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Problem Description

Ground faults are the most common type of faults in power systems and also the most difficult to
localize and disconnect. To localize the fault often manual sectionalizing of the network is
required. This is the time consuming and results in unnecessary outages and reduction in the
power quality. Therefore, a detection and location method will be proposed.

The work will be part of a large SINTEF project (Distribution 2020) addressing protection of
distribution networks. Part of this large project, a distribution network took place for
measurements related to single phase to ground faults. The present work will be taking as main
reference the field test.

Tasks
o Modeling the tested Distributed Network in PSCAD.
o Testing in the PSCAD model the Charge Voltage method for detection and location of

single to ground faults.
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Goal of work (key words):

The main objective of this work was the creation of a PSCAD model, which could be an authentic
representative of the distribution network tested by SINTEF and other companies in 2005. Moreover,
a new location and detection method for single phase to ground faults is tested throughout the
simulations. Most of the simulations were done in a under compensated condition of the system. The
zero sequence currents were taken as the most important variables in order to validate the model,
throughout a comparison between the field test and simulations values, the validation or not of the
model could be made. Finally, consistent shapes related with the QU diagrams are desired between
the field test and simulation results, in order to support the validation of the implemented model.
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the similar results between the field test and simulations. Moreover, the shapes gotten from the QU
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SUMMARY

The main subject of this master thesis is the study of single phase to ground fault in a given
distribution network. SINTEF took part in a field test, which was done in 2005. After the field test
being done, a report was elaborated. The report became the main reference of this document. The
purpose of this work is the creation of a PSCAD model that can be an authentic representative of the
tested distribution network in 2005. Moreover, a detection and location method for single phase to
ground faults is tested in order to find any limitation in it and to be an important part of the validation

of the model.

The model was created from a variety of given information from SINTEF, a frequency line
dependent model was used as a part of the overhead lines representation, in order to have a model as
close as possible from the real distribution network behaviour. A deep study of resonant grounding
was made in this document, due to its direct involvement in the single phase to ground faults
measurements in the field test. The main focus of the model were related to the magnitude and the
orientation of the zero sequence currents, the latest ones are considered as the most important

variable of study throughout this work.

The validation of the proposed model was granted by the important variables consistency between
the field test and the given results from the simulations. The field test results were gotten from the
report elaborated by SINTEF. The QU diagrams, which were gotten from the simulations, gave the
expected behaviour according to the field test. Therefore, the proposed location and detection
method for single phase to ground faults gave an approval to the PSCAD model presented in this

document as an authentic representative of the distribution network tested in 2005.

|



Handling ground faults in Distribution Networks | 2009

ACKNOWLEDGEMENT

Firstly, I thank God for giving me the skills and determination to complete this important work in

my professional career.

I am sincerely grateful to my supervisor, Professor Hans Kristian Heidalen, for giving me the
opportunity to develop this interesting and challenging topic. Also, I could not have finished this
work without his valuable discussions and suggestions about the theory and the model developed in

this work.

I would like to thank, Sen. Scientist Astrid Petterteig for her good and supportive guidance during
work. SINTEF Energy Research and Norwegian University of Science and Technology employees
for their helpfulness and given facilities, as well as my colleagues, who were with me throughout all
these months, in special my colleagues from South America, Alexandra Lucero, Luber Perez and

Rafael Vera.

I wish to take this opportunity to express my gratitude to Alexandra Bochmann, for her love and
support at every moment until the final end of this work, and to Angel Vargas for his right words at

the right moment.

Last but not least, I would like to thank my friends and all my family, specially my parents and

my sister for their unconditional support, love and for always believing in me.

| i



Handling ground faults in Distribution Networks | 2009

TABLE OF CONTENTS

NUMDET OF PAGES ..cuvveeiieiieciie ettt et et e e et e e ebe e be e teessseesseesseassseesseesseesssesssessseenseensens i
1.1 I declare that this is an independent work according to the exam regulations.................... i
CRAPLET 1 ..ttt b et s h et b et sa et e e bt et e bt et sbe et e sbe et nbeenten 1
I INTRODUCGCTION ..ottt sttt ettt ettt ettt et et ese i 1
(O] 1 ;1) <) SRS 3
2 SINGLE PHASE TO GROUND FAULT REPRESENTATION ......ccccoceviiriininienenieieseene 3
2.1  The positive sequUeNCe IMPEAANCE ........eevueeruireieieiiereieeie ettt e seee e eeeseennes 4
2.2 The negative SeqUENCE IMPEAANCE ......ceeereerereireiieiieriieeieesteeeteeeeeeeesaeeeneeesseesneeeseeseennes 4
2.3 The zero sequENCe IMPEAANCE ........ceeeeveerieeieieeieeiteereeeeeete et e seteeaeeeeesseesseessseesseenseenseennnes 4
(O] 1 ;1) <) S USSP 8
3 SYSTEM GROUNDINGS ...ttt sttt sttt ettt et st sbe e sbe e 8
3.1 Ungrounded or Isolated grounding............cceeeieriiiiieiieiieeie et 9
3.1.1  Earth Fault Current and neutral point displacement voltage Analysis............ccccc..... 10
3.1.2  Fault deteCtiON ...oouieeieeiiieiie ettt ettt ettt et e et ettt e e s e e e st e enes 12

3.2 Solidly grounded SYSEIM ........cccieeuiiiieiiieciiecie et ereeseesere et e seeeseaeereesseessbeesseeseessaeenns 13
3.2.1 Earth fault current and neutral point voltage analysis...........ccceeevveevreercveencreenveennne 13

3.3 Resistance grounded SYSIEM.......cccviiieiiieiiieiieiie et erteeeee ettt e seeeeereeseeseeesseesseesseennes 14
3.3.1 Earth fault current and neutral point voltage displacement analysis..............cccu....... 16
3.3.2  Fault deteCtiOn ..c..ooueiuiiiiiiiietcieetete ettt 17

3.4 ResONaNt GroUNAING . ....ccecieruiieiieiieeie ettt te e te et et eeete et e sseesaeeeneeeseesneeenseeseesseeenns 18
3.4.1 General aspects of Resonant Grounding SyStemMS.........ccceecvererienirieneeneneenieneeeens 19
3.4.2 Principles of the fault current Compensation............ccceeeeuieiierieniieeseeieee e 20
3.4.3 Earth fault current and neutral point voltage displacement............ccccoevieeireirenennne. 27

(O] 1T 1< o TSR PR 29

4 FAULTY FEEDER IDENTIFICATION BASED ON THE CHARGE VOLTAGE

RELATION. ...ttt ettt ettt st b et a e s bttt b et sbe b ae e sre e 29
4.1 The ground fault analySis .........ccceeioiiiiiiiiee ettt 29
4.1.1 Discharge of the faulty overhead line ...........cccccevevieciiiiiiiiiiii e 30




Handling ground faults in Distribution Networks | 2009

4.1.2 Charge of the two healthy overhead lines ............ccceeveviiiiciii i, 31
4.1.3 Stationary state of the earth fault.............ccoccuiiviiriiiniiii e 33
4.1.4 Approach of the qu Method........c.cccveiiiiiiiiiiiecceeee e 34

L] 1T 0] 1<) e SR 41
5 PSCAD MODBEL ...ttt ettt sttt ettt et e st ensesseentenaeenean 41
5.1  Transmission line repreSeNtation ...........c.eccveerierieeereerieeriesreeseeseeesseeseesseessseesseesseessessnns 41
51,1 OVErhead HINES.....ccvviiiiiiiiiiiciie ettt stee e e e s e e e saneeesesaessnee s 42
512 CDIES ittt b et sttt sttt e naeenee 44
5.1.3  Load TranSfOrmMETS ......ecieiviiiiiiieetieeeiee ettt etee et e e etre e ette e eteeeeaveeetbeeeaveeeaneas 44
5.1.4  Feeder ConAUCLANCE .......cccvviiviiieiiieeiiee ettt etee et e etre e savae e tveesteeesaveeetaeesaveeas 45

5.2 SUDSEALION ..euvieutieiiiiieiiete sttt sttt ettt et b ettt eh et b et et et sae et beenee 45
5.3 HenNNING FEEACT.......iiiiiiiiieciee ettt ettt e e re e etb e e s sreeesbeesssaeeessaeessseesssaeanes 46
5.4 Sparbu feeder (FAULTY fEEAET) ..ecvviiiiiieciiiiiee ettt e e e st serae e 47
5.5  Sandvollan fEEdET ........coouiiiiiiiiiiie e e et e et e ans 47
5.6 SPECIAL DLOCKS ..c.neieeiieiieee ettt ettt et eneas 48
5.7 Parameter SEHNES......cccveeiieiierieeieeieeriteete et estteeeteesseeseessseenseesseesseeesseenseesssessseenseenseennes 49
5.7.1  Main tranSformer (DSLEIAS) ......c.eecveereeiiieireeiieieeeteesteeseeeereesreeseeessseenseesssessseenseeseas 49
5.7.2  HenNING FEEAET .....oocviiiiiiiieiieeeeeee ettt ettt sae et seae e enneas 49
5.7.3  SParbUu FEEAET......oeiiieiieieeeeeee et 50
5.7.4  Sandvollan FEEAET .........cccoviiiriiiiiiieiee ettt et ae e e e sareeentaeeenee s 50

6 RESULTS ettt s h e bbbt et et e bt et e e bt et e sstebeeneeneesneenee 51
6.1  Is0lated COnAItION.....ccuiiiiieiiiie it eciee ettt e ette e e teeetr e e ebbeesebeeebbeesareeessbaeensseessreeanes 52
6.2 Resonance curve CalCulationS.........ocveeiciiieiiiieiieecie ettt et eestveeere e e s veeeereesree e 54
6.2.1 Resonance curve with Parallel resistance connection .............ceceevevverieevenenieenennns 55
6.2.2 Resonance Curve without Parallel Resistance Connection...........cccecveeveeevieeeennnnne. 56

6.3 100% Compensation with Parallel Resistance Connection...........ccceeeveeveveeerveesreveesveennns 57
6.4 80% Compensation with Parallel Resistance Connection.............ceceeeeeeevieneeneneeniennenn 59
6.5 80% COMPENSALION.....eouiiiiiuiieiiitiritete ettt ettt sttt ettt sae et bt et e sbe et sbe et saeennesbeeane 60
6.6 80% Compensation with Parallel Resistance and High fault Resistance...........c..c.c....... 62




Handling ground faults in Distribution Networks | 2009

6.7 100% Compensation without Parallel Resistance Connection and High Fault Resistance

