, to study the
behaviour of the induction motor during transients, the fifth-order is more appropriate.

The necessity of transforming these set of equations is due to the angle between the magnetic axes
of the stator phase a, and rotor winding phase a, which constitutes a time-varying set of
differential equations. To overcome such drawback, the induction equations are converted
through a transformation into time-invariant differential equations, and the equations are
transformed from the three-axis system into a two-axis system. The most used transform is the
one developed by Park. Nevertheless, other important transformations are available like KU
transform or aff transform, for a detailed explanation of the possible transformations, take a look
at [4.14-4.16].

Prior to machine modelling, the following assumptions have been considered:

e The machine is considered symmetrical (i.e., both windings are equals, and its magnetic axes
are shifted 120°).

* The distribution of the magnetic field is considered senoidal.

* The air gap between the rotor and stator is smooth.

* The machine model considers magnetic saturation.

e The connection of the motor is connected through an isolated wye, it has no neutral connector
and consequently, zero-sequence components can be neglected.

* The machine is single-cage and rotor windings are short-circuited.

Transient state model of the M

In Figure 4.2 the representation of the induction machine is depicted, in this figure, it can be seen
that the currents have a positive sign, thus indicating the motor mode. Once the motor becomes
generator following the CB, the sign of these currents will be negative. Indeed, acting as a motor,
currents are entering to the windings.
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Figure 4.2: Induction machine model in the abc-reference frame.
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The induction motor model is given by (4.3):

V =Ri +%t¢ 4.3)

The set of electrical equations of the single-cage induction machine which define its transient
behaviour (expressed in the abc reference frame) are detailed down below:

Vie = Ry - iog + 30

d
Vio = Ry iy + 29
d
Vie = R ie + df“’"
; ! (4.4)
Vie = Ry« ira + 29
dt
Vrb = Rr' irb + dw’h
dr
Vie= R i+ 28
dt

where V is voltage, i current, R is resistance, ¢ flux linkage, and subindexes r and s are referred
to stator and rotor respectively. The set of Eqgs. (4.4), can now be expressed in matrix form as

4.5):
O O R- Lr dl' O wf

where stator voltages (rotor voltage is set to zero due to the rotor winding is short-circuited) and
currents vector are expressed as a three-dimension vector, resistances are expressed as a six-
dimension matrix. The flux linkages can be expressed with the matrix form of (4.6):

M (6 ) . MYS MVI‘ iS (4 6)
= m)l = . .
w MVS Mrr il‘

The inductances of the linkages matrix for stator and rotor can be expressed as in (4.7):

1 1 1 1

ls - MmMs T—MNs lr - mr ——mr
2 2 2 2
Mss: _lms ls _lms ;Mrr: _lmr lr _lmr (47)
2 2 2 2
—lms _lms Is _lmr -—mr I
L 2 2 i L i

where Is and [r are the self-inductances of both stator and rotor, ms and m, are the mutual
inductances between stator windings and rotor windings respectively. The mutual inductance
between stator and rotor windings is expressed as m.

The mutual inductance (magnetizing) matrix is expressed as in (4.8):

Note that the term Mgsis the transposed of matrix Mgs.
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The six-dimension flux linkages vector is related to the six-dimension currents vector as:

1

L 1

I ——ms —lms mcos Gnm mcos(6m+2—”) mcos(0m+4—ﬂ)
2 2 3 3

1 4 2T

"ol | ——=ms I ——ms mcos(Bn+t—) mcosOn mcos(Gn+—

P 5 ( 3 ) ( 3 )

——ms —lms s mCOS(Hm'i'Z?]T) mCOS(0m+4?7T) mcos Gm

@ |_| 2 2
Pe mcosB@n  mcos(Gnm +4_77) mcos(Gn +2—ﬂ) Ir L myr
@ 3 3 2

| P mcos(6m+2?ﬂ) mcos Gn mcos(6m+4?ﬂ) —lmr lr

4 2 1 1
mcos(Gm +—7T) mcos(Gm +—7T) mcos@n ——mr ——mr I
3 3 2 2

(4.8)

4.9)

A non-dimensional factor k factor is used to compute inductances between stator and rotor
windings (m), magnetising inductance between stator windings () and the magnetising
inductance between rotor windings (m,). This factor has been analysed in electric machinery

research and can be computed as:

k= Mo-TEr-1
40

(4.10)

where r is the equivalent radius of the air gap, is the up vacuum permeability, / is the length of the

air gap and ¢ is the thickness of the air gap.

The electromagnetic torque developed by the machine can be expressed in terms of the magnetic

energy as (4.11):

rem — aWnag — igT aMfr .

a6, " oo

The equations of the induction machine can be summarised as in (4.12):

V=Ri +d_Ma)nl+Mﬂ
dt dt
rem - rload = Jt da)/”
dt
dem
n =
dt
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where [ j,qq 1s the mechanical load coupled with the rotor shaft and J;is the total moment of inertia
composed by the inertia of the load and the motor. The rotor output power can be expressed in
terms of the space vectors of rotor voltage and current as follows:

P:- _Re{ Vrir*} =_Re {Rr ivi) + Cif i+ j(a - can)(afir*} (4.13)

where w;is the synchronous angular speed, w;yis the mechanical angular speed. The first term of
(4.13) represents the rotor losses, the second is the magnetic energy variation and the third is the
electromagnetic power developed by the machine.

Park’ s transformation

By applying the Park’s transformation to the abc-reference equations of (4.14), the fifth-order
model plus two mechanical equations can be obtained in (4.14):

Vad = (R + Lsi)isd sy din
dr dr

_Lsal/lisq_M M/Jirq

0= (Ro+ L-Lying+ g 42
dt dt

- Lr(a)// _D a)/rt) irq _M (al/l _D CL)/n) isq

‘/sq = (Rc + Lsi)isq +M dqu + Ls&)/lisd +M a),// ird

dt dt

d d i (19

O = (RI + Lr;)l‘rq + M d + Lr(m,// _D a)n) ird + M (C{),// _D C{)/n) l‘xd

t t
rem - rloud = Jd_a)m

dt
dBnm
Wn =
dt

Considering eq. (4.11), the electromagnetic torque developed by the IM can be obtained in dg
components as (4.15):

it lir =00 M (iraisg - irgisa) (4.15)

0
0 -M
M 0

[ en(t) =00 zE

Figure 4.3 shows the representation of the induction motor in two electrical circuits (i.e., direct
and quadrature). The inductances L-M and L,-M depicted in Figure 4.3 can be computed as in
(4.16):

Li—M :(ls +lms)—§m
2 2

1 3 (4.16)
L—M = (lr+—l’ﬂr)_—m
2 2

Considering that the rotor windings is electrically reduced into the stator winding (m, = mr = m),
it can be seen that the stator and rotor leakage inductances are as follows:
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Li-M :(ls +%ms)—%m:ls—m: Lsa

| 3 “4.17)
L—M = (lr +—mr)——m :lr_m =Lu

2 2

‘I’ -Werdsa R L-M L-M ~(We-pwn)dra  <—

+ = Ird

Vea M Rs
- o

Direct component

—r Weds R L-M L-M (We-pwn)Pra -
+ sq Irq
Vsq M Rs
- O

Quadrature component

Figure 4.3: Electrical model of the induction machine in dq components.

Note that in this representation, the rotor mechanical speed has been multiplied by the IM pole
pairs (p) and w, depends on the selected reference. The most commonly used references are: (i)
synchronous reference, (ii) stator reference and (iii) rotor reference. These references are
expressed down below in (4.18):

Synchronous ref . [ [b s = J.ws (r)dt

Statorref .1 [L (s =0 (4.18)
Rotorref.0 [ (s =00 On

The synchronous reference is used in case g is constant, this expression depends on the
synchronous speed (2zf) where fis the system frequency (which is assumed constant in steady-
state). In the present thesis, given the natural tendency of the IM to decelerate following the CB
opening, and given the fact that the frequency of the island decreases with time, the stator
reference will be used. Consequently, the set of Egs. (4.14) is now converted, thus obtaining
(4.19):
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d ird
dt

‘/sd = (Rs + lsi)isd + M
dt

0= (R +1-Lyis 4 g L2
dt dt

+lr(|:] a)/n)irq+M (EI (L)/n) isq

Vie = (R + zsdi)isq +M daf”’

; t . f 4.19)
O = (RI + lr_)irq + M by - lr(D C()/n) ird - M (D C{)/n) l‘sd

dt dt
rem - rluad = J_da)m

dt
_ dOn
dt

Considering stator reference, Figure 4.3 is now converted into Figure 4.4.

_I> Rs LS_M Lr'M med)rq -
+ = |rd
Vsd M Rs
- O

Direct component

—r Rs L-M L-M - pwndr -
+ = |rq
Vsq M Rs

- O

Quadrature component

Figure 4.4: Electrical model of the induction machine in dq components in stator reference.

Lastly, the transformed stator voltages, rotor currents and stator currents from dg components into
abc components with fixed stator reference are obtained applying the Park’s anti-transformation:

2 2 2
‘/sa = \/:‘/vd l'sa = \/:i9d ira = \/:ird

3 3 3
Vi = \/% (_%“/sd + \/2§Vu1) ; Isb :\/%' (_%'l.sd + \/2§l¢q) ; Inb = \/% (_% Ira + \/zg‘irq) (420)
Vie = \/%(_%‘/Ad - \/2§Vu1) Isc = %'(_%'l‘sd - \/glsq) Irc = \/g‘(_l'l‘rd - \/g‘l.rq)

2 2 2

Steady-state model of the IM
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Obtain the model equations in steady-state becomes crucial to initialise a transient behaviour.
Since a steady-state model considers the derivatives zero, the equations of the transient behaviour
in the previous subsection will be used to obtain the steady-state model. If the machine is fed
through a symmetric system of voltages (only the direct-sequence component of the voltage is
considered), phase-voltages take this form:

Vie =~/2V sin(awt + @)
Vio =2V sin(at + @ -10") 421
V=2V sin(at + @ +120°)

If the machine is considered under steady-state (i.e., derivatives are set to zero), the set of
equations expressed in dg components of (4.19), are now expressed as in (4.22):

‘/Xd = Rsllsd
0 = Rrird + lr(D a}n) irq + lm (D a}n) l‘sq

422
Vi = Ris (*22)

0= Rrirq - lr(D a)n) Ird = Im (I:I a)n) Isd

The active and reactive-power drawn by the machine acting as a motor in dg components are
defined in (4.23):
P =vria+ Vsq‘isq
. . (4.23)
Q = Vsq'lsd - Vsd-lsq

The equations to compute both active and reactive powers in steady-state and considering abc
reference frame are expressed in (4.24):

pP= Re{vm-[m* + Vi Iy + Ve 1}

3Re{Vel'} = (Vs =0& L =0)
Q = Il’n{‘/sa'lst;< ‘i"/sl)‘lsl;:< +VSC'ISC*} = 3Im{Vsls*} A (VS(Z) =0& Is(2)>:< = O) (424)
S = Vsa‘[sa* +Vsb'Isb* +Vsc‘Isc* = 3{Vslsh} And (VS(2) = O& IS(Z)* = O)

In (4.24) subindex (2) is referred to inverse-sequence component, therefore, if there is only direct
sequence component for stator voltages and currents, the active and reactive powers drawn by the
induction machine can be computed as 3VI". The single-line diagram of the IM electrical model
is depicted in the following Figure 4.5.

_r Rs Xsd er <|_

+ 0 N\

Vs Xm Rs/s

- O

Figure 4.5: Electrical model of the induction machine for steady-state analysis.
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where X, is the stator leakage reactance, X4 is the rotor leakage reactance, X is the magnetizing
reactance, and S is the slip between the synchronous speed and the rotor mechanical speed. These
reactances are computed as (4.25):

m S+ m r+ m
X;Ls:Xd X;LrZXd X
w

w w

M =

(4.25)

In this subsection, the fifth-order mathematical model of the IM to study the transient behaviour
as well as the simplified model to assess steady-state have been obtained. The mathematical model
of the IM for transients will be used in stator reference and considering the dg components of the
Park’s transform as in (4.19) and represented by Figure 4.4. Secondly, the IM model in steady
state is given by (4.22) and represented by Figure 4.5.

The initial point of operation of an IM can be defined utilizing the torque-speed curve provided
by the manufacturer. As stated above, the initial values in steady-state will be of interest to
evaluate the transient behaviour of the IM during the voltage sag originated by the fault.

The data of the IMs used in the simulations is summarised in Table 4.2.

Table 4.2: Induction motor data.

Internal parameters  Values Rated parameters Values
L, 0.0078 H P 160 kW
L 0.0078 H » 1

R, 0.0077 Q f 50 Hz
R 0.0137 Q Vv 400 V
Ly, 0.0076 H J 2.9 kgm?

4.3.5 Protective devices

Protective devices can have a significant impact on IO. Certainly, the protection devices settings
affect the duration of this IO. This section characterises the protective devices implemented in the
model. Relay settings and its characteristic curves are critical factors to consider when designing
the protective coordination between devices. Overcurrent protection is commonly used in radial
DN because of its simplicity for selectivity purposes. Therefore, the protections accounted here
are 50/51 (phase-overcurrent) and 50/51N (neutral overcurrent), respectively. Note that the
clearing time depends upon these curves and its settings.

Although a source working in parallel with the grid misscoordinates the protective equipment due
to the change in the short-circuit current sensed by the main relays [4.17] which can cause serious
issues, the main concern for DSOs is still being the IOs. A general overview of protections in
distribution networks in the presence of DG sources has been analysed in [4.18]. As mentioned
several times in the document, in this model, there are not DG but large IMs. As a consequence,
we will only consider the main characteristics of overcurrent relays, its features are detailed down
below. In case a curve is selected, its input is the line current of the three phases, and for the
neutral calculation, it is computed as the vector sum of each one. On the other hand, the output is
the clearing time composed of the operation time and pick up time. The most common used curves
are; standard inverse (SI), very inverse (VI) or extremely inverse (EI) as can be seen in Figure
4.6. The operation time T of phase overcurrent is defined by equation (4.26):
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r(y=— "t (4.26)

o
[1" DI >j

The operation time Ty for earth overcurrent is then calculated as follows;
t[K,

Io n_l
In DI() >

where factors K and Ky are adjustable and typically ranged between 0.05 and 1.6, [ is the picked
up current by the relay, I, is the rated current controlled by the relay, that is, the load current
during regular operation, I> is an acceptable overload factor, and n a factor to distinguish between
relay curves. Particularly, n is 0.02 for SI, 1 for VI and 2 for EI, ¢ is a factor which also depends
on the curve, for SIis 0.14, for VI is 13.5 and for El is 80. For ground faults, Iy is the sum vector
of the three picked up currents sensed by the relay, Io> is the factor between 0.1 and 0.8.
Selectivity tasks define the time constraint. CB modelling is not unique because of some physical
factors are involved (e.g., SFg, oil or air insulation), a thorough study of CB characterisation can
be found in [4.19]. Lastly, several preset reclosing operations are implemented into the relay,
which are aimed at restoring the electrical supply after its tripping. Commonly, between three and
four reclosing are used, where the first reclosing is typically fast, between 0.5 and 1 s. This fast
reclosing plays a pivotal role because it defines the 10 duration. The implemented settings in the
relay located at the PCC; are summarised in Table 4.3.

T,(I)= 4.27)

Table 4.3: Over-current relay parameters.

ANSI code k n t I threshoid (A) I of ANSI Curve
50 0.05 0.02 0.14 100 1.25 Standard inverse
50n 0.05 2 80 20 - Extremely inverse

Figure 4.6: Time-current curves of overcurrent relays.

4.3.6 Load models

Load modelling has been evaluated for stability studies, for instance, see [4.20-4.22]. Other
studies, such as [4.23], developed a method to estimate different load models from measurements.
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In [4.24], the composite load models voltage and frequency dependence are evaluated, thereby,
from this analysis, the equations for both active (4.28) and reactive (4.29) powers are derived:

kpv
P£ = (%j -(1+ kpf-Of) (4.28)
QQ = (%j -(1+ kpf-Of) (4.29)

where P, and Q, are the initial active and reactive powers, V is the initial value of voltage, V, is
the adjusted voltage, P and Q the active and reactive power with the adjusted voltage, Af is the
difference between the rated frequency (50 Hz) and the adjusted frequency, kpv is the exponential
factor that varies from 0 to 2 depending on the load type, and kpf is the frequency sensitivity
factor. It is relevant to point out the fact that in (4.28- 4.29), not only the voltage dependence is
considered, but also the frequency dependence. Since a deviation in the supply frequency affects
the power drawn by loads, this dependence has to be considered as a frequency sensitivity [4.25,
4.26]. Even though in this study frequency deviations occur during islanding, the loads are
considered mainly resistive; therefore, they are not affected by this frequency deviation. Although
there is not sufficient evidence (or field measurements) to select a given model, the model selected
for each load provides a close enough simulation result to that obtained from measurements.
Crucially, the appropriateness of the selected load models is evidenced in section 3 if one takes a
look into the pre-fault values in column 9 and 10 of Table 4.4, feeder loads power is mainly active.
Therefore, in the current implemented model, loads are only considered voltage dependents.
Thence, the available three-phase dynamic load model of the specialised power systems toolbox
library of Matlab is used [4.27]. Both active and reactive powers are defined by the following
equations (4.30 - 4.31):

np

P(s):P{Kj 1+ (4.30)
Va 1+tp2x
VY 1+1q1s

0(s) = Q,,(—) a 4.31)
Vo 1+tq2s

where Py and Qo are the active and reactive powers at the initial voltage V,, P(s) and Q(s) are the
active and reactive powers a the adjusted voltage V, n, and n, are constants to model the three
type of loads (i.e., if n = 0 the load is modelled as constant power if n = 1 the load is modelled as
constant current and if » = 1 the load is modelled as constant impedance) and #, and ¢, are time
constants. The rated power and the load models for each LV feeder loads are summarised in Table
4.3. Note, however, that the active and reactive at the time the fault occurs, does not have to meet
this value due to the random pattern of costumers. In such a way, Figure 4.7 shows the real load
profile for a half month in order to observe its effect on the survivability of the islanding events.
During the period of the load profile depicted in this figure (between 15-01-16 and 30-01-16),
four events were recorded. These events are highlighted in red circles.

Table 4.4: Feeder A loads rated value

Rated Voltage Rated P/Q

Load Node L oad model®

V) (KW/KVAT)
Node 15 400 30/4 Constant power
Node 16 400 100/20 Constant impedance
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Node 17 400 300/45 Constant impedance
Node 18 400 600/-157 Induction motors

Node 19 400 100/10 Constant impedance
Node 20 400 30/4 Constant current

Node 21 400 25/10 Constant impedance
Node 22 400 200/80 Constant impedance
Node 23 400 40/18 Constant impedance

* The load model type listed in the table is model type implemented in Matlab/Simulink. Although there is
not sufficient evidence (or field measurements) to select a given model, the model selected for each load
provides a close enough simulation result to that obtained from measurements.

Figure 4.7: Load profile at PCC; with the time of occurrence of some events.
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Figure 4.8: Three-phase Matlab/Simulink implementation of the test system.

4.3.7 Three-phase Model adopted

The test system model has been implemented in the MATLAB/Simulink environment using the
specialised power systems toolbox library [4.28]. The three-phase model shown in Fig. 4.8 has
been implemented in a computer with a processor of 3.6 GHz 8-core Intel i7 and 8§ GB of RAM.
The simulation has been conducted in a discrete mode with a fixed sample time of 50-us, a solver
based on the Dormand-Prince eight-order (RK8) method and a simulation time for all scenarios
of 2.5s.

4.4 IM behaviour during the fault

4.4.1 Introduction

The grid is feeding the induction machine when it is acting as a motor and its mechanical speed
and torque define its point of operation. This point of operation is of utmost importance to
determine the IM behaviour in steady stated and consequently, to initialise the transient state. In
the previous Chapter 3, the general expression for all type voltage sags was obtained, resulting in
a classification of 14 types of sags. In that chapter, it was demonstrated that depending on the
type of network, some particularities have to be considered when assessing voltage sags. The
procedure of this subsection is as follows:

» Define the initial conditions to initialise the transient state and provide the set of equations
which dictate the behaviour of the IM during the fault, see subsection 4.4.2.

