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Abstract

Transformer inrush currents have always been a concern in the power industry. Over the last
decades, a few methods have been proposed to limit transformer inrush currents. The
deregulation of the electricity market and the increased awareness of power quality have re-
ignited interest in finding more effective and practical methods for controlling inrush

currents.

One of this thesis’ main objectives was to investigate sequential phase energization aided
with a single neutral or series resistor as an effective inrush current mitigation technique.
Transformer non-linear characteristics play an essential role in the accurate representation of
transformers under inrush and highly nonlinear conditions. A transformer modeling and
simulation technique was developed for the stable and accurate simulation of transformer
behavior during inrush current conditions. Moreover, a novel technique was developed for
estimating transformer saturation characteristics from measured terminal voltages and

currents during transformer energization.

The effectiveness of the sequential energization inrush mitigation technique was venfied
through experimental, simulation, and sensitivity studies. With the neutral-resistor-based
scheme, it was found that the neutral grounding resistor acts similarly to a series resistor
during sequential phase energization and that the first phase energization leads to the highest
inrush level. The single, series-resistor scheme provides a solution for inrush current
mitigation in transformers with un-grounded primaries. Both schemes were found to be

capable of reducing inrush current magnitude by 80-90%, depending on the application and
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transformer type. A detailed analysis of the techniques transient performance led to the

development of a solid design guide for the size of the resistor involved.

The study of the sequential energization technique was further extended to capacitor
energization application. With optimally-sized neutral impedance, sequential energization
was found to be capable of achieving close-to-synchronous energization conditions. The
scheme performance is presented together with the design guidelines for the neutral

grounding impedance.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements

First and foremost, I would like to thank and Praise Allah almighty for enlighting my way and

directing me through each and every success I have or may reach.

I would like to thank and express my deep appreciation to my supervisor, Prof. Wilsun Xu, for all his
encouragement, support, guidance and patience during my study at the University of Alberta. It has
been my honor and privilege to work under his supervision. His enthusiasm, guidance and insight

throughout the duration of this study were invaluable to me.

I would also like to thank Dr. Washington Neves, Brazil, for all of his guidance and fruitful
discussions. His advice and encouragement have been invaluable to me during the one year period he

spent with us at the power lab.

It has been a great opportunity to work with my colleagues in the power quality research group. I
would like to thank all of them especially Dr. Tarek Kandil, Dr. Emad Ahmed, Yu Cui, Jacek Kliber
and Ali Arefifar for their cooperation and valuable discussions, providing a great environment in the
power lab. My thanks also go to Albert Terhide for all his help during my experimental work.

Thanks are due to Enppi, Egypt, for their support in giving me the opportunity to pursue my Ph.D.
degree. The financial support I received from the University of Alberta throughout my program is
highly appreciated.

Words cannot express my sincere gratitude, thanks and love to my father and mother for all their
endless encouragement, support and love for my entire life. I got from my father, Dr. Gabr
Abdulsalam the strength, inspiration and the spirit of challenge that enabled me to complete this

work.

Finally, I would like to express my appreciation to my wife, Heba. Without her endless support,
patience and encouragement, this work would have never been completed. I am indebted to her for
standing beside me while I spent these years working on this project. To her, my son Youssef and my
daughter Sana, I dedicate this work.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

1. INEEOUCHON ...ttt ettt ettt bbb s bbb 1
1.1 Transformer Inrush Currents and Impact on System Performance............cccouuune. 1

1.2 Available Mitigation Techniques ...........cccvvvinivimniniiiiicns e, 4

1.3 'The Sequential Switching Mitigation Technique...........cooovviivmmnrnicrninienceiiiennn 9

14 Research ObJECtVES......ccviiiiniriiii e sessennes 13

1.5  Thesis Contributions and OUlNe ..........ccoverircrniciiiicie e 14

2. Transformer Inrush Current Phenomena and Its Analysis.........c.ccccececiviinirininanee. 18
2.0 INEEOAUCHON ...ttt 18

22 Characteristics of the Saturable Inductor...........coocivnnceinninncnccrecennee 20

23 Factors affecting inrush current magnitude ..........cocoeeeeiiiniiniciiccen, 23
23.1 Instant of SWILChING ....ovuieiresctcisic s assesnsssens 24

2.3.2  Residual Flux and Saturation CharaCteristics .....oeurmmeemermeesermecensessmsessens 28

233 Series IMPEdance ... 31

24  Single Phase and Simultaneous Three Phase Energization Inrush Current ......... 32

25 CONCIUSIONS ..vovrereiieieieiiieieieir ettt et eee 43

3. Transformer Modeling and Simulation for Inrush Current Studies ..........ccccceveveuennnee. 44
3.1 INErOUCHON ..ottt ee 44

32 Transformer Model DeSCHPUON ........cvierimiueeriiiereeeieneieeeeneeeenesesesesesenene 47

3.3  Transformer Model Implementation............c.cceerurieuiviniinineneniecnecnenenernenees 50
33,1 MoOdel LINEATIZAtION ........cceeurereeeeevennecennecesseesnaseessssssssssessesssssssssesssssassssasessens 50

3.3.2 Representation of Reluctance CUIVES........ccoermrmermreeceseensessssssesessessecens 53

333 Solution MethOdOlOgy .......ceuueceumermmneesuscemensesesssesssssasssssssessssssssssssesassssesass 55

34 Simulation Results.......c.ccocvviriiiieiiiinirireceie et 58

35 CONCIUSIONS ...ttt ettt e e s bbb esa s sa s 63

4. Estimation of Transformer Saturation Characteristics from Inrush Waveforms........... 64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1 IOCPOQUCTION evvveeeeereeeeeeeeeeeeeeeeeesessureesasaeeeseseeeesesaseresaanneesssosesesessssnesesssrsrsesnsees 64

42 Parameter-Estimation Algorthm ..., 67
43  Calculation of Magnetizing GUITENT ..........oveeeerrerueieueeniereerisiesseereseseeseseesensenes 71
44  Residual Flux EStMation ..........cccceeieiverneniciiiiiecccnrr e 74
45 Model Verification and Simulation Results..........cccocvernnciicininnicnicncenennee 77
4.5.1 Estimated Reluctance-Flux CUrves.....c.ovreneerescesemeeecesseessersmsssscsense 78
452 INO-L0ad OPEration .......curuuecermrrermsersssessssessssssesssssesssessssnesssssssssssssssmsesssses 83
453  Single-Pole SWILCHING........wmvuuccemmeemreireemesesnscemenseessessssessesssssesssessasecssas 83
45.4 Simultaneous three-pole SWItChINE .......cceucvrreescenrensinneinsiscssssessssssssssenns 84
4.6 CONCIUSIONS .....cooiiiiiiiiiiticte ettt ettt 87
5. Performance of the Sequential Energization Scheme.........ccccoeevererireecererenceenenennen, 88
5.1 INrOAUCTON ....covviiiiiiieieiicier ettt ss s s nsee 88
52 Scheme Performance .........ocvvivirincciiiinescccce e 90
52.1 Experimental RESUILS ......cccoeceeercenmerrsnerrrssssinmrssssmsessssssssssssssssssssmsssssessins 90
522 Simulation RESUILS .......oveeuermmcermneenneninsesinesissssssessssscsssssssssssssssssssssssssssanns 102
53 Sensitivity ANAYSIS.......cocorrvereririviiriiiisieseieesessssee ettt ese e neresenas 108
54 ConCIUSIONS ....c.ouoviuiiiiiriiiiiiricicirirre ettt b e 116
6. Transient Analysis of the Sequential Energization Scheme and Design Guide............ 120
6.1 INrOdUCHION ...ttt 121
6.2  Analysis of First-Phase Energization...........cocoeeeueviveremuerirenrersesneesensesessssrnnns 123
6.3  Expression for Inrush Current Peak .......c.ooeuvvrvivenicrncnriecse e 127
64 Investigation of Second Phase Switching Inrush Current............cooevvivinnneeenn 133
6.4.1 Three Single Phase Units Connected in YZ-Y ..co.cvvrmmrrrenmmreresensssssnseseeses 134

6.4.2 Three single Phase Units Connected in Yg-A or 3 Limb,
YE-Y OF YE-A ottt ssssssesssessesessesssesastssssssesssssans 142
6.4.3  Effect of Delta Winding Connection ...............eeeeresssssssenssossssennn 147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.5 Neutral ReSISTOr SIZING.......c.ovuemeuiriuiiimiiriirneiinssess et sbe e 154
6.6 Neutral Voltage RISE .......ccoevrurueviuerrireiieiiimiieisnsrsnsen st ssasescscines 157
6.6.1 IEEE/ANSI Standards for the Neutral Terminal
INSULALION c.vvcrrvrrearreseccaeesseesssssecesssessesssesssssssesssss s sssesasssanssssssebesasasssssssssssssas 161
6.6.2 Surge Arrester Application to limit Neutral Voltage Rise .....coovevvrrverrnnnens 164
6.6.3  Saturable-Inductor Grounding Application to limit Neutral
VOIAZE RISE..onucceremrmrerrearcerissssssssssssssssssssssssssssssmsssssssesssssssssssssssssssssssssssssss 170
67 Energy Requirements for the Neutral Grounding Resistor/ Arrester Scheme...173
6.7.1  Literature Review and Industry PractiCe .......ccceeemvermrrmscnemsinmsissessasessnens 174
6.7.2 Energy Requirements for Neutral Grounding Resistor.........coouevcvviresnrrnns 178
6.8 Considerations on Ferroresonance. ..o 181
6.9 CONCIUSIONS ....vveeeeveececiii ettt ettt 183
7. Single Pre-Insertion Resistor with Sequential Switching............cccoovviiriniinnnnnn. 184
7.1 INErOUCHION .eoveiieeicci ettt 184
72  Experimental and Simulation Results.........ccccocoieiieinccricinncnnncne 186
7.2.1  Y-A Connection (energizing from Y side) c....cucceeresccrscrmccusressesssnsenns 187
722  A-Y Connection (energizing from A side) .......coeeccermserssmmensevessassnsnee 188
723  Yg-A Connection (energizing from Yg SIde) ......cevccemecemermmseceeesecrsennes 190
7.3 Theoretical Analysis and Resistor S1zing ..........c.ccccveirrneiccnnnininnnnnnn. 192
7.3.1  Y-A Connection (energizing from Y SIde) .........ovveeeeeecemsmeeeseesnerssneseeeees 192
732 A-Y Connection (energizing from Delta side) ......occerrermmerermsmrevsecersnecens 197
7.33  Yg-A Connection (energizing from Yg side).......coovecerrecermecrmmenccerancernens 199
74  Considerations on Ferroresonance...........cocvvrriniriieiininenenenennneniccseceneenne. 200
7.5 CONCIUSIONS 1.euiniiiieieiieteieteieierie ettt et a e n et sb st be e se et snennan 206
8. Application for Capacitor Switching Transients Mitigation..........c.ccceevererereunueenrenen. 207
8.1  INLIOUCTION ....ouvnrriiiiiiiiricer ettt vttt eene 207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8.2 Scheme Arrangement and Theoretical Analysis..........cooeercueererinincceiiiniinns 209

8.3  Neutral Impedance SIZing........c.coceeeueuieieinnieierereienreinieece s 215
8.3.1 Single-stage R-L neutral impedance.........ccrimnresssessnsisnnens, 215

8.3.2 Dual-stage R-L neutral impedance............cucccorrmreecesnecenessinncesssnen 217

8.4  Scheme Performance and Transient Simulation Study..........cccocccconrvercecnnncs 219
8.4.1 Instantaneous Switching with solid ground:.......c.covvcvecenresneienneiennncinnne. 221

8.42 Sequential switching with single-stage neutral impedance: ........cccoueeccunnee. 222

8.43 Sequential switching with dual-stage neutral impedance: ........ccccoenevrrennee. 224

8.5 Impact on Voltage Magnification...........cvoeeurereiirniersnereeninreeesesesesaesenne. 225

8.6 CONCIUSIONS ......viviiiiiiciici et 229

9. Conclusions and Recommendations ..........c.coeveceueueurininininininieeeeseseseseeesecensieenes 230
10, RETEIENCES ...ttt bttt 238

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1.1

List of Figures

The sequential phase energization scheme aided with an optimally-sized

grounding resistor (top) and with a single pre-insertion resistor

(bottom).

Figure 2.1 Nonlinear Flux-Current charactenstics.

Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5

Figure 2.6
Figure 2.7

Figure 2.8

Figure 2.9

Saturation Curve of Iron, Showing “Regions” and the Corresponding
Fictitious Equivalent of a Saturable Reactor, [49].

Influence of the switching angle a on the flux build up in the core.
Calculation of the maximum inrush current magnitude using the
maximum flux build-up and simplified saturation characteristics.
Theoretical maximum flux build-up limit and the corresponding peak
inrush current as affected by the mstant of switching, a. ¢s =
1.2(p.u.)

Influence of the residual flux ¢, on the flux build up in the core.
Theoretical maximum flux build-up limit and the corresponding peak
inrush current as affected by the residual flux ¢, = +0.7(p.u.) and the
instant of switching, a. ¢, = 1.2(p.u.)

Supply voltage ‘top” and the theoretical induced flux assuming zero-
residual pattern ‘middle’ and with residual flux ‘bottom’ in the
transformer cores during energization of Yg-A bank.

Distribution of current among 3-phase bank, Y-A windings due to
saturation of Phase A with phases B and C unsaturated (low residual

flux pattern).

Figure 2.10 Maximum inrush condition, 3-Phase Transformer, Y-A connection.

Terminal Phase voltage ‘top’, Inrush Currents ‘middle’ and Neutral

Voltage ‘bottom’.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10
19

21

24

26

27
28

30

35

36

39



Figure 2.11

Figure 2.12

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6

Figure 4.1

Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6

Figure 4.7

Distribution of current among 3-phase bank, A -Y windings due to
saturation of Phase A with phases B and C unsaturated (zero residual
flux pattern).
Maximum inrush condition, 3-Phase Transformer, A-Y connection.
Terminal line voltage ‘top’, Line Inrush currents ‘middle’ and Phase
Inrush currents ‘bottom’.

Transformer electrical equivalent circuit (per-phase) referred to the
primary side.
E quivalent magnetic circuit and flux distribution for a three-limb, three-
phase transformer.
The fitted R — ¢ curve for a typical three limb transformer.
Phase inrush currents for instantaneous three phase switching using the
predictor corrector scheme ‘shadowed’ and the Newton Raphson
scheme ‘solid’ for the transformer given in [53] and [56].
Instantaneous three phase switching of Yg-A transformer described in
appendix.
Instantaneous switching of the transformer described in [54] using 9-
segment piecewise reluctance-flux curves.
Approximate equivalent magnetic circuit for the three limb, E core,
three-phase transformer.
Equivalent electric circuit for a Wye-Delta transformer.
Flux-Current characteristics obtained for different cases assuming zero
residual flux.
Estimating the residual flux value from No-Load Flux-Current curve
and calculated flux-current curve during inrush conditions.
Calculated Hysteresis loop for the transformer under test.
Reluctance-Flux characteristics obtained for the transformer under test
using No-Load waveforms.
Flux-Current characteristics obtained for the highest recorded inrush

peak considering the calculated residual fluxes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40

42

47

47

54

59

60

62

68
73

75

76
78

79

79



Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12
Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 5.1

Figure 5.2
Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Reluctance-Flux characteristics obtained for the highest recorded inrush
peak considering the calculated residual fluxes.

Flux-Current characteristics obtained for Wye-Delta connection and
using simultaneous three-pole switching.

Reluctance-Flux characteristics obtained for Wye-Delta connection and
using simultaneous three-pole switching.

Reluctance-Flux characteristics obtained for central and outer limbs of
the transformer given in Appendix.

Measured and simulated No-Load current.

Simulated ‘solid’ and Measured ‘dotted’ highest inrush waveforms using

the obtained Reluctance-Flux characteristics.

'The first cycle of the simulated ‘solid” and recorded ‘dotted’ mid-range
inrush using single phase switching.

Recorded ‘dotted’” and simulated ‘solid’ energizing inrush currents for
Wye-Delta connection.

Recorded ‘dotted’ and simulated ‘solid’ energizing inrush currents for
Wye-Wye connection.

Recorded simultaneous energizing phase voltages for Yg-Y transformer.
Recorded simultaneous energizing phase currents for Yg-Y transformer
Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive sequence switching order.

Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive sequence switching order. (Enlarged Portion)
Extended 2™ and 3 I,,,,(R,) curves, for Yg-A connection, positive
sequence switching order.

Flux distribution after energizing phases A and B.
Magnitude of inrush current as affected by the neutral resistor, for Yg-A

connection, negative sequence switching order.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

80

81

81

82
&3

84

84

85

86

91
92

92

93

94
95

96



Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, negative sequence switching order. (Enlarged Portion)
Typical inrush current waveform during 1% phase energization,
R, =2.0Q.

Typical inrush current waveforms (top) and the neutral current (bottom)
during 2* phase energization, R,, = 2.0 Q.

Inrush current waveforms (top) and the neutral current (bottom) during
2" phase energization, R,, = 0.25Q.

Inrush current waveforms (top) and the neutral current (bottom) during
2" phase energization, R,, = 0.5Q.

Inrush current waveforms (top) and the neutral current (bottom) during
2" phase energization, R, =50Q.

Inrush current waveforms (top) and the neutral current (bottom) during
3" phase energization, R, = 2.0 Q.

Sequential energization scheme performance through simulation for;
First (Top), Second (Center) and Third (Bottom) energizing stages,
R, =2.0Q.

Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive sequence switching order.

Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive-sequence switching order. (Enlarged Portion)
Extended I,,,(R,) performance curves for a positive-sequence
switching order.

Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, negative-sequence switching order. (Enlarged Portion)
Imax(Ry) performance curves for the 138MVA, 72/13.8 kV, Yg-A

transformer with a positive -sequence switching order.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96

97

98

99

99

100

101

103

104

105

105

105

106



Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29

Figure 6.1

Figure 6.2
Figure 6.3

Figure 6.4

Lnax(Ry) performance curves for the 138MVA, 72/13.8 kV, Yg-A
transformer with a positive -sequence switching order. (Enlarged
Portion)

Maximum inrush current as affected by the neutral resistor, for
3x300MVA, 199.2/13.8kV, Yg-A connection, positive-sequence
switching order.

Maximum inrush current as affected by the neutral resistor, for
3x300MVA, 199.2/13.8kV, Yg-Y connection, positive-sequence
switching order.

Measured saturation curve for 1 MVA, Yg-A 3-Limb transformer, [32].
First and Second phase switching I, (Ry)curves for saturation
starting at 1.35 p.u (Top). Enlarged portion (Bottom) showing the
intersection points of the curves (around 80 Ohms)

First and Second phase switching Ip,q,(Ry)curves for saturation
starting at 1.25 p.u.

First and Second phase switching I, (Ry)curves for saturation
starting at 1.25 p.u (Top). Enlarged portion (Bottom) showing the
intersection points of the curves (around 30-40 Ohms).

Imax(Ry)curves for saturation starting at 1.25 pu. First phase
energization (Top) and second phase (Bottom).

Imax(Ry)curves for saturation starting at 1.35 pau. First phase
energization (Top) and second phase (Bottom).

Simplified equivalent circuit for the energization of the first phase and
the corresponding characteristics.

Simplified equivalent circuit for the energization of the first phase

(a) Magnetic circuit with flux distribution during first-phase switching
and (b) Simplified equivalent magnetic circuit.

Normalized exponential (top) and complete inrush waveforms for a

saturation angle of 45 electrical degrees.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

106

107

108

109

110

112

112

114

115

123
125

125

129



Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12
Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Normalized exponential (top) and complete inrush waveforms for a
saturation angle of 70 electrical degrees.

Normalized inrush current waveforms showing exponential and
sinusoidal components for saturation angles of 70 and 45 electrical
degrees.

Ipr(R) compared to the experimental inrush peak current for the 30
kVA, 208/208 Yg-A, three limb transformer.

Sequential energization of a 3-phase transformer consisting of three
Single-Phase units with a neutral grounding resistor.

Equivalent electric circuit for three phase transformers, Yg-A
connection.

Simulation of the 3x300MVA, Yg-Y transformer, [10], during second
phase switching for R, = 150 [Q].

Electrical equivalent circuit for the transformer during second phase
switching and under saturation condition of un-energized phase C.
Modeling of the Delta winding during saturation condition of Phase C.
Simulation of the 30kVA, 208/208V, E-Core transformer for the
second phase switching condition showing the effect of Delta winding
current for R, = 0.1 ().

Neutral voltage peak as function of R, during the first and second
switching stages for the 132.8 MVA transformer.

Phase currents, neutral cutrent and neutral voltage during complete
switching sequence for the 132.8, Yg-A transformer, R,, = 50Q.

first phase energization I,,,(R,)performance curves with different
residual flux levels for the Hyundai, 72/13.8 kV, 1328 MVA
transformer.

Neutral voltage rise curves for the first switching stage with different
residual flux levels for the Hyundai, 72/13.8 kV, 1328 MVA

Transformer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

130

131

132

135

143

147

148
151

153

158

159

160

160



Figure 6.18
Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

Figure 6.23

Figure 6.24

Figure 6.25

Figure 6.26

Figure 6.27

Figure 6.28

Modeling of surge arresters before and after saturation.

First phase energization I,,(Ry)curves with different arrester
saturation voltages for the 132.8, Yg-A transformer.

First and second phase energization I,y (R,)curves with different
arrester saturation voltages for the 132.8, Yg-A transformer.

Phase currents, neutral current, and neutral voltage during complete
switching sequence R,, = 50. Arrester saturation voltage is 0.5 (p.u.)
for the 132.8MVA, Yg-A transformer.

First phase energization I,,,,, (R, )curves showing the effect of arrester
50%saturation voltage with different residual flux levels for the 132.8,
Yg-A transformer.

Inrush currents I, (R,) performance curves during 1% and 2™
switching phases. Reactor series resistor designed of ~0.55pu rise during
first switching for the 30kVA, laboratory transformer.

Neutral voltage magnitudes during 1% and 2* switching phases. Reactor
sertes resistor designed for ~0.55pu rise during first switching phase
Inrush currents for the 30kVA, laboratory transformer.

Saturable Reactor performance during the first phase switching. (please
note the magnitude of the neutral voltage after the first cycle and the
duration of the overvoltage).

Saturable Reactor performance during the second phase switching.
(please note the magnitude of the neutral voltage before switching phase
2 and after switching 2nd phase.

Accumulated energy during different switching stages. Results are for
the 132.8 MVA transformer with infinite system.

Accumulated energy during different switching stages [J]. Arrester set at
0.5 [p.u.] saturation voltage with 1000MVAsc system.
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Figure 6.29

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 8.1

Voltage at the primary side of a 22/0.48, 160kVa, Y-A transformer due
to energizing Phase A. Top: Isolated neutral Bottom: Neutral
grounding.

Single pre-insertion resistor sequential energization technique for inrush
current reduction.

The performance of the pre-insertion scheme as applied to a 208/208,
30kVA, E-core,Y/A transformer. (Energizing from Y side).

The performance of the pre-insertion scheme as applied to a 208/208,
30kVA, E-core, A/Yg transformer.

The performance of the pre-insertion scheme as applied to a 208/208,
30kVA, E-core, Yg/ Atransformer.

Equivalent circuit for the analysis of the pre-insertion resistor scheme
during first stage switching. (Energizing from Y side).

Equivalent circuit for the analysis of the pre-insertion resistor scheme
dunng first stage switching. (Energizing from A side).

Development of ferroresonance in delta connected winding. (Energizing
from A side).

Damped fundamental Ferroresonance condition during sequential
energization and a series resistor of 4.0 (€2). From top to bottom;
terminal voltage, inrush current, core flux and the V-¢ loops.
Experimental I,,,, (Rg)performance curve trials during second phase
energization with a single series resistor. (Energizing from Yg side).
Sub-harmonic ferroresonance condition during sequential energization
and a series resistor of 4.0 (Q2). From top to bottom; terminal voltage,
inrush current, core flux and the loops.

The sequential energization scheme for capacitor switching transients

mitigation.
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Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Open circuit voltage as affected by the neutral impedance for (top)
second phase switching AV,_, (middle) second phase switching AV,
and (bottom) Third phase switching AV;.

Open circuit voltages AV,_ , AV3, and the objective function fy 4.
Scheme 2 for mitigating capacitor switching transients using dual stage
neutral impedance.

IEEE 13-Bus industrial test system.

Instantaneous switching performance: (a) Phase voltage, transient
voltage and phase currents during a complete switching sequence. (b)
Transient overvoltage magnitude V,; against disturbance duration, 7.
Single-stage neutral impedance mitigation technique: (a) Phase voltage,
transient voltage and phase currents during a complete switching
sequence. (b) Transient overvoltage magnitude V,; against disturbance
duration, 7.

Dual-stage neutral impedance mitigation technique: (a) Phase voltage,
transient voltage and phase currents during a complete switching
sequence. (b) Transient overvoltage magnitude V; against disturbance
duration, 7.

Voltage at the utility capacitor bus (top) and magnified voltage at

customer bus 13 (bottom).
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1.Introduction

This chapter presents an introduction to inrush current phenomena in power transformers,
and a review of available mitigation techniques. The chapter starts with a discussion of the
diverse effect of inrush currents on power system performance and their impact on trans-
former reliability and lifetime. A brief introduction to the mechanism of inrush current
development in power transformers is presented, followed by a thorough review of the
available inrush current mitigation techniques and the present state-of-the-art in the field.
The sequential energization scheme is also presented, and the thesis’ main research objectives
are explained. The chapter concludes by presenting this thesis’ main contributions and an

outline of the thesis, with a brief description of each of the chapters to follow.

1.1 Transformer Inrush Currents and Impact on System
Performance

Power transformers are critical components in power-system networks and are the most
expensive equipment in substations. These transformers are used for different purposes and
configurations and they may be energized either occasionally (yearly) or frequently (daily).
The Un-controlled energization of transformers produces high inrush currents, which can
reduce the transformers’ residual life due to the high mechanical stresses involved, and can

also lead to the unexpected operation of protective relays and power-quality reduction [1]

and [2].
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Normally, during energization, the core flux is non-sinusoidal, being saturated in one polarity
which results in a direct current component. The high non-linearity of the iron core reflects
into a current waveform that is rich in harmonics. The typical harmonic content of a trans-
former inrush waveform includes 62% of 2™ harmonic and 55% of DC component of the
fundamental power frequency [3]. In addition, inrush currents caused by transformer energi-
zation can reach magnitudes of 10 or 20 times the nominal FullLoad current of a
transformer [4], [5], [6][7], [8], [9] and [10]. Inrush current levels as high as 26 to 40 times the
rated current has been reported in [4] and [8], respectively. As well, inrush currents can
approach 70 to 90% of the short circuit current level [9] and [15]. Moreover, the duration of
inrush currents may last from tens of cycles up to few minutes for large power transformers
[1]

The nature of inrush currents which include a high current magnitude rich in harmonics
coupled with relatively a long duration as compared to that of the short circuit current level,
leads to adverse effects on the transformer itself as well on to the protection system’s
performance and power quality. On the transformer side, the mechanical stresses imposed
on the windings approach those caused by short-circuit currents [11], [12] and [9]. Trans-
formers are more subjected to switching operations, and, consequently, inrush currents. The

compression of transformer windings during inrush conditions increases the risk of insula-

tion failure [11].

One of the major problems with transformer inrush currents is the false operation of protec-
tion during inrush conditions. This subject has been of great interest to many researchers [3],
[4], [13], [14], [16], [17], [18], and [19]. As well, winding movement due to inrush current can

cause the operation of over-pressure protection [20].
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The Power-quality consequences of inrush currents can be quite serious [21]. Examples
include the overrating of fuses and difficulties with fuse coordination, temporary over-
voltages (TOV’s), voltage sags and motor tripping. High current magnitudes drawn from the
energizing system side will cause voltage sags of long duration on nearby busses. Voltage sag
levels of 20% on a system’s bus were reported in [4]. The reduced voltage magnitude might
result in motor and sensitive load tripping. Additionally, voltage sag during inrush conditions

might lead to sympathetic inrush phenomena in nearby transformers during voltage recovery

[22],[23], [24], [25] and [26].

In the power-system industry, two different strategies have been implemented to tackle the
problem of transformer inrush currents. The first strategy focuses on adapting to the effects
of inrush currents by desensitizing the protection elements when transformer units are
energized. Other approaches go further by ‘over-sizing’ the magnetic core to achieve higher
saturation flux levels. These partial countermeasures impose downgrades on the system’s
operational reliability, result in considerable increases in the unit cost, expose the transformer
to high mechanical stresses and lead to a lower quality of power. As mentioned earlier, higher
mechanical stresses can lead to displacement in the transformer core windings and the

possibility of a fire hazard in the transformer.

The second strategy focuses on reducing the inrush current magnitude itself during the
energization process. Minimizing the inrush current will extend the transformer’s lifetime
and provide better system performance and lower maintenance and down-time costs. As
well, an effective mitigation technique will increase the reliability of operation, since the

problem of protection-system malfunction is eliminated during transformer energization.
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1.2 Awvailable Mitigation Techniques

Over the past several decades a few methods have been proposed to control transformer
inrush currents. Representative examples are the pre-insertion of closing resistors and the
controlled closing of circuit breakers. Other methods tend to reduce inrush currents indi-
rectly by reducing the residual flux magnitude in the transformer core. Generally, in order to
limit transformer inrush currents, the transformer core should be kept from reaching high
levels of flux during the energization process. In this section, a review of the available inrush

current mitigation techniques will be presented together with the industry practice.

Closing Resistors for Inrush Current Reduction:

The pre-insertion scheme, which is a classical control strategy, is based on temporarily
inserting series impedance(s) in-series-with the switched equipment during energization.
Circuit breakers equipped with closing resistors initially insert these impedances in series with
each phase of the switched equipment and after some time delay, in the order of several
milliseconds are bypassed through additional shunting switches. Switching devices for
transmission lines’ overvoltage reduction, capacitor energization, and harmonic filters
energization are commonly equipped with closing resistors [27]. Closing pre-insertion
resistors have also been used as well for transformer inrush current reduction [28], [13] and
[30]. However, the resistance size required to achieve an acceptable reduction in inrush
current is generally higher and requires longer insertion time than that used for line energiza-
tion applications, [13], [18] and [28]. Typically, pre-insertion resistor size of 300-400 ohms
with insertion times of 8 ms is implemented for transmission line energization applications,

[7]. Insertion times of 7 to 12 cycles are typical for capacitor-energizing applications [27] and
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[29]. For transformer-energization applications, pre-insertion resistor values from 3,000 to

7,000 ohms and insertion times of 15 to 25 ms have been reported in the literature [18].

The closing resistor scheme, although it can effectively reduce inrush current with a suffi-
ciently sized resistor, has two major drawbacks. First, the closing resistors need to be
shorted-out after the energization process is complete. Doing so requires three additional
breaker contacts, which increase the complexity of the moving mechanism and maintenance
costs [31]. In addition, the increased number of the switching elements and the fault-current
tolerance of the resistors reduce the breaker’s reliability [27] and [31]. The second drawback
is related to cost, for a breaker equipped with closing resistors costs 20-25% more than

breakers with no closing resistors [6] and [27].

Controlled Closing of Circuit Breaker:

Since the early nineties and due to the developments in high-speed circuit-breaker technol-
ogy, controlled closing has been successfully implemented in the power industry for
capacitor, reactor and transmission line energization applications [7] and [27]. Basically,
individual pole contacts are precisely controlled to close at a certain instant on the supply
voltage waveform, at which energizing transients are eliminated or, at least, minimized. The
application of controlled closing to capacitor and transmission line energization is quite
straightforward and depends directly on the speed and mechanical scatter characteristics of

the circuit breaker used [22], [27], [32], [33] and [34].

However, for applications with transformer energization, the problem is much more difficult
due to the existence of an unknown residual flux magnitude and polanty in the transformer

magnetic core. If a transformer is energized at an instant where its flux waveform does not
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reach the saturation level, inrush currents will not be produced. Accordingly, with an accu-
rately known residual flux pattern in the core, the instant of switching of each phase could be
optimized to achieve an induced steady-state flux and, consequently, eliminate the inrush
current. This process is the basis of the controlled switching schemes to mitigate inrush

currents [34], [35], [36] and [37].

In the past, the development of such a scheme was limited by the speed and accuracy of the
available circuit-breaker technology as well as the lack of an efficient method to measure or
estimate the residual flux at the instant of energization. It was stated in [35] that due to the
delay introduced by the mechanical breaker, a small shift in the switching angle might result.
Developments in circuit-breaker technology resulted in fast and reliable circuit-breaker
operation, which eliminated the problem of speed. Recent studies showed that this delay can
be in the range of 0.28 ms, which causes a shift of about 6 electrical degrees for modem
high-speed circuit breakers [21]. A lower reduction rate of the inrush currents might be
achieved if the amount of residual flux were not accounted for in the control scheme. Since
no accurate means was available to determine the residual flux in the transformer core, the

energization instants were not optimally selected [6] and [27].

Although, no efficient way has been found to measure residual flux directly, the micro-
processor-based computational power available today can provide means of estimating the
amount of residual flux resulting from the previous de-energizing process. In [38], a method
for estimating the residual flux level from the de-energization voltage waveforms measured
across the windings closest to the core was presented. However, due to the effect of grading
and system capacitance, the amount of the residual flux in the core during the following

energization process could be smaller than that estimated from the previous de-energization
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event [34] and [39]. Accordingly, the actual residual flux in the transformer core at the
following energization event will be different than the estimated value, and, hence, the

scheme will be inaccurate.

Applying controlled de-energization and energization was proposed in [6] to overcome the
problem of residual flux estimation. It was shown that controlling the de-energization event
could lead to a pre-determined residual flux pattern and, accordingly, eliminate the problem
of measuring or estimating it. The implemented method controls the switching-off instant to
achieve the lowest possible residual flux in the transformer core, and, hence, its effect can be
neglected while optimizing the following switching event based on the assumption of zero
residual. However, controlled de-energization could not be implemented in forced outages
due to protective relay operation. Current chopping while interrupting the low excitation
current can prevent the controlled de-energization solution from being successful [7] and

[40].