64
CRAPLET 7 ..ttt et s b et s b et b et a et e h et bt et bbbt nne e 67
7T DISCUSSION ..ottt ettt ettt ettt be ettt s b et b e e b b e b e 67
(O] 1101 ) U SRS 70
8 CONCLUSIONS AND RECOMMENDATIONS ......ccooiiiiiiiieieieieteeeeeceeesesesee e 70
9 FUTURE WORK ...ttt ettt ettt 72
O 5 310] 1074 1] 12U 73

|Vi



Handling ground faults in Distribution Networks | 2009

TABLES
Table 5-1. Main Transformer PArameters ..........cccvereerieeeieerieerierieeteeseesreeseesseesseessseeseesseesssennns 49
Table 5-2. Overhead Lines Parameters ..........cceoeeuerieeriirieiienieeienieeie sttt ettt 49
Table 5-3. Cable PATAIMELETS .......ccoeerieeeiieitieiieite et ertesreereesseesteessseesseesseesssessseesseesssessseeseesseeses 50
Table 5-4. Load transformer Parameter ..........c..eevcveeerreeeriieeieeerreeesereeeteeeseseeeereesseeesssesessseessnees 50
Table 5-5. Fixed Load parameters ...........cccveevuiieririeeiieeeiieesreeeereeereeesreeeseseessseeessseeesssesssssessssees 50
Table 5-6. Overhead Lines Parameters ..........ccceecueeriierieieieeiieesie ettt eeee et e e eee e e seeeeees 50
Table 5-7. Overhead Lines Parameters ..........ccviereveeerereeerreeeieeesreeesereeesreessseeessseessssesssseeesssesssseees 50
Table 5-8. Cable PATAMETETS .......cecueeiieeieeiierie et teete et e et et te et e e et esseeeaeeenseeseesseeenseeseeseenes 50
Table 5-9. Load Transformer Parameters..........cccuvecuierierieriiierieesiieeteesieeseeeseeeseeseeseeesnseesseesseennns 50
Table 5-10. Fixed Load Parameters ..........cccvervveeeieeriieiieiieeiieeseeseeeieeseeesseeseeeseesseesssesnseesseesssenens 50
Table 6-1. Phasors Magnitude for Isolated Condition .............ccecvevceievieneeniieiienieeeee e 52
Table 6-2. Phasors Angle for Isolated Condition.............ccoeevevieiieeciieniecie et 53
Table 6-3. Resonance Curve data............cocoovevieriiiiniiniiiieieeeeee et 55
Table 6-4. Resonance Curve Data...........cccooeeiiiiiiiniiiiiniieeceeeee e e 56
Table 6-5. Phasors Magnitude with Parallel Resistance Connection.............cceeceeveeeieeceensieeneenne. 57
Table 6-6. Phasors Angle for 100% Compensation with Parallel Resistance Connection............. 58
Table 6-7. Phasors Magnitude in 80% Compensation with Parallel Resistance Connection......... 59
Table 6-8. Phasors Angle in 80% Compensation with Parallel Resistance Connection................. 59
Table 6-9. Phasors Magnitude in 80% Compensation SYSteM .........c.c.ccvverreererecrierreeseenveesseesseennes 60
Table 6-10. Phasors Angles in 80% Compensation SYStEM ...........ccvveeerveerreeerveerreeerreeeseveesnees 61

Table 6-11. Phasors Magnitud in 80% Compensation with Parallel Resistance and High Fault
RESISTANICE ...ttt ettt sttt b et s bt ebe et e e bt et e bt et e sae e e e beenee 63

Table 6-12. Phasors Angle in 80% Compensation with Parallel Resistance and High Fault

RESISEATICE ...eouvieiiiieiiieiieeie ettt e et e et e ettt e bt e teesseeesseesseeeseessseansaensaenssesssesnseenseenssesnsenns 63
Table 6-13. Phasors Magnitude in 100% Compensation System and High Fault Resistance......... 65
Table 6-14. Phasors Angle in 100% Compensation System and High Fault Resistance................ 65

| i



Handling ground faults in Distribution Networks | 2009

LIST OF FIGURES

Figure 2.1: The positive, negative and zero sequence coordinate bases each consists of a set of
1101 (STo o] 4 P £ USRS 3
Figure 2.2: Circuit Layout of the three phase sequence SyStems ...........cceevveevveereenererreeneeseeneeennns 4

Figure 2.3: Positive, negative and zero sequence networks representing a three phase distribution

Figure 2.4: Positive, negative and zero sequence networks, connected to represent an earth fault..6

Figure 3.1: ISOlated SYSTEIM.....cciciiiiiiiieiiieciie ettt eee et e e e str e e ereeetre e stseeestaeesssaeessseeassaeesssanans 9
Figure 3.2: Equivalent cirucit of ground fault in an isolated SyStem ...........ccccceeveenireieeieenienne 10
Figure 3.3: Sequence network equivalent of earth fault in isolated neutral system.............c.......... 10
Figure 3.3: Voltage phasors after and before a ground fault in isolated system..............ccceveneenne 11
Figure 3.5: Solidly grounded SYStEIM .........cccuiviiiiiiiiieeiieiieeeetee ettt eeebe et e seneesnens 13
Figure 3.6: Equivalent circuit of earth fault in solidly grounded system............ccccccoeeververreennnnne. 14
Figure 3.6: (a) Phasor diagram for normal operations (b) Phasor diagram for a ground fault ....... 14
Figure 3.8: Resistance grounded SYSIEM.........cciiruiiririiieiieieeie ettt ee e e e e 15
Figure 3.9: Sequence network equivalent of an earth fault in a resistance grounded system......... 16
Figure 3.9: Equivalent cirucuit of an earth fault in resistance grounded system.............cccccuveneen. 16
Figure 3.11: Compensated SYSTEIM.......c..oviriiriiriiieriieieeitee sttt st st 19
Figure 3.11: Simplified compensated system a) unfaulty b) with a single phase earth fault.......... 21
Figure 3.11: Phasor diagrams a) Unfaulty system b) Phase to ground earth fault.......................... 22
Figure 3.11: Unfaulty compensated system with capacitive and resistive unbalance and damping
.............................................................................................................................................................. 24
Figure 3.11. Resonant curve with changing damping and constant K..............ccoccceeeieiienieniennnns 27
Figure 3.16: Sequence network equivalents of ground fault in compensated system .................... 28
Figure 4.1. Discharge of the faulty line over the earth...............ccoeovieiieriiieiieee e, 30
Figure 4.2. Change of the voltages during the charging process .........ccecvevvveveereerceeeseeneeneeenenns 31
Figure 3.11. Charging of the two healthy lines over the earth............c.cccoeeviieniiiiciiece e, 32
Figure 3.11. qu diagram of a low ohmic earth fault..............ccceeeiiiriiiiiin e 36
Figure 3.11. qu diagram of a high ohmic fault...........c..ccooiiiiiiii e, 36
Figure 3.11. Phase splitting in the healthy network .............ccooiiriiiiiii e, 38
Figure 3.11. a) Single conductor cables in parallel b) Single conductor cables in triangle............. 39
Figure 3.11. Magnetic coupling of parallel SYStemS ............ccceeveieiiieciieniieiieceeseeeee e eieeeveeveens 40




Handling ground faults in Distribution Networks | 2009

Figure 3.11. T-Line ConfigUration..........ccccccueeiieriieriieeiieiiesieesieeeteeveesteeeveeseesseessneesseesseesssesssenns 43
Figure 5.2. Overhead Line TOPOlOZY .......ccicviiiiiiieiiieciie ettt e e s e ssree e seneeeenee s 44
Figure 5.3. Osteras substation RepreSentation ...........cc.ceecuierierieeieeiiesie et et 45
Figure 5.4. Henning Feeder repreSentation ............cocuieiieiierienie e eiie et see e eiee e ens 46
Figure 3.11. Sparbu feeder repreSentation ............coceeveveriererienenieeee e 47
Figure 5.6. Sandvollan feeder representation.............ceveeiererienienienienienenesieee e 48
Figure 3.11. On-line Frequency Scanner (FFT).........ccccioiiiiiiiiieieeceeeeeeee et 48
Figure 3.11. PRasOr-IMELET ......ccccuviiiieeeiiieciieeetee et sttt e et e e sttt e e bt e estaeesesaeeseseesssaeesssaeessnesssneens 49
Figure 6.1. Arc Suppression coil arrangement with parallel resistance............ccccceeeeeeieeniinneenenn. 51
Figure 6.2. QU Diagram in Isolated SyStem ........cccccciieiiriieiieiieeieeteee et 53
Figure 6.3. Resonance Curve with parallel resistance connection..............cceeeeereereeeceesceneeneenne 56
Figure 6.4. Resonance Curve without parallel resistance CONNECtiON.........cevevverveevierveniereeniennennn 57
Figure 6.5. QU Diagram in 100% Compensation and Parallel Resistance Connection ................. 58
Figure 6.6. QU Diagram in 80% Compensation with Parallel Resistance Connection................... 60
Figure 3.11. QU Diagram in 80% Compensation SYSteIM..........cccveerreeerveesirreesveeesnreesseeesseesssnes 62
Figure 6.8. QU Diagram in 80% Compensation with Parallel Resistance Connection and high
FAULE TESISTATICE ...ttt ettt ettt et et et s bt et sae et et e esbe e enaeeaees 64
Figure 6.9. QU Diagram in 100% Compensation System and High Fault Resistance.................... 66

I ix



Handling ground faults in Distribution Networks | 2009

PREFACE

This thesis is part of the diploma work at the Universidad Simon Bolivar — Caracas, Venezuela,
Department of Power Engineering; also part of the International Student Exchange Program with the

Norwegian University of Science and Technology (NTNU), Trondheim-Norway.

In my fifth and last year of studies in power engineering, I decided to take a new personal
experience as an exchange student in Norway, at NTNU, Trondheim. Here, I confronted new
challenges in relation to a new culture, a new education system with exams in a different language
than my native language. However, most of all was the realization of a research document. All the

challenges have been overcome so far, including the last which is fulfilled through this final work.

The theme of the work was study of single phase to ground faults, mainly in resonant grounding. A
PSCAD model was developed from a field test, where SINTEF was one of the main companies in
the project. The model should have a similar behavior as the real network, where the field test was
done. Therefore, certain numbers of cases were implemented in the PSCAD model, in order to
compare with the results given by the field test. Moreover, a detection and location method for single

phase to ground fault is tested in this model.

During these five months of hard working in this final document, I have been involved with many

special persons, who have been very attentive, supportive and helpful during work.

Trondheim, 18" December 2009

e

Signature




Handling ground faults in Distribution Networks | 2009

Chapter 1

1 INTRODUCTION

In distribution systems which are not resonant grounded, fault current magnitudes are increasing
due to the extension of the underground cable network. Since, the cables can be adapted to higher
capacities, underground cables bring about a considerable increase in the magnitude of fault currents
with respect to overhead power lines, due to the increasing value of the ground capacitances [1].

Thus, the use of Petersen Coil has been quite used in distribution systems.

Compensated networks (systems with resonant grounding) have gained popularity over the last
years in distribution networks. This is mainly due to increased focus on reliability of supply. The
number of faults is reduced significantly, and thus running expenses for the utility can be brought
down. The arc suppression coil was invented by W. Petersen in 1916 [2] as result of his pioneering
work in investigating ground fault phenomena. A well tuned Petersen Coil compensates for the fault
current and most arcing faults become self extinguishing. Several methods are utilized in order to
detect and located earth faults in compensated networks. However, the not transposed construction of
the current Medium Voltage networks increases the challenge for the detection and location methods

during faults [3, 4].

If the fault can be located rapidly and accurately, the time of the fault would be shorten and the
losses may be reduced greatly, but there are just a few methods for single phase to earth fault
location for rural distribution networks, this is one of the main reasons why researches have been
done lately in this area [5]. This work will be dealing with a location and detection method named
Charge — Voltage Relation, which uses the charge (i.e the integral of the current) rather than the
current itself for identifying the faulty feeder. The main reason for their approach is that the charge
of the healthy feeders is more or less proportional to the instantaneous value of the zero sequence

voltage and the healthy feeders are identified based on the shape of the charge voltage curves [6].
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This work could not be possible without the initiative of the project Distribution 2020 — Fault
Handling and Integration of Distributed Generation in Medium Voltage network, which aims to
develop overall solutions to minimize consequences and costs related to major challenges for the
future distribution networks. After the previous project, a field test was done in Osteras Substation
by SINTEF and other companies, which are taking part in the project Distribution 2020. A report
was developed by SINTEF, the report contents different results obtained in the field test [7], and
some more of them are presented in another memo, which was done as well by SINTEF [8], showing

details and illustrating the results in alternative ways.