» Given the particular type of DN and the IM windings connection, the voltage sags that
can occur at IM terminals can be reduced from the 14 sag types obtained in Chapter 3.
The main aim is to reduce the number of voltage sags to be studied. This discussion is
done in subsection 4.4.3.

» Assess the influence of the clearing time in this process. (See subsection 4.4.4)
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It is worth highlighting that the results of this transient state will influence the next stage (i.e., the
island). Thus, the initial conditions for the IO will be given by the results obtained in this transient
state.

4.4.2 Transient behaviour during the fault
Initial variables

To obtain the values of the IM variables during the voltage sag (i.e., stator and rotor currents,
mechanical speed and torque), the point of operation of the IM before the disturbance occurs is
of paramount importance. Thus, in Figure 4.17, the procedure to obtain such point is described.
It is worth mentioning that, although L. Guasch in [4.29] assessed the influence of voltage sags
towards the IMs, it did not consider the IM as a bus in the electrical network. Instead, in the
present study, the IM is viewed as a bus of the electrical grid, where the impedance seen by the
IM is represented by its Thévenin equivalent (considering the main source, feeder impedances
and feeder loads). The single-line diagram of this system is depicted in Figure 4.9, where Feeder
1 and 3 are not represented because the islanding process only occurs in Feeder 2. Note that by
considering this Thévenin equivalent, the voltage across the IM stator before the fault and its point
of operation, can be accurately determined.

As can be seen in 4.13, the first stage of the flowchart has two groups of inputs; the first is the IM
data, including the type of torque and its value. Secondly, the grid parameters are introduced.
From the first group of data, the IM internal parameters (i.e., R, Rs, Lrp, Lsp, M, p) can be
obtained. On the other hand, taking advantage of the second group of data, the Thévenin
equivalent of the grid seen by the IM terminals (i.e., Vi, Zi) can be determined. In Figure 4.9, the
electrical loads are represented as shunt admittances framed in colours (e.g., green, yellow and
purple), the step-down transformer is blue framed and, the IM is red framed.

Figure 4.9: Single-line representation of the test system under study.

where Xg,i; is the grid reactance ( this term includes the reactance of the grid and the reactance of
the HV/MV transformer), Z. is the short-circuit impedance of the step-down transformer through
which the IM is connected to the MV grid, Z;; and Z;; are the impedances of two MV lines, and
Yiaa represents the shunt admittance of loads.

Assuming negligible the voltage drop in the MV lines due to its short length, electrical loads can
be grouped into one bus. Thus, this approximation will contain all feeder loads that remain within
the island aggregated at the same bus. Considering this assumption, the scheme of 4.9 can be
expressed as in Figure 4.10.
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Figure 4.10: Equivalent circuit of the test system.

The thévenin equivalent seen by the stator windings is depicted in the following Figure 4.11.

Figure 4.11: Thévenin equivalent seen by the IM stator.

The expression of the Thévenin equivalent seen by the IM is computed as follows:

_ (Zygria + Ziiner)-Zioad

Zthl + ZLineZ + ZTmnsformer
(Zgrid + ZLinel)'Z[(md
Vi = Z v (4.32)
thl — source
Zgria + ZLiner)+Zioad
ZLsiaor + (ZLMEZ + ZTransformer) + ( 8 e ) od

(Zgria + ZLine1) Zioaa
This Thévenin equivalent is designed as th;.

Another Thévenin is now represented, this one is the equivalent seen by the IM magnetisation
branch, expressed as th; and showed in Figure 4.12.
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Figure 4.12: Thévenin equivalent seen by the IM magnetisation branch.

The expression of this second Thévenin equivalent seen by the IM magnetisation branch is
depicted in Fig. 4.12 and computed as in (4.33):

_ (Zzhl + Zstazor)'ZM
Zin =

(Zthl + Zstator + ZM)
Zm

Vina = Visource
Zstator + ZM + Zthl

(4.33)

The second stage of the flowchart in 4.13 uses the parameters obtained in the first stage to obtain
the IM in steady-state (i.€., irg, irg, Isa, isq, L emy m) and the Thévenin equivalent and is obtained by
applying equations (4.22-4.23). The subindex (0) is referred to as initial values.

The IM point of operation to initialise the transient state (i.e., initial conditions) has been obtained
in the previously described stages. Therefore, the next step focuses on obtaining the voltages
across the IM during the fault. By using the voltage divider of Eq. (4.34), the voltage sag across
the IM stator is obtained. Afterwards, the stator voltages in the abc reference frame variables are
converted into dg components as in (4.35).

Lastly, the transient state of the IM during the voltage sag is obtained by introducing these stator
voltages into the set of differential equations in stator reference of (4.36). Note that the dg
components of the stator voltage will depend on the type of fault and its location.
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Figure 4.13: Flowchart to obtain the transient behaviour of the IM during the voltage sag.

The dynamic model to study the IM transient state is described by the following set of equations,
where the input are the stator voltages ( Visand V,) and the output, the stator and rotor currents,
the rotor speed and rotor angle (isq, isq, irg, irgy @m, and 6,,). The voltage sag across the IM stator
terminals (in abc components) is obtained from the voltage divider as in (4.34):

Zfeeder

Vs‘ _abc = —unrce _ abc (434)
Zfeeder + Zsource

Since abc components can be converted into symmetrical components (with the Fortescue
transform), similarly, the voltage sag at the IM stator terminals in abc components can be
converted into the dg voltage components as follows:

Vsa = \/zVsd

3

Vb = \/z‘(_LVsd + \/g Vsq) (435)
32 2

Ve = \/2'(_1“/5(1 —£Vsq)
32 2
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Given the stator voltages as an input, by solving the set of equations in (4.36), the transient
behaviour during the voltage sag is obtained.

d ird
dt

‘/sd = (Rs + lsi)isd + M
dt

0= Ro+15-Lyia+ M2 410 )iy« M O ) i

dt dt
Vi = (R +1; g)iﬂ, +M dd”"

) f . f (4.36)
O = (RI + lr_)irq + M brd - lr(D a)n) ird _M (D C{)/n) l'sd

dt dt
rem - rloud = J dm"

dt
_d6n
dt

The set of differential equations of (4.36) with six equations and six unknown variables can be
solved with numerical methods such as the Runge-Kutta-Fehlberg method, see [4.30]. As
mentioned earlier, the initial values to start the iterative process are the ones obtained in the
steady-state model, see parameters and Eqs. (4.22-4.23).

4.4.3 Influence of the fault-type
Introduction

In Chapter 3, a list of 14 types of voltage sags have been defined. However, some of them can be
caused for faults upstream the CB of Feeder A (located at PCC;) which cannot cause an 10.
Thereby, in this section, only the voltage sags originated by faults which imply the opening of the
CB in Feeder A (i.e., faults located downstream of this CB) will be considered. Since this thesis
is evaluating the IO that occurs in Feeder A, either faults at neighbour MV feeders or the HV
system do not cause an 10. Hence, the following assumptions are summarised down below:

Voltage sags originated at the HV transmission system are not considered.

Since the LV grids are typically protected with fuses, there are no reclosing operations

The type of network under study is resistance-grounded via a zig-zag transformer.

Only the effects of one transformer will be considered (i.e., the step-down MV/LV
transformer).

5. Other voltage sags due to IM starting or transformer energisation are dismissed because they
do not imply the operation of the CB located at PCC;.

el S

Voltage sags grouping
Considering the above assumptions, the following casuistry is taken into consideration:

» A SLG fault at the MV grid causes a voltage sag type B, and given the step-down transformer
windings connection, a voltage sag type C is expected at the LV side. The voltage sag type B
will not be considered at the IM terminals because faults at the LV grid are not considered.

» Either a LL or LLG fault at the MV grid causes a voltage sag Type D (see Figs. 3.14 and 3.15
of Chapter 3). Even though the voltage sag produced is the same, the recovery is slightly
different. Therefore, these two types of faults will be considered.

» A LLL fault at the MV grid cause a voltage sag type A» at the LV grid.
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» An LLLG fault at the MV grid cause a voltage sag type A4 at the LV grid.

Table 4.5 shows a summary of the faults originated at the MV grid which have been considered.
The third column of this Table shows the voltage sag at the LV network after a Dy transformer.

Table 4.5: Voltage sags grouping.

L ocation of the voltage sag

Fault

I (MV) 1 (LV)
SLG B C
LLG E D
LL E D
LLL Ay Ay
LLLG Az As

4.4.4 Clearing time influence

As stated in the modelling section 4.3.5, the clearing time is dictated by the relay settings. The
process that takes place when a fault occurs is described further on. The first cycles (typically
between 4 and 6) after the fault occurrence, the IMs contribute towards the fault. Along with this
contribution, it experiences a deceleration which is prolonged during the sag. After that, once the
voltage sag recovers, the machine reaccelerate [4.31], and return to the initial point of operation.
However, for large clearing times, the voltage sags will force the IM to stall. In [4.32], an
analytical expression is provided to compute the critical voltage sag clearing time.

The influence of voltage sags into induction motors have been the object of study in several
studies, among them, L. Guasch ef at. in [4.33]. On the other hand, the behaviour of the double-
fed-induction machine during voltage sags (both symmetrical and non-symmetrical) in wind
power applications has been investigated by A. Rolan in [4.35]. On the other hand, interesting
research is carried out by F. Cdrcoles ef al. in [4.36-4.37] where the voltage sags are assessed. In
these three works, the IM deceleration during the voltage sag has been considered negligible
(below 1%) due to the brief duration of the sag (e.g., around 60 ms). Nonetheless, in distribution
networks, the clearing times can be longer (e.g., see [4.38]). Frequently, faults at the MV grid
exceed this duration (e.g., an average value may be around 200 ms). As a consequence, the speed
derivative during the voltage sag cannot be assumed zero in the present thesis.

4.5 Islanding operation

4.5.1 Overview

The current section is divided into two parts; the first gives a brief overview of the islanding
process and presents the mathematical model of the IM during the island. The second one is aimed
at describing the principal influential factors into the IO.

To emphasise the importance of this phenomenon, as an example, Fig. 4.14 shows the simulated
three-phase voltages of two scenarios; one scenario with IMs (solid lines) and another one
replacing the IMs (dashed lines) with a static load of the same rated power. By carefully observing
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this Figure between the fault clearing (t = 0.9 s) and the CB reclosing (t = 1.4 s), one can notive
that the IMs are energising the isolated feeder A once its CB has opened. On the other hand, when
the IMs are replaced with static loads, as expected, an interruption occurs.

Furthermore, to provide more evidence that following the CB the IM is energising the DN and
acting as a generator, Figure 4.15 plots the active-power recorded at the PCC; where IMs are
connected. In this figure, it can be seen that before the fault appears (t = 0.8 s) the induction
machine is acting as a motor (i.e., the measured active power is positive), but once the fault is
cleared, the power becomes negative. This fact undeniably demonstrates that the IMs are
transiently acting as generators.

Figure 4.14: Phase-voltage comparison scenarios with and without IMs.

Figure 4.15: Phase voltage comparison scenarios with and without IMs.
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4.5.2 IM Mathematical model during the island

As seen in the previous subsections 4.4.2 to 4.4.4, during the fault, the IM tend to decelerate. This
deceleration depends on the severity of the originated voltage sag (i.e., magnitude and duration).
Once the CB clears the fault, the motor is disconnected from the grid, and due to its inertia,
transiently act as a generator. The initial kinetic energy before the IO begins (i.e., the speed once
the voltage sag has recovered) is as follows:

1
Ekin _ initial = 5 JT QWpre _ islanding2 (437)

where Ekin_iniriar 1 the initial kinetic energy before the CB opening, Jr the total moment of inertia
(considering the rotor inertia and mechanical load), and @pre_isianding 1s the mechanical speed before
the island is formed. Following the CB opening, due to the lack of supply, the equilibrium between
torques is broken, the IM speed derivative becomes negative and, thereby, only the dynamic
torque (i.e. the torque due to the non-zero derivative of the rotor speed) drives the machine. Hence,
the mechanical equation in (4.36) can now be rewritten as (4.38):

d Wn

_(rload) = JT dt

(4.38)

Before the fault, the electromagnetic torque of the IM acting as a motor is by convention positive.
This fact can be observed before the fault occurs (before t = 0.8 s) in Figure 4.16. During the
voltage sag, the torque is oscillatory (between t = 0.8 s and t= 0.9 s). Once the main CB has opened
(at t = 0.9 s), the dynamic torque drives the machine; its speed derivative and electromagnetic
torque are both negative when acting as a generator (between t = 0.9 s and t = 1.4 s). Note that
the high torque that occurs once the CB recloses (t = 1.4 s) is due to the out-of-phase reclosing.
This reclosing transient can be more or less severe depending on the voltage amplitude and
frequency difference between sources (i.e., the main grid and the island).
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Figure 4.16: Electromagnetic torque developed by the IM.
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The procedure to obtain the transient behaviour of the IM during the 1O is detailed in Figure 4.17.
The first stage provides the initial values for the 10, which are obtained from the previous section
where the transient state during the voltage sag has been evaluated.

To assess the 10, the reduced grid scheme of Figure 4.10 will be used, where all feeder loads have
been grouped in one bus.

Figure 4.17: Flowchart to obtain the transient behaviour of the IM during islanding.

As can be seen in Fig. 4.10, the variables of interest for the 10 are (isq, ira, Vsa, @m, Om, Vioaa). Since
there is no noticeable load unbalance during the islanding, only d-component is considered, and
the g-component of stator voltages, rotor currents and stator currents is set to zero. By solving the
set of six differential equations with six unknown variables in (4.39), the transient state of the IM
during the island is obtained.

Ve = (Ro+ 1-Lyioa 4 40
dt dt
0= (Re+ 1Ly + L2
dt dt
dird . .
0=M - lr(l:l C()m)lrd -M (I:l C()m) lsd (439)
0_ rload = J dwm
dt
dBn
Wn =
dt

Vsa = isa- (Zline + Zload)

As mentioned earlier in subsection 4.3.6, if a voltage-dependence load model is considered, three
types of load models can be used. Therefore, the term Zj.q of (4.39), can be computed as a mix
of the aforementioned three load models:

Voa : oa
| foed )+(Rload+leoad)+( ‘/l ¢

ZLioad = (—
Pioaa + J Ql{)ad Ientioad

) (4.40)
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The voltages and currents are now rewritten by separating stator and rotor components:

Viz Rei+ 2 4 i = Rei+ Lo + M i,
di a d

. 4.41)
0=Ri+ 2 ¢ j(w-w)@ = Rei+ ot + M (o= oy,
di di - dr

where w can be computed as 2xnf, being f the frequency of the system and, w. the rotor speed. If
the rotor resistance is neglected, the time derivative of the rotor flux linkage with respect to time
can be obtained as follows:

0=22 4 jw-wrp =2 + 2 o= wyi
dt dt dt 4.42)
= M 7 —_ — tf_ — — - j(w-wr)t
- d[ + J(w w”)‘¢” - w’ - J‘ti (a) wr)‘wr dt — w,» = ¢,,70.e

Once the CB has opened, the remnant magnetic flux at the rotor forces the IM to behave as a
generator, see [4.39]. Therefore, the rotor flux derivative with respect to time is deduced from
(4.42), which depends on the rotor initial magnetic flux (¢, o) as well as on the rotor mechanical
speed w,. The relationship between current and magnetic fluxes are expressed with the following

matrix equation:
, Mss M || is
@ = | (4.43)
w M My || ir
If the stator flux is set to zero due to the lack of external supply, the remnant magnetic rotor flux
can be computed as:

O = Mss‘is + Msr‘ir

. (4.44)
@ = Mrsis + Mreir > @_0e”’' 7" = Myvis + Myrir
Indeed, the induced voltage across the IM magnetisation branch is due to this remnant magnetic
flux available at the rotor winding at the time the fault occurs, which in turn, is maintained by the
rotor speed while the rotor it is driven by the transient dynamic torque. When the motor is acting
as a generator, this voltage can be represented as a voltage behind a transient reactance. If the IM
stator resistance is neglected, this voltage can be computed with the following equation:

M"-qo/)-e‘f“**“‘” (4.45)

rr

E =(jwr

The voltage behind the transient reactance ( £ 0 ) can be defined as a sinusoidal and balanced,

and the frequency of this voltage is determined by the IM rotor speed (w,). Thereby, a slip can be
defined between the frequency of the island and the frequency of the main grid. To observe the
relationship between the IM rotor angle, its mechanical speed and the frequency of the island, see
Eq. (4.50). The voltage at the IM terminals during the island (V,) is obtained by solving the set
of differential equations (4.39-4.40). However, it can alternatively be computed as the voltage
behind the transient reactance plus the voltage drop across the stator winding, see equation (4.46).

Vi = jXeis + Er (4.46)

where X; is the stator leakage reactance.
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The reduced test system shown in Figure 4.10, was used to represent the system before and during
the fault. However, once the CB has opened, the system is represented by Figure 4.18. In this
Figure, the rotor winding plus the magnetisation branch are being replaced by the equivalent
source behind the transient reactance (if stator and rotor resistances are both neglected). In case
no load is connected with the stator, the voltage at the IM main terminals is the same as the one
obtained across the magnetisation branch, however, if the load is connected to the IM terminals,
a certain voltage drop takes place across the stator inductance.

Figure 4.18: Single-line diagram of reduced test system before islanding.

Once the CB has opened the circuit, the impedance of the line Z;; can be neglected because no
current is flowing through this impedance, and therefore, the single-line diagram of the system
during the island is depicted in Figure 4.19. As mentioned earlier, the amount of feeder loads in
the island are grouped into one bus and expressed with the term Zjpqq.

Figure 4.19: Single-line diagram of the reduced scheme of the system during islanding.

where X is the stator leakage reactance, Z. is the short-circuit impedance of the MV/HV
transformer, Z;; is the line impedance and Zq represents load impedance (i.e., the sum of all
feeder loads grouped in one bus).

Alternatively, the IM speed derivative during the islanding can be computed by using the classical
stability equation. Thus, if it is assumed that the IM is under no-load torque at the time the fault
occurs (i.e., that there is no mechanical load coupled to the rotor shaft) and considering that there
is no damping effect while acting as generator, the balance during the island is given by:

dwm _ 1

dt  2Hm

d 5 im
dt
where winis the IM angular speed, wino is IM initial angular speed, di is the IM rotor angle, P,
is the mechanical power developed by the IM when acting as a generator, Pejoqq 1S the power drawn
by the feeder loads, and H;, is the inertia constant of the IM expressed in seconds.

[ Pm — Peioad] (4.47)

= Win - Wino (4.48)
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The variation over time of the IM rotor angle during the island (i.e., between #;and #y) is related to
the frequency during islanding as follows:

if if
AOim = j Acon di =—— j Afisina dt (4.50)
ti 2]Tri

where fisiana 1s the frequency during the island and Jix is the IM rotor angle.

As for the impedance load calculation (i.e., the term Z,us of (4.40)), if we consider voltage-
dependence load models, the term P.iq has to be also divided into three different terms. The
power drawn by the loads in the island are divided into term P; which is assumed to be the sum
of all constant impedance loads, P> represents the sum of all constant current loads and, P; is the
sum of all constant power loads. Whereby, the term P.iqq has the following expression:

Peiows = (4.51)

P P>
Tt P;
N IN%
where AV represents the voltage variation, P;, P2, P; are the sum of all constant impedance,
constant current and constant power, which individually are computed as follows:

P=3P P=YR P=YR (452
=0 =0 =0

Note that in equation (4.47), the active-power losses term has been neglected due to the short MV
line lenghts.