Even though synchronous switching can be theoretically implemented with the knowledge of
the residual flux to completely eliminate inrush currents, some conditions can exist where the
full control of the breaker-switching instant cannot be adopted. The presence of slow circuit
breakers and breakers with staggered pole closing could prevent the application of controlled
closing. Moreover, for transformers with multi-limb cores, more details about the magnetic
structure and characteristics of each core leg should be known and considered when applying
controlled closing. This information is necessary for completing the switching of the second
and third pole closures as the flux will be forced into the un-energized core legs depending

on the core topology[35] and [36].
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Reduction of Residual flux

A number of methods have been reported in the literature for reducing the residual flux and,
consequently, limiting the maximum flux build-up leading to a reduction in inrush current

magnitude.

One of the common known methods for lowering the residual flux in the core is the use of a
variable source to gradually decrease the supply voltage across the transformer’s terminals
and, consequently, the flux in the core [41]. However, this method is applicable only at

research laboratories and is not of interest for practical application.

Another strategy is to allow the transformer’s magnetizing current and, consequently, the
core flux, to slowly discharge in parallel connected capacitors after de-energization [4], [7],
[27] and [41]. The minimum kVA rating of such capacitor banks was found to be in the order
of 40% to 100% of the magnetizing kVA of the transformer [27], [41]. Regardless of the
method implemented, the elimination of residual flux lowers the maximum flux to just 2.0
(p.u). As a result, this scheme is not an attractive solution for inrush reduction unless

combined with other inrush-control schemes.

Neutral Resistors for Inrush Current Reduction

The neutral resistance’s impact on the magnitude of inrush currents in transformers was
studied earlier in [30]. As a minimum, the neutral resistor was expected to have some reduc-
tion on the inrush current duration. After several experimental and simulation tests, it was
found that a neutral resistor of a few ohms together with ‘simultancons’ switching didn’t have
any effect on either the magnitudes or the time constant of inrush currents. The pre-insertion

resistors were recommended as the most effective means of controlling inrush currents. The
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impact of the neutral resistor on transformer inrush currents was briefly investigated in [28].
Through simulations, it was found that the neutral resistor had little effect on reducing the
inrush current peak or even the rate of decay as compared to the cases without a neutral
resistor. The use of neutral impedances was concluded to be ineffective compared to the use
of pre-insertion resistors. This finding was explained by the low neutral current value as
compared to that of high phase currents during inrush. It was mentioned that due to the
cancellation effect of the three phase currents in the neutral, insufficient voltage was present
across the neutral resistance to have any effect on either the inrush magnitude or the rate of
decay. It has never been reported in the literature that inrush currents could be eliminated by

using a reutral resistor only if sequential switching is implemented.

1.3 The Sequential Switching Mitigation Technique

In today’s highly challenging power-system industry, many utilities have an urgent need to
increase the availability and reliability of energy supplies in ageing electrical infrastructures.
Adaptations are required to operate in a deregulated, competitive market where switching
operations tend to be more frequent. Community opposition and environmental-impact

considerations have limited the efforts to expand and re-enforce these networks.

Today, two recent developments in the power industry have re-ignited interest in finding
better methods for controlling inrush currents. The deregulation of the electricity market is
one of the main reasons for this interest, for more independent power producers and co-
generators are taking advantage of this situation. Their proposed generators often need to

have the generator transformers energized from the system side due to cost considerations.
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Doing so results in the problem of large inrush currents being injected into the supply
system. Another development is the increased awareness of power quality and the need to
follow strict standard limits to avoid penalties. For these reasons, simpler and lower-cost
schemes must be found to limit transformer inrush currents. Independent power producers

are especially interested in such techniques.

This work investigates a novel sequential switching inrush-current mitigation technique that
is a reliable, simple and cost-effective alternative to the currently available techniques, Figure
1.1. The sequential switching technique, as will be shown, was evaluated through experimen-

tal, simulation and analytical studies during the course of this work.

SUPPLY s
SYSTEM M
———':
SIMPLE
SWITCHING |
LOGIC
Transformer with Electrical or Magnetic
Coupling between phases
/ o
SUPPLY - {
SYSTEM -

(=
T

SIMPLE SWITCHING
LOGIC

Figure 1.1 The sequential phase energization scheme aided with an optimally-sized
grounding resistor (top) and with a single pre-insertion resistor (bottom).
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The sequential energization scheme was found to be capable of reducing the magnitude of
inrush currents by 80% to 90%, depending on the transformer connection and the core
structure type. Such an inrush-reduction rate makes the scheme as effective as the pre-
insertion closing resistor and the controlled closing scheme, which were reported in litera-
ture. The scheme, as shown in Figure 1.1, involves the sequential energization of the three
phases of the switched equipment, together with the insertion of a properly sized se-

ries/ neutral resistor.

For the neutral resistor based scheme, during the sequential switching of phases, a neutral

current will flow through the neutral grounding resistor, and a resulting neutral point voltage
of the same shape as that of the neutral current scaled by the neutral resistor ‘ R,,* magnitude

will be established. Generally, for the most severe cases in which the switched supply voltage
has the same polarity as the residual ‘or initial’ flux in the switched transformer leg, the
inrush current waveform will also have the same polanity as the supply system voltage, and,
hence, the net voltage across the transformer termimals will be reduced. Accordingly, the
voltage across the switched equipment phase can be controlled through proper sizing of the

neutral resistor.

The type of voltage control achieved through the neutral resistor depends upon the scheme’s
desired application. For transformer inrush current mitigation, the neutral resistor has to
minimize the voltage across the switched transformer phase and, accordingly, decrease the
amount of induced flux. For the cases where the residual flux has the same polarity as the
applied voltage, the transformer will reach saturation earlier, and, hence, the neutral voltage

area will be greater, further decreasing the applied voltage across the windings.

11
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Although applicable to all transformers with electrically and/or magnetically coupled trans-
formers, the single series pre-insertion resistor scheme is more suitable for inrush current
reduction in transformers with ungrounded primaries. The single pre-insertion resistor acts in
series with the energized phase(s) during the first stage switching. For transformers with
ungrounded primaries, the resistor acts in series with the next energized phase for a part of
the power cycle. The resistor acts to eliminate the residual flux effect during second phase
energization. After the second phase is energized, the third phase is closely in synchronism

with the supply voltage and minimal transients are produced.

The sequential energization scheme has the main advantage of being simpler, more reliable,
and more cost-effective than the synchronous switching and pre-insertion resistor schemes.
The scheme has no requirements for the speed of the circuit breaker or the determination of
the residual flux pattern in the transformer core. Sequential switching of the three phases can
be implemented through either introducing a mechanical delay between each pole arm in
case of three phase breakers or simply through adjusting the breaker trip-coil time delay for

single pole breakers.

Numerous experimental and simulation results showed that only a mechanical delay might be
sufficient to achieve the desired coordination between the energized phases, and, hence,
sophisticated timing control circuitry for the circuit breaker pole tripping logic was not
needed. Another advantage of the scheme is the reduced number of circuit switchers or
breakers, which increases reliability and reduces both the initial and the maintenance costs.
The pre-msertion scheme utilizes six breaker contacts. Three of them are for shorting the

pre-insertion resistance after switching takes place.

12
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1.4 Research Objectives

This research work focuses on the investigation and development of a new class of mitiga-

tion techniques for the reduction and mitigation of switching transients due to transformer

and capacitor energization. The sequential energization techniques utilize a single resistor

placed either in neutral or in series with one of the phases during energization and achieve an

80 to 90 percent reduction in inrush current magnitude. This research work was conducted

to achieve the following objectives:

1.

Investigate, analytically the transformer inrush current and core behaviour during

sequential energization.

Develop stable and accurate modeling techniques for the modeling and simulation of
transformers under inrush current conditions. Due to the nature of the problem un-
der investigation, the modeling technique should successfully model transformers
under sequential switching conditions with different winding connections and core

structures.

Study the sequential switching scheme performance and its application to different
transformer connections and core-structure types through simulation, and validate

the modeling technique’s accuracy against the experimental results.

Establish a solid design criterion for the sizing of the neutral resistor based on the

analysis of the transformer core transient performance during energization.

Investigate the standard and practical application limitations of the sequential switch-

ing scheme.

Study additional potential applications for the sequential switching scheme for ca-

pacitor energization.

13
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1.5 Thesis Contributions and Outline

In order to achieve the study objectives outlined in the previous section, the performance of
transformers during sequential energization was investigated through transient simulation
and analytically through the application of nonlinear circuits’ analysis theory. It was found
that transformers undergoing sequential switching developed the highest possible inrush
current magnitude during the switching of the first phase. Based on this finding, the analyti-
cal study was directed towards deriving a relationship to relate the amount of inrush current

reduction directly to the resistor size. This study was completed successfully [42] and [43].

Following the analysis of the dynamic flux behaviour in the transformer core during energi-
zation, it was found that if applied together with sequential switching, a single neutral or
series resistor achieved a significant flux reduction and, consequently, inrush-current reduc-
tion similar to that of the classical series resistor schemes. A solid design guide was
accordingly developed for both the neutral-resistor-based and the series-resistor-based

sequential switching inrush mitigation schemes [42].

A transformer simulation and modeling technique for inrush current studies have been
developed [45]. The technique was found to be numerically stable and time-efficient in
capturing near-to-exact transformer nonlinear behaviour under inrush current conditions as
compared to laboratory test results [45], [46] and [47]. The iron core’s nonlinear characteris-
tics can be modeled as either nonlinear functions of the respective flux or simply as piece-
wise linear approximations, which are imbedded in the formulation of the Jacobian matrix as

a part of the Newton-Raphson solver algorithm. In all the simulation studies carried out in

14
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this research, this modeling technique proved to be extremely stable and processing-time-

efficient [45].

Afterwards, a practical and easy-to-use algorithm had to be developed for estimating the
transformer’s nonlinear characteristics, especially for core-type transformers [44). The work
was extended in this area, leading to the development of a parameter-estimation scheme that
utilizes the available captured terminal voltage and inrush current waveforms during normal
transformer-energization procedures. One of the main advantages of the developed algo-
rithm is that no special test equipment is required at the test location. This advantage s
significant, especially for large in-service transformers. Moreover, the developed parameter
estimation algorithm eliminates the need for a pre-defined residual flux pattern in the
transformer core prior to energization. The requirement for delta winding current measure-

ment during energization, which is rarely feasible, has also been eliminated.

The study was additionally extended to cover practical and standards limitations for the
application of the proposed scheme, [42]. A review of the IEEE/ ANSI standards was carried
out together with the industrial recommended practice, and the neutral-resistor-based
scheme was found to introduce a ‘vwoltage rise at neutral limitation due to the common insula-
tion grading practice for transformers with solidly grounded connections. Different solutions
to the neutral voltage rise were investigated, and that the application of a nonlinear resistor (a
resistor-arrester) arrangement was found to be a feasible solution, given the arrester’s energy
absorption capacity available today. The study also covered the impact of the sequential
switching scheme on the development of ferroresonance conditions. Numerous simulation
studies were carried out, and it was verified that the applied resistor provides sufficient

damping to prevent ferroresonance from developing in the nonlinear circuit.

15
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To date, the findings of this research have resulted in six journal publications in the fields of
inrush-current mitigation, transformer modeling and parameter estimation techniques, and
capacitor-switching transient mutigation [42], [46], [47], [45], [44] and [48] respectively. The
sequential switching scheme can potentially be applied to generator and distributed genera-
tion unit transformers. In wind farm distributed generation applications, where a large
number of relatively small transformer units need to be connected simultaneously to the grid
during wind farm restoration processes, the scheme can provide a substantial cost reduction
and allow a faster restoration and start-up process due to the large number of transformers

that can be simultaneously energized.
This thesis is organized as follows:

o Chapter 2 presents a brief description and the characteristics of inrush current
behavior in single- and three-phase transformers.

a Chapter 3 introduces the developed transformer modeling technique with the
experimental model validation results.

0 Chapter 4 presents the developed transformer parameter estimation algorithm
based on the captured voltage and current waveforms during transformer energi-
zation.

o Chapter 5 presents the neutral-resistor-based sequential energization scheme for
inrush-current mitigation. The performance of the scheme is evaluated through
extensive experimental, simulation and sensitivity studies.

o Chapter 6 presents a complete design guide for the neutral grounding resistor,
NGR, for both the resistor value and its energy requirements. The scheme’s per-
formance and main limitations in practical implementations are also presented.
The neutral point insulation level as specified by IEEE/ANSI standards are pre-
sented together with proposed solutions and evaluations.

0 Chapter 7 investigates the sequential switching scheme with a single pre-

nsertion resistor for inrush current limitation.

16
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o Chapter 8 presents the application of the sequential energization scheme for ca-
pacitor-energization applications.

o Chapter 9 provides this project’s conclusions and recommendations.

17
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2. Transformer Inrush Current
Phenomena and Its Analysis

This chapter presents in detail the characteristics and the development mechanisms of inrush
current in different power transformers’ core structures and connections. The chapter starts
with a review of the analytical techniques available for the analysis of inrush current phe-
nomena in power transformers. After defining the main factors affecting the development
and severity of inrush currents, each factor’s impact on the magnitude of the inrush current
during energization is defined. Finally, the mechanisms of inrush current development in
different transformer cores and connection types are thoroughly investigated and compared
to those in single-phase transformer units. The analysis and discussion presented in this
chapter focus on how to minimize each of the factors’ influences on the inrush current’s

severity.

2.1 Introduction

Transformer inrush currents are transient electrical currents of high magnitude and a rela-
tively long duration experienced in the transformer’s energizing side windings during
energization. Transformer iron cores are constructed using ferromagnetic materials, which
have nonlinear magnetization characteristics including saturation and hysteresis. In general,
due to cost and size limitations, power transformers are designed so that the maximum
normal operating magnetic flux is slightly below the saturation region of their magnetization

curve [1] and [2]. When the transformer is de-energized, a static residual flux remains in the

18
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transformer core. The amount of residual flux at the instant when the transformer is re-
energized serves as the initial flux, above which, the transformer flux will build up during the
next energization process. During the following transformer energization process, the
induced flux might reach very high values beyond the normal operating maximum flux.
Theoretically, depending on the amount of residual flux and the instant of switching on the
applied voltage waveform, the core flux can reach values two or three times higher than the
normal maximum operating value. As a result, the transformer core is driven into a deep
saturation mode of operation. The magnetic flux transients ate translated into magnetization
inrush current transients, which are amplified by the nonlinear magnetization characteristics

of the iron core, Figure 2.1.
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Figure 2.1 Nonlinear Flux-Current characteristics.

This chapter starts with a review of the available analytical work in the literature related to
transformer inrush currents. This review is followed by a simplified analysis methodology,

which its goal is deriving an accurate, non-iterative expression for the maximum ‘pes&’ inrush
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current. The inrush current waveform is first derived in order to investigate different parame-
ters affecting the development of the inrush peak formula that follows. The analysis is
afterwards extended to cover inrush phenomena in three-phase transformers during simulta-
neous pole closure. Different winding connections are investigated, and a comparison is
carried out for the performance of each of the connection/core structure types studied

against that of single-phase transformers.

2.2 Characteristics of the Saturable Inductor

When attempting to use an analytical modeling approach for saturable inductive circuits, the
non-linear magnetizing characteristic curve ‘saturation curve’ must be accurately and ade-
quately presented. One of the possible approaches is to model the saturation curve through a
fitted expression which can take the form of a power series, a hyperbolic series, or even a
trigonometric series. However, the problem will be very difficult to solve by using non-linear

differential equations.

The work presented by Boyajian in [49] and [50] formed the basis of the analytical modeling
for the study of nonlinear ‘magnetic core’ inductive circuits transients. The saturation curve 1s
represented through a two-segment piecewise linear curve that splits the saturation curve into
saturated and un-saturated regions, respectively, Figure 2.2. The analysis was carried out to
develop expressions for the steady state current of a circuit that involves a saturable inductor
with and without a constant series resistor, [49]. For starting transients ‘magnetizing inrush
currents’y it was mentioned that similar equations hold if the transition instants at which the

saturable inductor goes into and out of saturation mode continuously change until the steady
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state is reached. It was also suggested that the residual flux could be accounted for by

assuming a certain initial amount of current that corresponds to the assumed residual flux

level.
A
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Figure 2.2 Saturation Curve of Iron, Showing “Regions” and the Corresponding Fic-
titious Equivalent of a Saturable Reactor, [49].

In [4] and [13], based on assuming a total flux build up during energization in single phase
transformer units of 2¢, +¢@, where ¢, and ¢, are the maximum steady state and the
residual flux magnitudes respectively. Neglecting the voltage drop across the energizing
system impedance ‘both resistive and reactive’, an approximate formula was given for the

calculation of the inrush current peak value, (2.1) shown below, [4] and [13].

_ (»bres + 2¢max — Psar (21)

bnax =

Lair—core

The air-core reactance, Lgiy—core, Where calculated based on transformer design data and

structural dimensions. And since transformer with concentric windings have the high voltage
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winding on the outer side, a conclusion was drawn accordingly that, it is preferable to
energize transformers with concentric windings from the high voltage side due to their

higher percentage reactance since the high voltage is usually the outer solenoid.

In [52], using similar analysis procedure as presented earlier in [49], formulas and curves have
been derived for approximately calculating the inrush current waveform for a single phase
transformer over a number of cycles. The effect of energizing system resistance has been

neglected and the magnetizing curve was assumed to have infinite slope in the unsaturated

region. The expressions derived for the saturation angle 8, inrush current waveform 7 and

the inrush peak 7, has been given respectively as follows;

¢sat - ¢res - ¢max

COS(91) = kl ¢
max

(2.2)

V2 E + (cos(w - t) — cos(6,)) (2.3)

i=k2'

V2-E (2.4)

iy =ky- i (1 — cos(64))

The saturated reactance X has been adjusted so that the maximum inrush magnitude of the
first cycle matches that given by [13], Eqn (2.1). Factors k; and k; were referred to as
‘excpertence corvection factors’ which have been suggested to equal 0.90 and 1.15 respectively based
on experiments on seven transformer units ranging from 10 to 20,000 kVA. The work
presented in [51] was further extended in [52] to include the effect of total energizing system
resistance. The inrush waveform was derived similarly as done in [49] with the exception that

the transformer is assumed to have zero magnetizing current in the un-saturated region.

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Formula for the peak inrush current magnitude, I,,, was derived as function of the total

resistance R, reactance X, the saturation 6 and peak 8 angles respectively as flows, (2.5);

1o = (@).(g)smﬁ 25)

In order to evaluate (2.5), curves were given for the values of the peak angle £ as function of
the saturation angle 6 and the R/X ratio, [52]. Expressions for the mean, RMS and decay

rate of the inrush current waveform were also presented; however, no experimental work has

been presented to validate the accuracy of the derived expressions.

In [27 and 28], based on an assumption of constant magnetizing inductance, an empirical
formula has been given to predict circulating current between transformers. Another empiri-
cal formula was given in [17] for the peak inrush current before and after shorting a pre-
insertion resistor. Very approximate formulas were given in [29] for the amount of DC

component and time constant of inrush currents in single transformer banks.

2.3 Factors affecting inrush current magnitude

There are a number of factors that can contribute to the severity of inrush current develop-

ment in transformers during energization. These factors could be defined as follows:

0 Instant of switching on the supply voltage waveform.
o Amount of residual flux and saturation characteristics.
0 Available series impedance in the energizing circuit.

a Transformer connection and core structure type.
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In the following; the impact of each of the first three factors will be thoroughly discussed.
The impact of each factor on the inrush waveform development as given by will be shown
for and the impact on developed the inrush. The effect of transformer connection will be

discussed separately in section 2.6.

2.3.1 Instant of Switching

The instant of switching on the supply voltage waveform plays a major role in the develop-
ment of inrush current phenomena during transformer energization. In normal operating
conditions, the flux lags the terminal voltage waveform by 90 degrees with amplitude of 1
p.u. which corresponds to half the integral of the voltage waveform in either polarity.
Immediately after the transformer is energized, the flux starts to build up in the core as the
integral of the supply voltage waveform. Theoretically, neglecting the effect of series imped-
ance and residual flux, the maximum flux in the core can reach values up-to 2 p.u. The
switching angle on the supply voltage waveform will contribute to how-far the transformer

core will be driven into saturation, Figure 2.3.

Voltage / Flux (p.u.)

-1.5

Time

Figure 2.3 Influence of the switching angle a on the flux build up in the core.
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Transformer performance during energization in unsaturated mode ‘for each phase’ will

determine the time at which each phase will reach saturation, depending on the switching
angle and the amount of initial flux linkages A . Generally, the initial ‘or residual’ flux will be

below the saturation flux level and accordingly, the apparent magnetizing impedance will be
very high compared to other linear impedances in the series circuit. As a result, when the
transformer is energized and A, is below A; and the total supply voltage is mainly distributed

across the magnetizing branch until saturation is reached.

The saturation time ‘t;’ can be calculated as time required for the integral of the supply
voltage added to the initial flux 4, to reach the saturation flux Ag. Hysteresis effect ‘usually
presented as a resistance in parallel with the magnetizing reactance’ will not affect estimation

of the saturation time t,.

ts

Asj = f Vinj Sin(wt)dt + 4, (26)
t=0
1
ts;(Ros) = —cos™? [1- (2 - /1(,,.)|p_u_] (27)

Neglecting the effect of resistance and residual flux in the core, the maximum flux that can

build up in the core as a function of the switching instant @, can be evaluated as follows;

2n
Amax = f V. sin(wt)dt (2.8)
a
Amax = (1 + cosa) (2.9)
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The corresponding inrush current magnitude could be accordingly calculated as follows;

AL _ (Amax - As)

Lsat Lsat

(2.10)

Imax =

'The saturated inductance Lgg; represents the total reactance in the series circuit including the
transformer air-core inductance, leakage and the system inductance. The variation of the
maximum theoretical flux ¢,,,4, and the corresponding maximum inrush current as function
of the switching angle, @, is shown in Figure 2.5 for the case with no residual flux.

Al
Amax

/’A A=A ppax—As
As

imax 7
Figure 24  Calculation of the maximum inrush current magnitude using the maxi-
mum flux build-up and simplified saturation characteristics.

The saturable core will not experience any flux or current transients if the energizing instant
was at + /2 degrees which represents a steady state condition. However, the energizing
instant could be slightly of nominal and still, there will be no inrush transients experienced.
The reason is due to the fact that transformers have their saturation flux limit slightly above
their maximum operating flux. Any flux disturbance that is higher than the maximum

operating flux but below the saturation flux limit will not be reflected into inrush transients,
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Figure 2.5. The optimal and critical switching angles can be calculated as follows, respec-

tively;
Aope = t[sin™*(4,) + /2] 2.11)
Uer12 = cos H£(As — 1) — A,] (2.12)
21 B

Per Unit

-7 -nl/z 0 /2 T

Switching Angle, o
Figure 2.5  Theoretical maximum flux build-up limit and the corresponding peak in-
rush current as affected by the instant of switching, a. ¢ = 1.2(p.u.)

The switching angle a will affect the voltage integral over the first half/ cycle and accordingly

affects the saturation angle w - t; at-which the transformer core reaches saturation;

ts
Asj = f Vnj sin(wt)dt (2.13)
t=a/w
1
tsj(a) = Zcos‘l[cos a—Aslpu] (2.14)

It is worth noting that, the saturation time as given by (2.14), defines the instant at which the

saturation of the respective energized phase occurs. One could accordingly assume that
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inrush current won’t exist until saturation time, t, is reached. However, this is only true for
single phase transformers and Y-Y connected three-phase transformer banks. For other
connection and/or core types, inrush current could be present in one phase due to the
saturation of an external phase that is magnetically or electrically coupled. This behavior will

be thoroughly explained in section 2.6.

2.3.2 Residual Flux and Saturation Characteristics

Residual flux represents the amount of magnetism present in the transformer core after
being de-energized. The instantaneous value of the core flux during de-energization when the
circuit is interrupted at zero-current is the residual flux. The magnitude of this residual
magnetism of the iron core must be taken into account when studying inrush phenomena in
transformers. With residual flux present in the transformer core, the flux build up process
will start at the residual flux value during the following energization incident, Figure 2.6. This
result in increasing the maximum theoretical flux limit that could be reached during the
energization process to up-to 2,4, + @ which will be reflected into higher inrush current

magnitudes.

N\ Ira20ntd

Voltage / Flux (p.u.)

Switching Instant

Time
Figure 2.6 Influence of the residual flux ¢, on the flux build up in the core.
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2n
Amax = f V sin(wt)dt + 2, (2.15)
a

Amax = (1 +cosa) + 1, (2.16)

The maximum theoretical current I, could be calculated similarly to as shown in
(2.10).The variation of the maximum theoretical flux ¢4, and the corresponding maximum
inrush current is shown in Figure 2.7 for a residual flux of +0.7(p.u.) as function of the
switching angle, @. It is clear that the maximum inrush nearly doubled in magnitude due to
the presence of residual as compared to the case without residual. More interestingly, the
switching angle band corresponding to near-optimal switching leading to a low inrush
magnitude is significantly increased. The optimal and critical switching angles can be calcu-

lated as follows, respectively;
Aope = F[sin™1(A,) + /2] (2.17)
Aer1,2 = COS_l[i'(ls - 1) - /17'] (2'18)

Besides, with the presence of residual flux, the transformer will experience saturation in a

shorter time leading to the existence of the inrush waveform for a longer duration over each

cycle.

1
ts(Ao, @) = =cos™*[cos & = (A = 2o |pa] (2.19)
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The worst “fastest’ saturation time 7, depending on transformer saturation characteristics,
could be evaluated through (2.19) assuming typical saturation and residual flux limits. Typical

saturation and residual flux magnitudes for power transformers are in the range;

1.2[p.u.] < Al £1.35[p.u.] and 0.7[p.u.]<|A,| <09[p.u.] (2.20

Per Unit

Switching Angle, o

Figure 27 Theoretical maximum flux build-up limit and the corresponding peak in-
rush current as affected by the residual flux ¢, = +0.7(p.u.) and the
instant of switching, a. ¢ = 1.2(p. u.)

This leads to typical upper and lower saturation angle limits of 45 and 70 electrical degrees
respectively. As a conclusion, residual flux presence will affect the instant at which saturation
is reached in the core. This is reflected into the amplitude of the DC component in the
inrush waveform and consequently, increasing the maximum possible inrush current magni-

tude and duration.

Although the analysis carried out showed that inrush currents are strongly affected by
residual flux, the residual flux itself has high sensitivity to core characteristics, load current

and connected capacitance. Transformer with low-loss cores have higher residual flux limits
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as in the case with cold rolled laminations and higher silicon steel. In case of transformers
with gap-type cores, the residual flux level is negligible, [4] and [15]. This clarifies the findings
of [4] where inrush currents were more evident with, high quality, well-built transformers.
The connected ‘or available’ capacitance has a strong influence on the residual flux in the
core. After the current has been interrupted during de-energization, the magnetizing current
continues to flow through the connected capacitance and accordingly lowering the residual

flux level, [4], [7], [13] and [34].

2.3.3 Series Impedance

The available series impedance in the energizing circuit has a great influence on the severity
of inrush currents during transformer energization process. Immediately after energization,
the transformer phases are all unsaturated and accordingly, the series impedance will have no
effect on inrush current before saturation is reached. However, the transformer apparent
core reactance drops significantly during saturation. The available series impedance, even
being relatively small as compared to the transformer unsaturated reactance, will carry a
considerable voltage drop reducing the voltage imposed on the transformer terminals during
saturation. This reduction in transformer terminal voltage translates into a reduction in the

core-flux build up, and consequently, limiting the inrush current.

In its simplest form, the transformer saturable core inductance, leakage reactance, resistance
together with the senies impedance can all be considered as a single-series RL circuit. The
inductive component of the series impedance acts to increase the slope ‘apparent inductance’

of the transformer core as seen by the ideal energizing supply source. Consequently this leads
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to a decreased inrush magnitude for the same amount of theoretical flux build-up in the core,
Pmasx- On the other hand, the developed voltage drop across the resistive component, acts to
decrease the voltage applied across the equivalent inductance and consequently reducing the

maximum flux-build up in the core.

It is worth noting that the series impedance has influence on reducing the inrush magnitude
even before the energized phase reaches saturation. As has been shown in the previous
section, depending on the residual and saturation flux levels of a transformer, the inrush
waveform duration could be defined within a defined period in each cycle. However, during
simultaneous or sequential switching, a high inrush current could flow in an unsaturated
phase due to saturation of other phases in the magnetic circuit. Such behavior makes the
small series impedance take a strong role in decreasing the voltage imposed on the trans-
former terminals on unsaturated phases. This leads to an increased saturation time and

decreased maximum flux limit in the core.

2.4 Single Phase and Simultaneous Three Phase
Energization Inrush Current

Inrush current due to simultaneous three-phase switching in three-phase transformers are
generally quite different than in single-phase transformers. Both the magnitude and the
inrush waveform shape will be affected by the transformer winding connection and core
structure. This difference in performance between three-phase and single-phase transformers
originates due to the presence of magnetic or electrical coupling between phases in three-

phase transformers.
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In single phase transformers, the line current on the energizing side during mnrush condition
mainly consists of the magnetizing inrush current of the energized phase. In three-phase
transformers, the measured line current can contain additional current contributions from
the delta ‘secondary’ winding or even inrush current component due to saturation of an
external phase. If the transformer is energized from a delta connected winding, the line

currents represent the summation of the inrush current flowing through two phase windings.

In the following, a brief discussion about the performance of single-phase banks and three-
phase, core-type, transformers will be discussed with respect to transformer connection and
core structure. The analysis compares the performance of three-phase transformers under

simultaneous three-phase energization inrush conditions to that of single phase energization.

Case 1: Single-phase units in Yg-Y bank connection:

For this case, each phase will behave independently due to the absence of electrical or
magnetic coupling between phases. Inrush current measured in each phase could be easily
evaluated using similar procedure described eatlier for single phase units. In other words, the
maximum inrush current possible is in no-way different than that evaluated for single phase

transformers.

Case 2: Single-phase units in Yg-A bank connection:
Although similar to case 1, this case has one difference which is the flow of a delta winding

current due to the voltage unbalance in the secondary delta during energization. During
normal operation conditions and with nearly identical transformer banks, the three-phase
induced voltages on the delta side are balanced and no circulating delta-winding current will

tlow. However, during energization, not all phases reach saturation at the same time or at the
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same level. As the first phase reaches saturation, its apparent magnetizing reactance will drop
resulting in the flow of a circulating current in the delta winding, /5. With the other two
phases unsaturated, the delta winding current will be reflected as a line current of the same
magnitude, 74. The flow of the delta winding current into un-saturated phases, even for a
short time, will develop a voltage drop across the resistance that is available in the series
circuit. Depending on the amount of resistance, the developed voltage drop reduces the
applied voltage across un-saturated phases leading to lower inrush current magnitude than

that experienced during single phase energization.

More importantly, the presence of the delta winding makes it possible for the other unsatu-
rated phases to contribute to the required saturation current for the phase under saturation.
In order to bring more understanding of the phenomena, Figure 2.8 represent the energizing
voltage waveforms at the Yg side together with the instant of switching leading to the highest
inrush magnitude in Phase A. In Figure 2.8, the flux waveforms are represented neglecting

the effect of resistance in the circuit for the sake of simplicity and clarity.

It could be easily verified that the inrush flux waveform will exist in each phase at periods
where the respective flux is exceeding saturation level. It is also shown that Phase A, will
generate the highest inrush current magnitude since it represents the highest saturation level.
Close to when phase A reaches the highest saturation level, both phases B and C are much
less saturated and accordingly, a high delta winding current is excited on the delta side due to
the voltage unbalance of each phase in the delta winding. Simulation studies carried out on
this connection type verified the conclusion drawn eatlier. It was found that simultaneous

switching of Yg-A transformer banks leads to about 10% lower inrush current magnitude
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compared to that due to single phase switching. The reduction in inrush current magnitude s

due to the delta winding current in the unsaturated and saturated modes of operation.

15
104 e s e - Se——
RN /\ R \ / \ S
. Y Y Y Y Y
3 05y (XX /\ X % /\ I\ / \ ’ /‘ ,\ A
T 00 ‘\r‘:\r“\ A A “:: ‘."‘ ‘\I 8 ‘\I: l"
o B L v 1 4
£ ¥ \/ '.‘/ \/ \,’ \/ i/ :J \i \’I / v/ \.’ .
o .. v K { [y ' ]
> 0 LA ANNAA AL NAN DAL A=)
1.0 LR NS NN (N PNVA
i - VO
15
0.00 0.02 0.04 0.06 0.08 0.10
3.0
Y NN VA WA WA WA | SA W
L) E———————— Y S N R— N— . N — SN, ¥ S — 7
i AN A X A
E 4 , . . .
g 0o ANV Y ANR A VANEVA VAR Y ANS
3 \ A : ~ NSO N
[ 4.0 o " \\-, 'll .\ \\_l. II \ \\-’ / ’ 4 /N da
B 3 ‘._,7.‘\':2" Chuohe Yt g .\.f _4 \._]"\, * 4
=08
-2.0 1
--- ¢c
-3.0
0.00 0.02 0.04 0.06 0.08 0.10
3.0
20 //\ /N /\ /\\ /\
g S0 W/ /A /A 0
& g0 fLre=00 Pl .'\\ N ™\ 1/'\ /- hN
5 SN 7 AN 2 A N
L g0 mgmuars : \ LN Ny /\., ‘:< L ‘& AEATAN $a N
il SRS Bual L R e e A AN P
! _y_w \ 7= Y , \ 7\ \ d8
2.0 . . ~ ' — e
-3.0
0.00 0.02 0.04 0.06 0.08 0.10
Time {s)

Figure 2.8 Supply voltage ‘top’ and the theoretical induced flux assuming zero-
residual pattern ‘middle’ and with residual flux ‘bottom’ in the transformer
cores during energization of Yg-A bank.