The field test in a rural distribution network was performed in order to expand the distribution
project in development. The aim of this document is the creation of a computational model in
PSCAD with the purpose of pursuing similar behaviour as the tested rural network. Moreover, the
detection and location method is proved in this computational model. The description of the model
will be made, after describing important key points in the theory, as the single phase to ground
behaviour, system grounding and the proposed detection and location method for single phase to
ground faults. Further on, the results from simulation will be presented, in order to have precise

conclusions from it.
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Chapter 2

2 SINGLE PHASE TO GROUND FAULT REPRESENTATION

In three phase networks short circuits can generally be classified as below, depending on the

number of line conductors affected, with or without fault to ground:

0 Three phase fault.
0 Two phase fault clear of ground.
0 Two phase to ground fault.

0 Single phase to ground fault.

This work is restricted to single phase to ground fault analysis, in order to perform this study,
symmetrical components become a necessary knowledge before analyzing the single phase to ground
behaviour in different kind of grounding. Calculation with symmetrical components will be

described, in the following.
The description of this chapter is based on [9], [10], [11] and [12].

The use of symmetrical components is a mathematical method that is based on a change of the
system of coordinates. It involves a transformation from Phase coordinates to sequence coordinates

a;, a, and a3 as it is shown in the Figure 2.1.

e

Ll

Figure 2.1: The positive, negative and zero sequence coordinate bases each consists of a set of three phasors
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In accordance with the definitions of the systems the effective impedances for the different
components are called the positive sequence, negative sequence and zero sequence impedances. The
next figure shows the circuit layouts of the individual networks for measurement of the impedance
values. For short circuit studies, symmetrical three phase voltages are used for the positive sequence

and negative sequence systems, and a single phase voltage source for the zero sequence system.

Positive-sequence Megetive-sequence FErO-SECuETies

EYEtam BYStEm SyEmein
r r T

1 —— =
r‘c j & g | ‘ 8 | 8 .
[ R [
th Zy f Uy 23 Iy ~) Uy £y hy i
FITTITIEIIEY

Figure 2.2: Circuit Layout of the three phase sequence systems

2.1 The positive sequence impedance

The positive sequence impedance z; is the impedance of the items of plant, equipment and lines
measured under balance load conditions. It is therefore equal to the per phase impedance of the lines,
the short circuit impedance of the transformers and reactors and the effective generator impedance at

the instant of occurrence of the short circuit.

2.2 The negative sequence impedance

The negative sequence impedance z, for lines, transformers and reactors is the same as the
positive sequence impedance, because the impedance of these is unchanged if a symmetrical voltage

system with reverse sequence is applied to them.

2.3  The zero sequence impedance
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The zero sequence impedance z, can be determined by measurement or calculation, the three
phases of the three phase network being connected in parallel and a single phase alternating voltage
applied to them. Generators usually have a very much smaller zero sequence impedance than the sub
transient reactance. The value of the zero sequence impedance of transformer depends on the kind of
connection. Star-delta transformers have a zero sequence impedance from about 0.8 to 1 time the
positive sequence impedance. Star-star transformers without tertiary windings have a zero sequence
impedance of about five to ten times the positive sequence impedance. Because of the large leakage
flux flowing through the transformer tank walls and consequent heating they are not generally
suitable for system grounding. In the case of shell type transformers and banks of three single phase
transformer in star-star connection the zero sequence impedance is of about the same order as the
open circuit impedance because of the free magnetic return path. They are therefore unsuitable for

system grounding.

The zero sequence impedance of lines depends greatly on the kind of transmission (overhead lines
or cables) and the electrical conductivity of the soil. The three currents of the zero sequence system,
equal in magnitude and direction, are opposed by an impedance which in the case of overhead lines
result from the loop constituted by the three line conductors and earth and in the case of cables by the
loops constituted by the three cable cores, lead sheath and earth. The zero sequence reactance of
overhead lines is about 3 to 3.5 times greater than the positive sequence reactance depending on the
conductor section and conductor arrangement. The effective (a.c.) resistance of the zero sequence
system includes both the effective resistance of the line conductor and that of the earth return. The
latter necessitates and addition of about 0.15 0 /km to the effective resistance of the conductor, the

ground resistivity may change according to the type of soil.

In the case of overhead lines with earth wires part of the zero sequence current also flows back
through the earth wires. The use of steel earth wires does not significantly reduce the zero sequence
reactance, but there is a marked reduction when earth wires with good conductivity, e.g. of steel

cored aluminium or copper, are employed.

The zero sequence impedance of cables differs much more from the positive sequence impedance

than with overhead lines because of the widely differing influence of the lead sheath. Belted cables
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have a higher zero sequence reactance than three core cables with separately lead covered cores (SL
cables), which in turn have a higher zero sequence reactance than single core cables. The effective
(a.c.) resistance of the zero sequence system includes both the effective resistance of the cable cores

and that of the lead sheaths, whereby it is increased several times.

The single phase to ground fault analysis is performed by transforming the three phase network
into positive, negative and zero sequence networks, as it was previously explained. The sequence
networks can each be represented by a two terminal network. The positive, negative and zero
sequence two terminal equivalents are shown in the next figure. In three phase systems, all voltages
are generated in the positive sequence network and consequently, the negative and zero sequence

two terminal networks only consist of the equivalent impedances.

he Do Zoeg

+ + +
Ul aq Ul Uz Uu

Figure 2.3: Positive, negative and zero sequence networks representing a three phase distribution system

The Figure 2.4 shows a series connection of the sequence networks, which represents a single

phase to ground fault.

Figure 2.4: Positive, negative and zero sequence networks, connected to represent an earth fault
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During an earth fault, the three sequence currents equal each other at the fault location. The total
fault current I is the sum of the sequence currents and thereby three times the positive, negative or
zero sequence current. The fault impedance Ry must be multiplied by three to be properly

represented in the sequence network connection, according to the previous figure.
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Chapter 3

3 SYSTEM GROUNDINGS

The system grounding is the combination of components that are used to control the behaviour of
system parameters at the moment of any asymmetry in the network. In practice, the system

grounding consists of connections between transformer neutral points and earth.

The kind of system grounding influences the zero sequence equivalent impedance of the system
and by that, the unsymmetrical fault current, which determines the voltage at the transformer neutral,

that is to say, the neutral point displacement voltage.

The main goals of system grounding are to minimize voltage and thermal stresses on equipment,
provide personnel safety, reduce communications system interference, and give assistance in rapid

detection and elimination of ground faults.

With the exception of voltage stress, operation a system as ungrounded, high-impedance
grounded or resonant grounded restricts ground fault current magnitudes and achieves most of the
goals listed above. The drawback of these grounding methods is that they also create fault detection
(protection) sensitivity problems. We can create a system grounding that reduces voltage stress at the
cost of large fault current magnitudes. However, in such a system the faulted circuit must be de-
energized immediately to avoid thermal stress, communications channel interference, and human
safety hazards. The disadvantage of this system is that service must be interrupted even for

temporary faults.

The following is a brief description of the grounding methods typically used in medium voltage

networks, doing special focus in Isolated Neutral and Resonant grounding.
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3.1 Ungrounded or Isolated grounding

Provided the safety requirements are fulfilled, the system grounding shall be designed to keep
associated costs as low as possible. The easiest and cheapest method for system grounding is to leave

the transformer neutral points isolated. Figure 3.1 shows an earth fault in an isolated system.

The description of this chapter is mainly based on [10] and [13].

= e120°

Figure 3.1: Isolated System

In conventional systems consisting of overhead lines and short cables, the series impedance is
very small compared to the shunt impedance and does not influence the earth fault behaviour. It can

therefore be neglected in the three phase equivalent circuit shown.

In an isolated neutral system (see Figure 3.1), the neutral has no intentional connection to ground:
the system is connected to ground through the line to ground capacitances. Single line to ground

faults shift the system neutral voltage but leave the phase to phase voltage triangle intact.

For these systems, two major ground fault current magnitude limiting factor are the zero sequence
line to ground capacitance and fault resistance as it could be seen in the equivalent circuit of earth
fault (Figure 3.2). Because the voltage triangle is relatively undisturbed, these systems can remain

operational during sustained, low magnitude faults.
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Figure 3.2: Equivalent cirucit of ground fault in an isolated system

3.1.1 Earth Fault Current and neutral point displacement voltage Analysis

The fault current and the neutral point displacement voltage can be derived from the equivalent

circuit in Figure 3.3 or the sequence network equivalent in the upcoming figure.

Both the current and the voltage reach their maximum values during a solid earth fault, i.e when

the fault resistance is zero. In this case, the fault current will be limited by the capacitance and the

e

fault resistance:

+

Unﬂ T T

Figure 3.3: Sequence network equivalent of earth fault in isolated neutral system

1 3.1
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Upa-3jwC
Jp=—paBe 39
1+ 3jwCyRy
In the special case of Ry = 0 (). The fault current becomes:
Iy =3Iy = 3jwCyUy, 33

Throughout the previous expression, it could be seen that the fault current is proportional to the
total capacitive connection to earth. If the capacitance of the system is strong, the magnitude of the
fault current will be therefore large and possibly dangerous. If the maximum earth fault current is
considered dangerous, an isolated neutral system is not sufficient to fulfill the safety regulations and

a different system grounding is required.

The voltages between the neutral point and the healthy phases are not influenced by the earth fault.
The next figure shows how the magnitudes of the line voltages and line to ground voltages after a

single phase to ground fault is applied.

Line-voltages
unchanged B

Before

Figure 3.4: Voltage phasors after and before a ground fault in isolated system

The presence of a fault resistance increases the equivalent impedance of the system. This
decreases the magnitude of the fault current as well as the magnitude of the neutral point

displacement voltage.

The fault resistance adds a resistive part to the equivalent impedance and the earth fault current

therefore consists of a resistive as well as reactive component:
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RrBwCy)?Upy  3wC,Upq

3.4
1+ (R30C,)2 T+ (R:30C, )2

[ =1Ig+jl; =

Since there is a voltage drop across the fault resistance, the entire pre fault phase voltage is not
applied across the system capacitance. The neutral point displacement voltage does not equal the pre
fault phase voltage but is instead determined by the relation between the zero sequence impedance

and the fault resistance, as it could be deduced form the Figure 3.2.

—Upq —If

O T T+ 3jwC,R;  3jwC, 32

UN=U

Even though the neutral point displacement voltage does not reach the pre fault phase voltage
value, it differs from zero, and the magnitude of the voltage of the healthy phases might still exceed
the pre fault values, as it could be appreciated in the Figure 3.2. The phase and the magnitude of the
neutral point voltage and the voltage across the fault resistance depend on the phase and magnitude

of the earth fault current, and the fault resistance.

3.1.2 Fault detection

If the unsymmetrical current and the neutral point displacement voltage measured during earth
faults differ sufficiently form normal operation values, they can be used to detect earth faults in the
system. Typically, over voltage relays are used to detect the neutral point displacement voltage and

directional residual over current relays are used for selective fault detection.

The relay settings, i.e. the relay operation thresholds, decide the sensitivity of the ground fault
detection. Since high-impedance faults give relatively low fault currents and neutral point
displacement voltages, high-impedance fault detection requires low relay operation thresholds.
However, there are always natural unbalances in the systems. Natural unbalances give rise to a
neutral point displacement voltage and unsymmetrical currents equivalent to those of very high-
impedance faults. The voltage and currents can cause unwanted relay operation during normal

operation if the thresholds are set too low.
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If an acceptable balance between the desired detection and natural unbalances cannot be reached,

different system grounding is required.

Isolated neutral grounding might lead to high fault currents in systems with very strong
capacitance and is therefore not a suitable grounding method in system with extensive use of cable.
As it might also lead to insufficient fault detection in systems with very weak capacitance, it is

neither suitable as a system grounding in small networks consisting of overhead lines.

3.2 Solidly grounded system

To be classified as solidly grounded system, the system must have (X,/X;) < 3 and (Ro/X41) < 1,
where X, and R, are the zero sequence reactance and resistance, and X, is the positive
reactance of the system [14]. In practice, solidly grounded systems have all power system neutrals

connected to earth (or ground) without any intentional impedance between the neutral and earth.