4.5.3 Islanding influential factors

As can be appreciated from the previous equations in subsection 4.5.2, the rotor magnetic flux at
the precise moment when the island is initiated (i.e., remnant magnetic flux), is of utmost
importance to assess the 10. Based on the mathematical evaluation of the previous subsections,
the influential factors of this 10 are listed down below:

The type and value of the load torque coupled with the IM rotor shaft.
The IM inertia.

The IM point of operation in steady-state.

The type of fault that originated the 10.

The duration of the IO.

YV VVYVY

4.6 Conclusions

In general terms, this chapter has described the theoretical analysis of the 10 and the main
influential factors have been identified.

Firstly, the single-line diagram of the test system under investigation have been defined in
subsection 4.2. In it, the data of the network such as the type of grounding, the number of
transformers and its rated capacity and line impedances are provided. After that, the description
of the model is done in section 4.3. Particularly, each element of the model is detailed in a separate
subsection (e.g., transformers, transmission lines, CBs, IMs and load models). The three-phase
implemented model in Matlab/Simulink is shown in 4.3.7.
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Secondly, once the system components have been described, the mathematical model of the IM
before the island can be established. Thus, the IM modelling is analysed in both steady-state (i.e.,
non-linear set of equations (4.22-4.23) to obtain pre-fault point of operation) and transient state
(i.e., the set of differential equations in (4.36)). Hence, subsection 4.4 analyses the transient
behaviour of the IM during the fault, which proved to be crucial for the islanding evaluation. To
successfully perform this analysis, the pre-fault IM point of operation and grid parameters are of
utmost importance.

The procedure to obtain the transient behaviour of the IM during the fault is depicted in Figure
4.13. Besides, in this subsection, a reduced group of sags is proposed in order to reduce the
number of scenarios to be evaluated. Thus, only the faults that occur in the MV network are of
interest, and as a consequence, the voltage sags originated by events that do not imply a CB
operation are dismissed. Among these events, we can find voltage sags due to faults at HV
transmission system, voltage sags due to IM starting in the same feeder or faults in neighbour MV
feeders. Accordingly, in this section, only five voltage sag types are analysed instead of the full
list of fourteen types defined in Chapter 3.

Thirdly, the IO is assessed in subsection 4.5. The procedure to obtain the variables during the 10
is shown in Figure 4.17. The main variables of the system during the island are obtained by
solving the set of differential equations (4.39-4.40), where the initial conditions are the ones
obtained after the voltage sag recovery (i.e., the end of the voltages sag, see the previous section
4.4).

To sum up, this Chapter has defined the model used to represent the IO and has provided the
mathematical equations of each element individually. The dependability of the analytical
expressions detailed in this Chapter will be demonstrated in the subsequent Chapters 5, 6 and 7
(i.e., simulations, Field measurements and Model validation). Furthermore, to support the
feasibility of the analytical analysis of this Chapter, three Figures have been provided (4.14-4.16).
In these Figures, the feasibility of this IO is demonstrated by making a comparison between one
scenario with IMs and another one without them.
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Chapter 5

Simulations

5.1 Introduction

The main goal of this section is to perform simulations considering a wide range of scenarios to
test the impact of the previously mentioned factors into the 10. To this end, the three-phase
Matlab/Simulink model described in Subsection 4.3.7 will be used. It should be stated that some
additional hypothesis have been assumed during the simulations, see the details in section 5.2.
For the sake of clarity, each subsection shows and discusses the simulation results for every
influential factor.

The main parts of this chapter can be listed as follows:

>

The first section is aimed at analysing the influence of the feeder loads into the IO. Besides,
the impact of the type of load models into the IO is also investigated. All the results, as
well as its discussion, can be found in section 5.3.

Secondly, the impact of the type of fault that originated the IO and its clearing time is
analysed. Given the fact that in the previous subsection only SLG faults have been
considered, this subsection explores the effects of the rest of faults into the 10. The
simulation results and a thorough discussion can be found in section 5.4.

Different reclosing times are investigated in section 5.5.
In section 5.6, the simulations results for different load torques are provided.

Section 5.7 analyses the islanding operations in case of permanent faults. The previous
sections considered that faults were cleared together with the CB operation (i.e., temporary
faults), instead, this section will study the permanent ones. This fact means that even with
the CB opening, the fault remains applied, and therefore, the IM continues feeding the
fault during the island.

Finally, the main conclusions obtained from the simulations results will be summarised in section

58.
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5.2 Hypothesis and considerations

Since the simulations are analysed for each influential factor separately, the considered hypothesis
will also be provided separately. Hence, the assumptions are detailed down below:

*  Hypothesis for simulations of section 5.3.
1. The reclosing time is set to 0.5 s for all simulated scenarios.
2. A SLG fault at node 7 with a fault resistance of 1 € is simulated for all scenarios.
Consequently, for this resistance fault and location, the obtained fault current is 466 A
(RMS current value). The fault is cleared within 100 ms, due to the fixed time
implemented in the relay. This clearing time includes the sensing time (one-cycle), plus
the CB mechanical time (40 ms).
3. The IM is under no-load torque at the time the fault occurs.
4. The CB clears the fault satisfactorily.
*  Hypothesis for simulations of section 5.4.

1. The IM is under no-load torque at the time the fault occurs.

2. Reclosing time is set to 0.5 s.

3. The CB clears the fault satisfactorily.

4. The total feeder loads are set to 80 kW (constant impedance).

*  Hypothesis for simulations of section 5.5.
1. A SLG fault at node 7 with a fault resistance of 1 € is simulated for all scenarios.
Consequently, for this resistance fault and location, the obtained fault current is 466 A
(RMS current value). The fault is cleared within 100 ms, due to the fixed time
implemented in the relay. This clearing time includes the sensing time (one-cycle), plus
the CB mechanical time (40 ms).
2. The IM is under no-load torque at the time the fault occurs.
3. The total amount of feeder loads is set to 500 kW (400 cnt. impedance, 50 cnt. current and
50 cnt. power).
e Hypothesis for simulations of section 5.6.

1. The reclosing time is set to 0.5 s for all simulated scenarios.

2. A SLG fault at node 7 with a fault resistance of 1 Q is simulated for all scenarios.
Consequently, for this resistance fault and location, the obtained fault current is 466 A.
The fault is cleared within 100 ms, due to the fixed time implemented in the relay. This
clearing time includes the sensing time (one-cycle), plus the CB mechanical time (40 ms).
The CB clears the fault satisfactorily.

A constant torque model is considered.

The reclosing is set to 0.5 s.

The total amount of feeder loads is set to 100 kW(80 cnt. impedance and 20 cnt. current).
. Hypotheszs for simulations of section 5.7.

1. The reclosing time is set to 0.5 s for all simulated scenarios.

2. Feeder loads are set to 80 kW(constant impedance).

3. The IM is under no-load torque at the time the fault occurs.

o v bW

5.3 Effects of feeder loads and its load model

5.3.1 Simulations for different load scenarios

In this section, seven simulated scenarios will be analysed and discussed. Each particular scenario
considers one value of active-power, which in turn, is the sum of all loads connected to the LV
buses. Besides, this value corresponds at a given instant of the daily load profile (e.g., see the half
month load profile obtained from the grid under study in Figure 4.7 of subsection 4.3.6). The
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power values used for such simulation have been selected in order to represent the influence of
the feeder loads on the IO considering a realistic load profile. Although faults have a random
occurrence and the power drawn by loads at that time may vary, the simulated scenarios provide
a sufficient casuistry to accurately evaluate its effect into the 10.

As underlined in the previous section 5.2, the fault conditions (i.e., the type of fault, its location
and resistance fault value) that originated the CB opening are the same. Therefore, voltage and
current measurements at PCC; will be only shown ones. Particularly, the first plot of Fig. 5.1
displays the phase voltage, meanwhile the second plot shows the current. Note that, the voltage
measurement is done upstream the CB. Each scenario is analysed separately, where the voltage
at PCC; and the frequency of the island are shown in separate plots for each Figure.

Lastly, Table 5.1 summarises the main features of the simulated scenarios. These results are
graphically plotted in Figure 5.8, where the first plot shows the voltages and the frequency is
shown in the second plot.

Since in the previous events only voltage and frequency have been shown, additionally, a
selection of events is made to show the IM mechanical variables during the island. This selection
of scenarios is aimed at reducing the number of plots to show in this Chapter. Thus, from the
seven simulated events, the mechanical parameters are only shown for scenarios (II, ITI, IV and
V). In Figures 5.9 to 5.11, the IM parameters such as the mechanical rotor speed (w.), the
electromagnetic torque (7.) and the active-power (P.) are displayed respectively.

Figure 5.1: Voltage and current measured at PCC;.
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Figure 5.2: Voltage and frequency measurements obtained from scenario I.
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Figure 5.3: Voltage and frequency measurements obtained from scenario II.
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Figure 5.4: Voltage and frequency measurements obtained from scenario II1.
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Figure 5.5: Voltage and frequency measurements obtained from scenario I'V.
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Figure 5.6: Voltage and frequency measurements obtained from scenario V.
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Figure 5.7: Voltage and frequency measurements obtained from scenario VI.
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Scenario VI
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Figure 5.8: Voltage and frequency measurements obtained from scenario VII.

Figure 5.9: Voltage and frequency during the island for all simulated scenarios.

103



A novel assessment of unintentional islanding operationsin distribution networks

Summary of scenarios

Figure 5.8 compares the voltages and frequency results obtained from simulations. In it, the
voltage measured at PCC; (only one phase) and the frequency of the island are depicted. By
observing this Figure, the effect of the active-power loads that remain within the island is
remarkable. From these simulations it can be also highlighted that in case the power drawn by the
loads in the island is low at the instant the fault occurs, voltages remain stable meanwhile the
frequency shows a slight drop.

On the contrary, a large amount of power drawn by loads forces the machine to a more significant
deceleration and consequently, it causes a substantial decrease in voltage and frequency.

Besides, this selection has been done to perform a better analysis of the mechanical parameters in
one plot. From Figure 5.10, it can be seen that, as expected, the rotor speed decreases during the
I0. On the other hand, Figures 5.11 and 5.12 highlight that both active power and torque are
positive before the fault and becomes negative during islanding. The pre-fault power measured at
PCC,; belongs to the load placed at bus 18 plus the IM losses.

Lastly, Table 5.1 summarises the parameters obtained from the performed simulations.

Table 5.1: Summary of the simulated scenarios for different feeder loads value.

P V' f  Om Colour

Scenario (Figure

kW) (kv) (Hz) (Pm) g
I 60 13.7 44 1315 Black
II 80 13 424 1268.3 Purple
I 100 124 409 12244 Yellow
v 150 11.1 379 1134.5 Green
A% 200 9.8 349 1041.8 Blue
VI 300 8.31 303 903 Red
VII 500 6.19 234 696 Orange

* Values obtained one cycle before CB reclosing
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Figure 5.10: IM mechanical speed comparison between scenarios IL, III, IV and V.

Figure 5.11: Comparison between torques in scenarios II, III, IV and V.
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Figure 5.12: Active-power comparison between scenarios II, III, IV and V.
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Figure 5.13: Frequency and IM rotor speed in per unit comparison.

To provide more evidence that following the CB disconnection the IM is acting as a generator
and also demonstrate that the IM rotor speed dictates the frequency during the IO, Figure 5.13
shows the comparison between the frequency and mechanical speed in per unit. By observing that
Figure, before the fault occurs, as expected, the IM rotor speed is slightly below the synchronous
due to the low slip when the motor is under no-load torque (before t = 0.8s). Once the fault takes
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place, due to the voltage sag, the speed is slightly reduced (between t = 0.8 s and t = 0.9 s), and
during the island (between t = 0.9 s and t = 1.4 s), the mechanical speed matches the synchronous
one.

Figure 5.14: Voltage, active-power and reactive-power for the three type of load models.

Figure 5.15: Voltage and frequency for the three types of load models.

107



A novel assessment of unintentional islanding operationsin distribution networks

5.3.2 Load models impact

As has been seen in the previous subsection, the number of loads within the island plays a pivotal
role in this study. Furthermore, this subsection will demonstrate that depending on the selected
type of load model (i.e., consider the voltage-dependence in load models), frequency and voltage
during islanding will vary. Thus, Figure 5.14 show voltage (first plot), active-power (second plot)
and reactive-power (third plot) in per unit measured at node 15 for the three types of load models
when considering voltage-dependence (i.e., cnt. impedance, cnt. current and cnt. power).
Theoretically, a constant power load model is the one that has to cause a high deceleration in the
IM since the power delivered by the IM decreases with time. On the contrary, constant impedance
and constant current load models, due to a decrease in power with the voltage drop, may cause
less deceleration. By taking a look at Figure 5.15, this fact has been demonstrated. The highest
voltage and frequency drop during the island occurs for a constant power load model, and the
lesser drop occurs for constant impedance load model.

5.4 Type of fault and clearing time influence

Since the IO object of study is originated by a fault and the subsequent CB clearing, the main aim
of this section is to study the effects of this type of fault into it. Depending on the type of fault
and the clearing time, the IM behaviour during the fault will be different, and as a consequence,
the islanding initial conditions will also change. Accordingly, this subsection will show eight
scenarios. These scenarios will test all types of faults at different locations and different clearing
times. Scenarios I, I, III and IV belong to a fixed clearing time, however, scenarios V, VI, VII,
VIII belong to simulations where the clearing time depends on the fault current and the selected
curves.The reason why some scenarios have a fixed clearing time (100 ms) is that a fixed time is
implemented in the relay, which trips in case fault current exceeds a certain threshold. The phase
voltages and the frequency of the island are both measured at PCC,. The simulated scenarios are
plotted in Figure 5.16. The first column shows the phase voltage while the second the frequency
value. To make a clear comparison between the simulated scenarios, Figure 5.17 merges the
obtained voltages and frequencies of 5.16 into two plots.

Table 5.2: Parameters of the simulated faults.

Fault Type Rt Fault ) Clearing time
Scenario  location fault @ current ms)
(A)
I Node 7 SLG 1 460 100
II Node 7 LL 1 1560 100
111 Node 7 LLLG 1 1890 100
v Node 7 LLLG 10 967 100
A" Node 5 LLL 5 1021 175
VI Node 5 LLG 5 899 197
VII Node 9 LL 5 624 240
VIII Node 9 LLLG 5 726 216

* RMS Current measured in PCC;
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Figure 5.16: Simulated scenarios with fixed clearing time.

Figure 5.17: Voltage and frequency comparison between scenarios with fixed clearing time.
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From both 5.16 and 5.17, it can be seen that, undeniably, the type of fault have a noticeable impact
in the IO. On the one hand, in scenario III, for a LLLG fault with a Rf of 1 Q, the motor stalls and
cannot recover after the CB clearing, meanwhile in scenario IV, at the same fault location but
increasing R¢ to 10 €, the motor decelerates during the fault and reaccelerates once the fault is
cleared. By observing scenario III, it can be seen that depending on the type of fault and its
severity, voltage and frequency will collapse.

Crucially, the larger post-fault reacceleration in scenario IV causes a frequency increasing above
50 Hz at the beginning of the island and also makes that during the island this value is slightly
higher in comparison with scenarios I and II.

On the other hand, it is observed that for SLG faults, the voltage during the island is higher in
comparison with the rest of faults (see scenarios II and IV). It is seen that the faults which cause
the higher deceleration during the fault are the LLL or LLLG faults with large clearing times.
From these results, the conclusion that can be drawn is clear, the higher is the speed drop during
the fault (i.e., during the voltage sag) the higher is the reacceleration once the CB clears the fault
(i.e., the beginning of the island). Therefore, this fact will be traduced in a frequency increasing
during the island.

The results for the simulated scenarios V, VI, VII and VIII (Figures 5.19 to 5.21) where the
clearing time is not fixed, are showed down below. In these Figures, the phase voltage measured
at PCC; and the frequency island is showed.

Frequency (Hz)

08 1 1.2 14 16 1.8

Time (s)

Figure 5.18: Voltage and frequency of scenario V.
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Figure 5.19: Voltage and frequency of scenario VI.
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Figure 5.20: Voltage and frequency of scenario VII.
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Figure 5.21: Voltage and frequency of scenario VIIIL.

Table 5.3: Summary of the simulation results to evaluate the fault influence.

P A f on' Clearing time

Scenario

(kw) (kV) (Hz) (rpm) (ms)
I 80 109 451 1349 100
II 80 12.1 405 1210 100
I 80 - - - 100
v 80 11.8 454 1359 100
v 80 8.49 447 1341 175
VI 80 11.8 43.6 1307 197
VII 80 12,5 442 1324 240
VIII 80 123  46.6 1394 216

* Values obtained one cycle before CB reclosing.

Summary of scenarios

This subsection has shown the influence of the type of fault and the clearing time into the 10. A
summary of the discrete values of the islanding (i.e., voltage, frequency and mechanical speed)
one-cycle before the CB reclosing takes place are listed in Table 5.3. From that table, it has been
demonstrated that the larger is the fault duration, the larger is frequency during the island due to
the IM reacceleration. This phenomenon is especially significant for LLL. and LLLG faults
provided that the motor does not stall, which only takes place for the severest faults. The proof
that the rotor of the IM dictates the frequency during the island is evidenced by comparing both
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values in per unit. As an example, by observing Table 5.3 values, for scenario VIII the frequency
before the CB reclosing in per unit (46.6/50 Hz) is 0.932 pu and the mechanical speed (1394/1500
rpm) is 0.93 pu. In the same way, this comparison can be made for all simulated scenarios.

5.5 Reclosing time influence

The simulations for different reclosing times have been performed according to the previously
described hypothesis in section 5.2. The main parameters obtained for the five simulated times
are displayed in Figure 5.22. From this Figure, it can be extracted that, as expected, the larger the
reclosing time, the more significant is the voltage and frequency drop during the island. Moreover,
the discrete values from figure 5.22 and the principal data of the simulations is summarized in
table 5.4.

Figure 5.22: Voltage, IM speed and frequency during the IO for several reclosing times.

Table 5.4: Summary of values for different reclosing times.

P Vv’ f Om’ Clearing time Colour

Scenario

(kW) (kV) (Hz) (rpm) (ms) (in Figure5.21)
I 500 6.1 27.8 834 100 Blue
I 500 4.9 24.1 720 100 Yellow
I 500 3.4 20.6 623 100 Purple
v 500 3 19.5 596 100 Pink
v 500 2.3 17.6 534 100 Green

* Values obtained one cycle before CB reclosing.
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5.6 Impact of the load torque

The main objective of this section is to analyse the extent to which the load torque coupled with
the IM rotor shaft the can influence the 10. Thus, this section will show several scenarios that
have been simulated with different torque values. Note that the speed-dependence torque model
has not been considered here. Instead, the value of the torque is kept fixed during the whole
simulation scenario. The simulated scenarios can be ordered by size from no load to the full-load
torque. Table 5.5 shows the discrete values obtained from the simulations measurements.

Table 5.5: Summary of the measurements obtained from simulations.

L oad . . .
f Om Colour

Scenario torque

(Nm) (kV) (Hz) (rpm) (InFigure5.22)
I 0 13 42.6 1275.8  Purple
I 150 10.3 356 1064 Blue
111 200 94 332 987 Green
v 300 7.66 284 841.6 Yellow

* Values obtained one cycle before CB reclosing.

In addition to these discrete values (obtained one-cycle before the reclosing), the results of the
simulation are plotted in Figures 5.23 and 5.24. In 5.23, the RMS phase voltage measured at PCC,
and frequency of the island are shown. From these measurements, one can observe the effect of
the induction motor deceleration in case the load torque value increases. Therefore, the larger is
the motor deceleration, the larger is the voltage and frequency decreasing during the island.
Meanwhile, for no-load torque (scenario I) the voltage and frequency drop is not that significant,
in case full-load torque (scenario 1V), the voltage and frequency drop is noticeable.

On the other hand, Figure 5.23 provides more evidence of the frequency and voltage oscillations
showed in 5.22. Undeniable proof of the frequency drop that occurs during the island is given in
the first plot where the rotor mechanical speed is shown. Hence, it is demonstrated that as has
been stated in the previous subsection, the frequency during the island can be compared with the
IM rotor speed in pu. As an example, for scenario II (150 Nm torque) frequency expressed in per
unit (35.6/50 Hz) is 0.712 pu, whereas the mechanical speed (1064/1500 rpm) is 0.71 pu,
therefore, this result is in accord with the comparison obtained in section 5.4.