Case 3: Single-phase units in Y- A ‘ungrounded’ bank connection:

This case differs from the one presented earlier due to the absence of the ground return path
in the primary transformer side. All line currents at the primary side must add-up to zero at
any given time. Although the primary side winding connection is ungrounded, the presence

of the delta connected secondary keeps the neutral point stable and close to zero, [4] and
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[13]. This finding was verified through experimental and simulation studies on three-phase
core type transformer and three single phase unit transformers where it was found that the

maximum neutral voltage rise was below 20% of the nominal phase voltage.

Following a similar analogy to the one carried out in case 2, Figure 2.8 shows the developed
flux waveforms assuming zero residual flux patterns and neglecting the effect of the primary
side resistance. It is clearly shown that one phase ‘A’ will again represent the highest satura-
tion condition while the two other phases ‘B and C are un-saturated. To allow the flow of
inrush current in Phase A in such a condition, the two un-saturated Phases ‘B and C should
each contribute to the saturation inrush current required by phase A by 1/3 of the total
required magnetizing branch current I. In such a condition, a delta winding current that
equals 1/3 of I, will circulate on the delta side with 1/3 of I, withdrawn from lines of Phases

B and Cand only 2/3 of I, line-current is measured at terminals of Phase A, Figure 2.9.

A
—
24is
Vsl
C I
B —
Vais

Figure 29  Distribution of current among 3-phase bank, Y-A windings due to satura-
tion of Phase A with phases B and C unsaturated (low residual flux
pattern).

From the above, it could be concluded that only 67% of the current measured due to single

phase switching of individual banks will flow due to the simultaneous energization of a three-
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phase bank with Y-A connection. This finding although identical to that withdrawn in [4],
[15] and [15] doesn’t quite accurately hold since the neutral voltage point is not firmly held to
zero potential. Additionally, the transformer is rarely switched in with any residual flux

present in its bank cores.

Further investigation showed that with the consideration of residual flux presence in the core
phases, the less saturated phases ‘B and C’ will experience a higher saturation condition while
phase A is close to its peak saturation limit. Accordingly, inrush current can more freely
return through phases B and C with all phases are saturated and with the delta side in more
balanced ‘lower-circulating current flow’. With the presence of residual flux in all phases, the
maximum inrush current due to simultaneous switching was found not to exceed 80% of the

maximum inrush due to single bank energization.

Case 4: Single-phase units in Y-Y ‘ungrounded’ bank connection:

For this case, inrush current will not flow unless at-least two phases saturate. The analysis of
such condition is straight forward since the neutral point is totally floating and the two
saturated phases are in series with the line-to-line voltage applied across their terminals. The
unsaturated phase can be accurately assumed to be open-circuited due to its low saturation

level.

As compared to single phase unit energization, the worst inrush current condition for this
case could be modeled through an equivalent single phase unit representing the two in-series
saturated phases. The equivalent single-phase bank will have a series resistance, leakage and
saturated reactance of twice the magnitude of that of single phase bank with a source voltage

that equals V3 the nominal phase voltage. The series-bank will also saturate in higher time,
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since only V3/2 or 85% of the nominal voltage is applied across the magnetizing branches
before saturation. This leads to a maximum inrush magnitude of about 80% of the maximum
single phase inrush current flowing through the two saturated phases in opposite directions

with the third phase carrying a negligible inrush current.

Case 5: Three-phase core with grounded-Wye primary connection:

This case is similar to a three-phase bank with a grounded-wye primary and delta connected
secondary, Case 2. The three-legged core type structure will have identical performance to a
delta winding connected secondary regardless of its presence. Experimental and simulation
results showed that with Yg primary, a three legged core will have a maximum inrush current
that is 88% of that due to single phase switching. The presence of a delta connected primary

resulted in lowering the inrush current by additional 2%, ie. to 86%.

Case 6: Three-phase core with ungrounded-Wye primary connection:

Again, this case is similar to the case with three, single-phase transformers with Y/A connec-
tion. A reduction of 20% as compared to single phase switching is experienced with
simultaneous three phase closing. Experimental and simulation results verified that the
presence of a delta winding and/or a three-legged core will stabilize the neutral voltage close
to zero dunng simultaneous switching. The maximum recorded inrush case is shown in
Figure 2.10. The case represents the highest inrush in Phase C due to the switching close-to
the voltage zero crossing of Phase C together with a matching negative residual flux polarity.
The neutral voltage recorded was 19.5% of the nominal phase voltage with a delta connected
secondary. The maximum inrush current is 1650 (A) representing 79% of the highest inrush

current due to single phase switching. It could be verified that the delta winding current
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supplies partially the required magnetizing current of Phase C. Phase B doesn’t reach satura-

tion and carries only the delta winding current ‘referred to the primary side’.
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Figure 2.10  Maximum inrush condition, 3-Phase Transformer, Y-A connection. Ter-
minal Phase voltage ‘top’, Inrush Currents ‘middle’ and Neutral Voltage
‘bottom’.
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Case 7: Transformers with Delta connected primary:

Transformers energized from a delta connected primary could be analyzed similarly to
energizing single phase units as far as the phase currents are concerned. The voltage applied
across each phase equals the energizing side line-to-line voltage. Accordingly, similar analysis
procedure to that of preceding section could be carried out to evaluate the inrush current

magnitude and waveform in each ‘phase’ of the delta connected winding.

However, with a delta connected primary, the terminal inrush current as seen by the system
side equals the difference of the two common phase currents at each terminal, Figure 2.11.
Assuming the simplest condition with zero residual flux pattern in all three phases, and
assuming worst energizing condition, only one phase is driven into saturation with the other
two phases remain unsaturated, Figure 2.8, where the voltages in this case are line-voltages.
In such a condition, both the line and phase currents of the saturated phase ‘A’ are equal,

with phase B and C currents remain close to zero.

A A ; A
— b
I = izl NS
0| g 5
/C = ic-ia
c
B — c B
/B = ib-ic

Figure 2.11  Distribution of current among 3-phase bank, A -Y windings due to satura-
tion of Phase A with phases B and C unsaturated (zero residual flux
pattern).

With consideration of residual flux, more than one phase can reach saturation, and conse-

quently, line and phase currents are not anymore equal. Generally, if the worst energizing
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conditions are assumed together with a residual flux pattern leading to the highest flux build-
up in the core, two phases will be saturated in opposite polarities with the third phase un-
saturated, Figure 2.8c. The inrush current waveform measured at terminal A will mainly
contain the inrush current of Phase A since phase C is unsaturated. On the other hand,
Phase B terminal line current caries both current contributions from phases A and B which
are in opposite polarities leading to a higher line current than the inrush current in Phase B
or A. Figure 2.12 represents the highest recorded inrush condition for energizing the three-

phase laboratory transformer from the delta side.

As could be shown from the phase currents, phase A is the unsaturated phase with phases B
and C reaching saturation in opposite polarities. Phase B is the highest saturated phase with
a maximum inrush current of 1030 (A) which represents 85% of that measured due to single
pole switching at the primary grounded-wye side. As for phase C, the saturation level is lower
due to the advanced point on wave switching instant. Since Phase A is unsaturated, line and
phase currents are closely equal reaching a peak of 700 (A). The highest line current is that of
Phase B which reaches 1350 (A) and accordingly, the maximum line and phase currents are
not equal for this connection and off by 30%. This finding does not match with the findings
reported in [13] which state that; “for Delta connected primaries, both phase and line
currents are equal”, which was not true if residual flux is present in the iron core during

energization.
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Figure 2.12  Maximum inrush condition, 3-Phase Transformer, A~Y connection. Ter-
minal line voltage ‘top’, Line Inrush currents ‘middle’ and Phase Inrush
currents ‘bottom’.

Table 2.1: Relative magnetizing Inrush Currents for Various Transformer Connections (results published in

[4] / values for lab transformer or simulation results ‘banks’)

Transformer Connection

Three Single-Phase Transformers

Three-Phase Transformers

Primary Secondary Simultaneous Sequential Simultaneous Sequential
Switching Switching Switching Switching
Yg OAorY 26/27 26/27 13/24 14.5/27
Yg A 26/24 29/27 13/23 14.5/27
Y OAorY 20/22 20/22 11/22 11/22
Y A 20/22 20/22 11/22 11/22
A OAorY 20 30 15.5 15.5
A A 20 30 15.5 15.5
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2.5 Conclusions

This chapter presented an introduction to transformer inrush current phenomena and its
analysis techniques. The different factors affecting the occurrence and severity of inrush
phenomena were defined and thoroughly analyzed. The effect of each factor on the trans-
former’s core behavior was studied, and the effect of the respective factors on the maximum

inrush current’s magnitude was shown.

The study was extended to cover inrush-current phenomena due to simultaneous switching.
It was shown that modeling each phase in three-phase transformers independently during
saturation, and accounting for the core structure and initial flux levels, could accurately
explain the behavior of transformers under three-phase energization conditions. The study
proved that the single pole switching of three phase transformers leads to the highest
possible inrush current against simultaneous three-pole switching with all connections or

core-structure types except for Delta Connected primaries.
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3. Transformer Modeling and Simulation
for Inrush Current Studies

This chapter presents a new, fast and stable approach for the simulation of transformer non-
linearities during transient and unbalanced operating conditions. The proposed modeling
technique implements separate magnetic and electric equivalent circuits for the transformer.
The solution of the transformer non-linear mathematical model is carried out using the
Newton-Raphson iterative method. Introducing the magnetic circuit non-linearities into the
model as either continuous or piecewise functions eliminated the difficulty of the Jacobian
formation. The parameter estimation technique was verified against the experimental and
computed results. The application of the Jacobian iterative method increased the stability and
convergence of the solution as compared to those of a predictor corrector scheme. The
proposed method was able to accurately simulate the transformer’s behaviour under switch-

ing and no-load conditions’.

3.1 Introduction

The modeling and simulation of transformer and reactor nonlinearities is of special impor-
tance for studying inrush currents, ferroresonance, harmonics and sub harmonics. For the

study of the sequential switching scheme, it was required to develop a transformer modeling

" A version of this chapter has been published: S.G. Abdulsalam, W. Xu and V. Dinavahi “Modelling
and Simulation of Three Phase Transformers for Inrush Current Studies”, ZZ£ Prceedings -
Generation, 1Transmission and Distrebutior, vol. 152, No. 3, pp. 328-333, May 2005.
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technique capable of mimicking the transformer’s behaviour under sequential switching
procedure had to be developed. As an essential requirement, the modeling technique should
be numerically stable with the inclusion of linear and non-linear elements at the neutral point.
In addition, in order to evaluate the sequential switching scheme’s performance with differ-
ent transformer core structures and connection types, the implemented model should

preferably use dual magnetic and electric circuits.

Many nonlinear transformer models have been proposed in the literature [53], [57], [59], [60],
[61] and [62]. The models implemented and reported for the study of slow transformer
transients include two main modeling techniques. Some of the transformer models are based
on the analysis of the electromagnetic field in the transformer [2), [53], [55], [56], [57] and
[58]. Another approach is to model the transformer using lumped circuit models [59], [60]
and [61]. The first approach tends to represent the transformer using two separate equivalent
circuits, one for the magnetic circuit and the other for the transformer electric circuit. For the
second approach, the magnetic behaviour and characteristics are modeled in a single electri-
cal circuit with non-linear inductors, with the non-linear characteristics being a function of

each non-linear inductor current.

From the implementation point of view, the main difficulties of using lumped circuit models
are first, the equivalent circuit becomes quite complicated [61] and second, the resulting
impedance matrices might become ill-conditioned for certain network connections. For the
case of single-phase transformers, models have been proposed using the classical transformer
equivalent circuit with a single non-linear inductor representing each phase of the three-

phase transformers [59]. The approximation of the transformer model using three single-
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phase transformers can lead to serious errors, especially if the transformer’s behaviour under

transient and/ or unbalanced conditions is to be studied [62].

Another problem associated with transformer transient simulation is related to the solution
algorithm of the mathematical model. For example, the Electro Magnetic Transient Program,
EMTP, uses the classical compensation method to obtain the system solution [63] and [64].
The system is first solved for Thevenin equivalents by ignoring the non-linear elements.
Next, the intersection of the system solution curve with the non-linear element characteristic
represents the current operating point. The problem with this method is that the Thevenin

equivalent cannot be always determined due to possible floating network formations.

After evaluating a number of published models, it was found that a duo electric-magnetic
circuit model proposed in [53], [54] and [56] offers a good balance between accuracy and
complexity. The modeling technique is also general enough to simulate various transformer
transient and/or nonlinear phenomena. In addition, the carried-out experimental work
verified the validity of the model independently. A new mathematical modeling technique
and a solution algorithm were developed and are presented based on the dual magnetic-
electric circuit approach. Throughout this study, the proposed method was found to achieve
accuracy, stability and computation-time efficiency. The method can use either piecewise or
fited non-linear characteristic curves to represent the transformer nonlinear magnetizing
characteristics. Besides being topologically accurate in representing the transformer magnetic
circuit, the proposed method has two more major advantages. First, since the model is
lineanzed by using the trapezoidal integration rule, it can be easily implemented in EMTP-

like programs. Second, the formation of the Jacobian is done only once using the continuous
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curve fitting technique or a maximum of two times if the piecewise characteristic curves are

used, making the proposed approach faster than other simulation schemes.

3.2 Transformer Model Description

The implemented transformer model applies two separate equivalent circuits to model the
transformer: the electric circuit model and the magnetic circuit model. For a three-limb
transformer with a neutral wire, the general equivalent electric circuit for each phase is as
shown in Figure 3.1. The transformer’s magnetic circuit can be described by considering the

transformer’s fluxes and equivalent magnetic circuit shown in Figure 3.2.

Fip T ljs Fjs

Ly s
lej Ly
17, Primary  Tjm Secondary Iy

Figure 3.1  Transformer electrical equivalent circuit (per-phase) referred to the prima-
ry side.

Figure3.2  Equivalent magnetic circuit and flux distribution for a three-limb, three-
phase transformer.
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In Figure 3.1, 74y, Thp, Tep and lgy, lpy, Ieprepresent the resistances and leakage inductances
per each phase of transformer primary winding. These resistances and leakage inductances
can be assumed to be linear. The shunt resistances 7,4, Tinp, Tmc tepresent the combined
eddy and hysteresis losses (iron losses) of the respective phases. These magnetizing resis-
tances are nonlinear and can be approximated with a constant value calculated at the
fundamental frequency of the induced voltage [59] and [65]. The close agreement between
measured and simulated inrush waveforms as will be shown throughout the results presented
in this thesis verified this assumption. In fact, the magnetising branch resistance representing
the transformer core losses varies with respect to saturation level and frequency. However
the magnetising branch inductance changes by a much larger range with saturation level and
in turn, overcomes the impact of the core loss resistance variation. The variable core-loss
resistance influences the rate of decay of inrush current and can reflect more accurate

prediction of the damping provided when studying ferroresonance.

The nonlinear magnetizing inductances are represented as an induced voltage depending on
the respective kmb flux (N - d¢p;/dt where j = a,b,c). For the transformer secondary
windings, only the winding resistances 7y, Ty, Tos and the leakage inductances I g, Iy, s

are represented. The system of equations describing the electric equivalent circuit can

accordingly be written as follows for un-loaded secondary side operation;

Vj =T}pl]p+l]pdljp/dt+Nd¢]/dt+Vn (31)
Vp =1y (g +1p + i) (32)
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N. Z de;/dt = 2 ris - ijs + Z s - dijs/dt (3.3)

j=ab,c j=ab,c j=ab,c
. . N .
lmj = l]'p _r.d¢j/dt—l’j$ (34)
mj

igs = ips = icg = i In case of unloaded secondary with delta connection.

From the flux distribution and the equivalent magnetic circuit shown in Figure 3.2, the
system of equations describing the magnetic circuit behavior at any instant of time is given by

equation sets (3.5) and (3.6).

Rij bj+Roj-Poj =N -ip;
Ria ba+Rya bap —Rip o =N -img — N - imp

' ' (3.5)
Ric bc+Ryc by —Rip P =N ipe — N iy
$a = Poa + Pap
®p = Pob — Pab = Peb (3.6)
bc = boc + bep
where,

N The number of turns per phase.
imj The primary side phase magnetizing currents (i;q, imp and ipme).
o} The magnetic fluxes which link different phases and follow the magnetic circuit

(¢a: b, Pc, Papand ®cp)-

$oj The phase leakage fluxes PLF which link all the windings of one phase, and
partially go through air.
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Rijyj The nonlinear reluctances seen by the associated fluxes (¢,, ¢p, Pcr Pap

and ¢p)-

Roj The constant reluctances seen by the associated phase leakage fluxes PLF (¢4,

Gop and P,.) in the case of three-limb, three phase transformer.

3.3 Transformer Model Implementation

3.3.1 Model Linearization

The previously described system of equations (3.5) and (3.6) modeling both the electric and
magnetic transformer circuits consists of eight equations in eight unknowns. The system
consists of five algebraic non-linear equations and three linear ordinary differential equations.
In order to solve the complete set of equations at the same time, the differential equations
need to be discretized and implemented as difference equations in the model. The resulting
system will consist of eight discrete time equations, which are sufficient to solve for the

unknown fluxes and currents at each instant of time t.

Due to its stability and proven accuracy, the trapezoidal rule of integration has been applied
on the nonlinear system of equations. By applying the trapezoidal rule of integration on the
non-linear ordinary differential equations (3.5) with an integration time step of At =t — ¢,
the linearized difference equations (3.10) and (3.11) can be obtained for a numerical solution

at any instant of time t:

Uj'dt=ij'ijp'dt+ljp'dijp+N'd¢j+Un'dt (37)
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I

t t t t t
U]' - dt = f T)'p . l]p -dt + f l]p . dl]p + f N - d¢] + f Un dt (38)
t t

o o tO tO o

t t t t t
j;ovj cdt = T} . _ftoijp -dt + l]p . todijp +N- J;Od(pj + Lovn - dt (39)
A 3.10
5@ + %] 5 = 7l © + 5] 5 19
+ Ui [i(8) — 1(t6)] + N (&) — ¢;(t5)]
+ (0 + 1t 5
A A N 3.11
[imj (€ + imj (£6))] 7t = [ip(®) + i (t,))] 7t ——[;(®) - ;(t.)] 1)
mj
A
- [ijs(t) + ijs(to)]?t
v () = 1, - (ia(8) + i (8) + ic(2)) (3-12)
where;
j :a bandc

t : present sampling step.
Ly : preceding sampling step.
At : sampling time step.
Extending the above equations for three phases, the equations become a function in eight

unknowns ie., the magnetic fluxes (¢q, Pp, D, Pap and ¢.p) and the phase currents (i,
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ip and i) and ten known quantities which are; the history values of fluxes ¢;(t,),currents
ij(t,), present and history values of phase voltages v;(t) and v;(t,) and present and history

values of neutral point voltage v, (t) and v,,(t,).

At the start of the simulation, initial values for the fluxes and currents are required to be
giver.. An initial value of zero for all fluxes and currents is typical for a relaxed initial condi-
tion state. In addition, remnant flux can be easily implemented by setting a proper initial
value for the fluxes. The choice of At determines the accuracy and the computation time

required by the simulation.

Rearranging equation (3.10) and (3.11) for the unknowns on the left hand side and the

known quantities on the right hand side yields;

At , At

[U‘pj”jp] p F NPt
At

= [Vip(©) + Vjp(t,)] 5 TN 9;(t0) (3.13)

At At
- [7}1) 7 - ljp] : ijp(to) + Un(to) * 7

. At At N At
Wy Tmig T by
(3.14)
_ At At N . At
= —ip(to) 5 + imj(to) 5+ Ejdy(to) +lis(e) >

The system of equations can be described in matrix form as follows;
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[R, Z]gxs - (@, ilgx1 = (Do) l0, Vs Volgx1 (3.15)

where,
[R,Z] The Reluctance and Impedance matrix.

[¢,i] The vector of unknowns and is given by:

[¢a ¢b ¢c ¢ab ¢cb iap ibp icp]T

[@0,i0,v,v,] The vector of history values and current voltage values and is given by
[O 0 0 0 0 vy vy vxc]T

Vxj = (v,-,, + vjp(to)) ' % - ((ij +1) - l,-,,) *ip(to)

A
+N- ¢j(to) - Un(to) "Z—t

3.3.2 Representation of Reluctance Curves

The non-linear reluctance-flux characteristics have been presented as a non-linear function of
the respective flux. Leakage path reluctances R, ; are constant reluctances representing the
reluctance seen by the leakage flux through air or through the combination of air and tank
body. Limb and yoke reluctances (Ry, Rp, Ry Rap and R.p,) are non-linear in nature and can
be computed knowing actual transformer design dimensions and material parameters from
the manufacturer or through experimental tests [53] and [56]. A novel and efficient method
for the determination of the nonlinear characteristics ‘Reluctance-Flux curves’ have been

developed and will be presented thoroughly in detail in the following chapter. The R — ¢
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curve can then be fitted using a high order polynomial and hence the limb and yoke reluc-

tance at any step can be easily calculated using the fitted curve.

’

R, (¢) = 10%1=0CL; " @' Ry(¢) = 10540 Cr, - &' (3.16)

Cy, and Cy, are both the polynomial parameters of the fitting curves for the Limb ‘R, (¢)’

and Yoke ‘Ry (¢)’ reluctances respectively and N is the polynomial order. It was found that
a suitable polynomial order for these curves is in the range from 9* to 20" degree. The more
the detail required to be presented in the fitted curve, the higher is the polynomial order. For
example, the fitted yoke reluctance-flux curve shown in Figure 3.3 was generated using a 12*
order polynomial while for the limb due to the slowly varying nature of the curve for high

saturation levels, the polynomial order was raised to 16™,

1.E+08

1.E+07 A

1.E+06 ~

Reluctance [1/H] .

1.E+05

1.E+04

0 0.5 1 1.5 2 2.5 3
Flux [p.u.]
Figure 3.3 The fitted R — ¢ curve for a typical three limb transformer.

For low and extreme values of flux the reluctance flux curve was assumed to be constant and
the fitting was applied only to the nonlinear portion in-between. Using curve fitting tech-

niques to represent the non-linear characteristics as shown in Fig. 3.3 might lead to some
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minor deviations in the fitted reluctance curve compared to the curve obtained experimen-
tally. The slight differences between the fitted and experimental Reluctance-Flux data points
lead to minor deformations in the Flux-Current characteristics. However, increasing the
order of the fitting polynomial leads to a more precise representation of the fitted values.
Another alternative is using a multi-segment piecewise representation of the saturation curve

using directly the experimentally obtained data.

3.3.3 Solution Methodology

The objective of the simulation algorithm becomes the solution of equation (3.15) at each
time step. The difficulty encountered is that the [R, Z] matrix is a nonlinear function of the
solution results vector [¢, {]. Accordingly, an iterative method has to be implemented to
solve the equation. Three solution algorithms for solving the set of discrete time equations
(3.15) were studied. Two of them are described here in detail, which are the Predictor-
Corrector solution algorithm and the Newton-Raphson method. The choice of the Predic-
tor-Corrector method and the Newton-Raphson method to be studied in detail was based on
the fact that both methods can be described in matrix form and both can be easily imple-

mented as an automated solution algorithm in EMTP type programs.

Predictor-Corrector method

Here, a predictor-Corrector scheme for solving the system of equations is described. Gener-
ally, the solution for the unknown flux and current values can be obtained using; (3.15). Since

the matrix [R, Z] 1s non-linear and has elements depending on the ‘present’ solution of ¢;
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and i}, a predictor corrector method is used within each time step in order to calculate the
correct [R, Z] matrix.
The predictor-corrector method can be applied as follows;

1. Matrix [R, Z] can be initially calculated from ¢ and i values at (t — At) or from im-

tial conditions at the first time step i.e. t = 0.

2. The calculated value of [¢, i] using the initial [R, Z] matrix calculated in (3.15) are

used as a Predictor for the solution.

3. Since the exact solution of [¢, i] can only be found by using the matrix [R, Z] at the
current solution of [¢, i] which is not yet available, the predictor found in (2) is again

used to calculate a new matrix [R, Z].

4. New [R, Z] matrix calculated in (3) is used to calculate a Corrector value of [¢, i].

5. If the difference between the predictor and corrector values of the solution matrix [¢, i]

calculated in steps 2 and 4 are within a pre-defined tolerance &, proceed to the next

time step.

6. If the error is larger than €, go to step 2 again.

Newton-Raphson method

The predictor-corrector scheme described earlier was found unsuitable for the problem of
transformer transient simulation. The reason is mainly due to the highly non-linear behavior
of transformers especially during transient and saturation operating modes. The original
system model described by the matrix equation (3.15), can be solved using the Newton-
Raphson method through re-formulating the system solution algorithm. For a solution at

any time step t and an iteration k, the solution can be obtained as given by equation (3.17).
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[d): i]k = [¢o: io] _]_1 : ([:R: Z]k—l ' [¢: i]k——l - [¢)o: io: v, 170]) (3'17)

Where;

Ji The Jacobian matrix for the system and is generated for each iteration 4.
The formulation of the Jacobian matrix is based on the total differential
of function f at a solution x using Taylor expansion and hence, the solu-
tion of f = f(x) +df(x), [66] and [67]. The [, element of the
Jacobian matrix can be calculated using J,, , = 0f;,/9x, where f;,, is the
system equation representing row m in matrix [R, Z] and x;, is the var-
able represented in column n. Although, reluctances were not being
considered as independent variables in the mathematical model, the par-
tial derivatives of the reluctances were possible since they are dependent
variables of respective flux variables and hence the terms R; - ¢; can be
mathematically expressed as two multiplied functions in one varable ¢;.
The partial derivative of R; will become a constant ‘slope’ if the reluc-
tances are implemented using piecewise segments and will become a
continuous variable in ¢; if the reluctances are represented as a continu-
ous function of ¢;. The reluctance derivatives can be evaluated by

differentiating the fitted reluctance flux function with respect to flux as
given by (3.18).

N
OR@) _ 102G b . N i -
g~ = 10t ¢ ;J C; - ¢/~L.In(10) (3.18)

(o, il The solution vector of the system at iteration k.
[P0, 10] The previous solution vector of the system at time (t — At).

[R,Z]x-1 The reluctance-impedance matrix of the system (described earlier) at the

previous Iteration.
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[¢o,i0, v, Vs] The vector of history variable values at (t — At) and current voltage val-

ues at time t.
The developed Newton-Raphson solution scheme can be summarized as follows;
1. Calculate the vector of history variable values [, i,, v, v,] from the solution at the

previous time step and the value of the current phase voltages. This is only done

once in each time step.

2. Generate matrix [R, Z] using ¢ values at (t — At) or from initial conditions at the

first time step ‘t = 0.

3. 'The Jacobian matrix ] is generated using the values of fluxes ¢ at (t — At) to calcu-
late the reluctances and reluctances partial derivatives. For next iterations the newer

values of ¢ will be used.
4, The mismatch solution vector is calculated;
[Ap,At] =71 ([R, Z] - [¢, ] = [0, L0, v, Do ])
5. New solution vector is calculated by: [¢4, i1] = [@,, o] — [A¢, Al]

6. If the largest number in the modulus of the mismatch vector [|A¢], |Ai]] is greater

than & then; (1) set the initial values vector [¢,, I,] =[¢1, i1]. (2) Go back to step 2.

7. If the largest number in the modulus of the mismatch vector [|A¢|, |Ai]] is less than

or equal & then; (1) set the solution vector [§,1] = [@,i] = [p1, i1]. (2) Proceed to

the next time step.

3.4 Simulation Results

Predictor-Corrector scheme
The predictor corrector scheme was implemented to simulate the transformer described in

[53] and [56]. The method was found to be suitable and converging for the simulation of
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single-phase switching. For three-phase switching, the method failed to converge and the

solution contained heavy numerical oscillations regardless of how small is the time step,

Figure 3.4.
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Figure 34  Phase inrush currents for instantaneous three phase switching using the
predictor corrector scheme ‘shadowed’ and the Newton Raphson scheme
‘solid’ for the transformer given in [53] and [56].

The reason for the oscillations shown in Figure 3.4 is that, the transformer model is being
driven more heavily into saturation mode among the three phases during instantaneous 3
phase switching and thus, increasing the non-linearity of the system ‘operating on the non-
linear portion of the reluctance curves’. The solution oscillates between two operating points
for even number of iterations while for odd number of iteration, picks up only one part of

the solution.
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Instantaneous 3-phase switching using Newton-Raphson scheme

The proposed Newton-Raphson method was tested on single phase, instantaneous three
phase and sequential 3 phase switching cases. In all simulated cases, the model was stable and
converging with a time step of no less than 50 (us). Figure 3.5 shows a comparison with the
experimental results on the transformer described in the appendix for instantaneous three-

phase switching using Yg-D connection.
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Figure 3.5  Instantaneous three phase switching of Yg-A transformer described in ap-
pendix.
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It is clearly shown that the simulated and measured phase current values have close agree-
ment. The simulation procedure requires three iterations for saturation region operation
‘where the current experiences sharp magnitude rises’ and a single iteration for low saturation
levels. For extreme saturation operation conditions, the number of iterations rises to eight in

order to achieve the required maximum converging tolerance of 10°.

The measured terminal voltage was fed into the simulation program with the recorded
resolution. The sampling frequency was 256 samples/ cycles, which dictates a simulation time
step of about 65.1 (usec). Such a relatively high simulation time step reflects the rigidity and
the convergence nature of the developed algorithm. The time required for the simulation can
be effectively reduced through the application of a variable time step in lower saturation
levels which represent about 50% of the total simulation time. Due to the nature of the
implemented discretization method, the variable time step can be easily implemented using

dual multiplications of the original time step, i.e. A’ = 2n.(A2).

Piecewise curve fitting technique

In order to verify the proposed method capability of handling the classical piecewise fitting
technique for the transformer non-linear reluctances, simulation cases were carried out using
different number of piecewise segments. Figure 3.6 shows the simulation results using a
nonlinear reluctance curve with nine equal length segments. The results show that the
proposed method also converges for the piecewise curve implementation. This is an impor-
tant finding since it is in some cases neither simple nor possible to have a best-fitted curve

for the non-linear characteristics. As can be shown in Figure 3.6, the piecewise technique
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results in a maximum error of 5% during first cycle and 30% as the transformer inrush
current decays. Increasing the number of segments will enhance the simulation results. On
the other hand, the number of iterations is increased due to the introduction of more seg-

ments which will introduce more breakpoints and hence require more iterations.
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(a) Computed phase currents for piecewise ‘doted’ and continuous ‘solid’ reluctance
curve representations.
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Figure 3.6  Instantaneous switching of the transformer described in 243 using 9-
segment piecewise reluctance-flux curves.
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3.5 Conclusions

In this chapter, a new application of the Newton-Raphson iterative method for solving three-
phase non-linear transformer models has been developed and presented. The application of
the Newton-Raphson method was based on the introduction of the non-linear reluctances as
a function of system variables using either polynomial curve fitting techniques or piecewise

segments.

A comparison of the proposed method against the predictor corrector method was carried
out showing that the former method is not suitable for transformer inrush current modeling
and simulation. The formulation of the Jacobian matrix using direct derivatives of the fitted

reluctance curves or constant slopes of piecewise segments was shown to achieve a conver-

gence error of less than 107 with a 10 psec time step.

The simulation results using piecewise segments of equal length for the non-linear reluc-
tances against the polynomial fitted method showed a tolerable difference between both the
results. If a suitable fitted curve cannot be obtained, increasing the number of points of the
piecewise curve will lead to the desired accuracy. The proposed simulation scheme can be
easily applied for different applications, for example, other non-linear system components

such as power electronic devices and variable speed drives.
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4. Estimation of Transformer Saturation
Characteristics from Inrush Waveforms

In this chapter, a novel method to estimate transformer saturation characteristics that extend
to the 'deep' saturation region is presented. The basic idea of the method is to use the
recorded inrush voltage and current waveforms to estimate the saturation characteristics. The
recorded terminal voltage waveforms and phase currents directly available at the transformer
terminals are used to estimate the transformer saturation characteristics. Accurate represen-
tation of a transformer's 'deep' saturation region is important for studying the impact of
transformer energization and its inrush currents. The proposed parameter estimation tech-
nique does not require modification of the transformer terminals, measurement of
transformers delta winding current nor special excitation sources at test location. The
proposed method performance and accuracy have been verfied by the close agreement

between the simulation results and the recorded inrush waveforms.?

4.1 Introduction

As has been shown in preceding chapters, the proper and accurate representation of trans-
former saturation characteristics is essential for the analysis of transformer inrush behavior

during saturation, either when using analytical or simulation analysis procedures. In addition,

% A version of this chapter has been published: S.G. Abdulsalam, W. Xu, W. A. Neves and Xian Liu
“Estimation of Transformer Saturation Characteristics from Inrush Current Waveforms”, ZZZZ
Transactions orn Power Delizery, vol. 21, No. 1, pp. 170-177, Jan. 2006.
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adequate modeling of transformer nonlinear characteristics is required for many electromag-
netic transient studies where the study of overvoltages caused by ferroresonance is a repre-

representative example [68] and [69].

In this chapter, a novel, accurate and at the same time, practical method for determining
transformer saturation charactenistics will be presented. Moreover, the analysis carried out
through the development of the parameter estimation technique reveals important character-
istics of the transformer’s core under saturation conditions. This analytical study was
essential for obtaining an in-depth understanding of the sequential energization technique’s

effectiveness in reducing inrush currents.

It is well accepted that a straight line can approximate the flux-current curve for the deep
saturation region: the so-called air core inductance. Unfortunately, standard tests usually do
not drive transformer cores into deep saturation and may lead to large errors in the estima-
tion of the air core inductance, affecting significantly the estimation of the transformer’s

mrush currents.