Figure 3.5: Solidly grounded system

3.2.1 Earth fault current and neutral point voltage analysis

Ground faults on these systems may produce high magnitude currents that require tripping the
entire circuit and interruption load to many customers. About 80 per cent of ground fault occurring
on overhead distribution lines are transient. For these systems automatic multishot reclosing is
widely used. The resulting interruption/restoration cycle can represent a problem to customers with

large rotating loads or those with loads intolerant of voltage sags.
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Figure 3.6: Equivalent circuit of earth fault in solidly grounded system

In Figure 3.6, the fault current in solidly grounded systems is limited only by the fault resistance

and by the series impedance from the transformer or the line, which in this case was neglected.

Solid grounding reduces the risk of over voltages during ground faults. These faults do not shift
the system neutral (see next figure). Thus, the system does not require as high a voltage insulation
level as does an isolated neutral system. Transmission systems are typically solidly grounded

throughout the world.
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Figure 3.7: (a) Phasor diagram for normal operations (b) Phasor diagram for a ground fault

The typical ground fault protection for solidly grounded systems consists of residually connected

(or equivalent mathematical summation) non directional and directional over current relays.

3.3  Resistance grounded system

In order to facilitate high impedance earth fault detection in systems with weak capacitive
connection to earth, the difference between high impedance earth fault currents and voltages, and
those during normal operation must be increased. One way to increase the margin between high

impedance earth fault currents and currents due to normal operation unbalances is to connect a
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neutral point resistance to the neutral points of some of the transformers in the system. The

upcoming figure shows an earth fault in a system with a resistance grounded neutral.

Figure 3.8: Resistance grounded system

The resistor used in this kind of grounded system can be a high resistance as well as a low
resistance. The high resistance is used in order to limit transients over voltages and currents to safe
values during ground faults. Meanwhile the low resistance has objective of limiting the ground fault

current, in that way the thermal stress is reduced and less expensive switchgear can be bought.

Typical fields of application for resistance grounding include generators connected in a generator

transformer unit [14] and medium voltage industrial plant distribution networks [15].

The Figure 3.9 will show the corresponding sequence networks equivalent. Since conventional

distribution system is assumed, the series impedance is neglected in the next two equivalent circuits.
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Figure 3.9: Sequence network equivalent of an earth fault in a resistance grounded system

Since the neutral point resistance is parallel to the equivalent capacitance of the system, it
decreases the magnitude of the resulting equivalent impedance and shifts its phase. These changes of
equivalent system impedance magnitude and phase influence both the low ant the high impedance
earth fault behaviour of the system. Therefore, the next figure will show the equivalent circuit of and

earth fault in resistance grounded system.
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Figure 3.10: Equivalent cirucuit of an earth fault in resistance grounded system

3.3.1 Earth fault current and neutral point voltage displacement analysis

The maximum earth fault current in resistance grounded system consists of a resistive as well as a

reactive component, in this section the fault resistance has been neglected.

. Upa .
I =1g +jlc = R + j3wCyUpq 3.6

n
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In overhead line systems with weak capacitive connection to earth, the capacitive shunt reactance
is very large compare to the parallel neutral point resistance and the maximum earth fault current is

therefore determined almost exclusively by the neutral point resistance:

1 Upa
R > 3ng = If ~ — 3.7

N Ry

From figure 1-7, the neutral point voltage can be expressed

UN = _Upa 38

3.3.2 Fault detection

A fault resistance reduces the magnitude of the fault current. In resistance grounded systems with
weak capacitive connection to ground, the phase of the current is however unaffected and the current
solely resistive:

Upa
I =—L%
R, + Ry

3.9
Since the neutral point resistance decreases the zero sequence impedance, the amplitude of the
earth fault current will look like the amplitude of the earth fault current in isolated neutral systems
with much higher capacitive connection to earth. Consequently, small overhead line systems with
weak capacitive connection to earth can be resistance grounded in order to facilitate earth fault

detection [10].

Nonselective ground fault detection is possible by sensing system zero sequence voltage
magnitude and comparing it with an overvoltage threshold, or by measuring all three phase to ground
voltages and comparing each voltage magnitude against an under voltage threshold. To find the
faulted feeder, you must use sensitive zero sequence directional elements or disconnect feeders to

determine when the zero sequence voltage drops to a normal level
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3.4  Resonant grounding

According to [16], Experience with resonant grounding has been very satisfactory. The equipment
requires practically no maintenance and hardly any attention since detuning is permissible within
reasonable margins, according to the network topology. The major field of application of resonant
grounding is at voltages of 69 kV and below. Operation on sustained faults has been successful in
many systems for hours and even days. Therefore, one way of improving power quality is to use
resonant grounding whereby the compensatory effect of the coil minimizes the fault current and
allows service to be maintained during a fault. The disadvantage is the difficulty of selective fault

detection, which is, in fact, due to the low levels of fault currents.

In not resonant grounded distribution systems, fault current magnitudes are increasing due to the
extension of the underground cable network. Since, the cables can cope with higher capacities,
therefore, the ground capacitance may be higher, underground cables bring about a considerable
increase in the magnitude of fault currents with respect to overhead power lines. Thus, relatively
short underground cable lengths may have a considerable effect on the magnitude of the fault current

in medium voltage systems.

During normal system operation, the grounding method does not have a relevant impact. However,
consequences of single phase faults on the system depend to a large extent on the grounding method
chosen. In systems with low impedance grounding, these single phase faults cause considerable fault
current, requiring complex grounding facilities; at the same time, these large currents allow the faults
to be detected and cleared quickly. In the case of grounding using a resonant coil, the fault current is
reduced to a minimum, because the inductive reactance of the coil compensates the capacitive
reactance of the system at all times. Using resonant grounded systems, transient outages are
automatically cancelled (normally self extinguished arcs) without response of the switches or fuses
within the system; therefore, the service is not interrupted. Thus, supply may be maintained during
the fault. Some comment should be made of the facts that this methodology is used in countries in
northern and central Europe and that research to this end is being carried out in France, Italy and the

United Kingdom, countries that are not traditional users of the resonant grounding system.
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3.4.1 General aspects of Resonant Grounding Systems

A resonant grounding system has a variable single phase reactance (Arc Suppression Coil or

Petersen Coil), connected between the neutral of a transformer and the earth. The inductive current

of the coil cancels the capacitive fault current so that the current, which circulates through the fault

point, is reduced to a small resistive component. This residual current is originated by the

conductances in parallel with the grounding capacities of the system, the losses of the coil itself, and

the resistance of the arc.

Figure 3.11: Compensated System

Some of the most important advantages of using the resonant coil as grounding method are as

follows [17]:

(0]

Compensation of the fault current reduces the current to a level that the values established
by electrical safety regulations for increases in the grounding voltage can be achieved at a
reasonable cost for grounding.

The number of high speed automatic re-closures caused by ground faults is reduced by
between 70 and 90 per cent, thus reducing the number of transitory clearances in a
network.

The need for maintenance of the switches is reduced.

The voltage increase after extinction of the arc is slow, thus reducing the risk of restarting
the arc.

In single phase fault conditions in the system, it is possible to operate for a space of
several hours, even when the fault persists.

When the network operates in permanent fault conditions, the power dissipated in the fault

is very small due to the compensation.
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0 The compensation reduces the possibility that a single phase fault develops into other
types of faults (double phase or three phase) due to the self extinguishing effect exerted by

the compensation.

However, this method of grounding also involves the following drawbacks.

0 In protection systems using traditional technology, the reliability and sensitivity of relays
is reduced.

0 The difficulty of locating faults is increased.

0 During the ground fault, voltages in the sound phases increase by square three (v3). It
limits implementation of this type of grounding to intermediary voltage systems. It would
not be economically viable, because of the investment required in the insulation to
implement it on higher voltage levels.

0 The probability of double ground faults increases in weak points in the system due to the

voltage increase experienced.

3.4.2 Principles of the fault current Compensation

In order to demonstrate the principle of fault current compensation, the simplified system shown
in the next figure is considered. The power system and the voltage source are supposed to be
symmetrical and linear; reactances of the line and of the voltage sources are neglected in a first step.
The system is unleaded and only the steady state at the nominal frequency will be considered,
neglecting all transient phenomena and harmonics. The latter simplification will apply for all

considerations developed below.

This section is based on [1].
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Figure 3.12: Simplified compensated system a) unfaulty b) with a single phase earth fault

The remaining parts of the system are the symmetrical voltage source Uy, U, , U; , the phase to

ground capacitances Cy g, C,5, C35 and the inductance between the neutral and ground L.

First, the unfaulty system Figure 3.12: is considered. The Phasor diagram for this case is shown
in Figure 3.13: . Since the system is supposed to be symmetrical, the vector sum of the capacitive

earth current and, consequently, the current in the neutral inductance, Iy equals zero:

Iyg = —(Lip+ L +135) =0 310

Hence, the neutral to ground voltage Uy is zero as well, the potential of the neutral being equal

to the ground potential.
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Figure 3.13: Phasor diagrams a) Unfaulty system b) Phase to ground earth fault

So far, the grounding method of the neutral is not importat. This changes is a single phase earth
fault is considered between, e.g., phase 1 and ground. In this case, the potential of the faulty phase is
identical with the ground potential. The voltage between the two healthy phases and ground is
increased and the voltage between the neutral and ground becomes the inverse of the faulty phase
source voltage. The Phasor diagram of this configuration is shown in Figure 3.13. The fault current is
given by the vector sum of the current in the neutral inductance and the capacitive earth currents of

the two healthy phases:

Ig=1l1g = —Ing — (Izg + I35) 3.11

Hence, as can be seen in the vector diagram, the current in the neutral inductance (—Iyg) and the
resulting capacitive earth current of the healthy phases (I,; + I35) are opposite to each other. It is
thus possible to obtain a zero fault current by adjusting the magnitudes of the two currents properly.
The capacitive earth current depends on the topology of the system and cannot be in influenced. On
the other hand, the magnitude of the neutral current Iy depends on the value of the neutral
inductance and therefore can be modified. Considering the inductive neutral to ground current to
compensated the capacitive phase current leads to the names compensated system and earth fault

compensation and to the following definitions:
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> Over compensated
|Ivg|{= |l,g + Izg|: the system is {Compensated or Tuned
< Under compensated

If the system is exactly tuned, the fault current is zero. Earth faults due to arcs can not subsist
since there is no recovery voltage to maintain the conducting channel. Therefore, these faults will
disappear immediately after their occurrence [18]. For all other single phase earth faults, the fault

current is very small (0.1A ... 5A).

The simplifications assumed in this paragraph to explain the principle of resonant grounded
system do not always represent the physical system with enough accuracy. In order to explain some
phenomena observed in unfaulty compensated system, in particular a relatively high neutral to

ground voltage, the theory expose in the following paragraph has been developed.

3.4.2.1 Basic theory

The system shown in the next figure is considered. The voltage sources are still supposed to be
symmetrical, and the system is unloaded and linear. Due to the geometry of the line, the phase to

ground capacitances of the three phases C;g, C, g, C3p are slightly different.

The resistances of the neutral coil windings and the phase to ground resistances Ry, Ry, R3p are
also taken into account. The case Ry # R,5 # Rz is already and extension of the basic theory; the
references assume either Ry = R,p = R3 or neglect the influence of the phase to ground

resistances (Ryg = Ry = R3p — ).