Besides that, the second plot of 5.23 shows the load torques, and as expected, before the fault are
all positive and, after the fault the torques became negative. To a better detail, the third plot
enlarges the second.

From these two plots, it is seen that in case a large torque is applied (e.g., the full-load torque),
once the CB recloses the circuit, the recovery process to reach the pre-island point operation is
prolonged 1.4 s. However, in case low load torque is applied (e.g., no load), the motor recovers
faster, it takes 0.2 s.
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Figure 5.23: Voltage and frequency comparison between scenarios with different load torque values.

Figure 5.24: Speed and torque comparison between scenarios with different load torques.

115



A novel assessment of unintentional islanding operationsin distribution networks

5.7 Permanent-faults

As has been mentioned above in the document, the origin of the island object of study is produced
due to a CB operation, which is preceded by a fault that occurs in the distribution network. The
previous subsections have considered that the CB satisfactorily clears the fault and the beginning
of the island coincides with the arc extinction. However, this might not be the case if the fault
persists following the CB operation. Conceptually, in this thesis, a permanent fault will mean that
the IM is feeding the fault following the CB operation. Consequently, the main aim of this section
is to observe the effects of the IM when it is feeding a fault during the island. As a matter of fact,
this situation frequently occurs in DNs where, following the CB operation, due to the random
nature of the fault, it remains applied for a short period until it is dispelled (e.g., elements colliding
in the electrical towers such as tree branches as well as other random items) or even for prolonged
faults (e.g., a wire to the ground). Consequently, if the CB operates and the fault continues
applied, the IM will feed the fault during the IO.

From this point on, as explained, two options may occur following the non-satisfactorily CB
clearing operation; after feeding the fault for a period of time (i.e., it can be a matter of few ms or
even hundreds of ms), the fault is extinguished. Or alternatively, if the fault is permanently
applied, the IM feeds the fault until voltage and frequency collapse. Indeed, from the protective
point of view, this situation causes a protective misscoordination, as well as causes a high risk
from the safety perspective.

Having said that, this section shows and discusses five scenarios where several types of faults and
locations have been simulated. The main data of the simulated scenarios is detailed in Table 5.6,
whereas the simulation results are displayed in the following Figures 5.25 to 5.29.

Table 5.6: Data of the simulated faults.

Fault Type Rs Fault ) CB Clearingtime’>  Fault extinction™
Scenario  location fault @ current’ s s
(A)

1 Node 3 SLG 0.1 473 210 540

11 Node 3 LL 0.1 1742 140 530

11T Node 3 LLLG 10 1272 160 190

v Node 7 SLG 5 414 340 1100

A" Node 3 LLG 20 485 280 680

*1I RMS value measured at PCC;. *2 Time period between the beginning of the fault and CB opening.

*3 Time period between the beginning of the fault and the extinction.
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Figure 5.25: Voltage, frequency and IM mechanical speed of permanent fault-scenario I.
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Figure 5.26: Voltage, frequency and IM mechanical speed of permanent fault-scenario II.
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Figure 5.27: Voltage, frequency and IM mechanical speed of permanent fault-scenario III.
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Figure 5.28: Voltage, frequency and IM mechanical speed of permanent fault-scenario I'V.
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Figure 5.29: Voltage, frequency and IM mechanical speed of permanent fault-scenario V.

From the previous results, the following points can be underscored:
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The lower deceleration occurs for SLG faults. Thus, for these faults, the IM may be
capable of feeding the fault for a large period after the CB operation (e.g., roughly
between 300 ms and 1 s).

The large deceleration occurs, as expected, for LLL faults where the contribution
following the CB operation is negligible (e.g., roughly one or two cycles).

In case a SLG fault with high impedance fault occurs, the machine will be feeding the
fault until the CB reclosing takes place.

By analysing the obtained simulations results, more evidence is provided to support that
during the island, the frequency is imposed by the IM rotor speed. However, it is also
demonstrated that depending on the severity of the fault, the voltage decreases rapidly to
zero, and therefore, the frequency goes also to zero even when the machine is running at
a certain speed. By observing Figure 5.27 (scenario III), voltage collapses att = 1 s, where
the machine is still at 1330 rpm speed at that time.
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5.8 Conclusions

This Chapter has shown the simulation results obtained from the implemented three-phase
Matlab/Simulink model defined in the previous Chapter 4. The simulations have been divided
into several sections, where each section seeks to address the influence of a particular factor into
the 10. Thus, the impact of the following factors have been explored:

The electrical loads of the island and its load model.
The type of fault and its clearing time.

The reclosing time.

The load torque.

Permanent-faults.

VVVVY

Firstly, it is crucial to underline that according to the term P.,as in equation (4.46) of Chapter 4,
the largest is this value, the largest may be the mechanical speed deceleration during the island
when acting as a generator. The obtained results from these seven load scenarios substantiate this
fact. On the other hand, the lower is this term, the lower voltage drops and smaller frequency
deviations occur during the island. Besides, the load models defined in 4.3.6 (i.e., by equations
4.30 and 4.31) proved to be crucial. Mainly, it is seen that type of load model that causes the IM
higher deceleration is constant power; nevertheless, the one that causes less deceleration is
constant impedance.

Secondly, it has been demonstrated that the larger is the IM deceleration during the fault, the
larger is the reacceleration once the fault is cleared. Given the relationship between the frequency
during the island and the IM mechanical speed, it has been found that this post-fault reacceleration
results in a frequency increasing during the island. To observe such effect, see the measurements
in Figure 5.21 for a three-phase fault. On the other hand, it is seen that in case severe faults occur
(i.e., three-phase faults close to the IM with a low resistance fault), once the CB has cleared the
fault, voltage and frequency show a noticeable decrease in comparison with those which are less
severe (faults with high resistance value). This can be appreciated by comparing third and fourth
plots of Figure 5.16, where given the same type of fault and clearing time, by varying the
resistance fault and location, results are slightly different.

Unlike the faults simulated in 5.4, subsection 5.7 focused on permanent faults. In fact, this
casuistry is an extended case of the fault type influence that has been analysed before. The main
difference is that while in subsection 5.4 the fault has been considered satisfactorily cleared, in
5.7, the IM feds the fault following CB operation. By observing the obtained results in 5.7, it can
be concluded that following the CB operation, the IM is capable of feeding a fault during the
island only if it is a SLG. For the rest of faults, it is observed that voltage collapses few ms after
the CB operation and so does the frequency and this fact should not go unnoticed. Crucially, the
voltage collapse occurs due to the IM rotor demagnetisation, and therefore, even with the IM
running at a particular speed, it will no longer act as a generator. This effect is especially
remarkable for severe three-phase faults.

In third place, it has been demonstrated that the reclosing time plays a significant role and
determines the duration of the island. By observing Figure 5.22, it can be said that the larger the
reclosing time, the larger is the decrease in frequency and voltage.

Fourthly, considering the measurements obtained from the simulated scenarios, the impact that
has the term /.. in the islanding proved undeniable. This term belongs to the mechanical
equation contained in the set of differential equations (4.39) defined in the previous Chapter 4. It
can be concluded that the larger is this value, the larger is the deceleration of the IM during the
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island. As a consequence, the higher is the decrease in voltage and frequency during the island
and the larger is the time recovery after the CB reclosing. Particularly, Figure 5.23 (scenario IV
of section 5.6) show the measurements for a full-load torque scenario, where the IM recovery
takes 1.4 s to recover to a pre-fault point of operation.

It is essential to underscore that a common feature observed for all simulated scenarios, is the fact
that the larger is the IM deceleration, the larger is the voltage and frequency drop during the
island. Furthermore, there has been more than sufficient proof of the relationship between IM
rotor mechanical speed and the frequency during the island, which supports the analytical
expressions of Chapter 4.

In conclusion, some of the parameters analysed in this chapter have proven to be crucial to assess
this IO. Note that some of these simulated scenarios will be used to validate the model in the
subsequent Chapter 7, where the comparison between simulations results and the field
measurements is presented.
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Chapter 6

Field measurements

6.1 Introduction

This section provides a summary of the field measurements and a discussion about the main
conclusions derived from the recorded events. Two locations were selected for recording system
variables (see Figure 4.1 in Chapter 4, section 4.2): node PCC; (node 2), located at the beginning
of feeder A, and node PCC; (node 8), from which a large IMs are supplied. Although a high
number of real events have been recorded, to not excessively extend the document, only seven
events are analysed in this Chapter. A representative sample of these events is listed in Table
6.1.The equipment used to record the events are the protective relays installed at both PCC; and
PCC,. The fault recorders register voltage and current signals with 32 samples per cycle. The
over-current relays are equipped with an oscillography function; in PCC; the relay registration is
set to 400 ms, whilst in PCC,, this value is set to 600 ms.

The main reason why each event is displayed in different figures is the memory limitation of the
digital fault recorder; therefore, in each relay and for every event, two files are generated. Note,
however, that for brevity purposes, the recordings from the relay located at (PCC;) will not be
showed for all events. Measurements at PCCj, are plotted to display the type of fault that caused
CB operation that precedes the 10. Thus, each Figure shows the measurements for each event at
one location, which in turn, it is separated into two subfigures, named; (a) and (b). The first
subfigure (a), shows the beginning of the event, whereas, (b), show the end of the event when the
CB recloses the circuit. All recorded events were caused by faults located in Feeder A, at either
a system node or a distribution line midpoint (e.g., events 4, 7 and 9 of Table 6.1). An opening
operation of the circuit breaker CB, see Figure 6.2, will always cause an island in which the large
IM can continue operating after CB operation.

Figure 4.7 in subsection 4.3.6, depicts the load profile measured at PCC; during half month and
the time of occurrence of some recorded events; namely events 1, 4, 5, 7, 8 and 9, as numbered
in Table 6.1. For the sake of brevity, from the 9 listed events in Table 6.1, only seven will be
displayed and discussed because, considering that they provide an acceptable sample to represent
the phenomenon object of study. In fact, with the events discussed in this section, the required
casuistry to achieve further validations will suffice.
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Table 6.1: A selected list of the real occurred events.

Fault .
. . t Fault ta P v
Event Beginning Ending Fault type Ccurren locati
ocation (ms) (M W) (kV)
(A)
1 17:01:09.776 17:01:10.636 SLG 218 Node 8 90 0.52 8.58
2 07:44:39.544  07:44:40.354 SLG 224 Node 5 90 0.45 9
3 04:10:35.580  04:10:36.880 LLG/SLG 707 Node 8 90 0.8 0
4 18:14:54.263 18:14:55.128 SLG 240 Line 5 95 0.77 6
5 17:13:58.281 17:13:59.096 SLG 350 Node 7 90 0.85 5
6 09:52:38.440  09:52:39.395 SLG 300 Node 7 100 1.3 3.5
7 11:49:04.702 11:49:05.456 SLG 367 Line 5 95 0.87 4.75
8 16:04:15.667 16:04:16.607 LLG/SLG 360 Node 7 100 1.21 -
9 12:24:19.550 12:24:20.469 SLG 264 Line 6 95 0.7 6.2

* Values measured one-cycle before the CB reclosing.

Fault current RMS current value sensed by the over-current relay at PCC;

tel The clearing time of the CB at PCC;

P Active-power of feeder loads at the time the event occurs

\' RMS phase-A voltage value one-cycle before the reclosing takes place.
6.2 Event |

This event is caused by a single line-to-ground (SLG) fault at node 8 with a high-resistance fault
of roughly 31.5 Q. It is event 1 in Table 6.1, and is cleared by the circuit breaker CB installed at
the head of feeder A. According to the voltages measured in both PCC; and PCC,, the effect of
line impedance from node 2 to 8 (11 ) is observable, thus, the voltage sag of 7.1 kV at node 8
becomes 8.89 kV at the PCC,. The sequence is as follows: (i) SLG fault occurs at node 8; (ii) CB
opens; (iii) CB recloses after a prefixed period (810 ms). Figures 6.1 and 6.2 show measurements
recorded respectively at PCC; and PCC;, and corresponding to the beginning and the end of Event
I. Thus, Figure 6.1 depicts some recordings measured at the source side of PCC;. The two plots
show frequency, voltage and current variations during a period that covers pre-fault, during-fault,
and post-fault scenarios, including also the post-reclosing period. The beginning of the full event
is depicted in Figure 6.1a; the upper arrows indicate the three parts of the transient process. One
can observe voltage and current variations due to CB operation: the measured currents correspond
to those flowing through feeder B; the frequency is that of the transmission system and remains
constant; voltages are affected by substation grounding, and they exhibit a sag and two swells.
Take into consideration that this can also affect the unfaulted feeder loads. Figure 6.1b plots the
transient response caused by the reclosing operation: the current due to the re-energization, the
effect of the current drawn due to the IM reacceleration and the effect of the out-of-phase
reconnection are observable. On the other hand, Figure 6.2 depicts the measurements recorded at
the MV side of the transformer at the load-side of PCC, during the same period that Figure 6.2.
After CB operation, the IM continues connected to the feeder, which does not longer supply active
power. Consequently, the frequency in this part of the system steadily decreases until the reclosing
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instant. Figure 6.2b also shows that, according to the recorded measurements, after the CB
reclosing the IM reaccelerates until it recovers its rate speed, although, initially, the frequency
(and the IM speed) decreases even more as a consequence of the reclosing transient. Take into
account that frequency and voltage mismatches between the two CB terminals at the reclosing
time will cause a transient torque that could seriously affect the machine.

(@

Unfaulty Feeder Reclosing

itz Frequency

(b)
Figure 6.1: Event I — Measurements at PCC; for a SLG fault at node 8.
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Figure 6.2: Event I - Measurements at PCC; for a SLG fault at node 8.
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Figure 6.3: Event II - Measurements at PCC; for a SLG between nodes 6 and 7.
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6.3 Event I

This event corresponds to a SLG fault (phase c is the faulted one) that occurs at a midpoint of the
line between nodes 6 and 7 (i.e., Line L5) with low resistance fault; it is event 4 in Table 6.1.
Measurements obtained during the fault at PCC; are V, = 18.92 kV, V, = 21.6 kV and, V. =3.8
kV, whereas the fault current is 240 A. Figure 6.3 shows measurements recorded at PCCo. It is
clear from Figure 6.3b that the IM is acting as a generator after the circuit breaker CB clears the
fault. It is also noticeable that the values when the CB recloses are lower when compared with the
previous Event I, due to the higher loads connected into the affected feeder at that instant. At the
time occurs, the feeder loads value where 770 kW, which explains this accentuated drop in voltage
and frequency during the island. Particularly, the voltage value one-cycle before the CB reclosing
is 5.45 kV whereas frequency is 32 Hz.

6.4 Event Il

Event III describes the particular case of a permanent fault. Therefore, it presents a different
scenario in which the fault is prolonged due to the IM. It must be emphasized that, as stated before,
this fact constitutes a high risk for the grid. Figure 6.4 shows measurements recorded at both PCC;
and PCC; corresponding to a permanent SLG fault that occurs at node 8, clearly observable by
taking a look at the voltage sag magnitude for the faulty phase at the PCC;; see Figure 6.4 and
event 3 in Table 6.1. Moreover, it is worth mentioning that the SLG in Feeder A appears
simultaneously with a two-phase-to-ground (LLG) in an MV neighbor feeder. After the CB
opening operation, the fault is fed by the IM. Figure 6.4b shows the measurements of the PCC,
and evidences the untimely tripping operations by the head-CB. For this event, the fault was
prolonged 800 ms after the CB aperture. The transient represented in Figure 6.4b can be divided
into parts: the top arrows in this figure indicate the pre-fault situation, the SLG fed by the main
grid, and the fault fed by the IM. Thus, the period of time when the fault is feed by the utility
represents the clearing time of the CB at PCC;, and following this period, the IM is feeding the
fault during the island.

6.5 Event IV

Event IV belongs to the event 7 in table 6.1 and the islanding operation is preceded by a SLG
fault that occurred in a midpoint in line 5 which was cleared in 90 ms. By comparing voltages
measured at PCC, during the fault (i.e., the voltage sag and both voltage swells) for this event
with those measured during Event II, it can be seen that the current values are noticeably larger.
This fact underscores that the impedance seen by the fault point is higher. In particular, this event
occurred on 21 November 2016 at 11:49, where the power drawn at that time was 0.87 MW.
Figures 6.5a and 6.5b show the measurements recorded at PCC,, corresponding to the beginning
and the end of Event IV respectively. Note, that the voltage (voltage phase a) and frequency values
measured one-cycle before the CB reclosing are 4.75 kV and 32 Hz. In the previous events, a 100
ms of pre-fault have been displayed. Unfortunately, in this event due to a missoperation of the
relay fault recorder in PCC, when recording the event, no pre-fault has been recorded.

128



Chapter 6: Field measurements

(@
Pre-Fault  SLG Fault feed by utility SLG Fault feed by IM
fl Hz f-Frequency

50

40

30

20

10

0

n n4 nn na na ne

(b)

Figure 6.4: Event III — Measurements at PCC; for a Permanent fault at node 8.
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Figure 6.5: Event IV — Measurements at PCC; for a SLG in a midpoint in Line 5.
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Figure 6.6: Event V — Measurements at PCC; for a SLG at node 7.
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6.6 Event V

Event V belongs to the event 5 in table 6.1 and the islanding operation is preceded by a SLG fault
that occurs at node 7 which is cleared in 90 ms. By analysing voltage and current measurements
at PCC; as well as taking a look at the voltage sag magnitude in both PCC; and PCC,, it can be
seen that the fault is close to PCCo. In fact, if the voltage sag measured in PCC; of event IV is
compared with the one measured in event V, the voltage difference belongs to the impedance
between buses. In this case, the resistance fault proved to be roughly 5 Q. As for other events, the
sequence is as follows: (i) SLG fault occurs; (ii) CB opens; (iii) CB recloses after 815 ms. Figures
6.6a and 6.6b show the measurements recorded at PCC,, corresponding to the beginning and the
end of event V. The power drawn by the feeder loads at that time the fault occurs, was 0.85 MW.
Voltage (Phase a) and frequency measured one-cycle before the CB reclosing are 5 kV and 33
Hz. Although in Figure 6.6b the frequency seems to be below this value, this frequency value
contains a measurement error. Proof of this error, is the fact that the time period between the two
voltage-zero-crossings have been computed before the CB reclosing, and proved to be 30.3 ms.

6.7 Event VI

Event VI belongs to the event 9 in table 6.1 and the islanding operation is preceded by a SLG
fault that occurs at line L5, which is cleared in 95 ms. In this case, an additional measurement is
available. The protective relay provisionally located at node 9 recorded an event on November 30
at 12:24, which is compared with the other measurements at both PCC; and PCC,. Figure 6.7
shows depicts the recordings at PCC; for the event beginning where the pre-fault, the SLG and
the post-fault process can be identified. The fault current is 260 A, the voltage of the faulty phase
measured at PCC; is 7.55 kV, whereas the phase voltage measured at PCC; is 5.5 kV due to the
impedance between both nodes. Since the fault is originated upstream of the node 8, due to the
low current flowing through impedance between nodes 8 and 9, the measured voltages at PCC,
and at node 9 are very similar. The power drawn by the total amount of loads at the time the fault
occurs proved to be 0.7 MW. As for other events, the sequence is as follows: (i) SLG fault occurs;
(i) CB opens; (iii) CB recloses after 810 ms. Figures 6.7a and 6.7b show the measurements
recorded at PCC;, corresponding to the beginning and the end of event VI respectively. By
observing the third plot of Figure 6.7b, the magnetizing current due to transformers energization
is observed following the CB reclosing at t = 0.07 s.