A number of methods for determining transformer saturation characteristics have been
proposed in the literature. The most well-known procedure is the construction of the I/ -
I open-circuit saturation curve by using a variable AC source. This method is feasible for
laboratory set-ups using small and mid-range transformer sizes, but in many cases, the
limited source capacity at the laboratory prevents this method from driving the transformer
into deep saturation. Altematively, the slope of the flux-current curve during saturation could
be estimated from the physical dimensions of the transformer windings. Although this

method is theoretically feasible, the transformer’s detailed structural information is usually
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not available. Additionally, estimating the slope of the flux current curve during saturation is
not sufficient for accurate representation of the flux-current curve since the point at which

saturation occurs is not known.

A measurement method based on DC excitation was proposed in [70] and [71] to estimate
transformer saturation curves. This method presents practical application difficulties for mid-
and high-rating transformers due to the requirement for a large DC source at the test loca-
tion. The algorithm presented in [38] to obtain the flux current relationship from inrush
measurements strongly depends on the calculated residual flux values to determine the delta
winding current. Reference [72] used finite element analysis to obtain saturation curves by
accounting for the flux distribution in the iron core. The method requires the B-H character-
istics supplied by the steel manufacturer. However, the butt joints and inevitable air gaps
produced when assembling the transformer may lead to inaccuracies in the estimation of

saturation curves.

An easy-to-use method for accurately estimating the transformer’s non-linear characteristics
is still lacking. The main goal of the work presented in this chapter is to develop such a
method. As was shown in the previous chapter, an electric-magnetic circuit model represents
the transformer, with the winding resistances, leakage inductances and the zero-sequence air
reluctance assumed to be the known parameters from the classical short circuit, open circuit
and zero sequence tests. In the developed method, all the remaining reluctances, which
account for the effect of the limb and yoke fluxes, are calculated simultaneously from single-
pole and three-pole switching inrush measurement data obtained from a three-limb three-
phase transformer with Wye-Wye and Wye-Delta connections. The obtained reluctances

account for the nonlinear magnetic coupling between the transformer limbs for a three-limb
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core topology and are very important in modeling transformers for transient or harmonic
studies. The developed method does not have the pre-knowledge limitation of the residual
flux level in the transformer and does not require the measurement of the delta winding
current if present. The presented method could be applied for estimating the classical flux-
current characteristics. After parameter identification, several inrush measurements were
carried out and compared to the simulations for the corresponding situations. Very close

agreement was found among them.

4.2 Parameter-Estimation Algorithm

The main focus of the parameter-estimation algorithm is to determine the nonlinear charac-
teristics of the core limb and yoke reluctances for the transformer magnetic circuit shown in
Figure 3.2 and described by the equation set (3.5). The algorithm utilizes the recorded voltage
and current waveforms at the transformer primary winding produced during energization.
The winding resistances, leakage inductances, exciting branch resistance and the air path
reluctance are assumed to be known. The transformer’s winding resistances and leakage
inductances are linear parameters and can be determined through classical short circuit tests
[73}(76]. The open circuit tests can provide faitly accurate estimates of the magnetizing
branch resistances representing losses in the transformer’s iron core [77][78],[79] and [80]. A
zero sequence test as described in [71]{78], and [73] provides an accurate estimate of the air

path reluctance R,; (assumed to be equal for each limb).

Fluxes and currents are the waveforms needed to find reluctances. The flux at each limb

could be found easily through numerical integration of (4.1) solving for ¢, provided residual
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limb fluxes are known. Where the magnetizing current could be evaluated using (4.2) pro-

vided that the secondary winding current is known.

Uj =r}'p'ijp +ljpdl]p/dt+Nd¢]/dt (41)
. . N .
imj = ijp —;;;-d%-/dt — ijs (4.2)

In other words, three fluxes and three current waveforms are all that are required to obtain

the core reluctances. Unfortunately, using the detailed magnetic model described by in (3.5)

there are five unknown fluxes ¢4, ¢, P, Pgp and ¢p.p. In order to find the limb and yoke

reluctances; Ry, Rip, Rics Ryq and Ry, it is necessary to either add two additional equa-
tions or make assumptions to reduce the number of equations by two. In theory, the two
new equations can be added by winding two new coils on both yokes to allow the measure-
ment of magnetic fluxes from integration of induced voltage signals. This solution can only
be implemented in research labs and it is not of practical application. The alternative used
here is to assume that ¢, and ¢, are equal to the fluxes in the core outer limbs as shown

in Figure 4.1.

‘%’a j)?b 9?0

a

N. ima N. imb N. imc

Figure4.1  Approximate equivalent magnetic circuit for the three limb, E core, three-
phase transformer.
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The equivalent reluctances R, and R, represent the combined reluctance of limb and yoke
reluctances R;, + Ry, and R;. + Ry, respectively. The combination of the air path
reluctances R4, Rop and R, into a single central reluctance R,, will have a minor effect on
the equivalent model accuracy [53], [54] and [77]. This is mainly due to the relatively high
reluctance of air path as compared to the limb and yoke iron reluctances [71]. Here, R, is
assumed to be constant. It can be accurately calculated from zero sequence tests. It can be
noted that the zero sequence flux from all limbs should strictly flow through the air path or a
combined air gap-tank path in the presence of a tank. A comparison between the detailed
and approximate magnetic circuit models represented in Figure 3.2 and Figure 4.1 has been
done 1n [53] where the use of this model generated very good results regarding to both

amplitude and shape of simulated waveforms compared to experimental results.

The approximate magnetic model shown in Figure 4.1 reduces the magnetic circuit model to

3 equations as follows,

Ra Pa—Rp pp=N-ipg—N-ipp
:Rb'qbb_gzc'd)c:N'imc_N'imb (4'3)
Rb'¢b+Ro'(¢a+¢b+¢c)=N'imb

Ra\ [($a ~Bp O\ /N-img—N-imp
(Rb> = ( 0 by _¢c> (N ' imc -N- imb) (4'4)
:Rc 0 ¢b 0 N'imb—Ro'¢o

bo = o+ dp + ¢ (4'5)

The general criterion to compute the core reluctances is as follows:
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From measured current and voltage waveforms, use the trapezoidal rule of integration with
appropriate time step At, calculate the magnetizing current in (4.2) taking into consideration
the transformer connection and solve (4.1) for the flux ¢;in each core limb at each time

step. The obtained tabulated values become as follows in series form:
imj = {imj(t = 0),imj(A), i;(2AL), ... oo i (N - AL) } (4.6)

¢; = {¢;(t = 0),9;(AL), §;(2AL), .......d;(N - At) } (47)

where N is the total number of samples.

Input magnetizing current and limb fluxes values into (4.3) and obtain all the core reluc-

tances as a function of time for each time step:
R; = {R;(t = 0),R;(At), R;(241), ... .. R;(N - At) } (4.8)

The data series of ¢; and R; defines the nonlinear reluctance characteristics of the trans-

former. Curve fitting techniques can be used to find equations most suitable to present the
characteristic or simply through implementing a piece-wise representation as has been shown

in earlier chapter.

In the following, more details of each step of the implemented algorithm is presented. Step 1

is accomplished through discretizing (4.1) and (4.2)

A A
[0 + 1)) 7 = 1o (8) + 5 E)] -+ ipl(6) = 58]
(4.9)
+ N[¢j(t) - ¢j(to)]
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A A N
[imj(t) + imj(to)] ?t = [ijp(t) + ijp(to)] 7t - r_m] [(b](t) - ¢j(to)]
(4.10)
A
- [ijs(t) + ijs(to)] 7t
and solving for the flux at each limb;
A A
B0 = [0 + V)] g = 5[50 + 5] 5o
(4.11)

l
=2 [5(6) - 11(20)] — [~ 5(£o)]

This equation implies that if the primary vo/fage and current wavetorms together with the initia/
fluxes are known, corresponding to the first sample point of measured data, the waveform of
the fluxes can be determined. It is worth noting that when calculating reluctances in step 2,
the flux matrix shown in (4.4)(4.3) can, in theory, be ill conditioned. This case has never been
encountered; however, if this happens in practice, the solution at that instant of time can be
skipped. In the next two sections it will be shown how the magnetizing inrush current
waveforms are computed considering transformer connections Wye-Wye and Wye-Delta,

and how to estimate the residual flux needed to calculate the correct flux-current curve.

4.3 Calculation of Magnetizing Current

The magnetizing branch currents are essential in obtaining either the transformer Flux-

Current or the Reluctance-Flux characteristics. According to the equivalent electric circuit
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shown in Figure 4.2, the measured primary current will contain the magnetizing current 7,

and the core loss current component, 7,, in addition to the secondary winding current, 7.

For Wye-Wye connected transformers, each phase can be dealt with separately. Since there
will be no current in the secondary winding, the magnetizing current waveform for each
phase can be easily calculated subtracting the core loss current component from the meas-
ured primary current waveform as follows:

N
imj = ijp - T‘_ . d(l)]/dt (412)

mj

It should be noted here that the residual flux value is not required for the calculation of the
magnetizing current. Only the induced voltage across the magnetizing branch is required
which can be available directly from measurements on the secondary side. Another alterna-
tive is to calculate the induced voltage from the measured waveforms through direct

substitution in equation (4.1) and calculating the induced voltage as:
N-d¢;/dt = v —1jp - bjp — lp - dijp/dt (4.13)

For a Wye-Delta connected transformer the situation is quite different, Figure 4.2. During
no-load steady state conditions, the induced voltages on the secondary side are nearly
balanced and hence current in the delta winding can be neglected. However, during switching
conditions, there might be an unbalance in the induced voltages due to the large voltage
drops on the leakage reactance and resistance of the primary side winding. This unbalance is

the main cause of the delta winding current during simultaneous three-pole switching.
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According to Figure 4.2 and assuming the secondary side is connected in delta, the magnetiz-

ing current of each phase can be calculated by:
. N :
lmj = Yp =7 d¢j/dt — ldelta (4'14)
"m j

The winding capacitance which is normally represented as a shunt capacitance in parallel with
the magnetizing branch can be easily accounted for in (4.14). With a known winding capaci-
tance, the capacitive charging current could be easily subtracted from the measured terminal
current similar to the loss and delta current components in (4.14). The winding capacitance
affects the shape of the saturation curve in the unsaturated region and results in an s-shpaed
flux current curve if the capacitance charging current is not accounted for in the model and

subtracted from the measured primary current, [77].

la

Ideita

N.dg./d

idelta

Vm

N.dgy/dt

e Tp y Js Ts Idelta

Ve N.dg/dt

Figure 42  Equivalent electric circuit for a Wye-Delta transformer.
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The circulating delta-winding current iy, is calculated from the mesh equation for the

closed delta at the transformer secondary according to:

N - Z d(pj/dt =3- (rsj ‘ idelta + l51 ) didelta/dt) (415)

j=a,b,c

The application of the numerical trapezoidal rule of integration to (4.15) leads to the follow-

ing current at each time step.

idelta (t)

N - Zj:a,b,c ¢j(t) -N- Zj:a,b,c ¢j(to) -3 (7:9 ' A—Zt' + ls) idelta(to) (4-16)
3- (rs -%+ ls)

The advantage of this method for calculating the delta winding current over the method
described in [38] -regardless its simplicity- is that no assumption for residual flux values are
needed. This is clear because when the transformer is switched off, there is no flux outside
the core, and inside the core the residual imb fluxes always add up to zero. It can also be
verified from (4.15) that the delta winding current depends only on the rate of change of flux

‘induced voltages’, which can be measured at the secondary side.

4.4 Residual Flux Estimation

When applying the previously described parameter estimation method, the values of initial
fluxes in (4.11) must be known. If the recorded waveforms start at the instant of energiza-

tion, the initial fluxes are essentially residual fluxes of the transformer limbs. Several methods
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have been proposed in literature to estimate or control the residual flux in transformer limbs
[38][81] and [74]. The most well known one is to record the de-energization voltage wave-

forms and to integrate them to estimate the residual flux [38].

Generally, it was found that the pre-estimate value of residual fluxes do not affect the shape
of the flux-current curve in the saturation region. Figure 4.3 shows a family of saturation
curves for different switching conditions, obtained assuming zero residual flux, for the
laboratory transformer described in Appendix. The flux was obtained from numerical

integration of the voltage waveform.
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Figure 43  Flux-Current characteristics obtained for different cases assuming zero re-

sidual flux.

For all cases, when the current is greater than 2.0 [p.u], the slopes of the curves are the same
constant value. Accordingly, the obtained constant slope can be used to extend the manufac-
turers or no-load test data. Usually, under no-load test conditions, such high current cannot

be reached due to winding rated current limitations.

Alternatively to using de-energization data, a very simple method is proposed to estimate

residual fluxes in order to find the correct flux inrush measurements. At least one point,

corresponding to the tip of the no-load saturation curve (¢, ¢,), needs to be known and
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taken as a reference. During transformer energization the current waveform is recorded and

the flux is calculated numerically using (4.11) at each time step, assuming zero residual flux.

For the magnetizing current Z, , two values of fluxes are calculated for the first cycle and

averaged out to @, The first flux value is calculated when the current reaches 7, and is

ave

increasing; the second when the current reaches , and is decreasing. The residual flux ¢, is

equal to @, -@,,. Graphically, as shown in Figure 4.4, this corresponds to vertically shift the

flux-current curve obtained numerically until it overlaps the no-load curve. If the estimated

curve is above the no-load curve, the residual flux has negative polarity.

1.500 T ;
/ No-Load Flux Current Curve
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Figure 44  Estimating the residual flux value from No-Load Flux-Current curve and
calculated flux-current curve during inrush conditions.

The method is repeated independently in each phase in case of using three-pole inrush
energization data. First, the flux-current magnetizing curve in each phase is calculated
assuming zero initial flux and taking into account the delta winding current if a delta connec-

tion exists. Second, the residual flux in each phase is adjusted independently in order to
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match the corresponding positive sequence hysteresis loop in that particular phase. The
deeper the no-load curve gets into saturation, the higher the accuracy of the presented

method and less sensitive to the accuracy of current measuring probes.

It is worth noting that only two residual fluxes need to be calculated since the residual fluxes
in the three limbs add up to zero. Here, they were obtained from data of the two deepest
saturated phases, corresponding to the transformer outer limbs. The approach described here
is preferable than extending flux-current curves obtained from transformer manufacturer’s
data where the available data is off the deep saturation region, thus resulting in underestima-

tion of inrush currents magnitude.

4.5 Model Verification and Simulation Results

The obtained transformer model non-linear characteristics were implemented to simulate the
transformer response and compare the calculated current waveforms with those recorded
during inrush. Three different operation conditions were simulated; no-load, single pole
switching and three pole-switching conditions. The point-by-point recorded voltage wave-
forms at the transformer primary side together with the estimated initial residual flux values
were used as inputs to the transient simulation program in order to simulate each case. In
this condition no approximations or pre-estimates of the source impedance value or the

switching angle were necessary.
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4.5.1 Estimated Reluctance-Flux Curves

Transformer inrush currents can be three orders of magnitude higher than the no-load
magnetizing current. As a practical limitation; measuring lab probes are usually not suitable
for measurements in the two ranges simultaneously: the no-load magnetizing current range
and the deep saturation range, for the same inrush measurements case. All the presented
curves were obtained from primary voltages and currents waveforms sampled at 256 points
per cycle. The parameter estimation algorithm here is implemented twice: first, for the
unsaturated region; using data from no-load measurements and; for the saturated region,
using data from single-pole and simultaneous three-pole switching inrush measurements for
the transformer described in the Appendix with winding connections grounded Wye-Wye
and grounded Wye-Delta. A sample result is shown in Figure 4.5 for the Flux-Current
characteristics and in Figure 4.6 for the Reluctance-Flux curve obtained from the no-load

waveforms.
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Figure 4.5  Calculated Hysteresis loop for the transformer under test.

In order to evaluate the nonlinear Reluctance-Flux characteristics up to the highest possible

flux values, two switching procedures were implemented and compared: single-pole switch-
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ing and simultaneous three-pole switching. For the first method, a number of single-pole

switching cases have been carried out.
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Figure 46  Reluctance-Flux characteristics obtained for the transformer under test us-
ing No-Load waveforms.

The highest recorded inrush current case is used to construct the higher part of the Reluc-
tance-Flux curve. Figure 4.7 and Figure 4.8 are the calculated Flux-Current and Reluctance-
Flux characteristics respectively obtained for the most severe inrush peak case. The calcu-
lated curve in Figure 4.8 was generated using the first ten cycles of the recorded maximum

inrush current case due to single-pole switching.

2.0
_ I
- 1.5 - - .
3
e
5 1.0
:
< os

0.0

o 500 1000 1500 2000 2500

Magnetizing Current [Amp]

Figure4.7  Flux-Current characteristics obtained for the highest recorded inrush peak
considering the calculated residual fluxes.
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Figure 48  Reluctance-Flux characteristics obtained for the highest recorded inrush
peak considering the calculated residual fluxes.

In order to measure current to a reasonable accuracy over a wide range, two simultaneous
current measurements were taken at the same time using two different rating current clamps.
The higher accuracy -Low Rating- clamp was used to record the current waveform up to 25
A, while higher current magnitudes were recorded from the high rating clamp. Generally, the
accuracy of the estimated reluctance value depends on the accuracy of the current measure-
ment. This describes the discontinuity and the noise experienced around a flux value of
about 1.25 [p.u] in the reluctance curve shown in Figure 4.8. It is of value to note that the 25
Amps at which the measurements are been taken from the high-rating clamps only represent
1.0% of their rating and this clarifies the noise in the estimated value of reluctance. As the
current picks up rapidly, in the saturation region, the accuracy of the current measurement

will increase and hence the accuracy of the estimated reluctance value.

Flux-Current and Reluctance-Flux curves were obtained also using inrush waveforms from
simultaneous three- pole switching. Here, more channels are required for recording signals of
three-phase voltages and currents at the transformer primary side. The results are nearly the

same as the ones obtained from single-pole switching. Figure 4.9 and Figure 4.10 show the
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calculated Flux-Current and Reluctance-Flux characteristics for the same transformer

connected in Wye-Delta.
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Figure 49  Flux-Current characteristics obtained for Wye-Delta connection and using
simultaneous three-pole switching.

Only the saturated parts of the curves are shown in Figure 4.9 since only the higher rating
clamps were used to limit the number of required recording channels. Using two different
probes for measuring current simultaneously will require the use of 9 recording channels

while the number of channels available was 8.
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Figure 4.10  Reluctance-Flux characteristics obtained for Wye-Delta connection and
using simultaneous three-pole switching.

Figure 4.10 verifies that using three phase switching waveforms will lead to the same trans-

former characteristics obtained from single phase switching. Finally, the non-linear portion
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of the Reluctance-Flux curve is fitted by a single polynomial function. The fitted non-linear

portion of the Reluctance-Flux curve is shown in Figure 4.11.
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Figure 411  Reluctance-Flux characteristics obtained for central and outer limbs of the
transformer given in Appendix.

For lower flux values, the curve is assumed to have a constant reluctance value while for
higher flux; extrapolation might be used [53] and [54]. In this work, since a large number of
experimental cases have been carried out, the highest reluctance value corresponding to the

highest flux value obtained from experiments will be assumed to be the maximum reluctance.

The reluctance characteristics estimated from no load and inrush waveforms together will
lead to the complete curve. Complete reluctance-flux curves are shown in Figure 4.11 for the
outer ‘phases A and C and central ‘phase B’ limbs through combining the characteristic
curves obtained through no-load and inrush conditions. It is clear from Figure 4.11 that the
central imb will generally have a lower reluctance value for the same flux level as compared

to the outer limb. This can be easily explained since the reluctances R, and R, combine

both yoke and limb reluctances while the central limb consists only of the limb reluctance.
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4.5.2 No-Load Operation

In order to verify the accuracy of the estimated reluctance at rated flux, no-load conditions
were simulated and compared to measurements. Figure 4.12 shows measured and simulated
waveforms for the current at one phase during no load test due to energizing phase A. The

iron losses were modeled by a constant resistance with the value obtained at nominal no-load

voltage.
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Figure 412  Measured and simulated No-Load current.

4.5.3 Single-Pole Switching

Here, a large number of single phase switching actions were carried out and the resulting
inrush waveforms were recorded. Figure 4.13 shows the most severe inrush condition and
both measured and simulated waveforms are presented. The first cycle of a less severe case is
shown in Figure 4.15. The results show good agreement between simulated and measured
waveforms from the magnitude and wave-shape point of view, which validates the accuracy
of the estimated reluctance curve. A maximum error of no more than 5% in current magni-

tude was observed in all simulation cases.
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Figure 4.13  Simulated ‘solid’ and Measured ‘dotted’ highest inrush waveforms using
the obtained Reluctance-Flux characteristics.
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Figure 4.14  The first cycle of the simulated ‘solid” and recorded ‘dotted’ mid-range in-
rush using single phase switching.

4.5.4 Simultaneous three-pole switching

Two cases for simultaneous three-pole switching on the transformer described in Appendix,
with Wye-Delta and Wye-Wye connection, are presented. Figure 4.15 shows the measured
and simulated inrush currents for Wye-Delta connection and Figure 4.16 for Wye-Wye
connection. The estimated reluctance flux curve can accurately describe the nonlinear

behaviour of the transformer during switching and normal operating conditions.
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Figure 415 Recorded ‘dotted’ and simulated ‘solid’ energizing inrush currents for
Wrye-Delta connection.
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Figure 4.16  Recorded ‘dotted’ and simulated ‘solid’ energizing inrush currents for
Wye-Wye connection.
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4,6 Conclusions

In this chapter, a practical method for the estimation of nonlinear core reluctances of
three-phase three-limb power transformers from inrush waveform data has been developed
and was presented. The method could also be implemented for the estimation of the classical
Flux-current saturation curve. In addition, it was shown that residual fluxes at each trans-
former imb could be estimated as well provided at least one point of the no-load curve, in
the flux-current plane, is known. The use of inrush waveforms will ensure the estimation of
the nonlinear characteristics up to high saturation levels. The developed method provides an
accurate, easily implemented means for the estimation of transformer saturation characteris-
tics. The estimated core nonlinear characteristics were used for the simulation of energization
of a three-phase transformer with Wye-Wye and with Wye-Delta connections. Simulations
and measurements were performed for single-pole and simultaneous three-pole switching
operations and had shown to be in close agreement. The close matching brings confidence in

the applicability of the method for practical purposes.
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5. Performance of the Sequential
Energization Scheme

In this chapter, the performance of the sequential energization scheme performance as
applied to different transformer ratings and core-structure types will be investigated. The
experimental investigation of the sequential energization scheme’s effectiveness was carried
out and presented on a laboratory, core-type, 30 kVA transformer. However, carrying out an
experimental investigation on higher-rating transformers was not feasible. After developing
the transformer modeling technique and validating its accuracy, it became possible to apply
and study the sequential energization scheme’s performance through simulation with differ-
ent cases. A sensitivity study was carried out on the effect of the saturation parameters’

deviation from the general performance characteristics of the sequential switching scheme.

5.1 Introduction

The sequenuial energization technique presents a novel inrush-reduction scheme due to
transformer energization with possible application to capacitor switching. As was briefly
explained in Chapter 1, the scheme involves the sequential energizing of the transformer’s
three phases together with the insertion of a properly sized resistor at the neutral point of the

transformer’s energizing side.

The neutral-resistor based scheme acts to minimize the induced voltage across the energized

windings during sequential switching of each phase and, hence, minimizes the integral of the
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applied voltage across the windings. This neutral voltage will reduce the net voltage applied
across the energized winding if this voltage has the same polarity as the applied supply

voltage.

The scheme has the main advantage of being a simpler, more reliable, and more cost-
effective than the synchronous switching and pre-insertion resistor schemes. The scheme has
no requirements for the speed of the circuit breaker or the determination of the residual flux.
Sequential switching of the three phases can be implemented through either introducing a
mechanical delay between each pole arm in the case of three phase breakers or simply

through adjusting the breaker trip-coil time delay for single pole breakers.

As will be explained in this chapter, experimental and simulation studies venfied that the
sequential energization scheme with a properly sized neutral resistor is as effective as the pre-
insertion scheme. However, a much smaller resistor size is required with a sufficient insertion
time. Both the experimental and simulation results showed that only a mechanical delay
might be sufficient to achieve the desired coordination between the energized phases, and,
hence, a sophisticated timing control circuitry for the circuit breaker pole tripping logic is not
needed. More importantly, the neutral resistor’s impact on the inrush current magnitude was
found to be similar to that of the series resistors with first-phase energization leading to the

highest inrush current magnitude.

The neutral-resistor-based scheme was further investigated by using higher-rating single-core
type and three-limb core-type transformers with different secondary winding arrangements.
All transformers with electrically or magnetically coupled circuits showed similar inrush-

current-reduction behaviour as a function of the neutral resistor’s size.
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The scheme’s performance was further tested through a sensitivity analysis study to show the
impact of different saturation parameters on the performance and the optimum neutral

resistor size.

5.2 Scheme Performance

In this section, the scheme’s performance will be thoroughly presented through extensive
experimental and simulation methodologies. First, the experimental results of the work
conducted on the 30kVA laboratory transformer are presented to show the general perform-
ance characteristics of the sequential energization scheme. The transformer’s behaviour
dunng each energization stage was also studied, and inrush current waveforms were observed
during all stages for different neutral resistor values. 'The performance of the scheme with
both positive and negative switching sequences was also investigated and will be presented.
The investigation was extended to other higher transformer ratings and to different trans-

former connection types and core-type structures.

5.2.1 Experimental Results

The sequential switching scheme was investigated through extensive laboratory experiments
conducted on a 30-kVA, 208/208 Y-Delta, three-limb transformel.r (see Appendix). The main
goal of the experimental work was to investigate the influence of the neutral grounding
resistor on the resulting magnitude of the inrush current during sequential phase switching.
The experiments were conducted by scanning different neutral resistor sizes for each energiz-

ing step. The main difficulties encountered in the experiments were as follows:
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1. The switching instant could not be controlled.

2. An unknown amount of residual flux was present when the first phase is energized.

3. 'The supply system had impedance.
In order to overcome the first difficulty, for each switching stage, the switching event was
repeated more than 100 times per each neutral resistor size. The results were then grouped
according to the recorded phase angles of the supply voltage just prior to the instant of
switching. The highest ‘maximum’ inrush current magnitude was extracted from the results
accordingly for each resistor size. To overcome the second difficulty, the large number of
switching events recorded was assumed to cover most conditions of the possible residual
flux pattern in the core. The presence of the supply system impedance led to a higher inrush
current estimate during the simulation study verification process. However, the impact of the
sertes supply system’s impedance was minimized using single core-type cable of sufficiently
high gauge. Figure 5.1 demonstrates the impact of the system impedance on the distortion of
the recorded phase-to-ground voltages at the transformer terminals during simultaneous
three-phase energization with a Yg-Y connection. The corresponding three-phase inrush

currents are shown in Figure 5.2.
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Figure 5.1 Recorded simultaneous energizing phase voltages for Yg-Y transformer.
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Figure 5.2 Recorded simultaneous energizing phase currents for Yg-Y transformer

- Impact of the neutral resistor size on inrush current:

The neutral resistor impact on the inrush current magnitude during sequential phase energi-
zation, g (Ry), is shown for each energizing stage for the 30kVA transformer in Figure
5.3 below. The three curves have been produced independently as explained earlier through
scanning different values of neutral resistor size and energizing from steady state conditions

of the preceding stage.
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Figure 5.3 Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive sequence switching order.
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Figure 54  Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive sequence switching order. (Enlarged Portion)

The general characteristics of the sequential energization scheme could be obtained from the

Imax(Ry) curves shown in Figure 5.3 and Figure 5.4 as follows;

0 The sequential energization technique could effectively reduce the inrush current
magnitude through the application of a properly-sized neutral resistor.

O There is no requirement for a precise selection of the neutral resistor size. For
the transformer under investigation, a neutral resistor size between 2 and 4Q is
sufficient to reduce the inrush current magnitude to below the transformer’s
rated current.

0 The inrush current reduces rapidly for the first energized stage as the neutral re-
sistor size; Ry.as the neutral resistor size is increased. This finding is obvious
since the neutral resistor acts in series with the energized phase.

0 Similar behaviour exists for the second energized phase. However, after a knee-

point is reached, the inrush current continues to reduce at a much slower rate
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before it starts to increase after a relatively large resistor value is reached, Figure
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Figure 5.5  Extended 20d and 3« [, (R,) curves, for Yg-A connection, positive se-
quence switching order.

0 The third energized phase produces the lowest inrush current magnitude as com-
pared to the first and second phases. This is true for the region at which the inrush
current is effectively reduced by the neutral resistor. The mrush current magnitude

increases sharply as the neutral resistor size is increased beyond the knee point of the
Iinax(Ry) curves.

0 For the region where the neutral resistor is highly effective in reducing the inrush
current among the three phases, ie. close to and slightly beyond the knee point of the
Lnax(Ry) curves, the first switching stage leads the highest inrush current magnitude.
The third phase I, (R;,) curve reflects the highest inrush current magnitude after it

intersects with that of the first phase.

a Itis not desirable to have the neutral resistor in the circuit when the 3™ phase is ener-

gized. It can easily be verified that for a magnetically or electrically coupled three
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phase transformer (3-leg Core or single phase units), the flux induced in the third

winding core must be (neglecting leakage flux);

¢ = —(¢a + Pp)

0 And hence for a zero neutral resistor value, the core flux of the third energized wind-
ing will be automatically synchronized with the voltage of the third switched phase

regardless the switching instant, Figure 5.6.

N bt

22 @ ¢

—  —

Figure 5.6 Flux distribution after energizing phases A and B.

Although the general characteristics listed above are derived directly from a study conducted
on a single transformer unit, other transformer types/connections share similar general

characteristics as will be shown in detail in the following sections through simulation studies.
- Impact of the sequential switching order on inrush current:

Similar experimental procedures have been carried out on the 30kVA transformer using a
negative sequence switching order. The transformer terminals are energized with the follow-
ing order Phase A followed by Phase C and finally Phase B completes the energization
process. Figure 5.7 and Figure 5.8 present the I,;,,,(R,,) performance curves during each

switching stage.
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Figure 5.7 Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, negative sequence switching order.
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Figure 58  Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, negative sequence switching order. (Enlarged Portion)

Both the first and third switching stages share quite-similar performance characteristics as
that for a positive energization procedure. However, the second stage energization has
different behavior as the neutral resistor value increases beyond the knee point of the
Inax(Ry) curve. For small neutral resistor values, the 2™ stage I,q,(R,) curve behaves

similarly to that of the 1 stage and the inrush current reduces sharply as the neutral resistor
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size increases. However, after reaching the knee point, the current starts rising again as the
neutral resistor size is increased further. Although, this behavior is one way or another,
similar to that using a positive energization sequence, the inrush current magnitude doesn’t
remain close-to the no-load current for a large neutral resistor range beyond the knee point,

Figure 5.11.
- Inrush Current Waveforms:

Figure 5.9 through Figure 5.11 show the inrush current waveforms during the energization of
the first ‘A’, second ‘B’ and third ‘C phase respectively for a 2.0Q neutral resistor that is
slightly beyond the knee point of the I,,,4,(R;) performance curves. From Figure 5.9, it is
clear that for the first energized phase, Phase A, inrush current settles within few cycles to
the normal no-load magnetizing current level. This finding is straightforward as the neutral
resistor acts in series with the energized phase. As compared to the highest simultaneous
inrush current level of 2100 A, the 2.0 W neutral resistors achieves more than 95% percent

reduction of inrush current ‘to 74 A’ during first phase energization.
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Figure 5.9 Typical inrush current waveform during 15t phase energization, R,, =2.0Q.

For the second energization stage, Figure 5.10 shows the phase and neutral current wave-

forms for the highest recorded inrush current condition. It is clear through the inrush current
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decay rate, as compared to first phase energization, that the neutral resistor doesn’t act fully
in series with the energized phase(s). However, the neutral resistor reduced the inrush
current during this stage to slightly below 40 A. More importantly, the energized phase B
inrush current, doesn’t correspond to the highest inrush current level. Alternatively, phase A

yields the highest inrush level of 39A as compared to 17A for phase B.
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Figure 5.10  Typical inrush current waveforms (top) and the neutral current (bottom)
during 2 phase energization, R, =2.0 Q.

At lower neutral resistor values ahead of the I,,,,,(R;,) curve knee point, the switched phase
‘B’ inrush current becomes higher than that of the earlier energized phase ‘A’. Figure 5.11
shows the inrush current waveforms for this case with R,, = 0.25Q which is slightly lower
than the knee-point resistance. Closer to the knee point, Figure 5.12 shows the inrush

waveforms for the case with R, =0.5Q. From the presented cases, it could be concluded that
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the maximum inrush

current magnitude during the second energization stage could either

exist in phase A or B depending on the neutral resistor value.
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Figure 511  Inrush current waveforms (top) and the neutral current (bottom) during
2nd phase energization, R,, =0.25Q).

80

60

40

20 1

-20

{inrush Current (A)

-40 -

Phase A
Phase B

0.00 0.05 0.10 0.15 0.20

Neutral Clrent (4)

Neutral Current—l

T T T

0.00 0.05 0.10 0.15 0.20

Time (s)

Figure 5.12  Inrush current waveforms (top) and the neutral current (bottom) during
2nd phase energization, R,, = 0.5Q.

Reproduced with permission of the copyright

99

owner. Further reproduction prohibited without permission.



As the neutral resistor size is increased further beyond the I, (R;) curve knee point, the
neutral resistor size becomes sufficiently large to pass the inrush current and both phases

have nearly the same inrush current in opposite polarities. Figure 5.13 shows inrush wave-
forms for the case with R, =50Q. It is clear that a small neutral current magnitude is passing
through the neutral resistor and both phases behave as if they are connected in series.
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Figure 5.13  Inrush current waveforms (top) and the neutral current (bottom) during
20d phase energization, R, =50€.