Using a complex notation of the voltage vectors, the voltages of the symmetrical source can be

written as follows:
Uy = Unom
U, = a? Unom 3.12

Us = aUpom
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In the previous equations the quantity Uy, is rated rms phase to neutral voltage of the power

source and a“ and a are rotation operators in the complex plane:
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Figure 3.14: Unfaulty compensated system with capacitive and resistive unbalance and damping
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The normalized neutral to ground voltage of the system is:
Uvg 1 1
Ung = {]wClE + a?jwCyp + ajwCsyp + — + a2 —
Unom " " Rig Rk "
—t. C Cop + jwCs3p +—
+aR3E} {ijN +jwCig +jwlp + jwlsg Rig 3.14
R 1 }‘1
Rye R3g  Ryg
It is possible to simplify the above equation by introducing the following key parameters
0 Mismatch m
- —jwC,
_JoLyg I 3.15
JwCg

| 24
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Where C,i represents the total phase to ground capacitance of the system:
Cig = Cig + Cop + G
And w the rated angular frequency:

W = 2T fnom

The mismatch m indicates the degree of tuning of the system. Referring previously

> Over compensated
|Iygl y= |I25 + I3g|: the system is {Compensated or Tuned
< Under compensated

Note that for Ly — o0, i.e. the absence of an inductive part in the neutral to ground connection, m
becomes -1. This case represents a resistively grounded system. On the other hand, for Lyz — 0, i.e.

a directly grounded system, m — +oo. It applies

—1<m< 4w 3.16

0 Unbalance k

k=ke+k, 3.17

Where k. is the capacitive part of the unbalance

Cig +a%Cyp + aC
ke = 1T A CZE alsg 318
tE

And k, is the resistive part of the unbalance

1 21 1
—j /R1E+a /R2E+a /RSE 3.19
wCg

k,=

The normalize complex parameter k indicates the phase and the magnitude of the asymmetry of
the three phases to ground. Its value depends on the topology and the nature of the system (overhead
lines, cables, etc) E.g., capacitive coupling to neighboring lines can influence the virtual phase to

ground capacitances. The typical value of |k| varies between 0.001 and 0.03.
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Using only the neutral to ground voltage and the neutral current, it is not possible to determine the
parts k. and k, of k. It is, however, normally supposed that the unbalance is mainly due to a

capacitive asymmetry of the system.

0 Damping d
d= ! 3.20
RipwCig '
Where
1 1 1 1
3.21

RtE B RlE RZE R3E

If Ryg < Ryg, Ryg R3p, Rip = Ryg applies approximatively for an unfaulty system.

The value of d can vary in a wide range, depending on the system and on the implemented neutral

to ground admittance. The typical value of d varies between 0.001 and 0.05.

The circuit containing the elements Lyg, Cig, and R;z can be considered as a parallel oscillatory

circuit. This explains the denotations damping, tuning, mismatch and resonant earth system.

All parameters are subject to natural changes due to variations for e.g. humidity and temperature.
They change as well if parts of the system are connected or disconnected. Using the above defined

parameters, the normalized neutral to ground voltage uy can be written as follows:

uNE=U

= 3.22
nom m +]d

The previous equation shows the influence of the parameters unbalance k, mismatch m and
damping d on the normalized neutral to ground voltage. The maximum of this curve is at m = 0, i.e.
the system is exactly tuned. Thus, a complete compensation of the capacitive fault current under fault
conditions means a maximal magnitude of the neutral to ground voltage under normal conditions. If
|k| is large and the damping d is low, the maximum of the resonant curve can be greater that the

nominal voltage. Therefore, care has to be taken in designing the neutral admittance. If the system is

| 26
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known to have a low damping and to be very unbalanced, the resistive part of the neutral admittance

should be increased. One example of this is represented in the next figure
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Figure 3.15. Resonant curve with changing damping and constant k

The equation of the resonant curve can be derived from the previous equation:

k|
lunel = ——= 3.23
N mZ a2
It is known that the neutral to ground voltage allows tuning the neutral impedance of a

compensated system using the resonance curve method. This principle is widely used.

It is convenient to remember that the tuning of the system throughout the neutral to ground

voltage is made, when there is not any fault in the network.
3.4.3 Earth fault current and neutral point voltage displacement

In resonant grounded systems, the earth fault current is decreased by use of inductive neutral point
reactors called Petersen coils. The Petersen coils, which are connected between an arbitrary number

of the transformer neutral points and earth, decrease the resulting capacitive strength of the system.
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Figure 3.16: Sequence network equivalents of ground fault in compensated system

The Figure 3.16 shows the corresponding equivalent circuit in a system with negligible series of
impedance. The equivalent reactance of a resonance earthed system is the parallel connection of the

capacitance to earth and the neutral point inductance:

1L
¥ 3ng'w N wLy 304
0= T 1+ w2Ly3C ‘
—3ng + wly g

If the size of the Petersen coil reactance is of the same size as the capacitive reactance of the
system, the resulting impedance is very large and the ground fault current small at the fault location.
In order to facilitate earth fault detection, the neutral point reactor can be combined with a neutral
point resistor. The equivalent impedance of the system is then the parallel connection of the
reactance and the neutral point resistance.

R,.j. X,

— _nJ 70 3.25
T R, +/.X,
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Chapter 4

4 FAULTY FEEDER IDENTIFICATION BASED ON THE CHARGE
VOLTAGE RELATION

In many countries of Europe, the resonant grounding is one of the most important options in
electrical network design to obtain the optimal power supply quality, as we have pointed out
previously in this work. The main advantage of the treatment of the neutral point is the possibility of
continuing the network operation during a sustained ground fault. As a consequence this reduces the

number of interruptions of the power supply for the customer.

A single phase to ground fault in a network that is isolated or grounded by an arc suppression coil
causes a rather low fault current and the faulty feeder is traditionally identified from the zero
sequence voltage and the sum of the phase currents fed into each feeder from the bus bar. An
alternative proposed in the literature using the charge (i.e. the integral of the current) rather than the
current itself from identifying the faulty feeder. The main reason for the proposed approach is that
the charge of the healthy feeders is more or less proportional to the instantaneous value of the zero
sequence voltage in both transient and steady state conditions. The healthy feeders are identified

based on the shape of the charge-voltage curves.

The description of this chapter is based on [19], [20] and [6]

4.1 The ground fault analysis

To explain the behavior of a single phase to ground fault, three different processes can be

superposed. All three processes are starting at the same time, but their duration is different.

It can be distinguished between the following processes:

e Discharge of the faulty line overhead line.
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e Charging of the two healthy overhead line.

e Stationary state of the earth fault.

The explanation of the three processes will be made by using a network with three feeders (A,B

and C) and an earth fault in line 1 of feeder A according to the next figure.
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Figure 4.1. Discharge of the faulty overhead line

4.1.1 Discharge of the faulty overhead line

The lines can be considered as a distributed lattice network, consisting of a complex serial
impedance Z; yx and a line to ground capacitance Cyy. The greatest probability for the first ignition is
near the maximum of the line to ground voltage V;;. At this time the line has about the maximum
charge. The discharge of the lattice network of line 1 will start at the fault location and will
propagate as a wave in both directions to the ends of line 1. The supply transformer as well as the
distribution transformers at the loads can be considered as high ohmic terminations of the line. The
extension of the propagation of the wave to the two healthy feeders is blocked. Also, the influence of
an existing Petersen Coil is blocked. Moreover, a reflection of the waves occurs at the end of the line

respectively at every change of the image impedance of the line, for example at the substation or at a
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splitting point from one line in two or more lines. These reflections can be detected in form of

oscillations at a high frequency in the zero sequence current and voltage.

Important parameters for the behavior of the discharge are:

Capacity of line 1 to ground.
Charge of the line to ground capacity before the start of the first ignition.

Serial line impedance Z; of line 1 in the faulty feeder and in the healthy feeders.

o O O O

Impedance Zg at the fault location, including the grounding resistance.

The lines of phase 1 of the healthy feeders can be considered as a parallel connection of these
lines, which results in a lower impedance of the equivalent serial impedance and a higher equivalent
line to ground capacity of the healthy feeders. The oscillation frequency essentially depends on the
serial impedance and the line to ground capacity which is, in a first approximation, proportional to
the length of the line. The frequency is higher for short networks and is lower for large networks.

Usually, the oscillation frequency is above 10 kHz.

4.1.2 Charge of the two healthy overhead lines

As a result of the discharge of the faulty line the triangle of the voltages is destroyed and the

voltage V;; is more or less zero, as it could be appreciated in the next figure.

a) bi c)

Figure 4.2. Change of the voltages during the charging process
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Because the supply transformer is still delivering a symmetrical three phase system, the two

healthy lines will be charge to the line to line voltage (Figure 4.2).

In the Figure 4-3 charging process for the network with three feeders is shown in detail.
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Figure 4.3. Charging of the two healthy lines over the earth

Important parameters for the behavior of the charging are:

Capacity of line 2 and line 3 to the ground.

Charge of the line to ground capacities before the start of the first ignition.
Charge voltage V,; and V3.

Leakage inductance of the supply transformer.

Serial line impedance Z; of the lines.

O O O O O O

Impedance Zp at the fault location, including the grounding resistance.

The distribution transformers respectively the loads are comparatively high ohmic and can be
neglected in the first approximation. The resistive load results in an additional damping of the charge
oscillations. If the distribution transformer has no load on the secondary side only the very high

ohmic magnetizing inductance takes effect.
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The essential remaining inductive components for the description of the charge oscillations are the

relative low ohmic leakage inductance of the supply transformer and, for earth faults which are far

away, the inductance from the point of the supply transformer to the fault location.

The influence of the Petersen Coil can be ignored, as the impedance of the Petersen Coil is much

higher than the leakage inductance of the transformer.

From the last figure, the following conclusion can be made:

(0]

Two capacitive charging currents flow into a healthy feeder. These charging currents can
be measured as zero sequence currents. The amount of this zero sequence current is
proportional to the line to ground capacity of this feeder.

All the capacitive charging currents of the healthy feeders (B and C) have to flow over the
fault location.

The charging currents of the faulty feeder (A) flow over the fault location and back to the
supplying transformer in line 1. As a result, these currents cannot be measured in the zero
sequence system. The sum of these four currents is zero.

The zero sequence current of the faulty feeder is the sum of all charging currents of the
healthy feeders but with inverse direction. Instead of a capacitive charging current there is
an inductive charging current.

In a compensated network a superposition of the current through the Petersen Coil takes

place. The effect of this current is small at the beginning of the ignition.

4.1.3 Stationary state of the earth fault

For the explanation of the stationary state also the previous figure can be used. For an isolated

network the whole capacitive current of all feeders flows over the fault location. The relalys of the

healthy feeders measure a capacitive zero sequence current and the relay in the faulty feeder

measures an inductive zero sequence current. In the stationary state, the size of this inductive current

is, like in the previous section, the sum of the currents in the healthy lines in the back of the relay.
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For compensated networks the situation is changed. In this case, the current through the Petersen
Coil superposes and reduces the capacitive current over the fault location. In a well tuned network
the capacitive current over the fault location is completely compensated. From Figure 4.3, it can be
seen that in this case the relay in the faulty feeder measures also a capacitive zero sequence current,
as well as the relays in the healthy feeders. Therefore, in compensated networks the inductive

character of the zero sequence current is no longer an indication of a faulty line.

Using a Petersen Coil, the current over the fault location can be reduced to the small watt metric
part, which is usually in the range of 2 to 3 per cent of the whole capacitive line to ground current of

the network.

4.1.4 Approach of the qu method

To avoid the disadvantages of conventional transient relays a new method was developed. In the
section “Charge of the two healthy overhead lines” it was shown that the two healthy lines were
charge to the line to line voltage by the earth fault. This charging can be seen in the zero sequence

system.

The following considerations are based on the transient definition of the zero sequence system

according to the space vector theory.