Voltage and frequency measurements before, during and after the island are showed in the first
and second plot of both Figures 6.8 and Figure 6.9 respectively. On the other hand, current
measurements are showed in the third plot of Figures 6.8 and 6.9. The current measurements at
PCC; corresponds to the IMs and are displayed in Figure 6.9, whilst, the current measurements
plotted in Figure 6.8 corresponds to the LV loads of node 19. Note that both current measurements
are sensed at the MV side of the transformer. It should be underlined that currents at the beginning
of Figure 6.9b are zero due to the operation of an under-voltage relay at that node. In Figure 6.7b
the inrush current due to the energisation of the sum of MV/LV transformers in Feeder A is
observed, similarly, in Figure 6.8b the inrush current drawn by the MV/LV transformer at node 9
can be observed. One-cycle before the CB reclosing, voltage (for phase a) and frequency values
are 6.2 kV and 34.1 Hz respectively.
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Figure 6.7: Event VI — Measurements at PCC; for a SLG at Line L6.
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Figure 6.8: Event VI — Measurements at node 9 for a SLG at Line L6.
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Figure 6.9: Event VI — Measurements at PCC; for a SLG at node at line L6.
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Figure 6.10: Event VII — Measurements at PCC, for a SLG at node at Node 5.
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6.8 Event VII

Event VII belongs to the event 2 in table 6.1 and the islanding operation is preceded by a SLG
fault that occurs really close to node 5 which is cleared in 90 ms. Voltages measured at PCC; are
slightly above when compared with those obtained in event II; Va = 4,86 kV, Vb =18.3, kV, Vc
=20.3 kV. Even though the fault occurred closely PCCi, the large resistance in line L4 due to the
lower cross section, increases the fault impedance. Thence, voltage difference is attributed to this
larger impedance, which can be proved by observing the fault currents. Thus, in event VII fault
current is 240 A whereas in this event, is 224 A. As for all events, the sequence is as follows: (i)
SLG fault occurs; (ii) CB opens; (iii) CB recloses after 810 ms. Figures 6.10a and 6.10b show the
measurements recorded at PCC,, corresponding to the beginning and the end of event
respectively. This event occurred on August 25 of 2017 at 07:44 h, where the power drawn by the
feeder loads at that time was 0.45 MW. Voltage (Phase a) and frequency measured one-cycle
before the CB reclosing are 9 kV and 41 Hz.

6.9 Summary of events

This chapter has shown a selection of events occurred in the real distribution network. From these
measurements, the following points can be highlighted:

» The discussed events give a realistic idea about the importance of the feeder loads which
remain within the island at the time the fault occurs. Therefore, the occurred events with
random load scenarios at different hours during the day, provide more evidence of this fact.

» The discrete values obtained one-cycle before the CB reclosing for the seven analysed events
are summarised in Table 6.2. By observing this table, it can be seen that the lowest drop in
voltage and frequency before the CB reclosing coincides with an instant of the daily profile
with low power demand (i.e., early in the morning). On the contrary, the larger voltage drops
and frequency excursions, belong to the high power demand scenarios.

» Since the only available data for the distribution operator are measurements at the MV side
of the transformer which supplies the industry, the IM measurements such as speed or torque
are unknown. However, given the pre-fault measured power, it can be deduced if the motors
are operating with full-load torque or with low load torque. Hence, in some events where the
power proved to be high, the voltage after CB drop to zero rapidly, meanwhile, when the
power is low (i.e., motors with low load torque) voltage is prolonged during the island as can
be seen from the previously discussed events.

» As seen above, the faults have been cleared with a short period of time, roughly in 8 cycles.
The relay located at the substation (i.e., beginning of the MV feeder 1) is equipped with a VI
curve for ground-faults, and given the importance of the protective coordination between
devices, the relay located at PCC; has to clear the fault in the minimum time possible.
Therefore, an instantaneous neutral setting is implemented in that relay.

» As can be seen, SLG faults are the most common type of fault. Nonetheless, other faults such
as LLLG or LLG faults had also been recorded during the period of analysis, but
unfortunately, the motors were out of service at the time these faults occurred.

» The reclosing times are those obtained from the fault recorder. Initially, the first reclosing
was set to 0.8 s, however, as can be seen in event III, later on, the DSO prolonged to 1.3 s.
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Table 6.2: Summary of the main values of the recorded events.

A f
Event

(kV) (H2)
I 8.58 40
I 6 36.5
111 - -
v 4.75 32
\Y 5 33
VI 6.2 34.1
VII 9 41

* Values obtained one-cycle before the CB reclosing.

To summarise, this Chapter has showed a selection of real occurred events, which provides
enough measurements to perform the model validation.
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Chapter 7

Model validation

7.1 General criteria

This Chapter is aimed at validating the model defined in Chapter 4 by comparing the results of
the simulations displayed in Chapter 5 with the field measurements showed in Chapter 6. In this
chapter, a thorough discussion about the accuracy obtained in the model validation is provided.
Besides, the dependability of the equations defined in Chapter 4 is also analysed.

Firstly, the validation will be discussed for each event separately, where the phase-voltages and
the frequency are compared in separated plots. It is worth pointing that according to the previous
Chapters, for voltage measurements, the RMS value is plotted instead of its waveform. In section
7.6, an explanation about why the RMS value is used instead of the waveform is provided. In
addition, the appropriateness of the measurement tools used during simulations is also discussed.

Secondly, even though seven events have been studied in the previous Chapter, considering that
the results of some events are very similar, only five events will be validated. From the results
provided in Chapter 6, it can be seen that events IV and V are very similar (i.e., voltages and
frequencies during the event are not significantly different) and the same happens for events I and
VII, where frequency and voltage are almost equal.

As mentioned earlier, field measurements are recorded at the MV side of the transformer (i.e.,
node 8); therefore, these are the only available measures for the distribution operator. That is the
reason why the validation of the mechanical parameters obtained during the simulations such as
IM rotor speed or torque cannot be made. However, from the analytical equations defined in
Chapter 5, it is seen that the mechanical parameters of the IM are directly linked with the voltage
and frequency during the island, thereby, with the available three-phase voltages and frequency
measured during the occurred events, the model can be correctly validated.

It is relevant to say that sampling frequency of the relay oscillography function is 32 samples per
cycle, thereby, the discrete values obtained from the COMTRADE file downloaded from the
relay, are extracted every half cycle. These values are compared with those obtained from the
simulations for the same window of time, and therefore, regardless of the simulation time, only
the period of time registered by the relay is compared. To fulfil a proper model validation, the
comparison between simulated and measured signals has to be performed in the same plot. As
mentioned above, the relay has a memory limitation and two files are generated for each event.
Hence, in order to appropriately define the event, a collation is done every 10 ms between the end
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of the first file and the beginning of the second. In fact, the relay triggers a 100 ms pre-fault and
300 ms post-fault, thereby, the last values of the first file coincide with the initial values of the
second file. The validation is separated into two subfigures, named (a) and, (b). The first subfigure
(a), shows the frequency validation where measurements are plotted in a dashed-black line,
whereas, simulations results are represented with a solid black line. On the other hand, the voltage
validation is depicted in subfigures (b), where the solid lines represent the RMS phase voltages
obtained from simulation, and dashed-lines represent measurements. Each phase voltage is
displayed in a different colour; orange (Phase A), blue (Phase B) and green (Phase C).

7.2 Validation of Event |

Frequency: Figure 7.1a displays the frequency value; its oscillation demonstrates that the adopted
model approaches the field measurement satisfactorily. At the reclosing time, the frequency is 40
Hz. The pre-fault active-power of the Feeder A loads is 520 kW.

Voltage: Figure 7.1b compares the three-phase voltages: simulation results are depicted in solid
lines whilst field measurements are in dashed lines. The event starts in pre-fault conditions until
the single line-to-ground (SLG) fault occurs in phase b at 0.1 s and it is cleared within 95 ms.
Afterwards, the islanding operation takes place during 810 ms while the voltage (phase a) at the
end of the event reaches 8.58 kV in both simulation and measurements. Moreover, as can be seen
in Figure 7.1b, the simulated voltages at PCC, during the fault (i.e., the voltage sag and both
voltage swells) approach the field measurements with high accuracy, which not only demonstrates
the model dependability but the feasibility of the fault location predicted in the previous section.
Thus, phase voltages for both simulation and field measurements during the fault are as follows;
V.=173kV, V,=22.1kV and, V.= 7.1 kV.

7.3 Validation of Event Il

Frequency: Figure 7.2a displays the frequencys; its variation demonstrates that the adopted model
approaches the recorded event satisfactorily. At the reclosing time, the frequency is 36.5 Hz. The
pre-fault active-power of the Feeder A loads is 770 kW when the fault occurs.

Voltage: Figure 7.2b compares the three-phase voltages. The event starts at 0.1 s, the SLG that
occurs in phase c is cleared within 95 ms, and the CB reclosing takes place at 1 s (i.e., 800 ms
after the fault is cleared) with a voltage of 6 kV; such value is lower than in Event I due to the
higher amount of feeder loads connected when the fault occurs. Moreover, as can be seen in
Figure 7.4b, the simulated voltages at PCC, during the fault (i.e., the voltage sag and both voltage
swells) approach the field measurements with high accuracy. Voltages during the fault are as
follows; V,= 18.92, kV, V,=21.6 kV and, V.= 3.8 kV.
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Figure 7.1: Validation of Event I.
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Figure 7.2: Validation of Event II.
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Figure 7.4: Validation of Event I'V.
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Figure 7.5: Validation of Event V.
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7.4 Validation of Event lll

Frequency: Figure 7.3a shows that the simulation frequency profile approaches the recorded
frequency satisfactorily during the event. Thus, at t = 1.1s, the frequency is 40.8 Hz for both
simulation result and field measurement. Pre-fault active-power of Feeder A loads is 980 kW.

Voltage: Figure 7.3b displays the three-phase voltages of a permanent fault. Firstly, the SLG fault
(Phase a) that occurs in the Feeder A is fed by the main utility during 90 ms; the IM continue
feeding this SLG fault after the CB has opened. It is noticeable that this type of event is highly
risky for a DN; the IM is extending the time of fault after the CB operation. In this case, the
voltage decreases fast, so when the CB reclosing takes place after 1.5 s (1.3 s after the fault
clearing), the island has been de-energized. As for the frequency validation, voltage value before
the reclosing is lower than in Event II due to the large deceleration when the IM is feeding the
SLG fault.

7.5 Validation of Event IV

Frequency: In figure 7.4a the frequency comparison value is depicted. One-cycle before the CB
recloses the circuit, the frequency is 33 Hz for both simulation and field measurement. It should
be noted that by analysing the frequency of this event, as predicted after computing the period
between voltage zero-crossings before the CB reclosing, the measurement observed in Figure
6.6b contained a slight measurement error. The active-power drawn by Feeder A loads at the time
the event occurs was 850 kW.

Voltage: Figure 7.4b compares the three-phase voltages: simulation results are depicted in solid
lines while field measurements are in dashed lines. The event starts in pre-fault conditions until
the single line-to-ground (SLG) fault occurs in phase b at 0.1 s and is cleared within 90 ms. After
the CB clearing, the islanding lasts 810 ms, meanwhile, at the time CB recloses the circuit, phase
voltage reaches 6.2 kV in both simulation and measurements. Moreover, as can be seen in Figure
7.4b, the simulated voltages at PCC, during the fault (i.e., the voltage sag and both voltage swells)
approach the field measurements with high accuracy, which again evidence not of the model but
the feasibility of the fault location and resistance fault (Ry=5 Q) predicted in the previous section.
Thus, phase voltages for both simulation and field measurements during the fault are; V.= 20.1
kV, V,=4.8kV and, V.= 18.24 kV.

7.6 Validation of Event V

Frequency: In figure 7.5a, the frequency comparison value is depicted. One-cycle before the CB
recloses the circuit, and the frequency is 34.1 Hz where the simulation accuracy can be seen. For
this particular event, the pre-fault active-power of the Feeder A loads is 700 kW.

Voltage: Figure 7.5b compares the three-phase voltages: simulation results are depicted in solid
lines whilst field measurements are in dashed lines. The event starts in pre-fault conditions until
the single line-to-ground (SLG) fault takes place in line L5 for phase b at 0.1 s and it is cleared
within 95 ms. After the CB clearing, the islanding lasts 810 ms, meanwhile, at the time CB
recloses the circuit, phase voltage reaches 6.2 kV in both simulation and measurements. Phase
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voltages for both simulation and field measurements during the fault are; V.= 19.45 kV, Vy,=5.5
kV and, V.= 18.25 kV.

7.6 Modelling features discussion

This section briefly details the main features of several measurement devices which have a
significant impact on the model validation. In this model, both voltage and current signals are
sensed through the three-phase continuous measurement block which captures the voltage and
current waveforms with a sample time of 50e-6 s.

On the one hand, to obtain the RMS value, the first step is to obtain the amplitude of these signals
with a phase-locked loop (PLL), and after that, dividing its value (by the square root of 2) with a
gain block. To achieve such a task, we need two PLL blocks. The first PLL block (named PLL)
obtain the waveform of the three-phase signals as an input, and the outputs, are the frequency and
angular speed of these signals. Once these values are obtained, the amplitude and angle of a signal
are computed through another PLL (named PLL,) where the inputs are the three-phase signals
(either voltages or currents) as well as the previously obtained frequency and angular speed from
the previous PLL,. As an output, the amplitudes and angles are obtained. The parameters used in
these PLL blocks are detailed in Table 7.1 and Table 7.2, which are displayed in Figure 7.6a and
7.6b respectively.

By observing the RMS phase voltage during the validation, for all events, during the recovery
(i.e., roughly between 100 and 120 ms after the CB reclosing) a slight oscillation is observed. As
a result of the frequency oscillation during the recovery, an overvoltage in the RMS phase voltage
is observed (e.g., see Figure 7.5a between t = 1.1 s and t = 1.21s). However, this over-voltage in
the RMS value is not real, is produced due to the frequency-dependence of the PLL block. Hence,
if the voltage waveform is taken into consideration instead of its computed RMS value, this
voltage oscillation disappears. Accordingly, Figure 7.7 pinpoints this fact, where the voltage
waveforms for both field measurements (Figure 7.7a) and simulation results (Figure 7.7b) are
compared. This figure shows that, for modelling purposes, the simulation results obtained from
the model match with high fidelity the recorded events in the real DN.

(@

(b)
Figure 7.6: PLL Blocks of the Matlab model.

148



A novel assessment of unintentional islanding operationsin distribution networks

On the other hand, the frequency of the island is obtained from the voltage waveform through
PLL,. If one takes a look at the frequency validations, measurement values recover faster than
simulations. If the time between the voltage zero-crossings during this recovery is computed, both
frequencies coincide, which evidence the influence of the regulator parameters of the PLL on the
frequency measurements. The values of PLL; and PLL; are both shown in Tables 7.1 and 7.2,
respectively.

Table 7.1: Parameters of the PLL,.

Parameters PLL1 Values

Minimum frequency 20

Initial inputs (Phase/ Frequency) (0 Deg./50 Hz)

K, =180

Ki =3200
Regulator gains

Kq=1
Time constant”(s) le-4
Maximum freq. derivative (Hz/s) 80
Filter cut-off frequency (Hz/s) 25
Sample time 50e-6 s

* Time constant for for derivative action.

Table 7.2: Parameters of the PLL..

ParametersPLL> Values
Initial frequency 50 Hz
Initial frequency 20 Hz
Initial inputs (Mag/ Degrees) (1 pu/0)
Sample time 50e-6 s
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Figure 7.7: Phase voltage waveform comparison. (a) Field measurements; (b) Simulation results.

7.7 Conclusions

This chapter has shown and discussed the results of the model validation by comparing the
simulation results of Chapter 5 with the real occurred events provided in the previous Chapter 6.
The comparison is made for the three-phase voltages and frequency separately. Only voltage and
frequency have been compared, given the fact that are the main parameters of interest during the
10. Although seven events have been discussed in Chapter 6, in this section, only five events have
been validated. The reason is that two of them have very similar results. Therefore, it has been
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considered that these five events give a close enough representative sample to prove the model
dependability.

From the previously showed validations, the following aspects can be highlighted:

>

By observing both voltages and frequencies for the five validated events, the fidelity of the
implemented model can be observed.

It should be stressed that this Chapter has demonstrated the high accuracy of the selected
elements in the model. Particularly, loads modelling (i.e., both value and model type) was
initially one of the most challenging element to model because it is random in nature.
Nonetheless, as can be seen, the effectiveness of the selected model and values fitted the
recorded events properly.

It has been observed that the PID controller parameters implemented in the PLL can slightly
influence the simulations results. However, with the applied settings in both PLL blocks (i.e.,
PLL, and PLL,), it has been proven that the transient object of study has been adequately
modelled and its validation gives ample evidence of it.

Even though the field measurements are obtained from the fault recorder function in the relay
which makes 32 samples/cycle and the sampling time in the simulations is much higher (50e-
6 s), the comparison between them gives an acceptable representation to perform the model
validation.

This chapter has proven the suitability of the implemented model and has given a thorough
discussion regarding the appropriateness of the measurement devices of the model.
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Chapter 8

Voltage sags during the island

8.1 Introduction

This Chapter is aimed at describing the voltage sags that occurs during the 10. Crucially, a new
voltage sag topology is proposed. The function that follows the magnitude of this proposed
voltage sag will be analytically modelled and further validated. As has been recalled in Chapter
3, voltage sags are a certain reduction in the RMS phase voltage during a certain period of time
(e.g., typically larger than two cycles and less than 1s). The Chapter aims at contributing to the
voltage sags studies.

This Chapter is organised as follows:

>

>

The first part gives a general overview of the proposed voltage sag, where the main features
are briefly defined (section 8.2).

Secondly, section 8.3 details the analytical expression that follows the magnitude of this
novel voltage sag type.

The third part examines the voltage sag duration, as well as focuses on its recovery process
once the CB recloses the circuit. See section 8.4.

Once the voltage sag has been analytically modelled, in order to prove its feasibility, the
simulations carried out in chapter 5 will be used to compute the analytical expression for
each sag magnitude. See section 8.5.

To provide more evidence about the validity of this new voltage sag, the previously
validated events in Chapter 7 will also be used to compute the analytical expression for each
sag magnitude. Besides, in section 8.6, the relationship between the influential factors of
the analysed 10 in Chapter 5 (i.e., electrical loads, the load torque and the reclosing time)
and the analytical expression of the voltage sag magnitude is investigated.

Lastly, the main conclusions of this chapter are provided in subsection 8.7.

8.2 Main features of the new voltage sag type

As can be seen from the results in the previous Chapters 5, 6 and 7, the portion of the grid
downstream the CB, remains energised before the CB reclosing due to the large induction motors.
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As has been already mentioned, this IO occurs due to the IMs inertia which following the CB
transiently act as generators, thus energising the grid. The process for this IO is as follows: (i) a
fault occurs; (ii) after a given time, the CB opens; (iii) CB recloses after the reclosing time.
Thence, between the fault inception and the fault clearing, the fault causes a voltage sag.
Nonetheless, the voltage sag object of study in this Chapter is the one originated by the IMs during
the period of time between the CB opening and the reclosing. Since the magnitude of a voltage
sag can be categorised as constant or non-constant (e.g., see characterisation in Chapter 3), the
present type object of study belongs to the second one. Therefore, the originated voltage sag
during the island will be defined by its magnitude, its duration and its recovery. The analytical
expression that follows the sag magnitude during the IO is defined in section 8.3. Meanwhile, the
duration and recovery stages are established in section 8.4.