Figure 5.14 shows the inrush currents in all three phases when the last phase, G, is energized
with R, =2.0Q. Minimal transients are experienced in all three phases and a close to com-
pletely synchronous closing condition is established. More interestingly, the neutral current
reduces almost instantaneously to zero when the third phase is energized. Accordingly, the
transformer although with a resistor connected to the neutral point, behaves as a solidly
grounded transformer in this case. This behaviour justifies why simultaneous energization of

the three-phases with a neutral resistor doesn’t work as an inrush mitigation technique.
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Figure 5.14  Inrush current waveforms (top) and the neutral current (bottom) during
3rd phase energization, R, =2.0 Q.

A closer look at the neutral current waveforms during the second and third energization
stages shows that most of the energy dissipated through the neutral resistor will be essentially
during the second stage energization. The neutral current drops to zero immediately as the
third phase is energized. For the first energization stage, although a neutral current exists that
is equal to phase A current, immediately after the first few cycles, the inrush current drops
significantly close to the no-load current level. Accordingly, the voltage across the resistor
will be minimal as the knee-point neutral resistor value corresponds to a fraction of the
transformer unsaturated reactance. More detailed analysis of the scheme performance and

the neutral resistor sizing criteria will be discussed in detail in the following chapter.
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5.2.2 Simulation Results

The sequential switching inrush mitigation scheme was further investigated through
computer simulations. The simulation study provides means for applying the scheme to
different transformer core-types, ratings, residual flux patterns and winding connections.
Additionally, once the developed simulation model has been verified against the already
measured experimental results, the scheme could be further investigated beyond the expen-
mental facility capabilities. The simulation program was further enhanced with the capability
of scanning through all possible voltage switching phase angles and outputting the resulting
maximum inrush current. All simulation results presented here are for three transformers
covering the major type of transformers available in the power system. The first transformer
is the 30kVA, E-Core laboratory transformer described earlier. A real utility transformer that
is 138MVA, 72/13.8kV, E-Core type transformer has also been modeled and extensively
investigated. The third transformer model presents a 3X300MVA, 199.2/13.8 kV single
phase bank units. All model parameters and data are given in the appendix for the three
tested transformers. For each transformer under investigation, three sets of simulations were
conducted on the transformer model derived earlier. The first set involves the closing of the
first phase. The second set simulates the closing of the 2™ phase after the first phase has
reached steady state. The third set is the energization of the 3 phase with the second phase
switching has reached steady state. Typical inrush current waveforms are shown in Figure
5.15 for the 30 kVA laboratory transformer with R, =2.0Q while different phases are ener-
gized. It is clear that the developed simulation technique replicate closely the sequential

scheme performance as compared to the experimental results shown earlier. In terms of
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inrush current magnitude, simulation results yield 81, 45 and 24(A) for the first, second and

third switching stages respectively which are in close agreement with experimental results.

Figure 5.15
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- Impact of the neutral resistor size on inrush current:

The most important parameter for the proposed scheme is the neutral resistor value, R,,. In
order to cover all possible energizing conditions, the voltage phase angles at the breaker
closing instants are scanned through a complete cycle to obtain the maximum inrush current
occurring in the energized phases after each energizing incident. The energizing angle was
changed at steps of 4 electrical degrees on the supply voltage waveform. The I;,4,(R,,)
performance curves generated from simulation results are shown in Figure 5.16 and Figure

5.17 for the 30kVA laboratory transformer.
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Figure 5.16 ~ Magnitude of inrush current as affected by the neutral resistor, for Yg-A
connection, positive sequence switching order.

d, simulation results lead to slightly higher inrush current estimate as compared to those of
experimental results. Figure 5.18, shows the L4, (R;,) curves extended to a neutral resistor
value of 400Q2. Maximum deviation is in the order of 5-14% higher than those obtained

through experimental work. With a positive-sequence energizing order, the second phase

energization has a much lower inrush current magnitude and is much less sensitive to the

change in R, value compared to a negative switching sequence, Figure 5.19.
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Figure 5.17  Magnitude of inrush current as affected by the neutral resistor, for Yg-A
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Figure 518  Extended I,,4,(Ry,) performance curves for a positive-sequence switch-
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Same study was adopted on the 138MVA, 72/13.8 kV, Yg/A transformer,; the results are
shown in Figure 5.20 and Figure 5.21. It is clear that this case follows the general perform-
ance characteristics as those concluded for the 30kVA transformer. However, inrush current
magnitude and corresponding effective neutral resistor values are quite different due to the

ratings of both transformer.
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Figure 5.20  I,4,(R,,) performance curves for the 138MVA, 72/13.8 kV, Yg-A trans-
former with a positive —sequence switching order.
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Figure 5.21 I, (Ry,) performance curves for the 138MVA, 72/13.8 kV, Yg-A trans-
former with a positive —sequence switching order. (Enlarged Portion)
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More importantly, the 2™ phase energization Iq,(R,) shown in Figure 521 and Figure
5.17 for the 138MVA and the 30kVA transformer respectively shows that the 138MVA
transformer has a slightly higher inrush current magnitude than that of the 30kVA one. In
fact, the difference between both 1% and 2* I,,,,, (R,,) curves is negligible with respect to the
current rating of the transformer. The selection of the neutral resistor value close to the knee
point of the I,q,(R,) is sufficiently effective. The sensitivity analysis that will follow in the
following section brings more understanding of the scheme performance as affected by

different saturation characteristics.

For transformers consisting of three single-phase units, the case of 3x300 MVA,
199.2/13.8kV transformer units described in reference [26] was simulated. Figure 5.22 and
Figure 5.23 show the results for Yg-A and Yg-Y connections respectively. For both cases
only the second and third switching 1,4, (R,,) curves are shown.
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Figure 522 Maximum inrush current as affected by the neutral resistor, for

3x300MVA, 199.2/13.8kV, Yg-A connection, positive-sequence switching
order.
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It is clear that with a coupled electric circuit through the delta connection, a similar perform-
ance to transformers with E-Core structure exists. More interestingly, for a Yg-Y connection,
the scheme could provide 85% reduction of inrush current among the three phases. Both
second and third phase energization experience a sharp decrease of inrush current magnitude
similarly to the achievable reduction of that for the first phase. Again, if an optimum neutral

resistor 1s selected, it should be close to the knee-point of any of the three I,,,,,(R;) curves.
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Figure 5.23 Maximum inrush current as affected by the neutral resistor, for
3x300MVA, 199.2/13.8kV, Yg-Y connection, positive-sequence switching
order.

5.3 Sensitivity Analysis

In order to evaluate the effect of transformer saturation curve parameters on the /4, (R;,)
performance curves, sensitivity studies need to be performed assuming different saturation
parameters. The study gives a general idea on how different saturation parameters affect the

selection of an optimum neutral resistor size. Sample sensitivity studies are presented for the
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72/13.8kV, Yg-A, 138 MVA, E-Core transformer, [26]. Two main saturation parameters

have been varied:

1. The saturation curve slope L, :

First a reference value has to be chosen which is the value shown for Ls=100%. This value
has been set to results in a maximum inrush of 10 times the nominal full load current at the
high voltage side (72 kV) with no residual flux. The value of Ls=175% results in approxi-

mately 10 times rated full load current with the assumption of 70% residual flux in Phase A.

2. Saturation Flux level:

Two typical saturation flux levels are presented. One 1s for saturation flux level of 1.25 [p.u.]
and the other point is chosen at 1.35 [p.u.]. The choice of these two saturation levels based
on the complete saturation curves measured and published in [32] and on transformer

parameter estimation work presented in [25]. Figure 5.24 shows the complete measured

saturation curve for IMVA, Yg-A 3-Limb transformer published in [32].
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Figure 524  Measured saturation curve for 1 MVA, Yg-A 3-Limb transformer, [32].
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Figure 5.25 shows the maximum inrush current performance curves, Inqy(Rn), for the first
and second stage energization. A saturation level of 1.25 (p.u.) is assumed and the saturation
slope has been varied from 75% to 125% of the rated saturation slope 100% as described

earlier.
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Figure 525  First and Second phase switching I,,,,,(R,,) curves for saturation starting
at 1.35 p.u (Top). Enlarged portion (Bottom) showing the intersection
points of the curves (around 80 Ohms)
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It is clear from Figure 5.25 that the change of saturation slope ‘air-core inductance’, affects
significantly the maximum inrush current for small neutral resistor values during both first
and second stage energization. The higher the saturation slope ‘L’, the lower is the maxi-
mum inrush current magnitude for a given value of R,,. For R, = 0, varying the saturation
slope from 75% to 125% leads to inrush current level of 9400 and 6800 respectively for the
first energization. For second phase energization, the maximum inrush current is 7800 and
6000 (A) respectively. However, as R, increases, the effect of the saturation slope L
becomes minimal and the inrush current magnitude is more dominantly related to the neutral

resistor, R,,.

More importantly, the second phase switching 4, (R,,) curve experiences a similar sharp
decrease rate to that of the first phase switching as R, increases. Additionally, the second
switching 1,4, (Ry,) curve is below that of the first switching up to the knee point of either

curve. In other words, the neutral resistor acts similarly to a series pre-inserted resistor during

second phase energization. After passing the knee point, both first and second switching
stage maximum inrush current decreases at a much slower rate as R, is increased further.
Beyond the knee point of the I;,,,(R,,), increasing the neutral resistor size won't have a

significant effect of reducing the inrush current magnitude during either switching stages.

For a lower saturation flux level at 1.25 p.u., Figure 5.26 and Figure 5.27 show the I, (R,,)
performance curves for the first and second switching stages respectively. As expected, with
a lower saturation flux level, inrush current magnitudes are higher for the same value of R,,
as compared to a saturation level of 1.35 p.u.. For R,, = 0, varying the saturation slope from

75% to 125% leads to inrush current level of 11200 and 7100 respectively for the first phase
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energization. For second phase energization, the maximum inrush current is 8500 and 6500

(A) respectively.
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Figure 5.26  First and Second phase switching I, (R;,) curves for saturation starting
at 1.25 p.u.
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Figure 5.27  First and Second phase switching I,,,4,(R,) curves for saturation starting
at 1.25 p.u (Top). Enlarged portion (Bottom) showing the intersection
points of the curves (around 30-40 Ohms).
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Following the knee point of both first and second phase energization, the inrush current
decreases at a slower rate but however, around a higher magnitude as compared to that of
the former case with 1.35 p.u. saturation level. Moreover, the knee point of both I, (R;,)
curves occurs at a lower neutral resistor value of 30-40Q2 as compared to 80C2 in the former
case. The effect of the saturation slope Ly becomes more evident with lower saturation flux
levels for the second phase energization stage. Although the I,,,,, (R;,) of the second phase
energization stage follow the same slowly-decreasing pattern following the knee point, the
inrush current magnitudes settle at different values for each respective saturation slope. The

steeper ‘loser slope’ saturation characteristics leads to a higher inrush magnitude and vice

versa. However, all curves, share a common knee-point around 30-40Q of R,,.

Figure 5.28 and Figure 5.29 show the individual first and second phase energization
I;max(Ry) curves for both saturation levels respectively. The results show that with a lower
saturation flux level, more deviation in the performance curves are pronounced for either

stage.
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The impact on the second energization is more evidently shown from comparing the 2™
phase energization I,,4, (R,,) curves shown in Figure 5.28 and Figure 5.29. It is clear that the

neutral resistor will have a lower ability to reduce the inrush current magnitude with higher

Imax(Ry) curves for saturation starting at 1.25 p.u. First phase energiza-

tion (Top) and second phase (Bottom).

saturation levels combined with a lower saturation slope.
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5.4 Conclusions

After the investigation of extensive experimental, simulation and sensitivity analysis results
for different transformer types and/or connections, the following performance characters-

tics of the sequential energization technique can be listed as follows;

0 The sequential energization technique is effective in reducing the inrush current

level to more than 90% for all transformer types energized from the Yg side.

0 A sufficiently reasonable range of neutral resistor values is capable of achieving

an optimized inrush current reduction among all-three phases.

0 Inrush current occurs in all the electrically energized phases. For example, all
three phases experience inrush currents when the third phase is switched in. The

highest inrush current does not necessarily occur in the switched phase.

0 During first-phase switching for any kind of transformer connection or core
type, the neutral resistor will act directly in series with the switched phase. Due
to the high damping of the inrush current during first-phase energization, sec-
ond-phase switching can take place after about 2 cycles from the instant at which

the first phase has been energized.

0 For the second-phase energization, the inrush current magnitude is always lower
than that for first-phase energization for the same neutral resistor value. More-
over, for an electrically ‘through a delta winding connection’ or magnetically-
coupled ‘through multi-imb cores’, the second-phase inrush current level is al-

ways below that of the first phase.
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o After the second phase has been switched in, the induced inrush currents will
take a longer time to reach the steady sate. However, with a properly sized neu-
tral resistor, the very low peak current (about 3 times the no-load peak) reveals
that the transformer is operating close to the nominal flux limit and below satu-
ration. This result means that the third phase switching can take place

immediately after 5-30 cycles after the switching of the second phase.

0 Both the first and second energization stage I, (R,,) performance curves ex-
perience a sharp inrush current reduction for small values of R;, before reaching
a knee point. Beyond the knee point, the inrush current continues to decrease at
a much slower rate as R,, is further increased. Both the first- and second-phase
Imax(Ry) curves have knee points occurring at approximately the same neutral

resistor value.

@ With high neutral resistor values, the second energized phase acts in series with
the first energized phase, leading to a high inrush current of similar magnitude in

both phases with opposite polarity.

a A positive energization sequence was found to be much less sensitive to the
variation of the neutral resistor size. This result led to a wider range of effective
neutral resistor values that could reduce the inrush current during both the first

and second switching stages.

o For electrically or magnetically coupled transformers, the third-phase energiza-
tion inrush current is directly proportional to the neutral resistor size. Within the

effective region the neutral resistor, the third phase led to the lowest inrush cur-
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rent level. Small neutral resistor values led to a close-to synchronous closing

condition with minimal transients.

0 For transformer banks with Y-Y connection, the third energized phase behaved
similarly to that of the second energized phase behaviour with an opposite se-

quence.

0 The first-phase switching curve is much less sensitive (almost the same curve)
for a variation of either the slope or the starting point of saturation, especially
for values of R, that prevent the transformer from operating in the saturation

mode and, hence, make the saturation parameters ineffective.

a The second switching I,,,,(R,) curve is more sensitive to varations in the
saturation parameters. The steeper (lower) the slope is, the higher the almost

constant slope of the I, (R,) curve is.

0 For transformers with a lower saturation flux-level, the effect of various satura-
tion inductances becomes clearer. However, according to the shown curves,
changing the slope of the saturation curve from 75% to 200% will insure a re-
duction in the inrush current for the second switching stage of 75-90%,

respectively. The reduction in the first phase inrush will be lower.

0 For the intersection point between the first and second I,,,4, (R,,) curves, steeper

(lower) saturation slopes will result in intersection points at higher current val-
ues, whereas higher saturation slopes will cause the intersection point to exist at

lower current values. In other words, for higher saturation slopes (those with
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higher saturation inductance) the second-phase I g, (Ry,) curve will be lower

than the first-phase 4, (R;,) curve for higher neutral resistor values.

0 Lower saturation flux-levels result in lower knee-point neutral resistor values
than those with higher saturation ‘less-severe’ flux levels. However, the differ-

ence in reduction within that range is negligible, even for lower values of R,,.
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6. Transient Analysis of the Sequential
Energization Scheme and Design Guide

This chapter presents the analysis of the sequential switching scheme from a transient
performance perspective. An improved design method for the neutral-resistor-based scheme
is also presented. As was shown in the previous chapter, the experimental and simulation
results demonstrated the scheme’s effectiveness. In this chapter, an analytical method based
on nonlinear circuit transient analysis is developed to solve the resistor-sizing problem. The
method models transformer nonlinearity by using two linear circuits and derives a set of
analytical equations for the waveform of the inrush current. In addition to establishing a set
of formulas for optimal resistor determination, the results also reveal useful information
regarding the inrush behaviour of a transformer and the characteristics of the sequential
energization scheme. This chapter also addresses the main limitation of the sequential phase
energization scheme: the rise of neutral voltage. The application of surge atresters was
investigated as a solution for the neutral voltage nse limitation. The performance of the
improved scheme is discussed, and the thermal-energy requirements for the neutral resistor

arrangement are evaluated.’

*The work presented in this chapter have been published: S.G. Abdulsalam and W. Xu “A Sequential
Phase Energization Method for Transformer Inrush Current Reduction-Transient Performance and
Practical Considerations”, ZEEE Transactions on Power Delszery, vol. 22, No. 1, pp. 208-216,
Jan. 2007.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1 Introduction

This chapter presents a thorough transient analysis of the sequential energization scheme’s
performance. This analysis leads to a solid design guide for the associated neutral resistor.
When the sequential energization technique was first presented in [46] and [47], it was found
that a neutral resistor which is 8.5% of the un-saturated magnetizing reactance would reduce
the inrush current by 80% to 90%. However, the resistor-sizing issue was not investigated
from the transient performance perspective due to the difficulties in conducting a transient

analysis of nonlinear circuits.

A further study of the scheme was presented in the previous chapter through experimental
and simulation studies, revealing that a much lower resistor size is equally effective. The
steady-state theory developed for neutral resistor sizing [46] is unable to explain the effec-
tiveness of the neutral resistor in reducing the inrush current with small neutral resistor
values. Extensive investigation showed that the phenomenon must be understood by using
transient analysis. The key point of the presented neutral-resistor-sizing criteria depends on
selecting the appropriate neutral resistor to minimize the peak of the actual inrush current
directly, and, accordingly, a much lower resistor value can be obtained. As was shown earlier,
the first-phase energization leads to the highest inrush current among the three phases and,
as a result, the resistor can be sized according to its effect on the first-phase energization.
With the help of nonlinear circuit theory [481{49], it was possible to derive an analytical
relationship between the peak of the inrush current and the size of the resistor, and to

develop a transient-analysis-based theory for the resistor selection. The derived analytical
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expression was compared against the experimental and simulation results and was verified to

be accurate for a wide range of neutral resistor values.

In addition, this chapter also addresses the main limitation of the proposed scheme - the rse
of neutral voltage. Two methods to control the neutral voltage rise have been proposed: the
use of surge arrestors and saturable reactors connected at the neutral point of the energized
transformer. The use of surge arresters was found to be more effective in overcoming the

neutral voltage rise limitation. The performance of the improved scheme is presented.

The results reveal a great deal of information about the inrush behaviour of transformers and
the characteristics of the sequential energization scheme. In addition, the developed analytical
method made it possible to accurately estimate energy requirements for the grounding
resistor and the voltage limiting surge arrester. A literature review of the neutral grounding
resistors and voltage limiting arresters was conducted in order to assess if the proposed

scheme energy requirements fall within acceptable industry standards.

Since the scheme adopts sequential switching, each switching stage can be investigated
separately. For first-phase switching, the scheme’s performance is straightforward. The
neutral resistor is in series with the energized phase and this resistor’s effect is similar to that
of a pre-insertion resistor. When the third phase is energized, the voltage across the breaker
contacts to be closed is close to zero due to the existence of a delta secondary or a three-
legged core, so minimal switching transients will occur when the third phase is energized [46]

and [47].

The second- phase energization is the one most difficult to analyze. Fortunately, from

numerous experimental and simulation studies, it was found that the inrush current due to
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second-phase energization is lower than that due to first-phase energization for the same
value of R,,. This result is true for the region where the inrush current of the first-phase is

decreasing rapidly as R, increases. As a result, when developing a neutral-resistor-sizing

criterion, the focus should be directed towards the analysis of the first-phase energization.

6.2 Analysis of First-Phase Energization

The following analysis focuses on deriving an inrush current waveform expression covering
both the unsaturated and saturated modes of operation respectively. The presented analysis is
based on a single saturable core element, but is suitable for analytically modeling single-phase
transformers and for the single-phase switching of three-phase or multi-limb transformers.
As shown in Figure 6.1(a), the transformer’s energized phase was modeled as a two-
segmented saturable magnetizing inductance in series with the transformer’s winding resis-
tance, leakage inductance and neutral resistance.

: r [ l .
i P P P Tsp ip=zero A
Ls

(b)

Figure 6.1  Simplified equivalent circuit for the energization of the first phase and the
corresponding characteristics.
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For the first-phase switching stage, the equivalent circuit represented in Figure 6.1 can
accurately represent the transformer’s behaviour for any connection or core type by using
only the positive sequence Flux-Current characteristics. Based on the transformer connection
and core structure type, the phases are coupled either through the electrical circuit (3 single

phase units in Yg-A connection) or through the Magnetic circuit (Core type transformers

with Yg-Y connection) or through both, (the condition of Yg-A connection in an E-Core or
a multi limb transformer). The coupling introduced between the windings will result in flux
flowing through the limbs or magnetic circuits of un-energized phases. For the sequential
switching application, the magnetic coupling will result in an increased reluctance (decreased

reactance) for zero sequence flux path if present.

The equivalent electric and magnetic circuits for 3-Limb core transformers connected in Yg-
A during the first phase switching can be represented as shown in Figure 6.2 and Figure 6.3

respectively. It is shown in Figure 6.2 that the current drawn from the first switched Phase

(A) is equal to the magnetizing current in Phase (A), 7, and the Delta winding Current, 74.

During first phase switching and for the case of E-Core type transformers, both Limbs B
and C combined will carry the total flux flowing through phase A (approximately). This

means that phases B and C combined will act as a very low reluctance return path for the
flux of phase A. Consequently, the zero sequence flux, @, will be close to zero. As a result;

the summation of the induced voltages in the secondary Delta windings of phases B and C
will be equal to the induced voltage in phase A. As a result no current will flow through the

Delta winding during the first phase energization. The current drawn from Phase A (inrush

current during switching) will be only consisting of the magnetizing current of Phase A, 7 .
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Figure 6.2 Simplified equivalent circuit for the energization of the first phase
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Figure 6.3 (a) Magnetic circuit with flux distribution during first-phase switching and
(b) Simplified equivalent magnetic circuit.

From the above, the transformer behaviour during the first phase switching can be modeled
accurately -regardless of the connection or core type- using only one single-phase saturable

reactor representing the saturation characteristics of Phase (A). Phases B and C will always
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have a very low reluctance value and as a result, will not change the total reluctance of the
flux path as compared to the increased reluctance of the switched phase due to saturation.
This explains the accuracy of the 1% phase energization expression using one single saturable

core reactor.

For single-phase transformer energization, the differential equation describing the behavior

of the saturable iron core transformer can be written as follows;

= (r + Rs) i+ Ly —L 4 =L (6.1)

dip; dk diy
dt  di,; dt

Voj=(ry+Rs) ip; + 1y 6.2)

As the rate of change of the flux linkages with magnetizing current d1/di can be represented

as an inductance equal to the slope of the A curve, (6.2) can be re-written as follows;

di,;
Vpj = (rp + RS) lpj T lcore(’lj) -d—z] (63)
L + L A < A
lcore(’lj) - {Ls + lp ,1}. > Ag
L, = dA A<A d L dA A=A
m=q s an s = E‘ = Ag

The general solution of the differential equation (6.3) has the following form;

Al-e_t/rl-i-Bl-Sin(w-t—Ql) AS/’{S 7
i(t) = (6.4)
(Ay +ig) - et/ 2 4 B, sin(w - t — 6,) A> A
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Subscripts 1 and 2 denote un-saturated and saturated operation respectively. The parameters

given in the above equation for 7(?) are given by,

|4 |24
B1= m Bz= L

J(rp +Ry) + (@ (L + l,,))2 J(rp +Ry)" +(w- (L + ll,,))2

. . l
01 = tan_l (M) 02 = tan"1 <2)—£_LS—-I-p_)>

T+ Ry T+ Ry
A, = B, sin(6,) A, = B, sin(6, — wt,)

According to (6.4), the required inrush waveform assuming two-part segmented 1 — i curve
can be calculated for two separate un-saturated and saturated regions. For the first un-
saturated mode, the current can be directly calculated from the first equation for all flux
linkage values below the saturation level. After saturation is reached, the current waveform
will follow the second given expression for flux linkage values above the saturation level. For
any given value of R,,, the saturation time t; by which the core reaches saturation can be

found at the same time the current reaches the saturation current level i.

6.3 Expression for Inrush Current Peak

As has been shown from extensive simulation and experimental results, the first phase
energization leads the highest inrush current magnitude among the three energized phases.
This is true for the region where the neutral resistor can effectively reduce the inrush current
magnitude. Since the neutral resistor should be sized close to this effective region, an inrush

current peak expression that relates the amount of inrush reduction directly to the neutral
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resistor during first phase energization is sufficient to achieve the desired sizing criteria. The
inrush current waveform peak will essentially exist during saturation mode of operation; the
focus should be concentrated on the second current waveform equation describing saturated

operation mode, equation (6.5).
i(t) = (is + A))e~t"t)/%2 4 B, sin(w - t — 65) t>t, (65

The expression of inrush current peak could be directly evaluated from (6.6) given that both

saturation tg and peak t,¢q) times of the inrush current waveform are known;

Ipear = (is + Az)e_(tpeak—ts)/rz + B, sin(w *lpeak — 92) (6.6)

Mathematically, as shown by (6.4), the inrush waveform consists of exponentially decaying
‘DC term and a sinusoidal ‘AC term. Both DC and AC amplitudes are significantly reduced

with the increase of the available series impedance. The inrush waveform, neglecting the
relatively small saturating current ig, could be normalized with respect to the amplitude of

the sinusoidal term as follows;
. Ay .
i(t)=18,- [B—.e‘(t‘ts)/T2 + sin(w - t — 92)] (6.7)
2

i(t) =B, - [sin(0; — w - t) .e~¢"%)/72 4 sin(w - t — 6,)] (6.8)

inorm(t) = sin(8, — w - t5) .e~C78/72 4 sin(w - t — 6,) (6.9)

The exponential term of the inrush waveform is fractional compared to the sinusoidal term.

Moreover, it could be easily verified that with increased damping ‘resistance’ in the circuit,
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where the circuit phase angle 6, has lower values than the saturation angle w - tg, the
exponential term is negative resulting in an inrush magnitude that is lower than the sinusoidal
term amplitude. The normalized exponential and complete inrush waveforms for different
R/X ratios are shown in Figure 6.4 and Figure 6.5 for saturation angles of 45 and 70 electri-

cal degrees respectively.
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Figure 6.4  Normalized exponential (top) and complete inrush waveforms for a satu-
ration angle of 45 electrical degrees.
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It becomes clear that with more severe saturation characternistics ‘higher residual flux and
lower saturation flux level’ the DC component reaches high values close to 60% of the
inrush waveform sinusoidal term amplitude. On the other hand, less severe saturation
characteristics ‘lower saturation flux and higher saturation flux level’ leads to a lower DC
component and higher inrush waveform deformation, especially with high R /X ratios, Figure

6.5(b) and Figure 6.6(b).

02

0.0
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Figure 6.5  Normalized exponential (top) and complete inrush waveforms for a satu-
ration angle of 70 electrical degrees.
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Figure 6.6  Normalized inrush current waveforms showing exponential and sinusoidal

components for saturation angles of 70 and 45 electrical degrees.

The saturation time tg, could be evaluated directly through (2.19) for any given switching
instant; a, residual flux ¢, and saturation flux limit ¢bs. The peak time t,¢qy at which the
inrush current will reach its peak can be numerically found through setting the derivative of

equation (6.5) with respect to time equal to zero at t = tpeqy.

ist+A
0= -—ye‘(twak'%)/’z +B, w- sin(w “tpeak — 62)
2

(6.10)

However, the process described earlier is iterative and doesn’t provide a direct expression for
the inrush current peak as function of the series resistor in the circuit. Alternatively; the
inrush current peak could be fairly-accurately evaluated close to the peak of inrush current

waveform at the time which the sinusoidal term of the inrush waveform (6.5) reaches its
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peak. As could be shown from Figure 6.6, the inrush current waveform reaches its peak at an
instant slightly before the sinusoidal term peak. This could be more evident for cases with
higher saturation angles. However, the derivative ‘variation’ of the inrush waveform close to
the peak is relatively small. Accordingly, estimating the inrush current peak value in the
neighbourhood of the sinusoidal term peak instant will not result in a noticeable error. The

inrush current peak Ipq could be evaluated at the sinusoidal term peak, t,,; as follows;
i1
w tpk = E + 92 (611)

Iok(Rs) = Ay - e~ (tokt)/2 4 B, sin(w - t,y — 6,) (6.12)

The inrush current peak Equation (6.12) was found to be very accurate as compared to both
experimental and simulation results. The Ip(R;) ‘analytical’ and the ¢ r curves for the
experimental 30kVA laboratory transformer are shown in Figure 6.7. It is clear that the
Ip;(Rg) equation can accurately determine the maximum inrush peak current for a given

residual level and using only the simplified two slope saturation curve.
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Figure 6.7 Ipi(R) compared to the experimental inrush peak current for the 30 kVA,
208/208 Yg-A, three limb transformer.
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6.4 Investigation of Second Phase Switching Inrush
Current

Due to the sequential nature of the inrush mitigation technique, it was possible to analyze the
transformer behaviour during second phase switching with a similar analysis procedure as
explained in the preceding section. However, due to the transformer highly nonlinear
behaviour, it is obvious that the analysis of the electric and magnetic circuit behavior during
second phase switching will be sufficiently more complex than that for first phase switching.
As been shown in the previous section, the severity of inrush current condition will depend
on many factors that include; amount of residual or ‘initial’ flux present at the instant of
switching, the instant of switching itself and the available damping in the circuit which results

in reducing the flux build-up process in the core.

Generally, transformer behaviour during second phase switching varies with respect to the
connection and core structure type. Transformers with delta connected secondary or having
a mulu-limb core structure have different behaviour during the second phase switching from
those of single phase units without a delta winding. However, a general behaviour trend
exists during the second switching stage for all transformer connections and core types for
low neutral resistor values, where the neutral resistor sufficiently reduces the inrush current

magnitude by 80%.

The target of the analysis being presented in this section is to investigate the behavior of the
transformer core under sequential switching procedure and to highlight the neutral resistor
influence on inrush current magnitude. The study will be focused on understanding the

mechanism behind the inrush current reduction that is achieved through the neutral resistor
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coupled with sequential switching. Quantitative and qualitative analysis of the neutral resistor
effect on the core saturation level and accordingly, inrush current magnitude, have been

carried out and will be presented.

It will be shown through analytical evaluation that the scheme will lead to significant reduc-
tion in inrush current magnitude during the second phase energization. Additionally, it will
be proven that for small values of neutral resistance R,,, the in inrush current magnitude
during second phase energization is less-than or close-to the inrush magnitude during first
phase energization. This will form the basis of the neutral resistor sizing criteria that will

follow.

First, the application of the scheme to three phase transformers with three single units
connected in Yg-Y will be discussed. Second, the performance of the scheme as applied to
transformers with coupling between primary and secondary windings through either a
magnetic (Multi Limb Cores), electric (Delta Winding) or both (Multi Limb and Delta

Winding connection) coupling types will be briefly investigated.

6.4.1 Three Single Phase Units Connected in Yg-Y

For this condition and with no delta secondary or tertiary winding(s), the transformer
behaviour can be modeled using separate saturable inductor circuits representing each
energized phase. The only coupling between the two switched phases is introduced through
the neutral resistor itself. Depending on the neutral resistor ohmic value and the correspond-
ing inrush current level, the voltage developed across the neutral resistor will control the

voltage across the magnetizing branches of the energized phases, Figure 6.8.
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Figure 6.8  Sequential energization of a 3-phase transformer consisting of three Sin-
gle-Phase units with a neutral grounding resistor.

For any energized phase j, the flux linkages A, as function of the primary phase voltage »,,

and the neutral voltage v, can be given by;

A= fvpj(t)dt—fvn(t)dt+lj| (6.13)

t=zero
v(t)=i, R, =(,+1ip) Ry (6.14)

For a ‘solidly’ grounded, three single-phase units with Yg-Y connection, energizing the
second phase will not influence the already energized phase (A) and the second energized
phase will have the same performance as for first phase energization. For small values of R,,
where the neutral voltage rise won’t have much effect on changing the voltage across the
magnetizing branch of previously energized phase (A), the energized phase (B) need to first
reach saturation in order to have a significant neutral voltage rise due to the large current

drawn during saturation condition. With phase (A) in steady state, a disturbance in the
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terminal voltage leading to approximately 120% of the rated flux value is required to result in

a high current flow.

After Phase B reaches saturation, the current drawn from phase B increases, raising the
neutral voltage, v,,, Phase A might saturate as well, depending on the instant of switching.
Consequently, the transformer behavior during 2* phase energization can be modeled in
three different stages; first, the stage where both phases are not yet saturated (immediately
after energizing phase B), stage where only Phase B reaches saturation and a final stage where
both phases are saturated. The most severe inrush current condition will exist due to an
energizing instant that leads to a maximum value of the applied voltage integral on the
switched phase. Accordingly, a switching instant at the zero crossing of the voltage waveform
will result in the maximum inrush current. Switching at zero voltage crossing and rising

together with a positive residual flux value leads to the maximum positive inrush current.