For example, for the healthy feeder B of our sample network Figure 4-3 the charging can be

described with the next equation

t
uo(t) = uo(to) + f iOB(T)dT 41
Cqu 0
t
uo(t) = up(ty) + 4s(t) 4.2
CEqB
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Now t, can be chosen that u,(t,) = 0.

qs(t)
Cqu

uy(t) = 43

The new digital relays use signal processors having enough memory for large ring buffers and a
sampling rate of 10kHz or higher. These features enable the relay to use even past measurement data

for the calculation.

Depending on the situation, it is possible to go back to one of the zero crossings of 1, in the past
and to start the integration of the zero sequence current i, from this chosen point up to the actual
trigger point. The result of the integrations shows that the curve of the integral of i; differs from the
curve of u, only by the factor Cpqp, which is the equivalent zero sequence capacitance of the feeder

B. the integration of i, represents the actual charge q, on the feeder.

Drawing an diagram of this relation, with the integral of i, on the ordinate and the zero sequence
voltage u, on the abscissa results in a straight line with the gradient C,,p. Subsequently, this diagram

will be referred to as QU diagram.

In the case of a faulty feeder this relation is no more valid. The sum of the charging currents of all
healthy feeders flows out of the faulty feeder. The result of the integration of the zero sequence

current i is no longer proportional to the zero sequence voltage.

This behaviour is shown is shown in the next Figure for the two healthy feeders B and C and the

faulty feeder A.

The integration of i over a larger range makes it possible to detect also high ohmic earth faults
up to some KOhm. In this case the integration has to start at a zero crossing of uy some periods in

the past.
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Figure 4.4. qu diagram of a low ohmic earth fault

The next figure shows the QU diagram for an earth fault with a fault impedance of 2000 Ohm.
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Figure 4.5. qu diagram of a high ohmic fault

Therefore, the task for detecting a transient earth fault can be solved by the decision whether the
curve in the QU diagram is a straight line or not. It should be noticed that on-line versions of the
least squares algorithm and pattern recognition algorithms should be implemented in the relay in

order to improve the computational efficiency.
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The advantages of the qu method are:

Simple evaluation.
No high speed sample rate is necessary. A sample rate of about 2 kHz is sufficient.
Influence of the discharge is reduced due to the integration of i.

The integration and evaluation can be done over a half period.

o O O O O

The integration of i, over a larger range before the trigger point enables the detection also
of high ohmic earth faults up to some kOhm.
0 On line versions of the least squares algorithm [21] and pattern recognition algorithms

improve the computational efficiency.

On the other hand, the drawbacks of this method are:

0 Sensitive to analog digital converter saturations, as the straight line is modified to a curve.
0 Sensitive to not negligible phase splitting.

0 Sensitive to crosstalk from parallel systems.

The first disadvantage is only relevant in case of integration over the complete half period of u,

and in combination with testing of the feature “straight line” of healthy lines.

The sensitivity against phase splitting is a general problem of all relays

Phase splitting is the situation when two feeders supply a common load. Using the next figure the

reason of phase splitting in a healthy meshed network will be explained.
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Figure 4.6. Phase splitting in the healthy network

In a symmetrical situation the load current in each phase will be splitted equally between the
feeders A and B. In this situation the measured sum current (I = 3I,) at the substation will be zero.
Due to unbalances in the serial impedances of the lines the distribution of the load current will
change. In the example the current in phase 2 or b is changing form 50 A to 33.3 A. respectively to
66.6 A

Now the sum currents of the feeders in the substation are no longer zero. In our example the sum

current increases up to 16.6 A and the directions in the two feeders are opposite.

We can find this behaviour in any loop, in parallel lines and in meshed networks.
The size of the phase splitting current depends on:

Load current.
Pint of load on the loop.

Physical arrangement of the asymmetry of the serial impedances [22].

O O O O

Number of meshes.

| 38
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The asymmetry of a line may be caused for example by the kind of laying the cables, as shown in
the next figure. If the cables are laid in a triangle, the mutual coupling of the three phases and

therefore the serial impedance is obviously the same.
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Figure 4.7. a) Single conductor cables in parallel b) Single conductor cables in triangle

A similar situation can be found for overhead lines where an improvement can be made, by

transposing the phases.

One possible way to compensate this influence in loops is to measure the currents in all feeders
and to add the currents of the feeders, which are switched to a loop. But this version needs a very
high number of current measurements and, in addition, always the actual information, which feeders

are switched to a loop. The requirements to such a SCADA system would be enormous.

Crosstalk from parallel systems

Systems switched to a loop are also very sensitive to the magnetic coupling of galvanic isolated

parallel systems.
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Figure 4.8. Magnetic coupling of parallel systems

The influence of the parallel system may be negligible under normal operation, due to the small
distances between the three phases. But in case of an earth fault in the parallel system, the currents
through the three wires are no more symmetrical, also in healthy feeders (Figure 4.8). The
asymmetric loading currents can be in the range of 100 A. therefore the magnetic coupling must be

taken into account.

A worse situation arises in case of a cross country fault in the parallel system. Also, a phase

splitting in the parallel system can be reason for a crosstalk.
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Chapter 5

5 PSCAD MODEL

The network consists of a bus bar with three feeders and a station transformer (Osteras). The
nominal voltage is 22 kV and the only connection to ground apart from the capacitances to ground is
via the neutral of the station transformer. An arc suppression coil and a parallel resistance could be
connected between the neutral and ground. One feeder (Sparbu) is represented by a Skm length of
overhead line and without any load. The single phase to ground fault is applied to this feeder. The
two other feeders (Henning and Sandvollan) consisted mainly of overhead lines and short length

cables.

Most of the information in this section was based on [23]

Measurements were taken in the three bus bar voltages to ground and the zero sequence current of
the three feeders. The current of the Petersen Coil and the parallel resistance were measured during

the simulations and the fault current was measured as well.

When the single phase fault was applied, the following parameters were varied:

0 Degree of compensation: 0, 80 and 100%
0 Parallel resistance connected or disconnected

o0 Fault resistance

The measured signals were recorded within 1 s. of simulation. The steady state before the fault
covers the interval from Os until 0.6s, and the transient and steady state due to the fault is taken in the

interval from 0.6s until 1s.

5.1 Transmission line representation
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For the sequence networks to correctly represent a power system, the power system components
must be correctly modeled in the networks. The necessary complexity of the components models
depends on what kind of analysis the networks shall be used for. Within this work, the networks shall
be mainly used for fundamental frequency analysis. Nevertheless, a good transient response
representation of the system will be required by the location and detection method shown in this

document.

In this work, the overhead lines would be represented by a distributed parameter formulation, in
order to fulfill the requirements of the charge voltage method and give a more real representation to

the system.

The distribution network in reality is composed by hundreds of different kind of overhead lines
and cables. Nevertheless, the length data of the different type of overhead lines was given by
SINTEF and the overhead line representation was successfully modeled. On the other hand, the
cables due to their short length in the system were represented by ground capacitances, whose values

were calibrated based on measurements in the isolated neutral system.

5.1.1 Overhead lines

The distributed parameter formulation, which is excellent for simulation evaluation according to

[24], was taken over in the overhead line model.

The T-Line configuration was chosen to represent all the overhead lines in the system as it can be
seen in the next figure. Within the T-Line configuration, there are several different options for the

desired representation of the line.
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Figure 5.1. T-Line Configuration

The Frequency Dependent Model was selected as line model within the configuration. Basically a
distributed RLC traveling wave model, which incorporates the frequency dependence of all
parameters, the model represents the frequency dependence of internal transformation matrices. It is
worth to mention, that the model uses curve fitting to duplicate the response of the line. It is the most
advanced time domain model available as it represents the full frequency dependence of all line

parameters (including the effect of a frequency dependent transform).

The line model used is useful for studies wherever the transient or harmonic behavior of the line is
important, as in the system presented in this document, where the fault location and detection method

requires the transient behavior of the system when a high fault resistance.

In the model taken, the topology used was the same for all the overhead lines and is shown in the

Figure 5.2. The parameters needed for the right representation were:

Conductor Geometric Mean radio.
Conductor DC Resistance.
Height of all conductors.

Horizontal spacing.

O O O O O

Shunt conductance (this values was taken as zero).
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Figure 5.2. Overhead Line Topology

5.1.2 Cables

The distributed zero sequence parameters of cables differ substantially from those of overhead
lines. Both series impedance and shunt capacitance is considered proportional to cable length. The
series impedance of short cable is therefore small in relation to the shunt impedance. If the cables are
short enough, the series impedance is negligible and the shunt capacitance alone makes up the
representation of the cables. Since length of the cable feeders in conventional distribution systems is
limited to a few kilometers, it has become common practice to neglect cable feeder series impedance

in distribution system analysis [10], [11] and [25]

Taking the previous reference, the cables were represented by ground capacitances, whose values
were calibrated based on measurement in the isolated neutral system, the capacitors per feeder were

modeled completely balanced.

5.1.3 Load Transformers

The main transformer station is supplying the three feeders Sandvollan, Henning and Sparbu, that
would be described further in this work. As it was mentioned previously, the Sparbu feeder (faulty

feeder) was disconnected, thus, the feeder is not loaded.
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In the reality, Henning feeder and Sandvollan feeder are loaded with 57 and 104 respectively, in

the model represented in PSCAD, it was assumed concentrated at the secondary side of a transformer,

which is Y coupled in the primary and A coupled in the secondary.

The load itself was represented as a fixed load, which models the load characteristic as a function

of voltage magnitude and frequency. The active Power and reactive Power are input parameters in

this model, as well as the phase to ground rated voltage.

5.1.4 Feeder Conductance

With the purpose to have a PSCAD model closer to the real the network, the feeder conductance
could be calculated from data exposed in [7]. The representation was taken as phase to ground

parallel resistance, which was connected just after the main transformer and before the feeders

connection, the resistance value is 45 kQ for each phase.

5.2 Substation
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Figure 5.3. Qsteras substation Representation
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In Figure 5.3, it is found the substation representation used in the PSCAD model. Firstly, a three

phase voltage source with magnitude of 66 kVrms with leakage inductance of 10 mH is represented

as the feeding system.

A transmission overhead line follows the three phase voltage source until a 25 MVA main

transformer, which represents the steras substation itself. Throughout the transformer, which is A

coupled in the primary and Y coupled in the secondary, different grounding systems were

implemented in order to perform the simulations concerning to each case. From Osteras substation,

there are three feeders; Henning, Sparbu and Sandvollan.

In this part of the model, the phase to ground voltage, the phase currents after the transformer and

output power were measured throughout the simulations.

5.3 Henning Feeder

The Henning feeder takes part in the model as one of the healthy feeders. In Figure 5.4, a cable

representation was made throughout phase to ground capacitors and three overhead lines

representations, which are modelled with three blocks with description label about the length and the

type of line, inside of each of this block the line configuration previously describe would be found.

Figure 5.4. Henning Feeder representation
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It was assumed concentrated load at the secondary side of the load transformer, which goes from
22 kV until 0.230 kV and has a rated power of 5 MVA. The measurements taken in this feeder are

the current in each phase and the active and reactive power input into the feeder.

5.4  Sparbu feeder (FAULTY feeder)

The fault was applied in Sparbu feeder. According to the field test, the fault was 500 m, according
to [7]. away from @steras substation, keeping the rest of the feeder disconnected from the substation,

which was represented as the main transformer in this model.
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Figure 5.5. Sparbu feeder representation

The only impedance presented in the feeder was the biggest overhead line dimension registered in
it. The fault takes place on the phase b of the system. The measurements taken in this section are

concerning to the phase currents and the input power.

5.5 Sandvollan feeder

Figure 5.6 shows how it was modeled Sandvollan feeder, which represents the longest feeder in
the system. The feeder is composed by four blocks, which represents overhead lines, and the cable
modeling was taken over throughout a ground capacitor in each phase due to the short length of the

cable.
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Figure 5.6. Sandvollan feeder representation

It was assumed concentrated load at the secondary side of the load transformer, which goes from
22 kV until 0.230 kV and has a rated power of 5 MVA. The measurements taken in this feeder are

the current in each phase and the active and reactive power input into the feeder.