8.3 Novel voltage sag magnitude: Analytical expression

The IM stator voltage dictates the analytical expression that follows the voltage sag during the
island. To obtain the expression of this voltage sag, the IM equations have to be recalled. In
steady-state, the IM acts as a motor and is being supplied by the grid and running at a specific
point of operation. This point of operation is defined by the mechanical load torque coupled with
the rotor shaft and its mechanical speed. When a fault occurs, depending on the characteristics of
the originated voltage sag, the IM will decelerate according to its severity (i.e., voltage sag
magnitude and duration). The pre-islanding conditions will dictate the voltage sag magnitude
during the IO. Hence, the IMs’ initial kinetic energy is expressed as Equation (8.1)

1
EKin _ initial = 5 JT a)pre _ islanding2 (8 1)

where Ekin_iniriar 18 the initial kinetic energy before the CB opening, Jris the total moment of inertia
(considering the rotor inertia and mechanical load), and @pre_isianding 1S the mechanical speed before
the island is formed. Since the IMs are the only sources once the CB has opened the circuit, the
voltages during the island are defined by the set of equations (4.39) of subsection 4.5.2 in Chapter
4. These equations are recalled here:

Vsd = (Rv + lx d )isd + M d trd
dt dt
0 = (R) + lri)l’rd + M d Lsd
dt dt
d ird . .
0=M » -0 wn)ira—M 0 Wn) isa (8.2)
0 - rluad = J da)m
dt
dB@nm
Wn =
dt

Vsd = isd‘ (Z/ine + er)ad)

By solving the described set of Equations (8.2) during the island, the voltage sag magnitude
between #; and t; can be obtained. Indeed, the voltage decay following the CB has already been
observed in the previous Chapters. In such a way, the analytical expression of this sag magnitude
with respect to time follows the following form:
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‘/sag(t) = ‘/pre - fault* tb, Lt D[ti,tf] (83)

where Vi (1) is the RMS phase-voltage value, the scaling factor of the equation is defined by the
pre-fault RMS phase voltage, and b is a non-dimensional coefficient which dictates the rate of
decay. It is crucial to highlight that the scaling factor is the Vs if the first instant #is set to 1.
Given the natural tendency of the IM to decelerate due to the lack of grid supply, conceptually b
coefficient has to be below zero. However, note that if b has negative values close to zero, the
voltage remains almost constant during the island (e.g., see scenarios I, IT and III of section 5.3 in
Chapter 5). Whereas, larger negative b values correspond to higher voltage drops (e.g., see
scenarios IV to VII). To clearly observe such reasoning, Figure 8.1 plots the analytical function
that follows the magnitude of this sag for a given b value.

< 10*

ti

Voltage sag analytical expression

/ Vsag(t)= Vpre—f:ault-tb

Vsag(t)
T

0.9

0.8

Figure 8.1: Voltage sag analytical function for a given b parameter.

As mentioned earlier, the analytical expression of the voltage sag magnitude is given by the IM
stator voltages, which result from solving the differential equations in (8.2). By solving this set
of equations, the non-dimensional b factor can be obtained. Particularly, in Figure 8.1, #;=1s, #
=1.5 s and, b= —1.52 s. As discussed above, this curve expression is only valid between #; and #,
where in fact, the voltage sag characteristic is of interest.

8.4 Voltage sag duration and recovery

8.4.1 Voltage duration

Voltage sag duration is defined as the period between the disturbance inception and its recovery;
see the first plot of Figure 2.3 in Chapter 2. Typically, the voltage sag duration depends directly
on the protective device's settings. However, for this particular case, the voltage sag duration
depends on the preset reclosing settings. As stated before, this reclosing operation is widely
implemented in DN relays, principally to avoid the need to operate the CB for non-permanent
faults manually (e.g., self-extinguished faults). Commonly, DSOs set the first reclosing between
0.5and 1s.
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8.4.2 Voltage recovery

As has been seen in Chapter 3, sags can be caused by several events (e.g., faults, induction motors
starting, transformer energisation, etc.). Therefore, the recovery process may differ depending on
what factor caused the sag. If the voltage sag is caused by a fault, the recovery begins when the
CB clears the fault current at the zero-crossing and ends when voltage is recovered (see the
discrete recovery of Chapter 3). Nevertheless, for the other disturbances, the recovery time
depends on each situation.

For the voltage sag object of study, the beginning of the recovery takes place once the CB recloses
the circuit. It is worth pointing out that, unlike other voltage sags, this sag recovers in two steps.
The first step is due to the CB zero-crossing, which has to occur at the same instant for the three-
phases, and the second stage corresponds to the time period until the voltage reaches its pre-fault
value. In fact, the voltage recovery during the second step is due to the high current drawn by the
IM as a result of the out-of-phase reclosing and its subsequent IM reacceleration (due to the
deceleration during the I0). Two factors dictate the transient caused by the out-of-phase reclosing;
the first is the difference in voltage amplitude between the grid and island, and the second is the
difference in frequency between the grid and island.

8.5 Voltage sag magnitude: Simulation results

8.5.1 Overview

The main goal of this part is to obtain the analytical expression of the voltage sag magnitude for
each simulated scenario in Chapter 5. Thus, since the simulations in Chapter 5 have been
classified for each influential factor, the voltage sag analytical expression will also be computed
here for each influential factor separately. Firstly, the originated voltage sags during the 10s in
subsection 5.3 (electrical loads influence) are analysed. Secondly, the voltage sags obtained from
the simulations in subsection 5.4 are evaluated (fault type influence). Thirdly, the resulting
voltage sags obtained from simulations performed in subsection 5.5 (reclosing time impact), are
evaluated. In fourth place, the magnitude of the voltage sags during the island from subsection
5.6 are analysed.

As an example, taking advantage of the implemented three-phase model, an additional scenario
with the same conditions of Subsection 5.3 and considering the sum of electrical loads in the
island 380 kW (mainly constant impedance) has been simulated. Figure 8.2 shows the obtained
measurements during this simulation (only phase a is showed) where the RMS phase voltage one-
cycle before the CB reclosing is 8 kV. In that Figure, the following stages can be identified; (i)
the pre-fault situation before t = 0.8 s, (ii) the voltage sag due to the SLG between t = 0.8 s and t
=1 s, (iii) the proposed voltage sag which occurs between t = 1 s and t = 1.58 s and lastly, (iv)
the recovery process between t = 1.58 s and t = 1.72 s. The solid black line represents the
simulation results, whereas the solid blue line represents the analytical function which describes
the sag magnitude. Additionally, the solid blue double arrows are also added to show the voltage
sag magnitude decrease between #; (t = 1.05 s) and # (t = 1.58 s).
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Figure 8.2: Comparison between the voltage sag analytical expression and simulation results.

8.5.2 Simulation results
Voltage sags for different load scenarios

In subsection 5.3 of Chapter 5, the influence of the electrical loads which remain during the island
at the time the fault occurs has been investigated. Thus, by taking advantage of these simulations
(i.e., those showed in Figures 5.2 to 5.8), the non-dimensional factor b can be obtained. The pre-
fault phase-voltage value in equation (8.3) is set to 14.4 kV.

Figures 5.2 to 5.8 of Chapter 5 illustrate that fact that in scenarios where the amount of loads
which remain within the island is low, the voltage drop during the island is negligible, see for
instance scenarios I, II and III. Consequently, the voltage reduction in these scenarios cannot be
considered as a voltage sag. Moreover, for these particular scenarios, b value is almost zero.

Given the above assumption, the voltage sag magnitude will only be analysed and discussed for
scenarios IV to VII. For a better understanding, the Figures of Chapter 5 will be shown again,
thus achieving a clear idea about the function that follows the voltage sag magnitude. Given the
negligible unbalance between phases, in these voltage comparisons, only one phase is displayed
(phase a).

*  Voltage sag obtained from Scenario IV

The phase voltage measurements obtained for Scenario V in subsection 5.3.1, are shown in Figure
8.3. As can be seen in that Figure, the phase voltage one-cycle before the CB reclosing is 11.1
kV. Figure 8.4 shows a comparison between the phase-voltage showed in the previous Figure and
the analytical expression that follows the magnitude of this voltage sag. For this scenario, the
coefficient b proved to be -0.61.

*  Voltage sag obtained from Scenario V

The phase voltage measurements obtained for Scenario V in subsection 5.3.1, are shown in Figure
8.5. As can be seen in that Figure, the phase voltage one-cycle before the CB reclosing is 9.8 kV.
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Figure 8.6 shows a comparison between this voltage value and the analytical expression that
follows the magnitude of this voltage sag. For scenario V, the coefficient b proved to be -0.87.

*  Voltage sag obtained from Scenario VI

The phase voltage measurements obtained for Scenario VI in subsection 5.3.1, are shown in
Figure 8.7. From that Figure, it is seen that the phase voltage one-cycle before the CB reclosing
is 8.39 kV. Figure 8.8 shows a comparison between this voltage value and the analytical
expression that follows the magnitude of this voltage sag. For this scenario, the coefficient b
proved to be -1.316.

*  Voltage sag obtained from Scenario VII

The phase voltage measurements obtained for Scenario VII in subsection 5.3.1, are shown in
Figure 8.9. As can be seen in that Figure, the phase voltage one-cycle before the CB reclosing is
6.1 kV. Figure 8.10 shows a comparison between this voltage value and the analytical expression
that follows the magnitude of this voltage sag. For scenario V, the coefficient b proved to be -
2.06.

Table 8.1: Summary of the voltage sag parameters for each simulated scenario.

Scenario*  V'1 b

(kV)

I 137 01

I 13 -0.25
111 124 -0.38
v 1.1 -0.61
v 98  -0.87
VI 831 -1.31
VII 6.19  -2.06

* This notation belongs to the scenarios of Subsection 5.3.1.

*1 RMS Phase voltage (for phase a) one-cycle before the reclosing.
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Figure 8.3: Results obtained from Scenario IV of subsection 5.3.1 in Chapter 5.

8000 - N

6000 [~ N

RMS Phas

4000~ N

2000~ .

| | |
038 1 12 14 16 18
Time (s}

Figure 8.4: Voltage sag magnitude analytical function and simulations of scenario IV.
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Figure 8.5: Results obtained from Scenario V of subsection 5.3.1 in Chapter 5.
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Figure 8.6: Voltage sag magnitude analytical function and simulation of scenario V.
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Figure 8.7: Results obtained from Scenario VI of subsection 5.3.1 in Chapter 5.

Figure 8.8: Voltage sag magnitude analytical function and simulations of scenario VI.

161



A novel assessment of unintentional islanding operationsin distribution networks

Figure 8.9: Results obtained from Scenario VI of subsection 5.3.1 in Chapter 5.

Figure 8.10: Voltage sag magnitude analytical function and simulation of scenario VI.
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Voltage sags for different fault types

In subsection 5.4 of Chapter 5, the influence of the type of fault that caused the CB operation
before the islanding has been investigated. Since the voltage sag that occurs during the IO for an
SLG fault has been already discussed in the previous subsection, this part aims to examine the
voltage sag that occurs during the island for the rest faults. The results obtained from these
simulations (i.e., those showed in Figures 5.18 to 5.21) have been used to assess the voltage sags
during these 10s. As concluded in chapter 5, depending on the duration and severity of the fault
that caused the CB operation (i.e., the duration and magnitude of the voltage sag due to the fault),
voltage and frequency during the island are highly influenced. The analysed scenarios are as
follows; LLL, LLG, LL, and LLLG. In order to help the reader, these Figures of Chapter 5, are
renumbered and displayed again. Thus, Figures 5.18 to 5.21 are now Figures 8.11 to 8.14. All
these Figures show the voltage sag during the island (i.e., between t = 1s and the CB reclosing (t
=155%)

e Island caused by a LLL fault (Scenario V in subsection 5.4 )

Figure 8.11 display the magnitude of the voltage sag caused during the island. Immediately
following CB clearing (t = 1s), the voltage drops with respect to the voltage value during the fault.
However, the RMS phase voltage recovers (equally for the three-phases) from the 7.3 kV at the
beginning of the event to 8.49 kV when the CB recloses (at t = 1.5 s). The magnitude of this sag
changes during the island, from (0.5 pu) to (0.58 pu). Due to this recovery, the voltage sag that
occurs during the island is categorized as non-constant.

e Island caused by a LLG fault (Scenario VI in subsection 5.4 )

Figure 8.12 shows the voltage sag caused has a magnitude of 0.83 pu, which remains constant
during the island. Thus, the magnitude of this sag can be classified as constant.

* Island caused by a LL fault (Scenario VII in subsection 5.4 )

In Figure 8.13, it can be seen that the voltage sag caused during the island has a magnitude of
0.88 pu, which remains constant during the island. As for the previous case, the magnitude of this
sag can be classified as constant.

e Island caused by a LLLG fault (Scenario VIII in subsection 5.4 )

Figure 8.4 illustrates the magnitude of the voltage sag caused during the island. Immediately
following CB clearing (t = 1s), the voltage drops with respect to the voltage value during the fault.
However, the RMS phase-voltage recovers during the island from the 11.3 kV at the beginning
of the event to 12.3 kV when the CB recloses (at t = 1.5 s). Due to this voltage recovery during
the island, this sag can be categorised as non-constant.

163



A novel assessment of unintentional islanding operationsin distribution networks

Figure 8.11: Island caused by a LLL fault.

Figure 8.12: Island caused by a LLG fault.
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Figure 8.13: Island caused by a LL fault.

Figure 8.14: Island caused by a LLLG fault.

Simulations results with different reclosing times

In subsection 5.5 of Chapter 5, the impact of the reclosing time implemented in the relay has been
investigated, and as expected, the larger is this time, the larger is the drop in voltage and frequency
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during the island. This part is focused on describing the voltage sag that occurs during the island
for different reclosing times. As has been observed, the magnitude of the voltage sag decreases
with time, meanwhile, the curve that follows this magnitude proved to be the same. To observe
such effect, see Figure 8.15, where, even though three times are implemented (t;= 0.5 s, t2= 0.8 s
and t3= 1 s) and the voltage decreases from one time to the next, the function which defines the
voltage sag is the same. This function is plotted in blue, whereas the voltage obtained from
simulation with T, is displayed with a dashed-black curve, T, is displayed with a dotted-black
curve and, T3 is displayed with a dashed-dotted-black curve.

Figure 8.15: Voltage sag magnitude analytical expression for different reclosing times.

Simulations results with different load torques

In subsection 5.6 of Chapter 5, the impact of the load torque coupled with the IM rotor shaft has
been investigated. From these simulations, it has been found that, as expected, the larger is the
load torque, the larger is the drop in voltage and frequency during the island. Furthermore, by
comparing these results with those obtained in some particular scenarios in subsection 5.3, voltage
and frequency appear to be similar.

This similarity between results has been identified in four cases. Particularly, given the same
reclosing time (t = 0.5 s) and fixing the active-power of loads in the island to 80 kW, the voltage
obtained in Scenario II of subsection 5.3.1, shows the same voltage as the scenario I of subsection
5.6. Scenario V of subsection 5.1.3 is very close to scenario II of 5.6. The voltage in scenario III
during the simulations for the load torque influence is between scenarios V and VI of subsection
5.13. The last scenario of the load torque influence (scenario IV) provides exactly the same
voltage values in comparison with scenario VII of subsection 5.1.3.

Since the previously mentioned events are very similar, it is not necessary to reassess them to
obtain the same voltage sag magnitude.
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8.6 Voltage sag validation

This section is aimed at determining the analytical expressions that follow the magnitude of the
voltage sag that occurs during the island for the seven validated events in Chapter 7. For that
matter, the parameter b required to compute the analytical expression (8.3) for each voltage sag
magnitude is provided in Table 8.2. It has to be underscored that, for the sake of brevity, the
values obtained from each scenario will not be displayed in Figures. Note that, Table 8.2 is a
modified version of Table 6.1, where the sixth column provides the coefficient b of each sag
magnitude.

Table 8.2: List of the occurred events with the voltage sag magnitude coefficient.

I . Fault P V'

Event Beginning Ending Fault type location
(Mw)  (kV)

1 17:01:09.776 17:01:10.636  SLG Node 8 -1.25 0.52 8.58
2 07:44:39.544  07:44:40.354 SLG Node 5 -1.17 0.45 9
3 04:10:35.580  04:10:36.880 LLG/SLG  Node 8 - 0.8 0
4 18:14:54.263 18:14:55.128  SLG Line 5 -2.03 0.77 6
5 17:13:58.281 17:13:59.096  SLG Node 7 -2.6 0.85 5
6 09:52:38.440  09:52:39.395 SLG Node 7 - 1.3 3.5
7 11:49:04.702 11:49:05.456  SLG Line 5 -2.73 0.87 4.75
8 16:04:15.667 16:04:16.607 LLG/SLG  Node 7 - 1.21 -
9 12:24:19.550 12:24:20.469  SLG Line 6 -2 0.7 6.2

8.7 Conclusions

This chapter has investigated the voltage sags that occur during the IO under several scenarios.
Since in Chapter 5 the simulated scenarios were divided into four groups considering each
influential factor, the present voltage sags evaluation has been organized according to that
classification; (i) power of loads in the island, (ii) the type of fault that originated the island, (iii)
the reclosing time and, (iv) load torque. By analysing the full range of voltage sags obtained in
this Chapter, the following points can be stressed:

» This Chapter has evaluated the voltage during the island under several conditions and has
concluded that a new voltage sag can be categorised. Due to the lack of supply following the
CB clearing operation, voltage decays with time during the island, and therefore, the
magnitude of this voltage sag is considered as non-constant. Thus, this voltage sag enhances
the voltage sags with non-constant magnitude provided in Chapter 3.

» By considering the results in 8.5.2, the high fidelity of the predicted analytical function has
been demonstrated. Note that for scenarios where the sum of all electrical loads in the island
is low, the voltage drop during the island is negligible, and consequently it makes no sense to
compute any function to model a voltage sag. Importantly, it has been observed that the
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proposed function to model the voltage sag magnitude proved valid for any tested scenario
only if the IO is caused by a SLG. On the other hand, if another fault originates the island,
the voltage sag magnitude does not follow this function. For instance, it is seen that during
the two-phase faults (both LLG or LL faults), the voltage remains constant at a specific value
during the fault, whereas, for the three-phase faults (either LLL or LLLG) the voltage recovers
during the island.

For the proposed voltage sag, the other features such as duration and recovery have also been
defined. The duration of this voltage sag depends on the reclosing time, which commonly
ranges between 0.5 s and 1.3 s. Secondly, the recovery takes place in two steps, where the
first coincides with the CB reclosing. The second step begins with this CB reclosing and ends
when the voltage is recovered.

It has been observed that the reclosing time has no effects into the function that follows the
voltage sag magnitude. The larger is the reclosing time, the larger is the voltage drop, but the
function is the same.

The dependability of the proposed analytical expression to model this voltage sag, have been
demonstrated by taking advantage of the already validated scenarios in Chapter 7.

By carefully observing the obtained results, the main goal of this Chapter has been accomplished.
Thus, a new voltage sag has been analytically modelled and subsequently validated by both
simulations and real measurements.
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Chapter 9

Islanding detection

9.1 Introduction

By observing the results of the previous Chapters 5, 6 and 7, it has been proven that, even with
no generation units, due to large induction motors, an IO may occur in a distribution network.
Therefore, during the time period between the CB fault clearing and its reclosing operation (i.e.,
roughly between 0.5 s and 1s) the induction motors are energising the grid, thus forming an island.

Indeed, 10s are generally expected in case DG units energise the grid following the CB operation.
Nevertheless, the current approach is slightly different and utterly unexpected for the DSO. As
stated in Chapter 2, in order to prevent unintended 10s, several DSO guidelines force the DG to
trip after the occurrence of the fault. Essentially, the obligation to remove these DG units is
because the DSO does not supervise these islands. Among the available guidelines, a very useful
one is the IEEE Std. 1547, which forces the DG to trip before 2 s after the loss of mains has
occurred. In I0s with DG, the balance between the generation capacity and the amount of loads
plays a pivotal role, thereby, both voltage and frequency during the island depend on this
relationship. Conversely, for the island object of study in this thesis, voltage and frequency during
the island are influenced by four factors. These factors have been cited several times in the text
and are listed again; (i) the power drawn by the loads which remain in the island, (ii) the type of
fault that originated the CB opening, (iii) the load torque coupled with the IM and lastly (iv), the
reclosing time.