At a switching angle of zero on the applied voltage waveform of phase B:
vp(t) =V, « sin(w - t) (6.15)
v (t) = Vi, - sin(w - ¢t + 120°) (6.16)

Accordingly, with the first energized phase in steady state, the current and flux flowing in

phase A can be given by:
i,(t) =i, sin(w-t+30°) (6.17)
$a(t) = ¢ - sin(w - t + 30°) (6.18)
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Based on (6.17) and (6.18), both currents and fluxes of phase A and B are positive immedi-
ately after the energizing instant leading to maximum inrush current condition (The neutral
resistor value is small and the neutral voltage change will be relatively small prior to satura-

tion). As a result, the flux in phase B can be calculated as follows;

d/’{b 3 dlb ,
W=vb(t)—rp'lb_lp'E_Rn.ln (619)
d/‘{b , dlb . ,
—r = =iy~ by —=— Ry~ (ig + ) (6.20)
) dip . .
o= [ (O =1 b=ty ) = [ R Gat 1)+ g (621

During second phase energization, Phase B will reach saturation in slightly more time than
the case of first phase energization. Which is due to the presence of phase A positive current
in-feed into the neutral resistor, leading to a small positive voltage drop across the neutral
resistor. As an approximation with the worst possible condition (neglecting the effect of the

neutral resistor before saturation), the saturation time of phase B, t, can be approximately

calculated by:

t=tgp di t=tsp
Ap = f (Ub(t) -1 ip — lp ) d_:) - f Ry - (ia + ib) + Apo (6'22)
t=0 t=0

R, <<<

t=tsp
A~ f 1y () + Ao 6.23)
t

=0
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1
tsp = ’a')' ’ COS_l(l - (A — Abo)lp.u.) (6'24)

After Phase B reaches saturation, the current from phase B considerably increases leading to
a high current flow through the neutral resistor. With phase A in steady state, drawing
normal magnetizing current, the neutral current mainly contains the contribution of Phase B

inrush current. Accordingly, the neutral resistor acts in series with the energized phase B;

di, dA
vb(t)=rp'ib_lp‘d_:——at—b—Rn'(ia+ib) (6.25)
di, dA
Vb(t)zrp'ib—lp'd—:——d'tg—Rn'ib (6.26)

Depending on the size of the neutral resistor R, inrush current reduction could be achieved
through the neutral resistor for the second phase energizing stage, similar to that of pre-
insertion resistor scheme. From (6.26), the induced flux linkages in phase B could be accord-

ingly calculated by;

di
/1b = f (Vb (t) —Tp ib - lp : Eltll) — A2 (627)

AL = f R, - iy (6.29)
Similarly, for phase A, the flux linkages during energizing of phase B could be calculated by;

4
o~ f (va® =1 ta 1, Flt‘i) oy (6.29)
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di
Ao = f (va(t) — 1 ig— Iy —dl—ta) — A2 (6.30)
Ag = J v (t) — AA (6.31)

Ay = Ag_gs — DA (6.32)

It becomes clear from (6.26) and (6.27) that the neutral resistor acts in series with phase B
immediately after phase B reaches saturation. The saturation of phase B will significantly
raise the phase B current and consequently the neutral current through the neutral resistor
R,,. For this stage, phase A current is close to the normal magnetizing current until phase A
itself saturates due to the rise of the neutral voltage as a result of the inrush current of phase
B leading to the disturbance in flux A2 affecting both phases B and A as shown in (6.27) and
(6.30) respectively. Referring to equation (6.24), phase B will saturate after w - tg;, radian
degrees following phase B energizing instant. To this point, it is obvious that for Yg-Yg , 3
bank transformers, the second phase energization could drive phase A into saturation
depending on the amount of disturbance in flux AA. With the assumption of worst switching
and residual flux conditions, the amount of disturbance in flux A4 is directly proportional to

the size of neutral resistor R,,.

In summary, the transformer during second phase energization undergoes three different

saturation stages;

Both Phases Un-Saturated: Immediately after energization of second phase; both phases

are unsaturated. The first energized phase is already near steady-state condition and the

second energized phase starts operation with its independent residual flux.
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Second Energized Phase Saturated: The second energized phase reaches saturation first.

The time at which second phase reaches saturation could be found assuming negligible

neutral voltage before saturation, (6.24).

Both phases Saturated: With the second energized phase saturated and drawing large

inrush current, a neutral voltage is established across the small neutral resistor which mught

drive the first switched phase into saturation.

An analytical expression for the inrush current waveform during second stage energization
could be evaluated for the three different stages of operation. This could be achieved
through implementing a similar derivation procedure carried out for first stage energization.
‘The magnetizing branches of phases A and B could be modeled by their un-saturated and
saturated magnetizing inductances respectively. However, the only difference will be in the
number of stages the inrush waveform is evaluated. While the first phase switching inrush
waveform was fully derived using two saturation stages ‘un-saturated and saturated’, the

second stage inrush waveform will describe three saturation stages as explained earlier.

The effort of evaluating such an analytical expression becomes a task of deriving the analyti-
cal expression describing the two-phase circuit with three consecutive switching incidents.
Moving from one saturation stage into the next one just requires proper determination of the
instant at which the respective saturation point is reached. However, the target of the analysis
presented here is not the derivation of the analytical expression itself but rather; bring more

understanding on how the transformer bank behaves during the sequential switching process.

Considering the extreme condition of a solidly grounded bank, no neutral voltage is estab-

lished during the switching process, and the second energized phase behaves exactly the
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same as the first switching condition. The first energized phase is not disturbed since there
will be ‘ideally’ no change in the voltage imposed on its terminals. With phase A already in
steady state, as the neutral resistor is slightly increased, reduction in the induced flux in the
second energized phase could be achieved without driving the first phase into saturation.
Accordingly assuming that the reduction of flux achieved for the second energized phase
leads to the same amount of increase in the flux of the first energized phase, it is possible to
increase R, until a reduction that equals the difference between the saturation and rated flux
levels. In other words, the neutral resistor will behave in series with the second switched
phase for values that do not lead to driving the first energized phase into saturation. Accord-
ingly, the I,,,4, (R;,) curve of the second phase switching will closely follow that of the first
phase switching for small values of R,,. using typical saturation flux levels of 1.25 to 1.35 p.u.,
it will be possible to reduce the saturation level of the second energized phase by 0.25-0.35

p-u. even without disturbing the first energized phase.

As the neutral resistor is increased further, the neutral voltage will increase and consequently
it’s integral which represents the amount of differential flux A2 as given by (6.28). Due to the
120° phase shift of three phase power systems, this differential flux A2, will act to reduce the

induced flux in the second energized phase and increase that of the previously energized

phase.
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6.4.2 Three single Phase Units Connected in Yg-A or 3 Limb,
Yg-Y or Yg-A
The performance during sequential switching for this type will be quite different than for

single phase, Yg-Y, banks transformers due to the following reasons:
- Dynamic Flux will exist in un-energized phases.

- Inrush current can exist in one phase due to external saturation in un-energized

phase (return path of the flux).

For the second phase switching, the equivalent electric circuit can be represented as shown in
Figure 6.9. It is clear that during second phase energization for transformers connected in
Yg-A or with Mulu-limb core types, there will be a flux induced in the third (un-switched)
phase. This flux will be introduced due to the magnetizing branch voltages of the first
switched phases either electrically through the delta winding circuit or magnetically due to the

magnetic coupling in mult limb transformers.

For transformers with delta connections and, with all phases un saturated (iy = zero), the

voltage across the magnetizing branch of phase C can be calculated as follows;

Ve (£) = Umga(£) + vy (0) (633)

Same conditions apply for E-Core type transformers without delta connections. The leakage
path reluctance through air ‘or tank-oil combination’ is high and accordingly, both energized
phase fluxes will add up in the low reluctance path of the un-energized phase. Accordingly,

for low values of R;, and before saturation occurs in either phases, the neutral voltage will be
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negligible and the magnetizing branch voltage can be assumed to equal the applied voltage

for each of the energized phases and hence;

Ve () = v (t) + v, (8) (6'34)

Umc (t) = —vc(t) (6'35)

ib ¥p lp
Vi(t)
i,=zero v, I, L r g,
W - ’YY“—W—._>_
R
N.dg/dt
v ia
@ Y
1 in = ia + ib
R,

Figure 6.9  Equivalent electric circuit for three phase transformers, Yg-A connection.

The steady state voltages and fluxes in each phase can be given through referring all vectors

to phase B voltage;

vp(t) =V, » sin(w - t) (6.36)

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v, (t) =V, - sin(w - t + 120°) (6.37)

¢a(t) = ¢ -sin(w-t+30°)  t <ty (6.38)
Pp(t) = —%’"- sinfw-t+30°) t<tg (6.39)
o.(t) = —('bTm- sin(w -+ t + 30°) t<tgy (6.40)

- Instant of switching leading to maximum inrush current:

In order to maximize the flux of the switched phase and consequently represent the condi-
tion of highest inrush current, the critical switching angle on phase B voltage waveform 6,

should be found. The induced flux in phase B after switching can be calculated as follows;

vp(t) = Vi, - sin(w + t + 6p) (6.41)

v (t) =V, - sinlw - t + 6, + 120°) (6.42)
Pa(t) = ¢, - sin(w - t + 6, + 30°) (6.43)
bpli=0 = —(i;—m - sin(6, + 30°) (6.44)

The maximum flux induced in phase B could be evaluated as follows;

i)
b

$5(65) = ¢,(0) +% f Vo sinfw-t+6,)dt t>zero (6.45)
£20

t
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B5(05) = — 7 5in(6, + 30 + (1 + co5(6,)) (640

In order to find the critical switching angle leading to maximum flux build-up in the core;

ad ¢A>b (6,)/06, =0 (6-47)
—d’Tm - cos(8p + 30°) — ¢, - sin(6,) = 0 (6.48)
6, = —% = —30° (6.49)
Accordingly, a switching angle of 8, = —30° leads to the maximum flux and inrush current

condition. This accurately matches with both simulation and experimental results. In order to
evaluate how will the increase of R,, value affect the value of maximum inrush during second
phase switching; the condition with small R,, values need to be compared to the case with

solidly grounded neutral. Two conditions need to be proved;
L Inax—2na < Imax—1st for a solidly grounded condition (R,, = 0).
L. Iax—2nd < Imax—1se for small values of R,,.

For the first condition;

It can be easily seen from the expression for the maximum flux that could be reached
theoretically during second phase energization, with solid ground (R,, = 0); that the flux can

have a maximum value of 1.866 p.u. neglecting any damping ‘resistance in the circuit’
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B(6) = T2 5in(8, + 30%) + gy (1 + cos(6,)) (650

¢, = 1.866 - ¢, (6.51)

Where for first phase energization, the flux can theoretically reach a value of twice the
nominal flux, 2¢,, even with no residual flux present in the core. It should also be noted
that the maximum condition of inrush current for the first phase will be also influenced by
the value of residual flux, and accordingly, the maximum inrush can easily reach higher

values than 2¢,,, for any residual flux polarity in phase with the switched voltage.
For the second condition;

Phase B will start operating in the unsaturated region with its own residual flux. As a result,
both phase currents will be low and the neutral voltage remains close to zero, R,, << X,,. As
soon as Phase B reaches saturation, its current will increase and the neutral voltage will start
to build up. The neutral current will be mainly due to the contribution of phase B. Hence,
the neutral resistor can be assumed to be in series with phase B and a similar inrush reduc-
tion performance, to that of first phase switching, will hold. The process will continue until
the neutral voltage integral ‘amount of ¢, reduction’ becomes sufficient to drive Phase A
into saturation. With phase A originally in steady state, a disturbance in flux equal to the
difference between the rated and saturation flux values is required for phase A to reach
saturation. Conservatively assuming that the reduction in flux in Phase B results in an
increase of the same amount in phase A, it will be possible to increase R, to achieve at least

20 to 35% reduction in its flux before disturbing phase A, Figure 6.10.
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As R, is increased further, more inrush current reduction can be achieved in phase B until

both phases reach the same saturation level for a specific value of R,,. As the difference
between saturation and rated flux values increases, more reduction in phase B current can be

achieved. The same conditions apply during third switching stage.
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Figure 6.10  Simulation of the 3x300MVA, Yg-Y transformer, [10], during second
phase switching for R, = 150 [Q].

6.4.3 Effect of Delta Winding Connection

For the first phase energization, it was earlier shown that delta winding connection will have
no influence on the inrush current. However, for second phase energization, and either with
delta winding connection or three limb transformers; the transformer can be modeled as

shown in Figure 6.11.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ip=igt img I rs iy

ima
Vina(¥)
ia = iA + ima @ :ZA
Y
ib:i4+imb ls I iA
> Y AN —
. . Imb
Iptip=
2.ig+ DT ims Vo (1)
\4@ P
. 4
i, = Zero [y s iy
> - ’YYY\_M__)_
lmc
Vie(t)  (Saturated)
J4
@ )
Y in=2ig+ g+ im=2.iy

Figure 6.11  Electrical equivalent circuit for the transformer dunng second phase
switching and under saturation condition of un-energized phase C.

Immediately after 30° of the switching instant leading to the highest inrush current, the fluxes
in phases A and B are both positive and determined by the terminal voltage integral of both
phases. This will lead phase C which represents the return path of both fluxes to saturate
first. As shown in Figure 6.11, the saturation of phase C will drive a delta winding current
equal to the magnetizing current of phase C under saturation. The induced delta winding
current will be reflected as zero sequence current of the same magnitude flowing through

phases A and B and a neutral current equal to twice the delta current.
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In order to evaluate the impact of the retumn flux path (Phase C) saturation on the inrush
magnitude drawn from both energized phases, the time at which phase C saturates, t¢., need

to be evaluated first. With tgy,_p denoting the switching instant of phase B;

—¢a(tsw-5)
¢p(tsw-p) = Pc(tsw-p) = % = zero (6.52)
1 risc
op(t) = 'ﬁf Vi - sin(w - t — 30°)dt t > tsw-p (6.53)
t=0
1 tsc
¢C(t) = N] Vm * Sln(a) * t - 1500)dt t > tSW—B (654)
t=0

Before saturation is reached at t;, the magnetizing branch voltage across phase C could be

evaluated as follows;

Umc () = Vg (8) + Ump (£) (6'55)
Vma(t) = va(t) —in* Ry (6-56)
Vmp (t) = vp(€) ~in - Ry (6.57)

After phase C saturates and with phases A and B unsaturated, the current through the neutral
resistor mainly consist of twice the delta winding current since both phases A and B are un-

saturated and hence their ‘magnetizing current is negligible;

in=2" i+ img + imp (6.58)
i~ 2+ i (6.59)
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VUme(t) = v (t) + v, (6) — 203 - Ry (6.60)

Ve (8) = —v,(t) — 2+ iy Ry (6.61)

Vne(®) =V - cos(w -t +7.6%) —2-ip- R, (6.62)
di

Ume(t) =3 -0y R+ 3+ ls + Lgc) - d_tA (6'63)

Accordingly the delta winding current could be evaluated from (6.62) and (6.63) as follows;
. di .
V- cos(w - t + 7.6°) =3-1A-Rn+(3-ls+LSC)-E+2-1A-Rn (6.64)

Equation (6.64) could be represented alternatively as shown in Figure 6.12 which reveals that
the delta winding current will see twice the magnitude of the neutral resistor value and three
times the magnitude of the total series impedance of the energizing side. This means that the
delta winding current will be effectively and quickly damped after the energization of the

second phase.

The saturation time of phase C, ts¢, can be calculated by;

1 tsc
Pc(t) = =, = N Vi - sin(w - t — 150°)dt (6.65)
t=0
67.6°
tSC = w (666)
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This means that the saturation of phase C will occur after 67.6° after phase B is energized.
The saturation time calculated above is accurate for all values of R,, close to zero that will

not cause a significant rise of neutral voltage before saturation occurs.

31 3r iy
l.mc VVv >
Vine(t) Vonal®)+ Vims(t) (D
(Saturated) .
Ia
@ i)

Vine(®) 2
(Saturated) Vi cos(wt+7.6°) C_D
Leore=Lsar i A

.
)

(b)

Figure 6.12 Modeling of the Delta winding during saturation condition of Phase C.

More importantly, as could be easily verified from Figure 6.11, the neutral current will mainly
consist of twice the zero sequence ‘delta’ current value which flows in the two energized
phases equally. In other words, the delta winding will result in making the neutral resistor
acting in series with both phases A and B at the same time even before they reach saturation
which results in a significant reduction of their terminal voltages and consequently limiting

the inrush current magnitude.
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Due to the saturation of the phase C (even though not yet connected), a Delta winding
current will be excited through the induced voltage across phases A and B. The delta winding
current will circulate in the delta winding through impedance three times larger than the
phase leakage impedance with addition to the saturable inductance of phase C. This condi-

tion will ensure that the delta winding current will not exceed the phase inrush current.

The peak value of the delta winding current can be easily found using the previously derived
expression for the maximum peak inrush current of one phase. This is true since Phase B
would not get saturated before phase C. and since the total resistance and inductance in the
delta winding circuit is much larger than that of single phase switching, this current will be
much lower than that of single phase switching. It can also be noted that for this condition,
the mrush current reduction capability of the neutral resistor will be doubled for the same
resistor value as compared to that during first phase energization. According to the last
derived equation, the polarity of the delta winding current will be positive and hence, the
same amount of current will be drawn from phases A and B, Figure 6.13. As a result, a
reduction of twice of that introduced from single phase switching will be introduced on the
switched phase Voltage of Phase A (same positive polarity), and hence reducing the satura-

tion level below the case with R,, = zero.
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Figure 6.13  Simulation of the 30kVA, 208/208V, E-Core transformer for the second
phase switching condition showing the effect of Delta winding current for

R, = 0.1 (Q).

In conclusion, the delta winding current will have two main effects that will result in reducing
the inrush current level during second phase switching as compared to the first phase
switching condition. First, due to the early saturation of phase C ‘un-energized’, a relatively
large current will be drawn equally from both energized phases. As a result, the neutral
current will carry twice the magnitude of currents in the phases and hence having a large
voltage drop across the neutral resistor even before saturation is reached for phase B.

Second, the saturation of phase B will be delayed, since the voltage drop caused due to the
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drawn delta winding current will lead to lowering the voltage across the magnetizing branch
of the energized phases. For phase A, the effect will be reversed (due to the negative polarity
of the voltage), and phase A current will start to increase as R, increase, this clarifies why
phase B (the switched phase) current is larger than Phase A during the second switching
stage for low values of R,,. This condition reverses as R, is increased and phase A current

will start to rise until it exceeds that of phase B.

6.5 Neutral Resistor Sizing

As has been shown from the sequential energization scheme performance, the neutral
resistor size plays the significant role in the scheme effectiveness. Earlier work based on
steady state analysis [46] and [47], proposed a neutral resistor that is 8.5% of the un-saturated

magnetizing reactance in order to achieve 80% to 90% inrush currents reduction.

However, the extended study of the scheme as presented in this work revealed that a much
lower resistor size is equally effective. The steady-state theory developed for neutral resistor
sizing [46] is unable to explain the effectiveness of small neutral resistor values in reducing
the inrush current magnitude among the three phases. If the neutral resistor size is directly

selected to minimize the peak of the actual inrush current directly, a much lower resistor

value could be found.

The performance of the sequential energization scheme as presented earlier showed that the
first phase energization leads to the highest inrush current among the three phases and, as a

result, the resistor can be sized according to its effect on the first phase energization. Based
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on the derived inrush current peak expression (6.12), it is now possible to select a neutral

resistor size that can achieve a specific inrush current reduction ratio @(R,,) given by
a(Rpn) = Ipear(Rn) /pear (Rn = 0) (6.67)
The inrush peak expression (6.12) can be re-written as follows;
Ipeak(Rn) = B2 (Rn) - [K(Ry) - €™ fpeak/™2 4 1] (6.68)

The factor; K(R,,), in (6.68) is a dimensionless factor which depends on transformer satura-

tion characteristics (| 45| and |4,|) as well as the total X /R ratio during saturation;
K(R,) = sin(8, — w - t,) (6.69)

For the maximum inrush current condition (R, = 0), the total energized phase X/R ratio
including system impedance is high and accordingly, the damping of the exponential term in

6.68) during the first cycle can be neglected,;
g ye g

Deae(Rn = 0) = == . [K(0) + 1] 670)

Jri+ X2
Typical saturation and residual flux magnitudes for power transformers are in the range;

1.2(p.uw.) < |Ag| < 1.35(p.u.) and 0.7(p.u.) < |2, <09(p.u.)

Accordingly, switching at voltage zero instant with a polarity that matches the maximum
possible residual flux, the saturation angle ‘w - t;’ w.r.t. instant of switching and K(0) are

within the following ranges respectively;
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45° < w - t; < 70° (6.71)
0.7 > K(0) > 0.35 (6.72)

High R,, values leading to considerable inrush reduction will result in low X/R ratios. It is
clear from (6.69) and (6.71) that X/R ratios equal to or less than 1 ensure negative DC
component factor ‘K (R,,)’ and hence the exponential term shown in (6.68) can be conserva-
tively neglected. Accordingly, (6.68) can be re-written as follows;

Vin
VT + Ry + X2

Ipeak(Rn) ~ B,(Ry) = (6.73)

Using (6.70) and (6.73) to evaluate (6.67), the neutral resistor size which corresponds to a

specific reduction ratio @ can be given by;

1
@ [K(0) + 1]

<%+ X2 (6.74)

Rn(a) =

Equations (6.72) and (6.71) reveal that transformers with less severe saturation characteristics
‘high saturation flux and low maximum residual flux values’ require higher neutral resistor

value to achieve the desired mnrush current reduction rate. Based on (6.71) and (6.72), inrush

current reduction of 90% can be achieved within the range of R,;;

5.9- Xseries < Rn_Optimum <74 Xseries (6'75)
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Based on (6.75), a small resistor ‘less than 10 times the saturation series reactance’ can
achieve more than 90% reduction in inrush current. The amount of reduction in flux during

the first cycle can be found as follows;

to

A(R,) = f i(t) - R, dt 676)

ts

to=(m+06,)/w

ts—to

AA(R,) = Ay, (sin(ez) - sin(f, — wty) - e_( T2 ) + cos(wty) — cos(92)> (6.77)
Within the optimum neutral resistor value defined by (6.75), the total flux reduction during
first phase switching is within;

A/1(Rn_0ptimum) ~ 1.5 (p-u-) (6-78)

As the second cycle starts, an initial flux level of (Ar - Al(Rn_opt,-mum)) will exist. This

results in the absence of inrush current after the first cycle since the maximum flux (22,, —

0.75 ~ 1.25(p.u.)) is close to -or below- the saturation flux.

6.6 Neutral Voltage Rise

From simulation studies carried out on various transformer types and connections, it was
found that the peak neutral voltage will reach values up to 1 [p.u.] rapidly as the neutral
resistor value is increased. Typical neutral voltage peak profile against neutral resistor size is

shown in Figure 6.14 for the 132.8MVA transformer during 1% and 2™ phase energization.
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The effectiveness of the inrush mitigation scheme depends on introducing a voltage drop
across the grounding resistor and hence reducing the applied voltage across the magnetizing
branch of the energized phase(s). As a result of reducing the magnetizing branch voltage, the
induced flux, which is the integral of the applied voltage, can be controlled and hence

reduced preventing the transformer from operating into heavy saturation modes.

1.0 + T

0.8

0.6 -

0.4 4
0.2
0.0 1

Figure 6.14  Neutral voltage peak as function of R,, during the first and second switch-
ing stages for the 132.8 MVA transformer.

Neutral Voltage Peak (p.u.)

o

100 200 300 400 500
Neutral Resistor, R_ (Q)

Increasing the integral (area) of the neutral voltage drop will generally result in reducing the
overall mnrush current due to the reduction in the induced flux, which is the integral of the
applied terminal voltage across the transformer windings. For the first phase energization,
the waveform shape of the neutral voltage will be the same as that of the inrush current

waveform scaled by the value of the neutral resistor value R,,.

The scheme performance during complete switching sequence is shown in Figure 6.15 with
optimum neutral resistor of 50Q. A delay of one second between each switching stage is

required to allow phase fluxes to lose most of the DC component. The neutral voltage
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during the first cycle will reach 85% of the rated phase voltage. Quickly after the first cycle,

the transformer is unsaturated and the neutral voltage is negligible since Ry, gpr < Xp,.

2000 - ; T T T

Phase Current
[A]
o
[=]
? o

Neutral Current

[p.ul

Neutral Voltage

1.0 | L { |
0 0.5 1.0 15 2.0 25

Time
Figure 6.15 Phase currents, neutral current and neutral voltage during complete
switching sequence for the 132.8, Yg-A transformer, R,, = 50().

The un-saturated magnetizing reactance is about 900 times the saturation reactance of a
transformer, [7]. Accordingly, with the transformer operating in un-saturated mode, the
neutral resistor voltage is negligible. Within the optimum resistor value, the neutral voltage
peak is less than or close to 0.5 [p.u.] during second phase energization. As soon as the third
phase is switched in, the neutral voltage will remain close to zero.The residual flux will have

effect only during first phase switching for Yg-A and multi limb core type transformers. The

effect of the residual flux on the neutral voltage rise and on the I, (R,,) curves for the first
phase switching are shown in Figure 6.16 and Figure 6.17 respectively for the Hyundai 138
MVA transformer. The curves are evaluated for residual flux values varying from 70% to

zero in the switched phase with same polarity as the energizing voltage.
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It is a common industry practice to grade the insulation over the Yg winding for solidly
grounded transformers [7], [82], [83] and [84]. This can introduce limitations to the applica-
bility of the proposed scheme at high voltage levels. The following section addresses the
standard requirements and limitations for the application of the proposed scheme to both

dry-type and liquid immersed transformers.

16
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Figure 6.16  First phase energization I, (R;,) performance curves with different re-
sidual flux levels for the Hyundai, 72/13.8 kV, 132.8 MVA transformer.
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Figure 6.17  Neutral voltage rise curves for the first switching stage with different resi-
dual flux levels for the Hyundai, 72/13.8 kV, 132.8 MVA Transformer.
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6.6.1 IEEE/ANSI Standards for the Neutral Terminal
Insulation

A review of the IEEE standards, [82], [83] and [84], which specifies the recommended
specifications of the insulation level at the neutral point of three phase transformers have

revealed the following findings:

IEEE std C57.12.00-2000: “IEEE Standard General Requirements for Liquid-Immersed

Distribution, Power and Regulating Transformers”, [82]:

For solidly grounded transformers or transformers with CI’s at the neutral pomnt or
grounded through regulating transformer: The neutral voltage insulation level for Nominal
system voltages up to 25kV; the insulation level is at least 10kV, but significantly higher or
matching (at 25 kV level) the nominal system line terminal voltage. For higher system
voltages over 69 kV, the insulation level shall in no case be less than 34 kV. In other words,
for solidly grounded transformers, the insulation level at the neutral should not be less than

50% of the line terminal system voltage.

For transformers grounded through a ground-fault neutralizer or isolated but impulse
protected, the neutral insulation level should be not less than 10kV or approximately 140-

150% of the rated system terminal voltage whatever is higher.
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Table 6.1:  IEEE std C57.12.00-2000, Minimum low frequency test levels at neutral for class I
‘Power transformers having high voltage winding of 69kV and below?, [82].

Minimum low-frequency insulation level (kV rms)
Application Nominal Grounded solidly or through a Grounded through a ground-fault
System current transformer or through a | neutralizer, or isolated but impulse
voltage (kV)* regulating transformer protected
Distribution or 1.2 10 10
Power 2.5 15 15
5.0 19 19
8.7 26 26
15.0 26 26
25.0 26 34
34.5 26 50
46.0 34 70
69.0 34 95

For higher line terminal system voltages than shown above, the low frequency insulation level at the neutral
shall be specified column with service requirements, but in no case shall e less than 34kV.

IEEE std C57.12.01-1989: “IEEE Standard General Requirements for Dry-Type Distribu-

tion and Power Transformers”, [83]:

Generally, the neutral terminal of a winding, which is designed for grounded Yg connection,
only may have insulation level lower than that for the line terminal. Windings of transformers
and auto transformers designed for Y connection only with the neutral brought out and
solidly grounded directly or through a current transformer shall have neutral insulation as

described below:

0 Windings with line-to-line voltages of 1.2 kV or less shall have the neutral insulated

for a 4 kV low frequency applied voltage test.

0 Windings with line-to-line voltages higher than 1.2 kV shall have the neutral insulated

for a 10 kV low frequency applied voltage test.

0 When specified, the neutral shall be designed for higher insulation levels.
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ANSI/IEEE std 32-1972: “IEEE Standard Requirements, Terminology, and test procedure

for Neutral Grounding Devices”, [84]:

For transformers with neutral grounding devices, this standard specifies the insulation classes
for the neutral grounding device “which shall be coordinated with the transformer neutral
terminal”. Generally, the Neutral insulation is determined by the maximum neutral voltage
nise across the neutral device during fault conditions. However, the minimum Insulation level
shall not be less than that shown in column 4 in Table 6.2. For neutral voltage rise levels
during fault conditions higher than that specified in Column 3, the system insulation class

shall be used ‘column 1.

As a conclusion, the neutral terminal insulation of Yg transformer windings shall not have
less than 50% of the rated line terminal voltage in case the transformer is grounded through
a grounding device. The neutral insulation level is higher for lower system voltages. Depend-
ing on the calculated neutral voltage rise during short circuits, this insulation level can be

ratsed to the rated line terminal insulation level.

Accordingly, a lower neutral voltage rise is generally desirable when applying the proposed
inrush current mitigation scheme. This is especially when applying the scheme to transform-
ers that are orginally solidly grounded and/or having lower neutral insulation levels. For
transformers, which are already grounded through neutral grounding device, there might be

no limitation on the neutral voltage rise.
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Table 6.2:  IEEE Std 32-1972, Insulation Classes for Neutral Grounding Devices, [84].

Insulation Class

System Insulation Fault Voltage Criteria
Class, kV (Note 1) (Note 2)
Column 1 Column 2 Column 3 Column 4
Class BIL kV kV
1.2 45 1.2 1.2
2.5 60 2.5 2.5
5.0 75 5.0 5.0
8.7 95 8.7 8.7
15.0 110 8.7 8.7
23.0 150 15.0 8.7
34.5 200 25.0 8.7
46.0 250 345 15.0
69.0 350 46.0 15.0
92.0 450 69.0 15.0
115.0 550 69.0 15.0
138.0 650 92.0 15.0
161.0 750 92.0 15.0
180.0 825 115.0 15.0
196.0 900 115.0 15.0
230.0 1050 138.0 15.0

6.6.2 Surge Arrester Application to limit Neutral Voltage Rise

In order to achieve some control ‘reduction’ over the neutral-voltage rise level using the
proposed inrush mitigation scheme; a number of solutions have been tested. The first and
most effective solution is the use of a surge arrester in parallel with the neutral grounding
resistor. A surge arrester with a saturation voltage 50% of the nominal phase voltage can
insure the limitation of the neutral voltage rise. However, since the surge arrester will clip the
neutral voltage waveform at the rated saturation voltage ‘0.5 [p.w.] there will be some
reduction in the effectiveness of the mitigation scheme. Clipping the neutral voltage wave-
form will reduce the integral area of the neutral voltage waveform and hence reducing the

capability to control the induced flux in the energized phase. The impact of the arrester for
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the first switching stage can be analytically derived and proven easily through assuming that

the arrester will act as a fixed DC source after being driven into saturation, Figure 6.18.

; p lp sp v i,=zero
—AN—YY N Y A
A . A
v, : V.
p dl s
Lcore(ﬂf) ?
Primary Secondary
@ ——
Vn= VDC = Vsat

=

(b)

Figure 6.18  Modeling of surge arresters before and after saturation.

This means that after the arrester saturates, the applied voltage across the transformer coil

cannot be further controlled through the neutral resistor. Instead, the voltage across the
transformer coil in this stage can be assumed to be equal to v; — Vg, From this assumption,

it is possible to easily obtain an analytical expression for the I;,4, (Ry,).

Figure 6.19 shows the I,5,(R;,) curves during first phase switching at different arrester

saturation voltages with respect to the nominal phase terminal voltage. It is clear that limiting
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the neutral voltage rise will reduce the capability of the proposed inrush mitigation scheme.
However a reduction of 60% to 70% of inrush current can stll be achieved for a maximum
allowable neutral voltage rise of 50%. Figure 6.20 shows the I, (R,,) curves for the first
and second switching stages for different arrester saturation voltage levels. It can be clearly
shown that the 2™ stage switching will not be strongly affected by the application of the

surge arrester since the neutral voltage rise is almost close to 0.5 [p.u.] without the arrester

application.
8000
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Figure 6.19  First phase energization I, (Ry,) curves with different arrester saturation
voltages for the 132.8, Yg-A transformer.

Similar condition exists for the second phase switching. The arrester will have two effects;
first it will prevent the neutral point to be floating (open circuit) for higher neutral resistance
values. And hence prevents the formation of a series phase-to-phase energization. As a
result, this will limit the inrush current for higher resistance values as compared to the case
with no arrester. The second effect is that with the arrester saturation voltage selected at low

values, the neutral point voltage will be set to closer values to the ground and hence limiting
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the amount of current flowing into the neutral resistor. In other words, the lower the satura-
tion voltage of the arrester, the characteristic curve of the second phase switching will

become closer to a solid grounding energization case.

8000
7000 —»— Imax_1st_No Arrester
) —+—Imax_2nd_No Amester
i IMax_1st_Vs=50%
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: 5000 —a— Imax_2nd_Vs=30%
% 4000 L
8 3000 T
%
E
= 2000
1000 R
0 , . : x . : x e
0 50 100 150 200 250 300 350 400 450 500

Rn [Ohms]
Figure 6.20  First and second phase energization I,,,4,(R;,) curves with different arres-

ter saturation voltages for the 132.8, Yg-A transformer.