5.6  Special blocks

At present, PSCAD can represent Phasor domain quantities through the use of various meters and
functions. In particular, the FFT or (On-line Frequency Scanner) shown in Figure 5.7, has the ability

to output both Furier magnitude and phase values for multiple harmonics (including DC offset), for

any input signal.
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Figure 5.7. On-line Frequency Scanner (FFT)

The FFT component itself is a very powerful and important tool in the PSCAD Master Library,
the matter of fact it was the great help during the development of the system described in this work.
The display device will show either a single phasor or the phasors in an adjustable gauge display.
Numerical values for the magnitude and phase angle are given at the footer panel of the device, as it

could be seen in the next figure.
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Figure 5.8. Phasor-meter

5.7  Parameter settings

All the parameters presented in this section are referred as single phase values, except from the

apparent power and the winding relation of the load transformers, as well as the main transformer.

The parameters presented below were taken from [26]

Regarding the balance of the system, the cable capacitances and the fixed loads are represented
totally balance. The only unbalance takes in this work, are the overhead lines, which are modeled as

no ideally transposed.

5.7.1 Main transformer (Osteras)

Table 5-1. Main Transformer parameters

S [MVA] Relation [kV/kV] X, [PU] Rec [PU]

25 66/22 0.095 0.0043

5.7.2 Henning Feeder

Table 5-2. Overhead Lines parameters

Line type Length[ Km] R [Q] X, [Q] C4 [nF]
FeAl 50 13.9 5 5.22 69
FeAl 25 28.7 20.75 11.39 138
FeAl 16 0.7 0.75 0.28 3.33
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Table 5-3. Cable parameters

C, IUF] 0.65

Table 5-4. Load transformer parameter

S[MVA] Relation [kV/kV] X [PU] Rec [PU]

3 22/0.230 0.08 0.004

Table 5-5. Fixed Load parameters

Active Power [MW] Reactive Power [MVAr]

0.571 0.187

5.7.3 Sparbu Feeder

Table 5-6. Overhead Lines parameters

Line type Length[ Km|] R [Q] X, [Q] C,4 [nF]

FeAl 70 4.9 1.27 1.78 24.73

5.7.4 Sandvollan Feeder

Table 5-7. Overhead Lines parameters

Line type Length[ Km] R [Q] X, [Q] C4 [nF]
FeAl 16 0.6 0.65 0.24 83.7
FeAl 25 50.4 36.45 20 342
FeAL 35 0.7 0.36 0.27 243
FeAl 50 16.9 6.08 6.34 83.7

Table 5-8. Cable parameters

C, [1F] 0.81

Table 5-9. Load Transformer parameters

S [MVA] Relation [kV/kV] X.. [PU] Rec [PU]

5 22/0.230 0.08 0.004

Table 5-10. Fixed Load parameters

Active Power [MW] Reactive Power [MVAr]

1.358 0.446
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Chapter 6

6 RESULTS

The phasors were calculated from the FFT block mentioned in the previous chapter, when the
studied variables reached their steady state behavior. The phasors are represented in two tables, the

first is covering the RMS values of the selected variables and the second table is covering the phase

angle of the phasors with the phase of the zero sequence voltage as reference.
The magnitude values of the field test, as well as the phase were taken from [7].
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Figure 6.1. Arc Suppression coil arrangement with parallel resistance

From the previous figure, it can be shown the different conditions in which the network can be

operated. Therefore, it is possible to disconnect the coil completely and to operate with or without

parallel resistance.
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Following, the next conditions were considered in the simulations:

Isolated Condition

100% Compensation with Parallel Resistance Connection
80% Compensation with Parallel Resistance Connection
80% Compensation

80% Compensation with Parallel Resistance Connection with high fault resistance

o O O O O O

100% Compensation with high fault resistance

The high resistance used was equivalent to 3000€2, meanwhile in the other case, an ideal fault was

implemented (Ry = 0).

The focus in the analysis of the results will be headed to the zero sequence currents, due to the

direct relation with the fault current, which is the main subject in this work.

6.1 Isolated Condition

In this case, the Main transformer (Osteras) is completely isolated, thus, the main breaker is open.
During this condition, the cable representation was calibrated until getting similar results with the
field test. The focus of this calibration was made in the zero sequence currents, because in these is
involved the fault current. Therefore, in the next two tables can be seen, the final values gotten in this

condition.

Table 6-1. Phasors Magnitude for Isolated Condition

Value Source Simulation Field Test
Compensation Isolated Isolated
3oy [A] 10.43 9.61
3lysp [A] 24.46 22.29
3lys4 [A] 14.01 12.81
Icoi [A] - -
Uy [kVyms] 22.12 22.68
Up [kVrms] 0.1 1.69
U [kVims] 22.06 21.14
Ug [Vl 12.81 12.64
Ir [A] 24.77 -
IRp [A] - -
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Table 6-2. Phasors Angle for Isolated Condition

Angle Shift Simulation Field Test
Compensation Isolated Isolated
3lyyg -90 -90.3
3lysp 87.93 89.35
3lgs4 -90 -89.75
Icoir - -
U, -29.63 -26.25
Up -24.09 -91.10
U, 29.93 33.66
Uy REF 88.37 -
Iy -92 -

2009

It can be seen, from the previous values, that difference between the field test numbers and the
simulation ones are within an approximate error of less than ten per cent. This difference could not

be less, because there is a direct relation with Petersen coil calculations, as it will be shown further

on.
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Figure 6.2. QU Diagram in Isolated System
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In the Figure 6.2 is presented the charge voltage curves in an isolated system, it is noticed that the
shape of the curve for the faulty feeder (Sparbu) is practically the same as for the healthy feeder
except for a change in the sign, and this is due to the disconnection of the coil and parallel resistance

(Isolated state) and thus, the fault current is minus the sum of the currents of the healthy feeders.

In this case, the faulty feeder cannot be identified by the shape of the charge — voltage curve;

however, it can be identified based on the sign of the current.

The diagram gotten from the field test measurement exposed in [27] possesses similar behaviour

with the one gotten from the simulations.

6.2 Resonance curve calculations

According to the theory exposed in this document, the resonance curve was obtained throughout
the measurements of the neutral to ground voltage, or how it is called further on, zero sequence
voltage, meanwhile the Petersen Coil is tuning. During the simulations, the distribution network was

without faults.

The resonance curve was measured in two versions, both with and without the parallel resistance

(Rp) connected, whose values is 1900 Q. The value of the parallel resistance was taken from the

measurements taken in [7].

The voltage curves presented in this work are in function of Amps (A), and it comes from the next
equation.

Ur—¢
wlL

I = 6.1

In the previous equation the U, _; is rated rms phase to neutral voltage of the second winding of
the main transformer, w represents the angular frequency and L is the Petersen coil value at the

moment of the measurement.
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In the field test, measurements in under compensation was made, the grade of under
compensation was only 80%. Information about under compensation and/or over compensation
could not be found in the literature. Therefore, 80% under compensation was taken as the
corresponded value of Petersen Coil, when the zero sequence voltage is 0.8 of U, in 100%

compensation (Maximum Voltage of the curve).

6.2.1 Resonance curve with Parallel resistance connection

The arc suppression coil and the parallel resistance arrangement were connected to the main
transformer, in the simulations, measurements of the neutral to ground voltage of the transformer
were taken, when the distribution network did not present any fault. In the next table, it is found the

results of the simulations.

Table 6-3. Resonance Curve data

Petersen Coil [H] Ug [kVyms] UL_G/ wL [Arms]
1.4 282 28.88
1.5 310 26.95
1.66 328 24.36
1.7 327 23.78
1.8 318 22.46
1.9 303 21.28
2.15 264 18.81

The Figure 6.3 shows the Resonance Curve from the previous table, the shape of the curve is as
expected due to the connection of the parallel resistance, which decreases the maximum voltage
when the system is 100% compensated. Therefore, from the figure it can be extracted the following

information.

0 100% Compensation, when Petersen Coil is 1.66 H.

0 80% under Compensation, when Petersen Coil is 2.15 H.




Handling ground faults in Distribution Networks | 2009

300 N

250 / AN

200 / AN

150 ~ N

100
50
0 T T T T 1

0 10 20 30 40 50
Uf/(wl) [Arms]

Zero sequence voltage
[Vrms]

Figure 6.3. Resonance Curve with parallel resistance connection

6.2.2 Resonance Curve without Parallel Resistance Connection

The breaker of the parallel resistance was opened during these simulations, leaving the arc
suppression coil as the only connection between the neutral of the main transformer and ground. In

the next table, it is shown a representative sample of the measurements taken for the resonance curve

calculations.
Table 6-4. Resonance Curve Data
Petersen Coil [H] Uo [kVims] UL‘G/ wL [Arms]
1.4 539 28.88
1.5 909 26.95
1.66 2842 24.36
1.7 2353 23.78
1.706 2248 23.70
1.8 1178 22.46
1.9 770 21.28

The Figure 6.4 shows the Resonance Curve of the distribution network without the parallel
resistance connection. It is seen from both resonance curves, that the zero sequence voltage is rather
high at 100% and 80% compensation without the parallel resistor. Thus, the next values can be

gotten from the curve:

0 100% Compensation, when Petersen Coil is 1.66 H.

0 80% under Compensation, when Petersen Coil is 1.706 H.
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Figure 6.4. Resonance Curve without parallel resistance connection

6.3 100% Compensation with Parallel Resistance Connection

The main breaker and the parallel resistance breaker were closed during the simulations in this

condition. The steady state results are shown in the next tables.

Table 6-5. Phasors Magnitude with Parallel Resistance Connection

Value Source Simulation Field Test
Compensation 100%+R,, 100%+R,,
3oy [A] 10.31 9.33
3lgsp [A] 7.5 7.48
3154 [A] 13.85 12.29
Ieoir [A] 25.16 26.85
Ug [kVrms] 21.97 21.48
Uy [kVrms] 0.03 0.58
U, [kVyns] 21.92 21.55
Ug [kVrms] 12.67 12.15
I¢ [A] 7.5 -
Iy [A] 6.66 -

It could be seen from the presented results, that the behavior in these two different scenarios are
quite similar. It is convenient to mention that the Petersen Coil used in the simulation was 1.66 H,

which is the same value that has the maximum zero sequence voltage in the resonance curves.
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Table 6-6. Phasors Angle for 100% Compensation with Parallel Resistance Connection

Angle Shift Simulation Field Test
Compensation 100%+R,, 100%+R,,
3lyg -90 -90
3lysp -0.8 1.85
3lgsa -90 -90
Icoil -74.67 -81.27
U, -29.87 -30.6
U, -110.8 -169.91
U, 30.1 30.6
Uy REF 88.4 -
If -178.4 -

The shape of the charge voltage relation is significantly different for the faulty feeder. Therefore,

the faulty feeder can be easily identified throughout the next figure.
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Figure 6.5. QU Diagram in 100% Compensation and Parallel Resistance Connection
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6.4  80% Compensation with Parallel Resistance Connection

During this condition, the parallel resistance was connected and the Petersen Coil had a value of

80% under compensation taken from the Resonance Curve with parallel resistance connection,

therefore, the coil took a value of 2.15 H during this condition.