As has been stated earlier, to prevent these undesired events, ID methods can be classified into
three main types (e.g. active-based methods, passive-based methods and communication-based
methods). Focusing on the passive-based methods, its guiding principle is based on using the
available local measurements at the target position where the source is located. At this point, it is
worth recalling the most common parameters used in the passive-methods, which fundamentally,
are the following ones: the rate-of-change of frequency (ROCOF), the rate of change of voltage
(ROCOV), under/over voltage (UVP/OVP), under/over frequency (UFP/OFP), the rate-of-change
of active and reactive power (ROCOP/ROCOQ) or the vector surge (VS) protection. Other ID
indicators have been proposed in the available literature, see for instance [9.1-9.2]. However, only
the previously mentioned parameters will be used in this thesis, which in turn, are the most
commonly used for these purposes [9.3-9.6].
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As aresult of the aforementioned, the main goal of this Chapter is to implement a technique which
merges several passive-based methods used for ID with an additional criterion. The latter has
been implemented to fulfil the maximum efficiency in islanding detection. Besides, the most used
indicators in the passive-based ID methods will be tested and discussed to make a comparison
with the proposed hybrid islanding detection method (HIDM). To obtain the tripping times for
both the passive-based methods and the HIDM, several scenarios will be simulated using the
Matlab/Simulink model described in Chapter 4.

This Chapter is organised as follows:

» A brief review of the main used settings in the passive-based ID methods is done in section
9.2

» The proposed algorithm is described in section 9.3.

» In subsection 9.4, the results obtained from the performed simulations are shown. In it, a
thorough discussion regarding the resulting tripping times for each simulated scenario is
provided. Moreover, the evidence required to support this new technique has been obtained
by testing both islanding and non-islanding scenarios.

Eventually, the main conclusions of this chapter are summarised in section 9.5.

9.2 Passive-based methods review

As has been dscribed above, the local measurements are the cornerstone of a passive-based
method. Nevertheless, with the sensed variables at the target position, several indicators can be
computed. This section reviews the main principles of some passive-based ID methods that will
be used in the hybrid technique proposed in this thesis. It is essential to mention that the ID has
been the subject of many research studies; see, for instance, [9.7]. The most common indicators
are listed down below:

1. Under/Over Frequency (81U/810)

Frequency values are usually captured every cycle, at voltage zero-crossing. The classical
frequency thresholds for a 50 Hz system are 50.5 Hz for over-frequency values and 49.5 Hz for
under-frequency values. As a rule of thumb, relays generate a trip signal with a delay after any of
these thresholds has been exceeded. Both under/over frequency protection can be implemented
using either a time curve or a fixed time. The tripping time can be adjusted between 0.16 s for the
highest deviation, and 300 s for the minimum deviation; see [9.8]. For variations beyond 95% of
rated the frequency, a 0.16 s fixed-time delay is used. Slight frequency deviations in transmission
levels may involve frequency nuisance tripping with this method.

2. Under/Over Voltage (277/59)

Voltages are measured to obtain the RMS value of the phase-to-ground voltages. Commonly used
voltage thresholds are set to 1.2 pu for over-voltages and 0.8 pu for under-voltages. Voltage
deviation protection can be set using either a time curve or a fixed time. Typically, the delay is
set to 100 ms for both over- and under-voltage protection. Nonetheless, for voltages between 1.1
pu and 1.2 pu, the time delay is set to 500 ms. A succinct assessment concerning voltage curves
for ID detection is presented in [9.9].

3. ROCOF (81R)/ROCOV

ROCOF and ROCOV are methods based on the derivative with respect to time of respectively
frequency and voltage measurements. Usually, df/dt is measured over a few cycles, generally
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between 2 and 50, and its value is sent to a low-pass filter to remove the high-frequency
harmonics. A value of 1.2 Hz/s is seen as an inadmissible frequency rate of change. This value
typically ranges from 0.1 to 3.5 Hz/s; see, for instance, [9.10-9.11]. A minimum voltage
supervision is also implemented in ROCOF relays; commonly 0.85 pu. In this thesis, the
frequency is measured every cycle during four cycles, and the values are stored in order to
compute the derivative, which is obtained with the following expression:

d 1= fs
i=1 T

where T; is the period of each of the four cycles after the first frequency value is captured;
subindices 1 and 5 refer respectively to the first and the last values that are measured to compute
the derivatives. Although measurements are available for a minimum of four cycles, false tripping
could occur if only four cycles were selected. Here, a 7-cycle supervision is considered; for a 50
Hz power frequency, this is a time delay of 140 ms, a widely used setting in ROCOF relays.
Voltage derivative will be similarly computed as for the ROCOF relay. A typical rate-of-change
of 0.25 pu/s is used with a time delay of 140 ms; however, as for the ROCOF, a 140-ms delay
will be used in the present work for this derivative.

4. ROCOP/ROCOQ (32R)

The rate-of-change in both active and reactive powers is a reasonable indicator for islanding
detection, considering that, except for a balanced situation, it competes favourably for a quick 10
detection. The active and reactive power derivatives are computed as follows:

E _ (Pl —Ps)
dr ;Ti (9.2a)
dQ _ (Ql —Qs)

— = (9.2b)

4
di 2T
Summary of settings

The settings used for each method in this particular study and the main features of each technique
are summarized in Table 9.1. These settings have been adopted taking into account the settings
commonly used in ID methods, like those described before, and settings based on field experience
from prescribed events.

9.3 HIDM features

9.3.1 Overview

This section is aimed at detailing the performance of the proposed HIDM. Essentially, the new
hybrid method merges several existing passive ID principles, reviewed in the previous section,
with a directional criterion in order to achieve high accuracy and avoid false tripping events.
Figure 9.1 summarises the steps to be made from the measurements needed to detect an islanding
scenario. The rest of this section is dedicated to describe the variables involved in the method, the
settings, and the architecture of the implemented HIDM.
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Table 9.1: Parameters used in the passive-based ID methods.

ID method
Principle Settings Time-delay

(ANSI/IEEE code)

(ms)
81U Under-Frequency supervision 47.5 Hz 120
810 Over-Frequency supervision 52.5Hz 120
27 Under-Voltage supervision 0.8 pu 120
59 Over-Voltage supervision 1.2 pu 120
ROCOF Frequency delTl\./atlve with 0.85 pu 1.2 Hals 140

voltage supervision

ROCOV Voltage derivative 0.25 pu/s 140
ROCOP Active power derivative 0.3 MW/s 140

Figure 9.1: Flowchart to compute the state variables and the pattern for islanding detection.

9.3.2 Directional criterion

Directional protection is widely adopted for selectivity purposes. According to ANSI-IEEE
terminology, directional power protection can be either 32P or 32Q (i.e., for active and reactive
power, respectively). In addition, 32R protection can be used to prevent reverse power. The
directional protection proposed in this work uses the direct-sequence angles of both voltage and
current. The conditions proposed to detect 1O are based on the following restrictions:

90 < ¢ <270 9.3)

where v and ¢ are the voltage and current angles, respectively, while the subindex “1” indicates
direct sequence.
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The zone of actuation of this detection method is displayed in Figure 9.2, in which the angle of
the direct-sequence voltage is compared with the angle of the direct-sequence current: the system
will trip when the angle is between 90 and 270 degrees.

Figure 9.2: Graphical representation of the adopted directional protection.
9.3.3 Input, outputs and intermediate variables

Data analysis is one of the main tasks of the proposed method, for which the classification of local
measurements is essential. This process involves two steps: the first one is focused on sensing the
electrical magnitudes (independent variables); the second one provides the output (dependent
variable); that is, islanding/non-islanding condition. To carry out these tasks, voltage and current
values are measured every cycle (i.e. every 20 ms). The time-domain vector of the state variables
is defined as follows:

[Xl{k (t)]T = [xl{k ), xl{k (1,), xl{k %), xi{k (t,)] (9.4a)
(X3, o] = [0 (6,203, (1), 2, (8), 5, (1,)] (9:4b)
(XL, OF =08, (), 3, (1), 5, 8 ), (1] ©.41)

where is the mth state vector for a particular jth event at the kth target location. These forms can
also be annotated by means of the following transposed 8-dimension vector expression:

X7 u(t)
X/ @)= ; X7, @) OM 1xs (9.5)
X8 (2,)

As mentioned earlier, this vector captures the time-domain variables each cycle (20 ms) during
the desired period .. The state variables for every jth event at every kth location, are defined in
Table 9.2; see also Fig. 9.1. Considering N events, the matrix expression of the whole range of
events can be expressed as a N X 8 matrix:

xl{k(ti) xili.k(ti)
X, (t)=| X (6)OM was (9.5)

N N
X () X, (1)
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Input and output variables for a given jth event at a kth target location, are stored together through
the following two-dimension vector S:

S ={(X. Y0} (9.6)

where Y} is the independent vector containing a binary output for every jth event at a kth location:
Yi =1 for an islanding event and Y = O for a non-islanding event. The state vector Xi is obtained
from the measurements of the three-phase voltages and currents, (Va, Vb, V¢) and (I, I, L), as
shown in Figure 9.2. Crucial information derived from these inputs are the angles of the phase
voltages (@va, Pvb, Pvc) and currents (P, P, Pic).

Table 9.2: State variables for ID.

Symbol Variable

X1 av Voltage deviation (pu)

X2 Vo Voltage angle (Deg.)

X3 Ip Current angle (Deg.)

X4 Af Frequency deviation (Hz)
X5 df/dt  ROCOF (Hz/s)

X6 dv/idt  ROCOV (pu/s)

X7 dP/dt  ROCOP (MW/s)

X8 dQ/dt  ROCOQ (MVAt/s)

9.3.4 Architecture

The architecture of the proposed HIDM is based on the decision tree (DT) shown in Fig. 9.3. The
tree is organised as follows: firstly, the voltage and frequency magnitude deviations are measured;
next, the algorithm estimates the state derivatives (d/df) to avoid undesirable false-tripping
operations and achieve the minimum non-detection zone (NDZ); the last step focuses on
implementing the directional criterion, which assures high feasibility in preventing all scenarios,
even those where voltage and frequency remain within the threshold settings.

Since a DT is a binary tree constructed by groups of datasets, the three mentioned stages are
divided into several levels. To achieve the maximum precision in the settings of each level, the
DT has been created by analysing a wide range of previous events captured for a two-year period
in the real DN as well as considering the full range of simulated scenarios in the present study.
As can be seen from Figure 9.3, the first six-level settings of the DT belong to the passive-based
settings described in Table 9.1.

In order to avoid misclassification and nuisance tripping, the current HIDM consists of a seven-
level DT and considers a seven-cycle parameter cluster. Besides, the DT assumes a system with
multiple-feeders; three in this work. This fact underscores that disturbances on neighbour feeders
can cause false-islanding detection and, consequently, false tripping. To date, most of the research
studies focused on ID, have only considered one MV feeder. The present HIDM correctly deals
with this issue.
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Figure 9.3: Seven-level HIDM.

Matlab implementation of the HIDM

The seven-level HIDM used to detect the IO has been implemented in the previously described
model in Chapter 4.To achieve a better understanding; Figure 9.4 depicts this model with the
additional blocks. As can be seen in this Figure, the HIDM block is used to trip the CB located at
PCC; (i.e., the interconnection between the industry and the grid) where the IMs are connected.
The output of the HIDM algorithm (purple-block in Figure 9.4) is sent to the CB.

On the other hand, the blue-block located at the bottom-right part of this Figure is the one which
receives the independent variables (i.e., three-phase voltages and currents from measurement
blocks) and compute the state variables X of the HIDM algorithm to obtain the dependent variable
Yi (i.e., (1) for islanding or (0) for non-islanding). Particularly, In;, In, and In3 are the three RMS
phase voltages, Iny is the frequency obtained from the voltage signal through a PLL block and,
Ins is the frequency derivative obtained from the derivative block. The latter block implements a
low-pass filter to avoid high-frequency transients. Finally, Ine and In; are the active and reactive
powers computed through the previously obtained voltages and currents. The content of this block
is detailed in the following Figure 9.5.

As stated above, the HIDM is based on a DT which merges several passive-based protective
functions such as UVP/OVP (27/59), UFP/OFP (81m/8§1M), ROCOF (81R), ROCOV, ROCOP
and ROCOQ with an additional directional criterion. As can be seen in Figure 9.5, each passive-
based technique is computed in a separate block. Therefore, each one will be shown in a different
Figure.

Voltage supervision is computed in one block (both under and over-voltage) and the detail of this
protection is displayed in Figure 9.6. In this block, apart from the UVP and OVP, a widely adopted
additional supervision criterion has been added. This supervision checks if the voltage is between
1.1 pu and 1.2 pu during 500 ms. Note that the whole range of simulated scenarios in this Chapter
have been carried out with a reclosing time of 0.5 s; thereby, this makes this protective setting
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incapable of tripping. However, this supervision may be really useful in scenarios with larger
reclosing times.

The Frequency supervision is carried out for both under and over frequency through the block
depicted in Figure 9.7. This protection trips for either a frequency deviation above or under the
threshold and these signal is passed through a delay block aimed at applying the 120 ms delay for
this supervision. Thus, if the input is true, it applies a time-delay to this signal, on the other hand,
if this become false, the output is false with no time-delay. ROCOF protection is implemented as
in Figure 9.8. It can be seen that a minimum voltage of 0.8 pu is required to trip. The ROCOV
protection is implemented in a similar way as for the ROCOF, see Figure 9.9. Note that the rate
of change of voltage has to exceed the threshold for the three phases.

Figure 9.4: Matlab model with the proposed HIDM.

Figure 9.5: Matlab implementation of the seven-level HIDM block.
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Figure 9.6: Scheme of the UVP/OVP protection.

Figure 9.7: Scheme of the UFP/OFP protection.

Figure 9.8: Scheme of ROCOF protection.
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Figure 9.9: Scheme for ROCOV protection.

(a)

(b)
Figure 9.10: ROCOP and ROCOQ protections.

The rate of change of both active and reactive power are both computed as can be seen in Figure
9.10.

In order to avoid a false-tripping due to the initial transient when the simulation begins, the clock
must be larger than 0.5s. Similarly, to prevent undesired trappings after the island, for the
derivatives, the clock must be lower than 1.5 s to initiate a trip.
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By observing Figure 9.5, each parameter belongs to one level of the DT, where the deviation is
compared to each threshold. In the case at least one of them is exceeded, the directional criterion
is then applied, and if the latter proves to be false, it is a non-islanding event. On the contrary, if
the directional criterion is true, the islanding is detected and subsequently, the CB tripping is
ordered. Note that if any indicator becomes true, the last stage is again the directional criterion.

By observing the last block in Figure 9.5, the obtained signal from the HIDM algorithm is
compared with zero. Since a zero signal is required to open the CB, if the HIDM becomes true,
this comparison allows us to obtain a zero for tripping.

9.3.5 Time constraints in islanding detection

A crucial limitation is the available time to detect the IO; as commented above, the preset
reclosing time is commonly set between 0.5 s and 1 s. It is important to keep in mind that, by
default, it is assumed that the substation CB will satisfactorily clear the fault. Thus, only
temporary faults are considered. The mechanical time delay will last three cycles for both the
substation CB (node PCC; in the test system; see Fig. 1) and the CB at the target position (node
PCCy,). Considering the foregoing, the maximum time available to detect the IO and trip the CB
at the target location may be computed as follows:

trmx = tclr +trec +tCB (98)
where tc- is the clearing time, which, in turn, depends on the selected relay characteristic curve as
well as on the sensing time, t.. is the reclosing time, which is set in the relay of the head CB
(PCC1), and tcg is the mechanical time delay for the head CB after the relay orders the reclosing
operation.

9.4 Simulations

9.4.1 Overview

This section presents the study carried out to test the performance of the proposed HIDM and
compare it with the ID techniques described above. As has been seen in the previous Chapters,
following the CB opening, due to the lack of supply, the equilibrium between torques is broken,
the IM speed derivative becomes negative and, thereby, only the dynamic torque (i.e. the torque
due to the non-zero derivative of the rotor speed) drives the machine. In order to observe the
influence of each factor towards the tripping times, the simulations have been classified into three
main groups. The first group focuses on analysing the impact of the loads which remain on the
island at the time the fault occurs. The second group analyses the 10 considering different types
of faults. Lastly, the third group is aimed at determining the tripping times for both islanding and
non-islanding events, thus, the dependability of the proposed method will be demonstrated.

As a general rule, considering the massive amount of signals and computed parameters obtained
during the simulations, to not extend excessively the document, only the tripping times obtained
for each case will be provided. However, to substantiate these tripping times, the parameters
obtained from each passive-based protection will be displayed for the second case of each group,
thus showing how the variables are computed. The measurements obtained from the simulations
for each protective function will be organized in different figures. Hence, the first figure will show
the voltage values (i.e., the three-phase voltages and its time derivatives) so as to observe the
results of the UVP/OVP and ROCOYV protections. The second figure will show the frequency and
its derivative to observe both UFP/OFP and ROCOF protection results. In the third figure, the
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active and reactive-power derivatives will be shown to observe both ROCOP and ROCOQ
protection results. Lastly, a fourth figure will show the active-power to observe the effectiveness
of the directional criterion. Summarising, the simulations have been divided into these three
principal groups:

1.

Simulations aimed at estimating the tripping times by assuming fixed fault conditions and
using different feeder loads values. As assumed in the previous Chapters, the load value
specified in this subsection is the sum of all LV loads that remain within the island at the
time the fault occurs.

Simulations aimed at estimating the tripping time under different types of faults and fixing
a particular value for feeder loads.

Islanding and non-islanding events aimed at proving the dependability of the proposed
HIDM and observing the nuisance tripping of the conventional ID methods for these
particular scenarios.

The hypothesis that have been considered for all scenarios are listed hereunder:

Simulations have been performed using the described three-phase Matlab model described in
Chapter 4.

A constant impedance load model has been considered for all simulated scenarios.

The power factor for all loads is set to 0.98 (Ig.). Simulations have been carried out within
the MATLAB/Simulink environment, taking advantage of the toolbox SimPowerSystems,
and using a discrete mode with a fixed sample time of 50- ps.

For all simulated scenarios, the tripping times are computed with respect to the beginning of
the event.

The simulation time is set to 2 s and the faults are initiated at 0.9 s for all scenarios.

To observe the tripping time of each technique, the CB has been is disabled, otherwise if the
CB is opened, the IMs would be removed from the grid. Hence, the obtained times belong to
the time that each technique would have tripped separately. It should be noted that each
technique is equipped with a time delay block (i.e., each method with its particular delay). In
case the input is true (i.e., the threshold is exceeded for a particular method) this block applies
a delay to the input signal, nevertheless, if this become false, the output is false with no delay.
That is the reason why in some Figures, several protection functions relapse and following a
certain time are again activated. However, due to the above mentioned, the tripping time is
considered as the first time that a tripping signal is activated.

9.4.2 Tripping times for different feeder load scenarios

The first group of simulations are based on the following considerations:

1. A SLG fault with a fault resistance of 5 Q occurs at node 7, the CB located at PCC,
(header of feeder A) is set with a very inverse overcurrent curve for phase-faults (50) and
extremely inverse curve for ground-faults (50N). Therefore, the fault is cleared within
100 ms.

2. The reclosing time is set to 0.5 s.

3. No mechanical load is applied to the IM.

The following four scenarios have been simulated:
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e (Case 3: Feeder load is set to 64 kW.
¢ Case 4: No-load scenario.

The resulting tripping times for these four cases are shown in Table 9.3. The results of both
voltage (first plot) and frequency (second plot) obtained from the simulations are displayed in
Figure 9.11. Besides, to demonstrate the feasibility of the tripping times summarised in this table,
for each case, the resulting tripping signals are provided (see Figures 9.12-9.15). As mentioned
earlier, for the sake of brevity, the obtained values of each block (i.e., each passive-based values)
will only be displayed for one case, particularly case 2. Thereby, Figures 9.16-9.19 show the
results obtained during the simulation of case 2.

Table 9.3: Tripping times of subsection 9.4.2.