Similar deduction procedure to the one presented in Section 6.4, leads to the following

inrush expression;
i(t) =B, - [(sin(@z (0) = - ts z)) - e~ to.ar)/ 220 41 (6.79)
Accordingly the peak inrush current during arrester operation can be expressed as;

lpte-ar(Rn) = B2(0) - [(sin(82(0) = @ - t, 4z) ) - e (tp-arts.an)/2®) 1 1]
(6.80)

_ VS_AT' [1 _ e—(tpk—Ar_ts_AT)/TZ(o)]
r
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From (6.80), the amount of reduction in current will depend on how fast the arrester will
become saturated, ts 45. However, since the neutral voltage will start rising after the trans-
former saturates at tg, the neutral voltage integral will have a maximum limit as the arrester
saturation time tg 45 approaches t;. This clarifies the ‘almost’ steady profile of the inrush
current as R, increases shown in Figure 6.19. The resistor-arrester arrangement performance

during complete switching sequence is shown in Figure 6.21. The results shown in Figure

6.15 and Figure 6.21 were obtained assuming an infinite system bus.
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£ -2000 i Iy — ‘ | l} HNQ'\.“’ B
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S5 L lmiedo05[pul ARG CARH iAo
S o4 AR ]
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Figure 621 Phase currents, neutral current, and neutral voltage during complete

switching sequence R,, = 50(). Arrester saturation voltage is 0.5 (p.u.) for
the 132.8MVA, Yg-A transformer.

From Figure 6.10 and 6.21, it is shown that after energizing the second phase, the neutral
voltage remains close to 0.5 p.u. and consequently leading the un-energized phase C terminal
voltage close to 1.5 p.u.. However, the phase voltage across the un-energized phase is close
to the normal phase voltage and consequently there is no over voltage imposed across its

windings. In terms of the transformer bushings overvoltage withstand capability, such
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overvoltage condition should be avoided and the energization of the third phase should take
place after few cycles from energizing phase B. As could be shown from Figure 6.10 and
6.21, the amount of reduction in the flux waveform DC content is minimal after few cycles
and accordingly allowing a long settling time between 2™ and 2rd energization events is not

essential for the scheme effectiveness.

The combined effect of the residual flux together with the application of surge arrester was
also studied. Figure 6.22 shows the I,,,(R,) curves during first phase switching with
arrester saturation voltage set to 0.5 [p.u.] and with different saturation levels. Although the
application of the surge arrester will reduce the capability of the mitigation scheme, it can be
observed that the scheme can still achieve a minimum of 60% reduction in inrush current
even with the worst residual flux conditions. Table 6.3 summarizes the performance of the
mitigation scheme for the Hyundai transformer evaluated at a neutral resistor value of R, =
50 [Ohms] and at different residual flux levels. The arrester saturation level was set to 50%.
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Figure 6.22  First phase energization I,,,,(R,) curves showing the effect of arrester
50%saturation voltage with different residual flux levels for the 132.8, Yg-

A transformer.
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Table 6.3: Performance of the Inrush mitigation scheme with and without arrester application for the
Hyundai 138MVA transformer Evaluated at different residual flux levels.

Arrester with 50%
Residual No Arrester Saturation Voltage
F(I)ux Imax—lst Imax—lst Vn—max % Imax—lst Vn—max A
(%) (Rn = 0) (’;’6; U;’é; Reduction (R = 50) (I;’(l); Reduction
70% 13612 1150 0.986 91.55 5455 0.5 59.93
60% 12690 1152 0.980 90.92 5034 0.5 60.33
50% 11776 1140 0.970 90.32 4596 0.5 60.97
40% 10860 1122 0.954 89.67 4143 0.5 61.85
30% 9944 1097 0.933 88.97 3686 0.5 62.93
20% 9026 1065 0.905 88.20 3228 0.5 64.24
10% 8110 1026 0.871 87.35 2770 0.5 65.84
0% 7194 977 0.830 86.42 2326 0.5 67.67

6.6.3 Saturable-Inductor Grounding Application to limit
Neutral Voltage Rise

The application of a grounding saturable ‘Iron Core’ reactor has also been studied. The
performance of the saturable reactor will be to increase the total inductance in the energized
circuit and consequently reducing the inrush current. Before the grounding reactor saturates,
the applied energizing voltage will be shared between the two magnetizing reactances of the
main and grounding reactor and hence reducing the applied voltage across the terminals of
the main transformer. During saturation, the saturable reactor will have a very low d¢/ dr and
hence voltages drop of zero across its magnetizing branch. In the other hand, the neutral
voltage waveform will make the control of the neutral voltage through an additional surge
arrestor much easier. The reason is that most of the over voltage exist during the first cycle
only, and for a short period of time. For the second phase switching, the transient overvolt-

age occurs for a relatively small period of time.
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The Ipq.(R,) performance curves are shown in Figure 6.23 for a grounding reactor de-
signed to have a saturation flux of 10% of the main transformer and with a series resistor
that will result in 2 maximum of 0.55 [p.u.] neutral voltage rise during first phase switching,
Figure 6.24. It is clear that a reduction of 75% can be achieved in the inrush current of the

first phase together with a neutral voltage rise limiting to 55%.
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Figure 6.23  Inrush currents I,,,, (Rn) performance curves during 1% and 2#d switching
phases. Reactor series resistor designed of ~0.55pu rise during first
switching for the 30kVA, laboratory transformer.
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Figure 624  Neutral voltage magnitudes during 1st and 27 switching phases. Reactor
series resistor designed for ~0.55pu rise during first switching phase In-
rush currents for the 30kVA, laboratory transformer.

171

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As a conclusion, the neutral resistor with a surge arrester application is the best combination
in means of controlling the neutral voltage rise and the reduction of inrush current. How-
ever, the saturable rector will solve the problem of the neutral voltage rise (together with a
small arrester). If an arrester that can tolerate the high power during switching exist, or can

be easily manufactured, the resistor-arrestor combination will be the best choice.

The performance of the sequential energization scheme during the first and second switching
is shown in Figure 6.25 and Figure 6.26 respectively. It is clear that although the saturable
reactor can provide some means of controlling the neutral voltage rise, a significant loss of

effectiveness can be observed.
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Figure 6.25  Saturable Reactor performance during the first phase switching. (please
note the magnitude of the neutral voltage after the first cycle and the dura-
tion of the overvoltage).
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Figure 6.26  Saturable Reactor performance during the second phase switching. (please

note the magnitude of the neutral voltage before switching phase 2 and af-
ter switching 2nd phase.

6.7 Energy Requirements for the Neutral Grounding
Resistor/ Arrester Scheme

Simulation studies can provide accurate calculation of energy requirement level for the
scheme. In this section, approximate formulas will be given for a quick -but accurate-
estimate of the energy withstand capability for both the resistor and the resistor-arrester

arrangements.
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6.7.1 Literature Review and Industry Practice

Neutral Grounding Resistor, NGR:

A review of the IEEE/ ANSI standards [82]-{84] has been carried out in order to evaluate the
acceptable neutral voltage rise limit on different power transformer types. The main applica-
tion of the proposed scheme is the generator’s step up transformers for Independent Power
Producers, IPP, which are interconnected to the system at the distribution or sub transmus-
sion levels. The interconnection transformer is preferably Wye-grounded on the system side
and Delta connected on the generator side [851[86]. A literature review has been conducted
for the published work regarding the main design guidelines (from energy perspective) for
NGRs or any power resistor in general. No numerical evaluation of the resistor energy
requirements based on the actual performance of the resistor during transient conditions has
been found either in research or industry ‘manufacturing’ literature. However, all of the
design guidelines for the NGRs were based on the recommended requirements by the IEEE
std 32-1972, [83], which deals with the standard requirements of grounding devices. All
manufacturers strictly follow the requirements of this standard. The ratings for the grounding

devices in general (IEEE std 32-1972) are based on standard operating conditions including:

Rated Current The basis for this rating shall be the thermal current. This will be the current
through the neutral device during a ground-fault condition at the device location. (Maximum
ground fault current through the neutral resistor). For the case of the neutral resistor under
study, this current would be the maximum current through the neutral resistor either during

energization or during a ground fault condition.
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Rated Voltage: Generally, the rated voltage shall be taken as the product of the rated
thermal current (maximum allowable current through resistor) and the impedance of the
grounding device (resistor) at rated frequency and at 25°C. If the product of the neutral
resistor and the maximum thermal current exceeds 80% of the rated L-G voltage, the resistor
shall be rated to continuous voltage and rated voltage shall be equal to the rated of L-G
system voltage. Most of the manufactures rate there resistors to a full L-G voltage and some

other require L-L voltage in the US.
Frequency. The rated frequency shall be the fundamental.

Baszw Impulse Insulation Level (BI7) and lnsnlatior Class: Follow the insulation levels

stated in IEEE std 32-1972.

Rated 77me: Rated time shall be 10 seconds, 1 minute, 10 minutes and extended time (based
on design requirements). Extended time operation shall not exceed an an average of 90 days

per year. According to manufacturers, two main key design factors are used;

The maximum temperature r5se. This is the resulting effect from both the “Thermal
current Limit” and the “Rated-Time of operation”. These two factors decide how much

energy will be produced and need to be dissipated during energization.

As stated in the standards, [84], the temperature rise (for resistors) is based on the application
of the rated voltage for the rated time duration and the (hot-spot) temperature shall not

exceed the given ratings.

The adllowable terminal woltage Fnsnlattorn’ This shall strictly follow the IEEE std 32-

1972 and mainly based on the rated system voltage.
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As a conclusion, the available NGR by the industry (in order to comply with the standards)
will exceed the general requirements for the proposed NGR-based inrush mitigation scheme.
If the supplier has a resistor capable of operating at the rated voltage and current, the NGR
supplied should be able to handle the maximum inrush current-waveform (or the maximum

fault current whichever is greater) for at least 10 continuous seconds (rated time).

Several manufacturers can provide (already has installed) NGR resistors that can handle
1000-1500 amps RMS continuous current for 10 seconds at voltage levels of 33kV or more.

Other examples are 400amps for 15 sec at 77kV level.

Voltage limiting arrester:

Based on the information found in literature; arresters can handle less energy dissipation
(absorption) than resistors. This is due to the fact that they are orginally designed for short
period operation duration. However, a way of stacking a number of arresters in parallel
together with a small series resistor (designed not to alter the voltage clipping characteristics
of the arrester) in order to handle a higher energy rating was suggested in [87]. The resistor is
added in series with each arrester element in the stack to prevent one arrester to activate
before the others. In [7], Maximum energy capability (specific energy kJ/kV) of GE MOV

arresters 1s given as shown in Table 6.4.

For the NGR inrush mitigation scheme, it should be noted that the Arrester rating kV will be
a percentage of the rated voltage, ie. for a 72 kV system, the arrester rated voltage will be

36kV if the maximum allowable neutral voltage rise is 50%.
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Table 6.4: Maximum energy capability (specific energy kJ/kV) of GE, MOV arresters, [7].

Energy Capability
Arrester Class
. . k] / kV of MCOV
Rating kV k] / KV of Rating (Maximum continuous over voltage)
2.7-48 4.0 49
54 -360 7.2 8.9

In [87] and [88], the probability of withstand an energy stress is given as function of specific
energy kJ/kV for Metal Oxide Surge Arrester for different rated voltage levels. It was shown
that the withstand capability can reach 99.999% for kJ/kV of 1.0 and can drop to between 50
and 95% depending on the voltage level for kJ/kV of 2.5, [88]. As the kJ/kV factor in-
creases, the probability of energy-withstand decreases rapidly (The probability of failure

increases).

Generally, according to [11], [87], [88] and [89] the desired energy capability can be achieved
for the application of a surge arrester for limiting the neutral voltage rise during transformer
switching either using single or multiple stacked arresters. In the other hand, as will be shown
from the coming results, that if the neutral grounding resistor is correctly designed ‘close to
the knee point of the first switching stage, the neutral voltage rise during second energization
stage will be very close to 0.5 which will result in a limited or no energy absorption for the
arrester during the second and thirds phase switching. The arrester will be active only during
the first phase switching for one cycle and will not operate during the next phase switching
for allowable neutral voltage rise of 0.5 p.u. lower neutral voltage rise, will result in activating
the arrester during second stage switching for longer periods as the allowable neutral voltage

nise goes lower.
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6.7.2 Energy Requirements for Neutral Grounding Resistor

As has been shown earlier, there will be negligible neutral voltage across the resistor after
energizing the third phase. Accordingly, the focus will be directed on the assessment of
energy requirements during first and second phase switching stages. Figure 6.27 shows the
accumulated energy absorbed by the neutral resistor during the complete switching sequence

for the 132.8MVA transformer for the case shown in Figure 6.21.

2 10°
A T T T T
<
2- i
]
8 X
@ 1 ; Resistor energy during first phase switching ]|
0 1. i 1 {
0105 0.5 1.0 1.5 2.0 25
q)(
A T T T T
m | Resistor energy during second phase switching e
g e 7
@ .
£ 1 T —
a ,,,/
o ! v | .
0,408 0.5 1.0 1.5 2.0 25
3)(
T T T T
- -
= Total Energy Absorbed by Resistor
o 2 ~ .
w
5 1 .
o]
-
0 I P { L
0 0.5 1.0 1.5 2.0 25

Time
Figure 6.27  Accumulated energy during different switching stages. Results are for the
132.8 MVA transformer with infinite system.

It is clear from Figure 6.27 and Figure 6.21 that negligible neutral voltage will exist after the
first cycle of the 1 phase energization and the energy dissipated through the resistor can

accordingly be calculated as follows;
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t=—
w

El—Cycle = Rn ’ Imax(Rn)2 ' Sin(w : t)zdt (681)
1 2
El—Cycle = m *Ryy Iy (Rn) (682)

For the second phase, as can be seen from Figure 6.10 and Figure 6.13, the neutral current
can be presented using two sinusoidal half-waves of twice the frequency. Since the neutral
voltage rise during second phase is around 0.5 [p.u.] with the same neutral resistor, the

energy during 60-cycle period of the second phase switching can be calculated as follows;

=X
@ 2
I R
Ez—60-cycle = 60 - f R, - [L"“—’“Z(—’-Q] -sinw - t)%dt (6.83)
E2—60—Cycle = 15-E1—Cycle (6'84)

As can be seen from (6.84), most of the energy absorbed by the grounding resistor will be
during second phase switching. After the third phase is switched in, the neutral current will

be very close to zero and energy dissipation through the resistor can be neglected.

For the resistor-arrester arrangement, the arrester will be active only during the first cycle of
the first switching stage. As shown in (6.79) the total current through the switched phase will
be composed of a DC component through the resistor and an AC component through the
arrester. Accordingly, the energy dissipated through the resistor and the arrestor can be

calculated respectively as follows;

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



El—Cycle—Ar =

The arrester will not be active for saturation voltages of 0.5 [p.u.] or higher within the

optimal neutral resistor value. The neutral resistor energy is the same as that of the original

Vs—Ar .
- 60

Vs—Ar

n

(ka—Ar(Rn) -

VS—AT)
Ry

) ssin(w - t) dt

(6.85)

(6.86)

(6.87)

scheme during second switching stage for the same R,,. As shown in Figure 6.28 below, the

total energy absorbed by the resistor during all switching stages is about 1.30M], and 250Kk]

for the surge arrester(s).
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Figure 6.28  Accumulated energy during different switching stages [J]. Arrester set at
0.5 [p.u.] saturation voltage with 1000MVAsc system.
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6.8 Considerations on Ferroresonance

The proposed sequential energization scheme could expose a transformer to ferroresonance.
Fortunately, the neutral resistor is in series of the resonant circuit and will provide sufficient
damping to prevent ferroresonance from happening. In fact, reference [90] proposed the idea
of using a neutral resistor to mitigate ferroresonance. Based on numerous TNA studies,
reference [90] found that a neutral resistor less than 0.05X, is sufficient to prevent the
occurrence of ferroresonance in Yg-A transformer banks. Based on the finding, we can
conclude that the proposed scheme will not experience ferroresonance problem. Our
simulation studies on 22/0.48kV, 4.5%, 160kVA, Y-A transformer, also confirmed this
conclusion. Figure 6.29 shows the voltage waveforms at the energizing side of the trans-
former due to energizing phase A. It is clear that using the optimal resistor successfully

damped the overvoltage at un-energized phases B and C within one cycle.
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Figure 6.29  Voltage at the primary side of a 22/0.48, 160kVa, Y-A transformer due to
energizing Phase A. Top: Isolated neutral. Bottom: Neutral grounding,
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It should be noted that the neutral resistor will effectively damp ferroresonance conditions
where the possible ferroresonance circuit involves the grounding resistor in series with the
circuit. In conditions where phase-to-phase capacitance is significant, the neutral resistor
might not have the similar damping capability. However, most cable installations use per-
phase shielding and accordingly, the main capacitance involved is the self, phase to ground,

capacitance.
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6.9 Conclusions

In this chapter, the transient performance of the sequential energization scheme was thor-
oughly investigated, and an improved, more complete design criterion for the transformer
sequential energization scheme was presented. It was shown that a small neutral resistor size
of less than 10 times the transformer series saturation reactance can achieve an 80-90%

reduction in the inrush currents among the three phases.

The scheme’s transient performance was presented, and a detailed analysis demonstrated that
the first-phase switching leads to the highest inrush current level. Moreover, it was shown
that during the second energization with small neutral resistor values, the neutral resistor acts
in series with the energized phase and leads to a significant reduction of the inrush current’s
magnitude. The study of the scheme’s performance with different connection types was also
investigated. It was shown that with a delta winding or an E-core structure, the zero se-
quence current makes the neutral resistor two times as effective in reducing the inrush

current’s magnitude during second-phase energization.

The work presented in this chapter also addressed the scheme’s main practical limitation: the
permissible rise of neutral voltage. Through the conducted literature review on insulation
requirements at the neutral of the grounded and ungrounded transformers, a feasible applica-
tion range for both dry-type and liquid-immersed transformers was proposed. The use of
surge arresters to extend the scheme’s application range was also presented. Formulas were
also derived to estimate the amount of energy that both the neutral resistor and the arrestor

(if applicable) must be able to withstand.
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7.Single Pre-Insertion Resistor with
Sequential Switching

This chapter presents an innovative, easy-to-implement and effective scheme for reducing
transformer energization inrush currents and the voltage sag associated with them. As was
shown in previous chapters, the neutral resistor-based sequential energization scheme has
limitations due to the allowable neutral voltage rise limit of transformers at high voltage
levels. In this chapter, a scheme based on using a single series pre-insertion resistor in one of
the transformer phases with rapid sequential energization is presented to overcome that
limitation. The proposed method, although originally designed for use with ungrounded
primary connections, is also applicable to solidly grounded primaries and can achieve up to a
75% reduction of the inrush current. By using the analysis methodology described in earlier
chapters, the scheme performance is thoroughly analyzed from a transient performance
perspective. Resistor-sizing criteria and formulas were derived and are presented. Finally, a
brief study of the chances of ferroresonance development with the sequential energization

scheme is also presented.

7.1 Introduction

A neutral-resistor-based sequential energizing scheme for the reduction of inrush current was
earlier introduced in Chapters 5 and 6. However, the scheme is applicable only to transform-
ers with a grounded primary connection and has the limitation of increased transformer

insulation cost at high-voltage levels. In this chapter, the application of a sequential switching
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scheme utilizing a single series pre-insertion resistor is presented to overcome both limitations,
Figure 7.1. Simulation and experimental studies showed that the scheme could achieve an
inrush current reduction of 85%, 70% and 50% when applied to transformers with Y-
ungrounded, Y-grounded or Delta primary side, respectively. Although the scheme could reduce
inrush currents by only 50% for delta connected primaries, such a reduction might be
sufficient for meeting the allowable voltage sag level at the point of common coupling. Due
to the increased application of highly sensitive loads, utilities are restricting the allowable

voltage sag level at the point of common coupling (PCC) to values as low as 3%.

SIMPLE SWITCHING

LOGIC
IRs

o
SUPPLY -
SYSTEM T2

o O

Transformer with Electrical or Magnetic

Coupling between phases
Figure7.1  Single pre-insertion resistor sequential energization technique for inrush
current reduction.

For transformers with ungrounded primaries (Y-#ngrounded or Delta), the energization process
is completed in two stages, Phases A and B followed by Phase C. For a Y-grounded primary,
the three phases are switched in sequence. For both applications, the single pre-insertion
resistor is placed in series with the first energized phase. The delay between the switching
stages can be placed in the order of 5 cycles. The series pre-insertion resistor could be

shunted out of the circuit after all the phases have been energized.
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The scheme’s performance could be further enhanced through the application of a simple
closing instant control after switching the first phase. This scheme has a major cost reduction
advantage as compared to the synchronous switching scheme, especially when applied to
wind farm applications requiring the inrush current to be controlled for a large number of
transformers where each unit needs its own residual-flux estimating device. Another advan-
tage is that the scheme’s effectiveness will not be influenced by tripping conditions caused by

protection interaction, which is a frequent event with IPP anti-islanding protections.

The scheme’s performance was investigated and will be presented through experimental and
computer-simulation studies. Simple and straightforward sizing criteria for the series’ pre-

insertion resistor were developed and will be presented.

7.2 Experimental and Simulation Results

The proposed scheme has been tested through extensive experimental and simulation studies
to assess the effectiveness of the scheme as applied to different transformer connections and
the amount of inrush reduction corresponding to the size of the single pre-insertion resistor.
The experimental work has been carried out on the 30kVA laboratory transformer. For each
switching stage, the process is repeated sufficiently ‘around 100 times’ in order to capture a
close to maximum inrush current condition for each resistor size tested. In the following
sections, the impact of the pre-insertion resistor on the maximum inrush current during the

complete switching sequence is being presented for all possible primary connections.
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7.2.1 Y-A Connection (energizing from Y side)

For this connection, the series pre-insertion resistor can be placed on either of the first two
phases to be energized. Phases A and B are switched first with the series pre-insertion
resistor connected as shown in Figure 7.1. Switching phase C completes the transformer
energization process. The series pre-insertion resistor is shunted-out after switching of
phases A and B or simply after the third phase is energized. Figure 7.2, shows the resultant
maximum inrush current magnitude as function of the applied series pre-insertion resistor

(1

max

-R, curves) for both experimental and simulation results.

1800 3
!

1600 -~ 1stStage: A and B, with Rs (Experiemntal) ™ -

1400 = 1stStage: A and B, with Rs (SIMULATION)

-y ) Stage: Phase C (Experiemntal)
1200

- 2nd Stage: Phase C (Simulation)

1000 { —o— 3rd Stage: By-Pass Rs (Experimental) -

800

inrush current (A)

600

el ; : :
0 2 4 6 8 10 12 14 16 18 20

Series Resistor (Q)
Figure 7.2 The performance of the pre-insertion scheme as applied to a 208/208,
30kVA, E-core,Y/A transformer. (Energizing from Y side).

As can be shown from Figure 7.2, the series pre-insertion resistor can effectively reduce the
inrush current magnitude for the first switching stage. For the switching of the last phase C,
the scheme can stll reduce the inrush current magnitude to 400 amps compared to 800

amps. The overall reduction in inrush current for this scheme is at least 85% since simulta-
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neous energization will lead to a current close to the 1600 Amps maximum inrush current

during first phase switching.

It is clear from Figure 7.2 that by-passing the series pre-insertion resistor results in minimal
disturbance that can be ignored. Due to the high core reactance, X,,, during steady state, the
voltage drop established across the resistor is small. Shunting ‘by-passing’ the resistor will
therefore reflect the differential voltage across the resistor on the core flux. However, the
small differential voltage magnitude is no sufficient to drive the core into saturation. From
the above, the series pre-insertion resistor can be sized based directly on its effect on the first

switching stage.

7.2.2 A-Y Connection (energizing from A side)

Usually this connection is applied for interconnections at the sub-transmission and distribu-
tion levels since it provides ground fault isolation. This practice makes the protection
coordination easier at the transmission side, provides isolation for generator produced
harmonics from being transferred to the system side [90]. The scheme is applicable to
transformers with delta connection. Phases A and B are switched first with R, in series with
one of the terminals and the third phase switching (Phase O follows. The series pre-insertion
resistor could be shunted out ‘by-passed’ either after switching phases A and B or after

switching phase C. The I,,,4, (R) curves for this application are shown in Figure 7.3.
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i -&~imax_1(Rs) Experimental
1000 . N
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~¥~|max_1(Rs) Simulation
800 1

=f=Imax_2(Rs) Simulation
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400

Inrush Current (A)

0 2 4 6 8 10 12 14 16 18 20

Series Resistor ()

Figure7.3  The performance of the pre-insertion scheme as applied to a 208/208,
30kVA, E-core, A/Yg transformer.

From Figure 7.3, it is clear that the scheme can successfully reduce the inrush current
magnitude during the first switching stage. However the series pre-insertion resistor has no
effect on reducing inrush current during switching of last phase C. This limits the overall
achievable inrush reduction to about 50%. From Experimental and simulation results, it was
found that due to the delta electrical interconnection between phase, the fluxes and current
settle rapidly to steady state values in the transformer core. This finding makes the applica-
tion of a simple point on wave closing for the final phase an attractive solution for

completely eliminating inrush currents during energization.
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7.2.3 Yg-A Connection (energizing from Yg side)

This transformer connection is the most popular interconnection arrangement for generation
units, [91). One of its major advantages is the reduction in insulation cost due to using phase
voltage winding on the high voltage side coupled with insulation grading. The main disadvan-
tage is that the arrangement will provide in-feed current to the utility side for an upstream

ground fault [92].

For this transformer connection, the phases are sequentially energized one at a time with the
series resistor connected to the first energized phase. The resistor could be bypassed either
after complete phase energization or alternatively after switching of phase A. The /4, (Rs)

curves for this application are shown in Figure 7 4, below.

2500

~@-1stStage: Phase A, Rs ON

2000 —8-—2nd Stage: Phase B {Rs ON)

-~ 2nd Stage: Phase B (Rs ON} (Simulation)
€= 3rd Stage: By-Pass Rs (A and B ON)
1500 ~f-3rd Stage: Phase C with A, B and Rs ON -

1000

Inrush Current (A)

0 10 20 30 40 50 60 70 80 20 100

Series Resistor (£2)

Figure74  The performance of the pre-insertion scheme as applied to a 208/208,
30kVA, E-core, Yg/Atransformer.

As shown in Figure 7.4, the scheme has a strong impact reducing the inrush current for

phase A. For phase C, due to the presence of the delta winding and/or the 3 legged core, the
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flux is closely synchronized with the third phase voltage when the third phase is energized,
[46] and [47]. This is true when the series resistor is shunted out before switching phase C,
shunting the resistor after complete energization will result in a slight imbalance, linearly
proportional to the resistor magnitude. The limiting factor here is the second phase switch-
ing, the series resistor in phase A has negligible impact on reducing the inrush current when
phase B is energized. The scheme as shown in Figure 7.4 is capable of limiting the inrush
magnitude to 700 Amps which represents an overall reduction of up to 70% in inrush

current.

From the results presented so far, the scheme characteristics could be summarized as fol-

lows:

0 The scheme can successfully reduce inrush level by 50% for Delta connections, 70%
for Wye-Grounded Connections and 80% for Wye-ungrounded primaries respec-

tively.

0 The resistor could be sized based on its effect on the first switching stage. This is be-
cause the resistor effect during second switching stage is of much less impact on the

resulting inrush current.

0 When coupled with simple synchronous closing mechanism, only for the second
stage, the scheme can completely eliminate inrush current during energization with-

out the residual flux estimation or controlled de-energization.
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7.3 Theoretical Analysis and Resistor Sizing

In this section the scheme performance will be analytically studied and investigated for the
previously described connection arrangements. The presented analysis models each phase
winding of the transformer by a two-sloped saturable inductance to model transformer
saturation. The analysis is further extended to develop sizing critenia for the series resistor

value.

7.3.1 Y-A Connection (energizing from Y side)

The scheme performance during the first switching stage could be analyzed through the

equivalent circuit shown in Figure 7.5 below.

Va ('%D A Ve Vb Ve
+ + + + +

ia “Ib ic=0
¥ =
Rs Ip 4j.=0
P Rate
¢a &
+q P +da P + P
ot b T - _
I ; _d ; _ ; i i
[ B i = " ! =0
1 | H i
PR A —— + +

Figure 7.5  Equivalent circuit for the analysis of the pre-insertion resistor scheme dur-
ing first stage switching. (Energizing from Y side).

The voltage applied across phases A and B is the line voltage; V,, = V3 - Uy, - sin(wt + a).
With a switching angle of; (¢ = 0), the maximum inrush current condition exists for a

maximum residual flux in phase A of +¢,_qx 97d —@r_may in phase B. Both phases will
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start operating in unsaturated mode since; ¢, _max < Psqr- Assuming that both phases will
have approximately similar magnetizing characteristics, the applied terminal voltage will be
distributed equally between phases before saturation. Before saturation is reached, the
voltage drop across the series resistor is negligible due to the large apparent reactance of the
core before saturation. For inrush current to flow through the series path A-B, both phases
need to reach saturation. Since both phases (A and B) are electrically in series as shown in

Fig. 3, the flux will build up in opposite polarities.

Vab (t) dt (71)

Vab (t)
2

Aa(t) = Aao + f dt and Ab(t) = ;lbo - f

In order to find an expression for inrush current through the series A-B circuit shown in
Figure 7.5, the saturation time needs to be evaluated first. From (1), the saturation time ¢,

and t.g can be evaluated as follows;

t=tsa
V.. (t
Ae=A, + f “”2( )dt (7.2)
t=0

7.3)

2- (s — A,
R ()

V3

After saturation is reached in phases A and B at; t; = t,, = tp, the saturation curve for the
combination can be modeled with an equivalent saturated reactance of 21, + 2L, where 1,
and Ly, are the primary winding leakage and saturated inductance respectively. Te excitation

voltage across both phases in this case is the total line to line voltage, V3. Accordingly the
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inrush current waveform can be expressed similarly to the derived earlier for first-phase

energization with Yg connection as follows;
i(t) = A, e~/ £ B, sin(w - t — 6) t >t (7.4)

Parameters A, and B,, are magnitude of the DC and AC magnitudes of the inrush current
waveform. The parameters could be evaluated similarly to those of single-phase energization
with twice the single phase resistance and inductance and the line voltage. The maximum

peak inrush current with the application of the series resistor can be given by;
Ipear(0) = A, - e~(tp=5)/%2 4 B, 7.5)

%4
Ipeak(Rs) ~ Bz(Rs) = =

7.6
J (21, + Rs)® + (2xgys + 25, + 2%5qr)” 74

The series resistor that can achieve the maximum possible reduction can be sized to be close
to the knee of the I,.qr(Rs) performance curve durng first phase energization which
represents a ratio of Ieqr (Rs)/Ipeqr (0) leading to about 90-95% reduction in inrush current.

Similarly to the derivation carried out eatlier for the neutral resistor sizing;
ay(Ry) = Ipeak (Rs)/lpeak (0) (7-7)
Ipear(Rs) = Bo(Rs) - [Ky(Ry) - e~fvear/Tz 4 1] 78

The factor; K(R,,), could be evaluated as follows;
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Ky(R,) =sin(6, — w - t,) (7.9)

For the maximum inrush current condition (Rg = 0), the total energized phase X/R ratio
including system impedance is high and accordingly, the damping of the exponential term in

(6.68) during the first cycle can be neglected;

V, V3

Tpear(Rs = 0) = J@r? + (2X,)? '

(K, (0) + 1] (7.10)

Using typical saturation and residual flux magnitudes as been explained earlier;
1.2(p.w.) < || < 1.35(p.u.) and 0.7(p.u.) <|2,] < 09(p.u.)

Accordingly, the saturation angle ‘w - t;’ w.r.t. instant of switching and Ky (0) are within the

following ranges respectively;
50° < w-t; <75° (7.11)
0.65 > K, (0) > 0.26 (7.12)

From (7.11) and (7.12) it is clear both the saturation angle and the Ky (0) factor did not
significantly change compared to the single phase factors derived earlier, (6.71) and (6.72).
Although for this case, the line voltage is applied across both phases, and consequently the
voltage imposed on each phase represents v3/2 of the phase voltage which equals 87% of
the rated phase voltage. This slight reduction in the applied voltage across each phase
resulted in increasing the saturation angle and decreasing the DC component factor as given

by x and y respectively. Accordingly, (7.10) can be re-written as follows;
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V.3
~ = 7.13
Ipeak(Rs) BZ (Rs) \/(21' T Rs)z n (ZXS)Z ( )

Using (7.13) (7.12) and (7.10) to evaluate (7.7), the series resistor size which corresponds to a

specific reduction ratio @ can be given by;

2
R(ay) = PR TSN T2+ X2 (7.14)

Based on (7.14) and (7.12), inrush current reduction of 90% can be achieved within ap-

proximately twice the range evaluated earlier for neutral resistors as follows;

12.1- Xseries < RsY_Optimum <159- Xseries (7'15)

When phase C is energized to complete the transformer energization process. There is no
initial flux in the core limb of phase C winding. Moreover, due to the absence of the neutral
ground wire, phase currents at the neutral point should add up to zero. This means that
Phase C will be in series with one of the phases alternatively for part of the cycle depending
on the flux polarity. The coupling between phases in a 3-limb core or with a delta connected
secondary makes one of the limbs serve as a return flux path for the other two limb fluxes.
As a result, phase C winding will be in series with phase A winding ‘and the series resistor’
for a part of the power cycle. This explains the 50% reduction in inrush current of phase C

as shown in Figure 7.2.
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7.3.2 A-Y Connection (energizing from Delta side)

Figure 7.6 shows the magnetic flux paths and the electric equivalent circuit for the analysis of
the first switching stage. For this connection, energizing phase A with the line voltage v, as
shown in Figure 7.6, will impose the full rated voltage across the winding of phase A and half
of this voltage across phase B and C. Phases B and C serve as the return path of the flux

excited by the energized winding of phase A.

Va Vs Ve Ve
+ + + A
ia [ i=
R
* Bt el e ] R
I oo 1
. L T ¥
+d , P +d . P +d 1 P
4! qr I
d. P d. P d. P
i— 1 P ! ° 1 P
i i {
el ———— —q———-T

Figure 7.6 Equivalent circuit for the analysis of the pre-insertion resistor scheme dur-
ing first stage switching. (Energizing from A side).