Table 6-7. Phasors Magnitude in 80% Compensation with Parallel Resistance Connection

Value Source Simulation Field Test
Compensation 80%+R, 80%+R,,
3loug [A] 10.34 9.39
3lysp [A] 9.28 8.57
3losa [A] 13.88 12.24
Icoi [A] 19.93 22.42
Uy [kVrms] 22.01 21.62
Up [kVyms] 0.04 0.67
U [kVrms] 21.94 21.42
Ug [kVrms] 12.7 12.16
I¢ [A] 9.46 -
Iy [A] 6.67 -

Table 6-8. Phasors Angle in 80% Compensation with Parallel Resistance Connection

Angle Shift Simulation Field Test
Compensation 80%+R,, 80%+R,
3loyg -90 -90.31
3lysp 35.85 30.6
3lys4 -90 -89.9
Icoil -70.44 -76.82

U, -29.8 -29.9

Up -74.93 -149.57
U, 30 31.26
Uy REF 88.35 -
Iy -142.6 -
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After having the values from the previous two tables, it could be seen that the similarities between
the simulation made and the field test are still consistent.
The Figure 6.6 shows the charge voltage curve based on 1s interval. The faulty feeder is easy to

identify due to the transient part of the current.
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Figure 6.6. QU Diagram in 80% Compensation with Parallel Resistance Connection

6.5 80% Compensation

Table 6-9. Phasors Magnitude in 80% Compensation System

Value Source Simulation Field Test

Compensation 80% 80%
3loug [A] 10.34 9.77
3lysp [A] 5.53 5.04
3lps4 [A] 13.9 12.72
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Icoir [A] 18.8 20.72
Uy [kVyms] 22 22.05
Up [kVrms] 0.023 0.42
Uc [kVims] 21.97 21.83
Ug [Vl 12.71 12.66

Ir [A] 5.8 -

IRp [A] - "

Table 6-10. Phasors Angles in 80% Compensation System

Angle Shift Simulation Field Test

Compensation 80% 80%
3loyg -90 -90
3lysp 81.08 80.41
3losa -90 -89
Icoil -89.9 -97.68

U, -29.86 -29

U, -30.86 -98
U, 30 33
Uy REF 88.52 -
Iy -98.5 -

The parallel resistance was not set up in this condition, the main breaker was closed, having in

this case the Petersen Coil connected between the main transformer neutral point and ground. The

value of the coil is the same as the previous case (Coil = 2.15 H).

The consistence between the simulation and the field tests quantities remains.

In this condition, the faulty feeder is easy to identify due to the transient part of the current. Mean

while the healthy feeder posses the expected shape.
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Figure 6.7. QU Diagram in 80% Compensation system

6.6 80% Compensation with Parallel Resistance and High fault Resistance

The current case was the only one among the presented simulations, in which was used the 80%
under compensation coming from the resonance curve without the parallel resistance connection.

The Peterson coil, which had a value of 1.706 H, was connected between the neutral of the main

transformer and ground, as well as the parallel resistance.

In this condition, the fault resistance had a value of 3000 Q. The effect of the latest can be easily

appreciated in the results given in the simulation, as well as in the field test.
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Table 6-11. Phasors Magnitud in 80% Compensation with Parallel Resistance and High Fault Resistance

Value Source Simulation Field Test
Compensation 80%+R, 80%+R,
3oy [A] 3.74 3.32
3lysp [A] 2.69 2.64
3lps4 [A] 5.09 4.68
Icoir [A] 8.85 9.49
Uy [kVyms] 15.8 15.63
Up [kVyms] 8.14 8.28
U, [kVyms] 15.11 14.82
Ug [kVrms] 4.57 4.39
Ir [A] 2.71 -
IRp [A] 2.4 -

Table 6-12. Phasors Angle in 80% Compensation with Parallel Resistance and High Fault Resistance

Angle Shift Simulation Field Test
Compensation 80%+R,, 80%+R,,
3loyg -89.9 -90.98
3lysp 6.7 7.81
3lpsa -89.8 -89.28
Icoil -74.26 -85.71
Ug -40.43 -39.16
Uy -170.8 -167.53
U, 50 51.86
UoREF 82.62 -
If -170.8 -

It can be seen from the previous two tables, that the results between the simulation and the field

test are consistent, and it can be noticed how the angle of the faulty feeder (Sparbu) changed due to

the value of the Petersen Coil.

In the current case, the high fault resistance has a really strong influence on the fault current, as it

is noticed from the tables. The transients in voltage and in current have a much shorter influence than

in the previous cases, that the fault resistance was zero.

The steady state of the faulty feeder current is approximately in phase with the zero sequence

voltage due to the relatively high fault resistance. The charge voltage curve of the faulty feeder is

therefore approaching an ellipse as can be observed in the next figure. It is anyhow clear that the

shape of the faulty feeder is significantly different from the ones for the healthy feeders.
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Figure 6.8. QU Diagram in 80% Compensation with Parallel Resistance Connection and high fault resistance

6.7

100% Compensation without Parallel Resistance Connection and High Fault Resistance

The current case was chosen in order to test the proposed method presented in this document.
Therefore, the compensation was taken until 100%, having a Petersen Coil Value of 1.706 H and the
parallel resistance was disconnected, with the purpose of having the smallest fault current as possible.

Also, the fault resistance is the same as the previous case (Rr = 3000).
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Table 6-13. Phasors Magnitude in 100% Compensation System and High Fault Resistance

Value Source Simulation
Compensation 100%
3loug [A] 8.5
3lysp [A] 0.7
3lgs4 [A] 11.56
Ieoir [A] 20.21
Uy [kVrms] 20.42
Ub [erms] 2.2
U [kVyms] 19.85
Ug [kVrms] 10.55
I [A] 0.73
IRp [A] -

Table 6-14. Phasors Angle in 100% Compensation System and High Fault Resistance

Angle Shift Simulation

Compensation 100%

3lgyg -90
3lysp -4.17
3lysa -89.95

Icoir -90
Ug -31.37
Uy -163.4
U, 34.65
Uy REF 85.75
Iy -163.5

The previous two tables show the results from the simulation made. It can be noticed once again
that the zero sequence voltage and the zero sequence of the faulty feeder are almost in phase, giving

ellipse in the next figure, and making a clear difference one more time from the healthy feeders.
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Figure 6.9. QU Diagram in 100% Compensation System and High Fault Resistance
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Chapter 7

7 DISCUSSION

The principal aim of this work was the creation of a PSCAD model, pursuing a similar behavior
regarding to the tested distribution network. The network, which is located near of Trondheim, was
object of a field test by SINTEF and others Norwegian Companies. The report that came out from
the field test served as the most important source at the moment of developing the PSCAD model.
The main focus of the model was related to the magnitude, as well as the orientation of the zero
sequence currents, which belongs to the feeders and the current throughout the coil. As it was told in
the previous section, the capacitors were calibrated according to the mentioned zero sequence

currents of the feeders in isolated condition.

At the moment of requiring a further analysis regarding the healthy feeders, it could be noticed
that the angle between them and the reference (zero sequence voltage) was constant during all the
cases, the reason is that the zero sequence impedance is almost entirely capacitive, coming from the
ground capacitance (C,) of the feeder. Thus, the series impedance of the overhead line could be
neglected from the analysis due to the small magnitude compared with the commented ground

capacitance.

It was chosen the zero sequence currents and the current throughout the coil as important
parameters because of their direct relationship with the fault current, which is the subject in this work.
For further explanation, the Sparbu zero sequence current involved the faulty current, and it can be
appreciated due to the proximity of magnitude, as well as phase, also, the current’s behavior is
related to the grounding method taken in the system, all this can be notice from the previous section.
Meanwhile, the little difference in the coil current between the simulations and the field test is
strictly related in how it was modeled the coil, as it can be seen in the description of the substation,
the coil was model ideally without any losses within, thus, a small disparity came up in the results.

Nevertheless, the consistence in the results was not affected by the previous assumption.
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The faulty feeder zero sequence current had a consistent behavior regarding the field whether in
magnitude or angle, as it has been told in the last paragraph. In the next figure, it can be appreciated
the comparison between the simulations made and the field test values of current magnitude versus

all the cases previously exposed in this document.
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Figure 7-1. SPARBU Zero sequence current

The same action was taken regarding the current throughout the coil, which had the same pattern

in the simulation as the field test values, as it can be seen as well in the next figure.

The consistence in the last two variables gives an entire validation to the proposed model for

being a trustable representation of the studied real distribution network.
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Figure 7-2. Arc Suppression Coil Current

| 68



Handling ground faults in Distribution Networks | 2009

The resonant grounding has been the focus throughout the entire document. The main advantage
is the effective minimization of the fault current, this could be fully appreciated in the case of 100%
compensation without parallel resistance connection exposed in the results section, and because of
this, a sustained service to the costumer can be given during faults. Therefore, the transient faults are
automatically removed and the operation could be sustained during hours or even days, i.e. that the
arcs are normally self extinguished and the fault is clear without the intervention of the fuses or
switches. Nevertheless, the grounding system in treatment will give a high voltage stress, where the
grounding method throughout the arc suppression Coil is implemented, and given the right
circumstances like high unbalance and low damping in the system, the maximum of the resonance
curve can greater than the nominal voltage, as it can be seen from the resonance curve in the
previous section, this is not the case of the studied system due to the maximum peak of the resonance
curve was almost 3 kV in a 22 kV network. Moreover, a fault detection sensitivity problem is created
by this grounding method, caused by the rather low fault currents, which can be confused with the
unbalance in the network and the high zero sequence voltage generated. Thus, it has become a

challenge for this system grounding the detection and location of faults single phase to ground faults.

In order to solve, the most important drawback of the popular resonant grounding, a location and
detection method for single phase to ground faults was introduced and implemented in the PSCAD
model, giving positive results after testing it throughout the simulations. The method was tested in
the worst situation for detecting and locating a single phase to ground fault, when the distribution
network was 100% Compensated without parallel resistance connection and the fault possessed a
high resistance, then, the fault current could be detected and located, and it was given a clear
difference throughout the charge - voltage diagrams, which feeder was the faulty one and which ones
were healthy. Therefore, it was proved throughout real measurement and simulations the

effectiveness of this new method for fault location and detection.
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Chapter 8

8 CONCLUSIONS AND RECOMMENDATIONS

The created PSCAD model can be used as an authentic representation of the distribution network
tested by SINTEF and others companies in August of 2005, due to the consistency of results between

the simulations and the field test.

The proposed fault detection and location method did not show any limitation regarding the
studied network. Also, the gotten shapes were consistent with the diagrams gotten in the field test. It
was added one special case in order to find any limitation, but it was not found any. However, any

case of over compensation was not made throughout this work.

According to the problem description proposed at the beginning of the present document, the aims

of this work have been fulfilled.

During the implementation of the travelling wave line model, a problem of modeling was present,
because of the time step taken at that moment. The inconvenient was solved after changing the time

step according to the next expression:
) l
time step At = z

Where [ represents the length of the shortest overhead line in the network and c stands for the
light speed. The previous expression should be always considered, when it is desired the

representation of an overhead line throughout the travelling wave model.

Throughout the QU diagram, information can be got in the case of the faulty feeder. The interval

taken during the simulations for the diagrams was the entire fault time, therefore the ellipse shape, it
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could not be appreciated. Thus, the time interval taken should not be bigger than three cycles in order

to visualize the shape of the faulty feeder.

The Bergeron model was taken over before to the line model described in this work, and it is
important to point out that the proposed detection and location method presented a limitation in the
hardest case evaluated in this work, due to the not possible identification of the faulty and healthy
feeders. It must be remembered that the Bergeron model works at rated frequency and it is based in

the travelling wave model.
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Chapter 9

9 FUTURE WORK

The presented model done in PSCAD, which was validated throughout this work, will be a
valuable tool for further researches in the area of Power System, specifically, in the distribution

networks. The research that could be taken place in this model could cover the following points:

Study of distributed coil grounded neutrals.
Over compensation studies.

Comparison between different detection and location methods.

o O O O

Limitation studies about the proposed fault detection and location method.
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Figure A-10. Zero sequence currents in 80% Compensation with Parallel Resistance Connection and High Fault
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