I D method

Casel Case?2 Case3 Case4
(ANSI/IEEE code)

(ms) (ms) (ms) (ms)
81U 270 465 544 No Trip
810 No Trip No Trip No Trip No Trip
27 359 No Trip No Trip No Trip
59 No Trip No Trip No Trip No Trip
ROCOF No Trip 308 320 No Trip
ROCOV 404 No Trip No Trip 780
ROCOP No Trip No Trip No Trip No Trip
HIDM No Trip No Trip No Trip No Trip
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Figure 9.11: Voltage and frequency from simulations of subsection 9.4.2.
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Figure 9.12: Tripping times for Case 1 of subsection 9.4.2.

Figure 9.13: Tripping times for Case 2 of subsection 9.4.2.
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Figure 9.14: Tripping times for Case 3 of subsection 9.4.2.

Figure 9.15: Tripping times for Case 4 of subsection 9.4.2.
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Figure 9.16: UVP/OVP and ROCOYV protections results for case 2 in subsection 9.4.2.
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Figure 9.17: UFP/OFP and ROCOF protections results for case 2 in subsection 9.4.2.
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Figure 9.18: ROCOP and ROCOQ protections results for case 2 in subsection 9.4.2.
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Figure 9.19: Directional criterion protection results for case 2 in subsection 9.4.2.
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Results discussion

Voltage supervision only trips for under-voltage in case 1, because for the rest of cases, voltage
do not exceed the established thresholds.

The UFP/OFP trips for cases 1, 2 and 3; nevertheless, in case 4, this protection does not trip.

By observing the state derivatives, ROCOF relay trips for cases 2 and 3 and does not trip for cases
1 and 4. In case 1 this protection does not generate the trip because the voltage is below 0.8 pu,
whereas in case 4, the frequency remains stable at 50 Hz during the island and, its rate of change
is close to zero. On the other hand, the ROCOV protection trips for cases 1 and 4, the first tripping
belongs to a negative derivative (due to voltage decrease) and the second is due to a positive
derivative (i.e., voltage increasing). Lastly, the rate of change of active and reactive powers do
not trip neither during the fault nor during the island.

Moreover, these results reveal that, as expected, the lower is the feeder load value, the lower is
the voltage and frequency deviation during the island. Remember that faults are cleared within
100 ms, which avoids tripping by UVP/OVP.

It is worth noting that in the fourth case only the HIDM is capable of undertaking such task within
the time constraint.

9.4.3 Tripping times for different types of faults

The second study aims at estimating the tripping times when different types of faults originate the
island. The fault position is always node seven and all faults are simulated with a resistance value
of 5 Q. Moreover, the following hypothesis have been considered for all cases:

1. The sum of all LV feeder loads is set to 200 kW.
2. IM is under no-load torque at the time the fault occurs.

3. A clearing time of 200 ms is assumed. Nevertheless, it is essential to keep in mind that
the fault current depends on the type of fault, and for the same protection settings and
curves, this time may slightly vary. The used curves in these simulations are those
described in subsection 4.3.5 of Chapter 4.

The main goal of this section is to study the resulting tripping times when the island is caused by
different types of faults. Thus, each case belongs to a particular type of fault:

e Case 1: SLG fault.
e Case 2: LL fault.

e Case 3: LLG fault.
e Case 4: LLL fault.

The resulting tripping times are shown in Table 9.4 whilst in Figure 9.20, the resulting phase
voltage (first plot), IM mechanical speed (second plot) and, frequency (third plot) are depicted.

Additionally, for each case, the tripping times are represented in a separate figure. In these eight
figures (i.e., Figure 9.21 to 9.24), the tripping time and the duration of the event are displayed.
Thereby, the effectiveness of each method can be observed.
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Table 9.4: Tripping times of subsection 9.4.3.

I D method

Casel Case?2 Case3 Case 4
(ANSI/IEEE code)

(ms) (ms) (ms) (ms)
81U 412 466 474 620
810 No Trip No Trip No Trip No Trip
27 120 120 120 120
59 120 No Trip 120 No Trip
ROCOF 362 No Trip No Trip No Trip
ROCOV 146 No Trip 142 143
ROCOP No Trip No Trip No Trip No Trip
HIDM No Trip No Trip No Trip No Trip
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Figure 9.20: Voltage, mechanical speed and frequency from simulations of subsection 9.4.3.
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Figure 9.21: Tripping times for Case 1 of subsection 9.4.3.

Figure 9.22: Tripping times for Case 2 of subsection 9.4.3.
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Figure 9.23: Tripping times for Case 3 of subsection 9.4.3

Figure 9.24: Tripping times for Case 4 of subsection 9.4.3.
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Figure 9.25: UVP/OVP and ROCOV protections results for case 2 in subsection 9.4.3.
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Figure 9.26: UFP/OFP and ROCOF protections results for case 2 in subsection 9.4.3.
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Figure 9.27: ROCOP and ROCOQ protections results for case 2 in subsection 9.4.3.
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Figure 9.28: Directional criterion protection results for case 2 in subsection 9.4.3.
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Results discussion

From these results, it is observed that the type of fault plays a pivotal role, and depending on the
severity of the fault, the IM post-fault reacceleration affects the frequency during the IO. Thus,
the highest reacceleration takes place for the LLL faults, whereas the lowest one occurs for the
SLG faults. As a consequence, the frequency drop during the island, as expected, is lower than
the one caused by a SLG. A proof of this effect is that the larger tripping for UFP protection takes
place for a LLL fault.

The clearing time also plays a significant role. In this case, the tripping time of the substation
protection is set to 200 ms, which makes the UVP at the target location to trip before the substation
clearing time. Moreover, due to the originated voltage sag, ROCOV protections also trip if the
clearing times are larger than 140 ms, which causes nuisance tripping for faults upstream the CB
located at PCC;. It is noteworthy to mention that ROCOV tripping is initiated if the rate of change
of voltage exceeds the threshold for the three phases. Therefore, no ROCOV tripping occurs in
the second case (LL fault); however, for the rest of the cases it trips in approximately 140 ms.
Figures 9.25-9.28 provide evidence of how these tripping times are obtained.

Another interesting insight is the post-fault voltage recovery; the voltage caused by SLG faults
recovers rapidly. Meanwhile, those caused by three-phase faults recover more slowly.

9.4.4 Testing the NDZ capabilities of the HIDM

All the case studies analyzed in previous sections assume an islanding scenario caused by a fault
located upstream the PCC. Actually, the voltage at the IM location can exhibit deviations caused
by events, located at neighbour feeders and even at the transmission system, that do no create an
islanding condition. In order to better analyse the performance of the proposed HIDM, new
scenarios have been simulated. First, some situations in which an islanding scenario does not
occur:

* Case 1: Three-phase voltage sag with 0.9 pu voltage drop and 400 ms duration
produced by IMs starting located at the same MV feeder.

e Case 2: Solid SLG fault at an MV-neighbor feeder (Feeder 1) and cleared in 300 ms.

e Case D3: Progressive frequency drop due to a lack of active-power generation as a
consequence of a fault at the HV transmission system. The MV level experiences a sag
of 0.3 pu voltage drop and 180 ms duration, whereas frequency decreases 2.5 Hz within
2s.

e Case 4: LLL fault with a resistance of 5 Q at an MV-neighbor feeder (Feeder B) and
cleared in 300 ms.

e Case 5: Solid SLG fault at the transmission network which is cleared in 250 ms; MV
grid experiences a sag type C.

The list of tested islanding events are detailed hereafter:

* Case 6: SLG fault with a 5 Q resistance applied at node 7, feeder load is set to 320 kW,
reclosing time 500 ms, no mechanical load torque, and 100 ms clearing time.

* Case 7: SLG fault with a 5 Q resistance applied at node 7, feeder load is set to 53 kW,
reclosing time 500 ms, no mechanical load torque, and 100 ms clearing time.

193



Chapter 9: Islanding detection

e Case 8: SLG Fault with a 10 Q resistance applied at node 12, feeder load is set to 30
kW, reclosing time 500 ms, no mechanical load torque, and 100 ms clearing time.

Table 9.5 provides the tripping times obtained from the simulations for each passive-based
technique as well as for the HIDM. Besides, for each case, the obtained tripping signals are
represented in a separate figure. Therefore, in these eight figures (i.e., Figure 9.29 to 9.37), the
tripping time and the duration of the event are displayed. By observing these results, the
effectiveness of each method can be observed, which correctly discriminates between both
islanding and non-islanding events.

Table 9.5: Summary of the tripping times obtained from simulations for islanding and non-islanding events.

Casel Case2 Case3 Case4 Cae5 Casb6 Case7 Case8

I D method
. ms, ms, ms, ms, ms, ms, ms, ms,
ansigep M M9 9 9 (my  (my  (my  (m
81U NoTrip NoTrip NoTrip NoTrip NoTrip 290 558 625
810 NoTrip NoTrip NoTrip NoTrip NoTrip NoTrip NoTrip No Trip
27 No Trip 120 120 No Trip 120 432 No Trip  No Trip
59 No Trip 120 NoTrip NoTrip NoTrip NoTrip NoTrip No Trip
ROCOF NoTrip NoTrip 140 No Trip NoTrip 252 310 No Trip
ROCOV No Trip 140 140 140 No Trip 415 No Trip  No Trip
ROCOP 238 NoTrip NoTrip NoTrip NoTrip NoTrip NoTrip No Trip
HIDM 238 NoTrip NoTrip NoTrip NoTrip NoTrip NoTrip No Trip
=
0.4 .
0.2~ i
0= f [ I | | I I
08 0.9 1 1.1 1.2 1.3 1.4 15
Time (s)

Figure 9.29: Tripping times for case 1 of subsection 9.4.4
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Figure 9.30: Tripping times for case 2 of subsection 9.4.4.

Figure 9.31: Tripping times for case 3 of subsection 9.4.4
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Figure 9.32: Tripping times for case 4 of subsection 9.4.4.
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Figure 9.33: Tripping times for case 5 of subsection 9.4.4
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Figure 9.34: Tripping times for case 6 of subsection 9.4.4.

Figure 9.35: Tripping times for case 7 of subsection 9.4.4.
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Figure 9.36: Tripping times for case 8 of subsection 9.4.4.

Figure 9.37: UVP/OVP and ROCOV protections results for case 2 of subsection 9.4.4.
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Figure 9.38: UFP/OFP and ROCOF protections results for case 2 of subsection 9.4.4.

Figure 9.39: ROCOP and ROCOQ protections results for case 2 of subsection 9.4.4.
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Figure 9.40: Directional criterion protection results for case 2 of subsection 9.4.4.

Results discussion

As can be seen from Table 9.4, for the non-islanding events (i.e., cases 1 to 5), at least, two
passive-based methods trip, which evidences a missoperation. As an example, both UVP and
ROCOV trip for faults upstream the CB located at PCC, which occurs for cases 2 to 5. However,
as can be seen, the HIDM does not trip during these scenarios.

On the other hand, during islanding events (i.e., faults at the same feeder where the IMs are
located) the fastest tripping time is achieved by the HIDM, meanwhile, due to the low deviation
in either voltage or frequency, several techniques ID missoperate. Particularly, in case 8, it can
be observed that, except for HIDM, no other passive method is capable of tripping within the
required time constraint. The analysed events prove that the proposed algorithm correctly
discriminates between islanding and non-islanding events.

9.5 Conclusions

This chapter has proposed a new technique to detect the islanding operations that have been
analyzed in the previous Chapters. The architecture, the main features and the settings of this tool
have been defined. To observe the effectiveness of this ID hybrid method, a wide range of
scenarios have been simulated according to three main groups, where in each one, different
hypothesis are considered. This method merges several passive-based methods with an additional
criterion to enhance the ID.

Based on the results obtained from the simulations, some interesting aspects can be pinpointed:
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Given the number of simulated scenarios, it can be concluded that some damage to the grid
and to the IMs can result during unintentional 10s. Therefore, fast tripping performance is
required.

During islanding events (i.e., the ones which imply the opening the CB of feeder A) if the
amount of load level in the island is low, the ID becomes a significant challenge because
voltage and frequency do not exceed the thresholds of the most common ID techniques within
the time constraint. Nevertheless, for larger load levels in the island, most of the available ID
indicators will trip correctly.

All the simulated scenarios assume a situation in which the IMs are operating without
mechanical load at the moment the fault occurs. Although this can be seen as a non-realistic
scenario, it also represents the worst scenario in which IMs will act as generators.

By observing the simulated non-islanding events (i.e., faults upstream the CB at PCC)), it
transpires that both voltage protections (UVP/OVP) and ROCOV untimely trip.

Even though the passive-based ID methods can be adjusted with other thresholds closer to
the rated values, it has to be underscored that doing that; more untimely tripping operations
will occur. For instance, the typical voltage settings for UVP and OVP are set to 0.8 pu and
1.2 pu with a delay of 100 ms and voltage between 1.1 and 1.2 pu with a time delay of 500
ms. If these settings are replaced with more restrictive values, these methods will untimely
trip for disturbances such as voltage sags due to induction motor starting, capacitors switching
over-voltages or voltage drops during transformer energisation.

A significant conclusion of this Chapter, is that the implemented HIDM exhibits high robustness
and feasibility: it can discriminate between IO and non-10O events, which guarantees that the IO
would be cleared before any rapid reclosing from the DN could take place. Moreover, it proved
to be the fastest method in detecting the island when compared with the available passive-based
ID methods.
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Chapter 10

General Conclusions and future work

10.1 General conclusions

As has been stated above, IOs occurs when a portion of the network remains energised after being
removed from the main grid, and this situation has been considered as an abnormal scenario by
the DSOs. I0s in DNs have elicited interest among researchers and DSOs in the recent years;
essentially, the main reason for this interest lies in how to prevent them. Up until now, these 10s
were expected only in the presence of distributed generation (DG) units, which following the CB
disconnection, continue energising this portion of the network. Nonetheless, the main
accomplishment of this thesis is the assessment of an IO where there are no DG resources, but
large induction motors. This IO begins with the CB fault clearing and ends when this CB recloses
the circuit to restore the supply. As a matter of fact, due to its inertia, the motors transiently act
as generators between the CB opening and its reclosing, thus energising the island. Therefore, the
cornerstone of the present doctoral thesis is the evaluation of this particular unintentional I0.

Chapter 4 has provided an accurate model based on the real grid where the field measurements
have been obtained. The mathematical equations of each element of the model are also detailed.
By observing those equations, several factors were expected to be influential for the IO.
Particularly, these possible influential factors are as follows; the power drawn by the amount loads
which remain in the island, the load torque coupled with the motors, the reclosing time and the
type of fault that originated the island. In the subsequent Chapters, the influence of such expected
factors has been demonstrated.

Once the model has been developed in Chapter 4, the main objective of the subsequent Chapters
5, 6 and 7 have been to carry out its validation. Since a model validation is a crucial task for the
accurate simulation of transient events, the best way to perform a model validation is to compare
field or lab recordings and simulation results. Therefore, the first step of the model validation lies
in simulations (Chapter 5), where a wide range of scenarios have been tested. The second step
focuses on displaying the field measurements obtained from real occurred events (Chapter 6).
Lastly, the obtained results from the two previous stages are compared in Chapter 7.

Considering the above, the results of Chapters 5, 6 and 7 illustrate the following conclusions:

e It has been found that the feeder loads which remain connected within the island at the
time the fault occurs play a pivotal role in this transient and dictate the survivability of
the island. As expected, the lower is this value, the smaller are voltage and frequency
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deviations during the island. It can be seen that the hypotheses of neglecting the
frequency-dependence in load modelling by considering mainly active-power loads,
approaches satisfactorily the field measurements. A noteworthy aspect regarding the load
modelling is that, unfortunately, only two devices were available (locations PCC; and
PCC,) and therefore, there were no measurements at load nodes. However, by virtue of
the obtained results in Chapter 7, the model selected for each load provides a close enough
simulation result to that obtained from measurements. Besides, given the fact that the
occurrence of the events is random in time, the model validation has considered several
load conditions, which is one of the most challenging tasks to fulfil in load modelling.

* Since the type of load torque decelerates the machine during the island, the higher is this
value, the higher is the deceleration during the island and therefore, the higher is the
voltage drop and frequency excursion during the I0. However, most of the simulated
scenarios assume a situation in which the IMs are operating without mechanical load at
the moment the fault occurs. Although this can be seen as a non-realistic scenario, it also
represents the worst scenario in which IMs will act as generators.

* As expected, the larger is the reclosing time, the larger is the island duration. This fact
makes that, in turn, large voltage drops and frequency excursions occur during the I10O.

* It has been found that depending on the type of fault that originated the CB operation,
both voltage and frequency during the island are highly influenced. Since the motors are
the only source during the island, the frequency of the island is dictated by the motors
mechanical speed. An interesting insight is that the larger is the post-fault reacceleration
(i.e., depending on the during-fault deceleration), the lower is the frequency excursion
during the island. This fact is especially observed in severe disturbances such as three-
phase faults close to the motors.

* By observing both voltage and frequency comparisons in each event of Chapter 7, the
high accuracy achieved in the model has been demonstrated.

Once the model has been already validated, and the dependability of this IO has been proven, two
major studies are of interest. The first is focused on the voltage sag that occurs during the island,
which is explored in Chapter 8. The second is aimed at implementing a suitable tool to prevent
this IO and is explored in Chapter 9.

Chapter 8 contributes to the present Power Quality studies, where a new voltage sag topology has
been defined. The main features of this sag are as follows; its magnitude is non-constant, its
duration depends on the reclosing time, and its recovery takes place in two-stages. Crucially, the
curve that follows the non-constant magnitude has been analytically modelled and subsequently
validated with several recorded events.

Considering the previously mentioned aspects, it is apparent that, in order to guarantee the power
quality and safety, these IOs have to be detected and the motors have to be tripped in the minimum
time possible. In this vein, Chapter 9 has analysed the passive-based ID methods used in the
presence of DG resources and has compared these results with the proposed HIDM.

From these results, it can be clearly seen that the fastest method in detecting this type of island is
the HIDM, which provides evidence of its dependability. But, a crucial aspect is that under certain
conditions of load where voltage and frequency do not exceed the typical ID thresholds, the only
method capable of tripping with the required time constraints is the HIDM.

To sum up, the main contributions of this thesis can be summarized into three main points:

e The first accomplishment of this thesis lies in the model development, which has been
successfully achieved.
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As a second main accomplishment, this thesis has contributed to the voltage sag studies.
The new voltage sag topology that occurs during the island has been defined, analytically
modelled and further validated.

The third contribution focused on implementing a new technique to prevent these 1Os,
and based on the obtained results, it proved to be really effective for ID purposes.

Finally, it can be stated that this thesis has successfully contributed to improve the current research
on distribution network studies in terms of islanding operations. Nevertheless, and perhaps even
more importantly, it has also contributed to solve real problems identified in a distribution
network, which underscores its high value in practical engineering.

10.2 Future work

As seen in the previous section, the studied 10s were categorised as unintentional, and therefore,
naturally the objective of the DSOs is to avoid these type of events. This may, in fact, be the
starting point for future research, where instead of avoiding 1Os, these operations can be seen as
a valuable resource for the DSO. Based on this premise, the following points will summarise the
future research:

Although some efforts have been done by the research community towards the intentional
islanding operations in wide-area power systems, an interesting point to take into
consideration for future research is to test these techniques into DNs. The main advantage
of fostering such intentional islanding operations in distribution networks is, essentially,
to reduce the time and number of interruptions, thus increasing grid reliability. Actually,
with the rapid proliferation of the DG based on renewable energies embedded in the DNs
such as rooftop PV or other types of DG, these units can be an asset to enhance grid
resilience. Moreover, apart from the DG units, other tools will be of utmost importance
to achieve successful results in the aforementioned intentional islands, for example;
energy storage, smart meters, SCADA systems or state estimators. On the other hand,
techniques such as demand-response or local energy markets, will undoubtedly, be
benefited if these intentional operations are feasible.

Additionally, even though some reliability studies carried out with DG operating in grid-
connected mode provided fruitful results in the past, these studies can now be repeated
by using these intentional islands.

By considering the previous points, it is clear that there is a lot of work to do towards the so-called
active distribution networks.
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