As shown in Figure 7.6, the windings of phases B and C are in series with the reverse of the
voltage applied on phase A. As half of the rated voltage is applied on phase B and C, only the
rated flux will be generated in each winding through the integral of the applied sinusoidal
voltage during a full half cycle. The worst inrush current condition exists with the maximum
residual flux present in phase A, +@, 14, Accordingly, phase B and C will have their total
residual flux level of @, g + ¢ ¢ = =@, max 1n order to keep the summation of residual

flux in the three limbs equal to zero. Immediately after energization phase A, the flux equal-
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izes rapidly in Phase B and Cto half of that of phase A with an opposite polarity. This makes
phase B and C much less likely to reach saturation during first stage switching and accord-
ingly, the line currents in terminals A and B will be mainly composed of the contribution of

the phase B current;

Vap = R ig+ 1 img + I, - digpg/dt + Ndopg/dt (7.16)
ig = img + ime (7.17)

ime = imp K ima (7.18)

Vab = Rs *ima + 1 * imq + 1 - diyge/dt + Ndog/dt (7.19)

Based on (7.19), it could be concluded that the Resistor R; acts in series with the energized
phase A. The maximum inrush condition during first phase energization can accordingly be
modeled similarly to the case of first phase switching with Yg connection. Since the energiz-
ing voltage across the energized phase A is the rated voltage ‘phase-phase’, and that the series
resistor will act in series with the energized phase, the series pre-insertion resistor can be

sized similarly to the neutral resistor case.
59- Xseries < RsA_Optimum <74 Xseries (7'20)

The series resistor has a negligible impact on the magnitude of inrush current during third
phase energization. However the maximum inrush magnitude tends to increase slightly as the

series resistor is increased beyond the knee of the first-stage 1,4, (Rs) curve.
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7.3.3 Yg -A Connection (energizing from Yg side)

With the implementation of the resistor in series with the first energized phase, this applica-
tion is essentially the same as that of first phase energization with a neutral resistor. The
scheme will have the same I,,,,,(R;) performance curve as that of I, (R,) durng first
phase energization. However, for second phase energization, sequential energization insures
that the condition for maximum inrush level exists with a zero initial flux. Compared to the
neutral resistor application, this scheme arrangement will accordingly not benefit from the
significant reduction in inrush current due to the zero sequence current flowing through the
neutral resistor. Although there will be minimal impact on the inrush magnitude during
second phase energization, the overall reduction due to the existence of a zero-initial flux, is

significant and reaches to about 70%, Figure 7 4.

For third phase energization, the terminals will be in synchronism with small series resistor
values. As the series resistor size increases, the inrush current level increases linearly with the
resistor size. Accordingly shunting the series resistor immediately after the first phase is
energized minimizes the energy dissipated through the resistor and ensures a synchronous
energization state when the third phase is energized. Accordingly the sizing of the series
resistor for this application could be based on its impact on first phase energization as

follows;

59- Xseries < RsYg_Optimum <74- Xseries (7'21)
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7.4 Considerations on Ferroresonance

The problem of ferroresonance triggered by sequential switching originates from the interac-
tion between the L-C circuit formed by the un-energized transformer phase(s) inductance
and the capacitance of the connecting cable, structre, winding self-capacitance...etc. For a
ferroresonance condition to occur, the un-energized phase needs to have ‘voltage induced’
on it to trigger the ferroresonance condition. The open-phase condition could be developed
through ‘blown fuse(s)’ or an open conductor feeding the ‘cable-transformer’ arrangement as

well as sequential switching.

From the above basic conditions, it can be concluded that Yg-Y or Yg-Yg transformer with
3 single phase units are not affected by ferroresonance. Moreover, the problem could be
eliminated from the source by limiting the value of capacitance connected to the un-
energized phase(s). This can be achieved through placing the energizing Circuit Breaker as
close as possible to the transformer. This solution reduces the cable length and accordingly
reduces the amount of capacitance connected at the un-energized terminals of the trans-
former during sequential energization. Transformers with higher no-load losses are much less
prone to ferroresonance [62] and [93][96]. Basically, the core loss resistance R acts in
parallel with the cable capacitance which provides damping especially when the magnetizing
reactance is high during un-saturated operation. Older transformers which have higher no

load losses were less prone to ferroresonance compared with higher efficiency transformers

available today [93]}-[95].

From the above, it can be concluded that very little damping could greatly reduce chances of

ferroresonance occurrence. Most references have recommended loading the transformer
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through light loads (1-10% of rating) ptior to energization to eliminate ferroresonance
problem, [62] and [93]. Some of the reported research work recommends the use of dummy

loading resistors during energization if no other mitigation means are available, [62] and [96].

As for sequential switching with a single series-resistor, the problem could be analyzed
separately for each winding connection. Starting with the un-grounded Wye connection, both
phases A and B are energized simultaneously during the first stage and accordingly only
phase C has the chance of developing a ferroresonance condition. However, for this case
ferroresonance has much less chances of occurrence due to the fact that no voltage is
induced across the un-energized phase C. In other words, the flux in the un-energized phase
remains constant and close to the residual flux value. As shown in Figure 7.5, energizing the
terminals of phases A and B with the series resistor in the circuit, forces the flux to circulate
strictly through phase A and B with negligible flux flowing through phase C. Accordingly, the
excitation voltage on phase C will be weak enough to develop a ferroresonance condition for
this case. More importantly, the series resistor will act in series alternatively with phases B
and C in parts of each cycle as explained earlier since for a Wye-ungrounded connection, the
currents in all phases must add-up to zero. Moreover, with an adequately sized series resistor,
rapid energization of phase C could follow after energizing phases A and B to eliminate any

chance of ferroresonance development.

For transformers with delta primaries, the voltage developed is half of the nominal voltage at
the terminal of the un-energized phase; C, immediately after energizing the first two termi-
nals; A and B. In addition the terminal that doesn’t have the resistor in series with it provides
a low damped path for ferroresonance to be established, Figure 7.7. However, taking into

account that the common phases at terminal C act as a return path for the flux developed in
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phase A, the voltage of terminal C will be to some extent tied to half of the nominal phase
voltage. With the large number of experimental studies carried out n this connection, a

ferroresonance condition was not observed.

1

|

Figure 7.7 Development of ferroresonance in delta connected winding. (Energizing
from A side).

The case was also studied through computer simulation with different capacitor sizes con-
nected at the transformer terminals with scanning different energizing instants. A damped-
fundamental ferroresonance condition was established finally with a relatively high capaci-
tance of 100uF directly connected at the transformer primary, Figure 7.8. Again, rapid
energization of phase C following phases A and B by 5 cycles will reduce significantly the

chances of ferroresonance development.

The grounded-Wye connection is the one most prone to ferroresonance if coupled with
sequential phase energization in absence of adequate damping. In contrary with the neutral-
resistor based scheme, the series resistor doesn’t act in series with the ferroresonant circuit in
this case. In fact, during experimental evaluation of the I,,,,(Rs) performance curves of
during second phase energization, a chaotic behaviour has been observed, Figure 7.9. The

resulting maximum current was never the same for each set of experiments up to a resistor
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size of 50Q which is a clear sign of ferroresonance development. This is the only case where

ferroresonance has been observed during the experimental evaluation of the sequential

energizing scheme on the 30kVA laboratory transformer.

"o 0.05 0.1 0.15 02 ) 03 . 04

|

A -0.8 -0.6 -0.4 -0.2 0 02 0.4 0.6 0.8

Figure 7.8~ Damped fundamental Ferroresonance condition during sequential energi-
zation and a series resistor of 4.0 (Q2). From top to bottom; terminal
voltage, inrush current, core flux and the V-¢ loops.
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Figure 7.9 Experimental Iyqx(R;) performance curve trials during second phase

energization with a single series resistor. (Energizing from Yg side).

Figure 7.10, shows the development of sub-harmonic ferroresonance condition during
sequential energization through simulation with a shunt capacitance of 100uF and a 4Q series

resistor. Table 7.1 summarizes the performance, effectiveness and limitations of the single

series-resistor based sequential energizing scheme.

Table 7.1 Summary of the single-series resistor scheme performance.
Maximum Inrush Current Reduction Corresponding to Switching Stage
Switching Stage Energizing from Y side Energizing from A
Y/A Yg/A side
Phase A 100% +90% 100%
Phase B +90% 70% +90%
By-Pass Rs N/A N/A N/A
Phase C 80% +90% 55%
By-Pass Rs
(after phase Q) +95% +90% N/A
Opverall Reduction | 80% (due to Phase C) | 70% (due to Phase B) | 55% (due to Phase Q)
_ ) Only after switching
Ferroressonance No dynamic Fluxin | phase B, ferroreson-
Occurrence the un-energized ance circuit could be
phase C .after energiz- | excited through the
ing terminals A and B phase without the
resistor (phase B)
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Figure 7.10  Sub-harmonic ferroresonance condition during sequential energization
and a series resistor of 4.0 (Q2). From top to bottom; terminal voltage, in-
rush current, core flux and the V-¢ loops.
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7.5 Conclusions

This chapter presented the application of a single series-resistor scheme as an inrush-current-
mitigation technique. By using the presented expetimental, simulation and analytical studies,
it was shown that the scheme is most applicable to transformers with un-grounded primaries.
The presented scheme provides an effective solution to the problem of high inrush current
magnitudes and, accordingly, provides a simple solution for independent power producers
wishing to meet or exceed the requirements of the allowable maximum voltage sag level the

point of common coupling.

The scheme was shown to be capable of achieving an 80% and 55% reduction in inrush
current magnitude for transformers energized from ungrounded-Wye and Delta-connected
primaries, respectively. For transformers energized from Wye-grounded primaries, the
scheme is capable of reducing the inrush magnitude by 70% by using a single series resistor.
For ungrounded primaries, a rapid energizing strategy of 5 cycles can be applied, which
reduces the chances of developing the ferroresonance condition without compromising the
scheme’s efficiency. The analytical sizing procedures carried out towards the sizing of the
series resistor showed that a relatively small resistor size of 16 to 10 times the total series
reactance in the energizing circuit was capable of achieving or exceeding the scheme’s

required performance.

However, for transformers with grounded primaries, a rapid closing strategy could not be
implemented with a small resistor size. Alternatively, the scheme could be applied for this
connection with a simple point-on-wave closing after energizing the first phase with a small

series resistor.
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8.Application for Capacitor Switching
Transients Mitigation

This chapter presents the application of the sequential switching scheme for the mitigation of
capacitor-switching transients. The scheme utilizes neutral grounding impedance connected
at the neutral point of the switched capacitor bank together with sequential pole switching.
The neutral impedance is sized to minimize the open circuit contact voltage of the capacitor
breaker phases. A theoretical analysis of the proposed scheme was carried out together with
computer simulation. In addition, a neutral-impedance-sizing criterion is presented in order
to achieve the minimal transient over-voltage caused by capacitor switching. The proposed
application was found capable of reducing the transient over-voltage at the utility’s switched

capacitor location to 1.07 p.u. and to 1.12 p.u. at the customer load bus.*

8.1 Introduction

The increased awareness of power-quality problems due to the application of modem and
sensitive load equipment has motivated both utilities and customers to find more efficient
methods for controlling and limiting power systems’ switching transients [97}-[101]. Due to
the frequency of capacitor-switching incidents and the high switching over-voltages involved,

capacitor-switching transients are of special concern. High-frequency and high-magnitude

*A version of this chapter has been published: S.G. Abdulsalam and Wilsun Xu “A Sequential Phase
Energization Technique for Capacitor Switching Transient Reduction”, /Z7 Proceedings -
Generation, Transmission and Distribution, vol. 1, No. 4, p.p. 596-602, July 2007.
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transients produce excessive electrical and mechanical stresses. Moreover, transient over
voltages due to utility capacitor switching typically reaching 1.8 [p.u.] might be magnified at
the customer load bus to magnitudes of up to 2.6 p.u., [98] and [101]. Voltage magnification
due to capacitor switching occurs when the transients oscillating frequency is close to the
natural frequency of the L-C circuit at the load bus formed by the system impedance and the
power factor correction capacitors. Short duration over voltages that do not damage equip-
ment may still cause sensitive loads such as variable speed drives, VSD, protective devices to

unexpectedly disrupt a critical load from the system.

To-date, various methods of controlling capacitor energization transients have been imple-
mented by the industry, [971[100]. These methods include the use of pre-insertion resistors
and inductors and synchronous closing. Each has different advantages and disadvantages in

term of cost, reliability, and effectiveness [97] and [98].

As will be shown in this chapter, the neutral resistor-based scheme is not effective as a
transient over voltages mitigation technique when applied to capacitor switching applications.
A modified technique is being introduced using two different neutral grounding arrange-
ments. The first arrangement implements a single-stage R-L neutral impedance and the
second utilizes a dual stage R-L impedance. The performance and characteristics of the
proposed application have been investigated using theoretical analysis and computer simula-
tions. The theoretical analysis leads to the establishment of a design guide for the optimum
neutral impedance. Simulation studies have shown that the scheme can successfully reduce
the transient over voltages at the switched capacitor location to 1.27 and 1.07 p.u. using
arrangements 1 and 2 respectively. This chapter will present the proposed idea and the

scheme performance characteristics.
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8.2 Scheme Arrangement and Theoretical Analysis

The presented transient mitigation scheme is shown in Figure 8.1, which utilizes optimally-
sized neutral (or grounding) impedance together with sequential phase energization. The
capacitors are energized one phase at a time in the sequence of ACB. The delay between two
energization events is a simple ‘mechanical’ delay of 4 to 15 cycles and there is no need to
precisely time the instant of closing. A general rule is that a switching act can proceed as long
as the transients associated with the previous switching act have almost died out. The entire
switching procedure lasts less than 30 cycles. After complete energization of the capacitor
phases, the neutral voltage is close to zero and the neutral impedance can be shunted

through an optional bypass switch.

Coupled System >
Equivalent lc=0

Zpos, Zzero

m QOO

®
S
3

o

Zn= Ry + jXy

Figure 8.1  The sequential energization scheme for capacitor switching transients mi-
tigation.

The principle of the proposed scheme is the following: Before a switch is closed, there is a

steady-state fundamental frequency voltage across the switch (which is called switch open
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circuit voltage here). If the magnitude of this sinusoidal voltage is zero, closing the switch
will not result in any switching transients regardless of the instant of switching. If we can
reduce this voltage, the corresponding transients will also be reduced. In fact, it can be
proven that, for a linear circuit, the magnitudes of switching transients (voltage or current)
are in proportion to the magnitude of the open circuit voltage. The goal of the proposed
scheme is therefore to minimize the open circuit voltages through an optimally-sized neutral

impedance.

Performance of the scheme during first phase energization is similar to that of the pre-
insertion scheme. The neutral impedance serves as a series impedance and it will effectively
dampen the switching transients, [97}[98]. For the energization of the second and third
phases, the open circuit voltages across the switch contacts will be determined and then
minimized with the help of the neutral impedance. Referring to Figure 8.1, the open circuit
voltage corresponding to the second phase closing is shown as AV, and AV,_for positive
ABC and negative sequence ACB, respectively. Representing the equivalent system by its
short circuit positive and zero sequence equivalent reactance’s, the terminal voltages at the

capacitor location after switching the first phase can be calculated as follows;

Val [Ea]l [JXs JXm JjXm Iy
V| = |Eg| = |/Xm JXs JjXm|:|lz=0 (8.1)
Ve Ec JXm JXm  JXs Ic=0
Eq
ATN T Z 4 Zy + Z, 82

The self and mutual reactance’s for the equivalent system are represented as function of the

positive and zero sequence short circuit reactance’s, X,,5 and X,,,, respectively;
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Xs — Xzero '; 2Xpos and Xm — Xzero ; Xpos (8.3)

For both switching sequences, the neutral voltage, Vy1, established after switching of the first

phase can be given by;

JZn
Vi =E  ——m——— 8.4
M JXs —jXc + 2y ( )

The second phase open circuit voltage can accordingly be evaluated as follows;

AVZ = Vz - VNI (85)

EZ ij
I S b

E; and E, are respectively the equivalent system source voltage phasors of the first and
second switched phases. Based on (8.6) and depending on the switching sequence repre-
sented by the complex ratio E, /E;, the second phase switching open circuit voltage AV, can
be given by;

- X + 2
AV2i=E-(1A+120°—, JZm T 2N )

_JIm TN (87)
]Xs _]Xc + ZN

Equation (8.7) can be further evaluated as follows for positive sequence switching;

Ry + jXn + jXm )

AV =E'<1L—1200—. - ;
2 JXs —JjXc+ Ry +jXy

(8.9)
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-1 3\ Ry+jXy+X)
Ao =5 ((T - 7) "Ry + G - Xcs)> )

(—3RN + \/§(XN - Xcs)) +j(Xcs —2Xm + \[gRN - 3Xm) (8 10)
AV,  =E- 2Ry +j2(Xy — X.5) '

With similar procedure for negative sequence switching, the magnitude of the open circuit

voltage can be calculated accordingly as follows;

2 2
(—3RN + \/§(XN - Xcs)) + (Xes — 2X + \/ERN - 3Xm) (811)

AV, | =E-
|AV24] 4R + 4(X;s — Xy)?

2 2
(—3RN —V3(Xy - cs)) + (Xcs —2Xm — ‘/§RN - 3Xm) (8.12)
4‘R1%1 + 4‘(Xcs - XN)Z

|AV,_| = E -

Accordingly, it becomes clear from (8.11) and (8.12) that negative switching sequence ACB
results in a lower open circuit contact voltage as compared to positive switching sequence
ABC for the same neutral impedance. Additionally, it could be easily verified from (8.11) and
(8.12) that the impact of the mutual coupling reactance could be neglected since the capacitor
bank reactance, X,, is sufficiently higher than the mutual coupling reactance, X,,,. The second

phase open circuit voltage could be evaluated as follows;

2
AV, = E- (Xcs + 2V3Ry)™ + 3(X s — 2Xy)? (8.13)
* 4RZ + 4(X s — Xy)?
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2
oo 5 o= 2R+ 300 — 20,7 an
2- 4R2 + 4(X.s — Xy)?

The resulting open circuit voltage during second phase switching as a function of the neutral
impedance magnitude Zy = /R% + X7 and phase angle ¢y = atan(Xy/Ry) is shown in

Figure 8.2(a) and (b) for positive and negative switching sequences respectively.

Similarly to second phase switching, the open circuit voltage during the third phase switching

AV; can be evaluated as follows;

._ZN

= . 8.15
e =t B G T ¥ T + G 2 .13
AV3 = V3 - VNZ (8.16)
Zm
V3 = E3 - (E1 + Ez) . (8.17)

(Zc + Zs + Zm) + (Zm + ZN)

Vnz represents the neutral voltage phasor established after second phase switching. For a
balanced system, the summation of all three source phase voltages equal zero (3 E; 5 3 = 0),

accordingly, the open circuit voltage AV, can now be given as follows;

(Zm + ZN)
= 1
AVs = Es [1 * (Ze+Zs+Zp) + (Zoy + Zy) (818
_ 3Ry _j(Xcs — 2Xpm — 3XN)
AVs =B [ 2Ry — j(Xes — Xm — 2Xy) (8.19)

And neglecting the effect of the mutual reactance X,;, as compared to the capacitor bank

reactance X leads to the following expression;
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2 — 2
IAV3| =FE (3RN) + (Xcs 3XN) (820)

(ZRN)2 + (Xcs - ZXN)Z

Breaker contact voltage, |4V,| (p.u.)

¢N = 60O
| 1
0.0 0.5 1.0 15 2.0

Neutral Impedance, |Zy/Xcsl (p-u.)

Breaker contact voltage, |4V2.| (p.u.)

Breaker contact voltage, |4V;| (p.u.)

; oy = 90°
0.0 S —L L
0.0 0.5 1.0 1.5 2.0

Neutral Impedance, |Zy/ Xcsl (p.u.)

Figure 8.2  Open circuit voltage as affected by the neutral impedance for (top) second
phase switching |AV,_|, (middle) second phase switching |AV,, | and
(bottom) Third phase switching |AV|.
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It becomes clear from (8.20) that the third phase switching open circuit voltage AV; 1s not
dependent on the switching sequence. Additionally, the third phase open circuit voltage AV;
can be effectively reduced through the neutral impedance inductive component Xy. Figure
8.2(c) illustrates the third phase open circuit voltage as affected by the neutral impedance

magnitude and phase angle.

8.3 Neutral Impedance Sizing

The design criterion is to achieve minimal open circuit voltages for the 2*¢ and 3™ switching
stages. Two different neutral impedance arrangements, one mvolves single stage R-L neutral
impedance and the other utilizes dual stage R-L neutral impedance, are proposed to achieve
this goal. The characteristics of the schemes and the corresponding equations to size the

neutral impedance are presented in the following sections.

8.3.1 Single-stage R-L neutral impedance

For the presented application, a single-stage ‘R-L” neutral impedance is used to minimize 2"
and 3™ phase energization open circuit contact voltages. As can be shown from Figure 8.2,
using a single neutral impedance value might result in different open circuit voltage levels
before the 2™ and 3™ phases are energized. Accordingly, our objective is to minimize the
highest contact voltage of either |AV,_| or |AV3| due to a specific neutral impedance value.

Mathematically, the objective function to be minimized f;,. can be expressed as follows;
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fVOC(RNlXN) = maximum('AVZ_(RN,XN)‘, |AV3(RN,XN)|) (8.21)

—_— IAVZ—(RNvXN)l |AV2—| = IAV3| 8 22
froc(Rw:Xn) = {MV3(RN:XN)| |AV3| > [AV,_| ( 22)

The objective function fy,. as defined by (8.21) is generally discontinuous and accordingly,
the analytical evaluation of the minimum contact voltage becomes a complex problem.
However, transferring open circuit contact voltage expressions (8.14) and (8.20), into per-
unit values of the equivalent reactance X, (8.23) and (8.24), will simplify the problem and a

numerical solution could be obtamed.

2
AV, | =E- (1-2V3Ry)" +3(1 — 2Xy)? (8.23)
2 4R% + 4(1 — Xy)?

_|(3Ry)? + (1 —3Xy)?
|AVs| = EJ(ZRN)Z T 2K, ) (8.24)

Minimizing (8.22), using (8.23) and (8.24) leads to a minimum open circuit voltage and

corresponding optimum Ry and Xy values as follows;

fVoc_Min = 0.678 (p.u.) (8.25)

Ry optimum = 0.089 X Xs  and Xy optimum = 0.322 X X¢s  (8.26)

Figure 8.3, shows the open circuit contact voltages |AV,_]| , |AV5| and the maximum contact
voltage function fi,. for the optimum neutral impedance angle, ¢y optimum = 74.0°. The
optimum neutral impedance angle is the angle resulting in the lowest open circuit voltage as

defined by the function fy .
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Figure 83  Open circuit voltages |AV,_| , [AV;], and the objective function f, .

8.3.2 Dual-stage R-L neutral impedance

As has been shown in the previous section, the single-stage R-I. neutral impedance was
optimized to achieve the lowest open circuit voltage for both 2 and 3™ switching stages.
However, as can be seen from Figure 8.2, using two different neutral impedance values can

lead to a zero switching open circuit contact voltage for both stages independently.

A closer look at the 2™ and 3™ switching contact voltages as given by (8.14) and (8.20) reveals
that; ‘“heoretically’ zero open circuit voltage can be achieved if the numerator of both expres-

sions is brought to zero. For the second switching stage as given by (8.14), both terms in the

numerator should be brought to zero to achieve the condition |AV,_| = zero as follows;
Xcs Xes
Ry, =—= and XNz = — 8.27

Similarly for the third switching stage;
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X
RN3 = Zero and XN3 = '? (828)

These results strictly agree with the characteristic curves of the 2 and 3™ switching stages
shown in Figure 8.2. Per-unit neutral impedance of the 2™ and 3" switching (Zy, =
13¢N2=600 and ZN3=13,gN2=900 respectively will result in a zero switching voltage in
both stages. Based on (8.27) and (7.21), the neutral impedance arrangement can be

constructed as shown in Figure 8 4.

Figure 84  Scheme 2 for mitigating capacitor switching transients using dual stage
neutral impedance.

The arrangement shown in Figure 8.4 consists of a single resistor and two inductors all of
which are in series. The two inductors could be replaced by a single inductor with a tap

dividing the inductance by a ratio of 1:2 and a total inductance of X.s/2 as required by the
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second switching stage. The resistive element will be connected to the smaller ratio induc-

tance with an additional switch to short the branch in preparation for third switching stage.

Although steady state analysis showed that an optimum third phase neutral impedance
should —theoretically- be totally inductive, a resistive component needs to be added to the
inductive element in order to account for the inductor resistance and provide adequate
damping. It was found that the third phase impedance of the same magnitude and with an

85° angle has a much more favorable performance as compared to a pure inductor.

8.4 Scheme Performance and Transient Simulation
Study

The effectiveness of the proposed transient mitigation technique was studied for the single
and dual stage R-L neutral grounding arrangements through simulation. Both applications of
the grounding technique were compared against each other and against mnstantaneous
switching as well. In order to classify the severity of the resulting voltage transients due to
each switching condition, an equivalent damped oscillatory waveform technique is imple-
mented [102]. The transient disturbance is classified by the transient component amplitude
V4 and the disturbance duration time, 7,4, which is the time required for the transient oscilla-
tory component to reach half of its maximum amplitude. The IEEE 13-Bus Industrial test
system, [103], Figure 8.5, was used to evaluate the effectiveness of the proposed mitigation
technique through transient simulation study using PSCAD, EMTDC software package. All
presented capacitor switching simulation cases were implemented at the 6 MVAR, 13.8kV

utility capacitor bank located at Bus 3:MILL-1.
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For each simulated switching scheme, the switching instant has been changed over a com-
plete cycle at 0.2 ms intervals for each switching stage. The resulting phase voltage transients
due to each switching condition were then analyzed and ranked using the transient classifica-
tion procedure described earlier. One of the study objectives is to assess the effect of system
damping on the capacitor switching transients. Although steady state analysis using a Theve-
nin equivalent at the capacitor location gives an accurate estimate of the established open
circuit contact voltage during each switching stage, the actual transient performance will be

strongly influenced by how the load is being represented, [101].

O O

4:GEN-1 1:UTIL-69

2:69-1
5:AUX ——

@ 3:MILLA

* T

6:FDR-F 9:FDR-G 12:FDR-H

338

ASD 8:T3 SEC 10:T11 SEC 11:T4 SEC

Figure 8.5  IEEE 13-Bus industrial test system.
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8.4.1 Instantaneous Switching with solid ground:

For this case, instantaneous switching of the capacitor bank phases will take place. The worst
case switching condition is shown in Figure 8.6(a). The phase voltages collapse to 0 p.u.

suddenly after energization followed by a high-frequency transient recovery voltage oscillat-

ing at the natural frequency of the system-capacitor bank arrangement, f; = 1/2m,/LsC

which equals 453 Hz.
70 Y "
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Figure 8.6  Instantaneous switching performance: (a) Phase voltage, transient vol-
tage and phase currents during a complete switching sequence. (b)

Transient overvoltage magnitude V ; against disturbance duration, 7.
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The voltage of phase A reaches a peak of 1.91 p.u. which might be magnified at remote
capacitor locations. Figure 8.6(b) shows a quantitative summary of the disturbance transient
over voltage peak V,; against the equivalent disturbance duration 74 due to changing the
instant of switching in steps of 0.2 ms for a complete cycle. It is clear that the disturbance
duration is almost constant at around 23.0 ms and that lower magnitude transients have a
lower disturbance duration. For the capacitor energizing inrush current, the maximum inrush
current peak reaches a magnitude of up to 2.7 kA but not less than 2.4 kA during instantane-

ous switching condition regardless of the switching instant.

8.4.2 Sequential switching with single-stage neutral
impedance:

Here, the single stage R-L neutral impedance arrangement sequential switching is applied.

The three phases are switched one after another using a negative sequence order ACB with a

delay of approximately 4 cycles as compared to the typical 7-12 cycles delay required for pre-

insertion arrangements [98]. Figure 8.7(a) presents the worst switching condition in which,

the switching instants of phases A, C and B are selected to lead to the highest over voltage

magnitude in each stage.

As can be seen from Figure 8.7(a), the maximum over voltage transient occurring from this
arrangement is about 1.27 p.u. of the nominal operating voltage due to the switching of the
last phase, B. The switching of the first phase ‘A’ leads to minimal transients as it represents
an over-damped switching condition since the neutral impedance is in series with the

switched phase.
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Additionally, it can

Disturbance Duration, ty (ms)

(b)

Single-stage neutral impedance mitigation technique: (a) Phase voltage,
transient voltage and phase currents during a complete switching se-

quence. (b) Transient overvoltage magnitude V; against disturbance
duration, 7.

be noted that the phase voltage did not instantaneously collapse to zero

immediately after switching. This is due to the presence of the neutral impedance which

allows the neutral point voltage to rise instantaneously to neatly the phase voltage magnitude

at instant of switching. Figure 8.7(b) shows that the single-stage neutral impedance arrange-

ment limits the disturbance transient magnitude to about 0.46 p.u.. Additionally, the
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disturbance duration stays almost the same at 25 ms as compared to simultaneous switching

conditions.

The maximum phase voltage at the capacitor location reached 1.4 p.u. which corresponds to
a 60% reduction. The maximum inrush current is lowered from 2.7 kA to 1.4 kA which

corresponds to about 50% reduction.

8.4.3 Sequential switching with dual-stage neutral impedance:

In this case, the three phases are switched sequentially with the dual stage R-L neutral
impedance. The performance of the scheme during a complete switching sequence is shown
in Figure 8.8(a). Only the switching of the last phase ‘B’ voltage waveform is shown since as
can be seen from the transient voltage response, the transients due to the switching of phases
A and C and the closure of the shunting switch will lead to minimal switching transient

‘below 0.035 p.u.” that won’t appear in the voltage waveform of those phases.

The maximum disturbance over voltage is shown in Figure 8.8(b) for switching stages of
Phases A, B and C and the closure of the neutral impedance shunting switch. For Phase C
and the closure of the shunting switch, the transient over voltage is very small and lower than
0.02 pu.. It is clear from Figure 8.8(b) that the dual stage R-L arrangement leads to the
lowest over voltage transient level with a maximum of 0.19 p.u. and maximum disturbance

duration of 26.0 ms.

It should be noted that although, the disturbance duration due to switching phase C and the
closure of the switch is relatively high, the extremely low over voltage magnitude and energy

content makes these transient of insignificant value and can be totally neglected. This ar-
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rangement leads to the lowest possible inrush current level in the switched capacitor bank. A

reduction to about 1.9 kA is achievable which represents an 80% reduction.

Bus Voltage (p.u.)

Capacitor Current (kA) Voltage Transients (p.u.)

Transient Overvoltage, V4 (p.u.)

Figure 8.8

A A U
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N—— e |
::40 s:rﬁlg Phase C e e

Disturbance Duration, 1y (ms)

(b)

Dual-stage neutral impedance mitigation technique: (a) Phase voltage,
transient voltage and phase currents during a complete switching se-

quence. (b) Transient overvoltage magnitude V; against disturbance
duration, 7.

8.5 Impact on Voltage Magnification

Transient overvoltages due to utility capacitor switching can get magnified at remote cus-

tomer load bus in presence of power factor correction capacitors. The phenomenon has
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been documented in [97}[101]. In the case of customer facilities having sensitive loads
especially VSDs, nuisance tripping can occur due to the low overvoltage protection setting of
these drives which is typically in the range of 1.2 to 1.3 p.u. of the rated voltage, [98]. The
effectiveness of the proposed transient mitigation technique in presence of voltage magnifi-
cation was studied through applying a 1 MVAR power factor correction, PFC, capacitor at
the local load bus 13 which raises the p.f. at the bus to 0.9. Figure 8.9, shows the voltage at
the switched utility capacitor bus and the load bus due to voltage magnification for instanta-

neous, single-stage and dual stage neutral impedance arrangements.

As can be shown from Figure 8.9(a), the Power Factor Correction (PFC) capacitors magni-
fied the transient over voltage at the load bus to 2.2 p.u.. Without PFC capacitors, the voltage
at the load bus will be equal to or less than the transient level at the switched utility capacitor.
The application of the proposed mitigation technique using a single-stage R-L neutral
impedance reduces the magnified voltage at the customer bus to 1.6 p.u. during the third
switching stage which represents the highest transient level, Figure 8.9(b). Using dual stage
neutral impedance, the magnified transients reaches a maximum of 1.12 p.u. at the load bus,
Figure 8.9(c). Due to the dominance of induction motor loads at industrial load buses, all the
results presented so far were evaluated modeling the load at all distribution level by lumped
R-L series equivalent impedance. This resulted in obtaining the highest possible transient

level due to the limited damping provided.

The response of Variable Speed Drives (VSDs) at remote busses where voltage magnification
occurs will vary depending on their over voltage trip setting and the type and/or rating of the

choke coil used. Limiting the transient over voltage at the remote bus to 1.2 p.u. will most
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probably prevent overvoltage tripping of VSDs. With higher over voltage magnitudes, the

drive tripping will depend on the type and rating of the AC or DC choke coil rating used.
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Figure 8.9  Voltage at the utility capacitor bus (top) and magnified voltage at customer
bus 13 (bottom).
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In the case loads were modeled using parallel R-L branches representing the load real and
reactive power respectively, system damping will considerably increase resulting in less
conservative results. Tables 8.1 and 8.2 summarize the performance of the three studied

cases for the series and parallel load representations respectively.

TABLE 8.1: SUMMARY OF THE STUDIED SWITCHING SCHEMES WITH SERIES IMPEDANCE LOAD

REPRESENTATION.
Switching Scheme  V,;, p.u. V;pu. Inrush kA T, mS
Instantaneous 1.910 1.000 2.71 23
Single-Stage RL 1.402 0.470 1.45 31
Dual-Stage R-L 1.146 0.191 1.14 26

TABLE 8.2: SUMMARY OF THE STUDIED SWITCHING SCHEMES WITH PARALLEL IMPEDANCE LOAD

REPRESENTATION.
Switching Scheme  V,;, p.u. V;p.u Inrush kA Ty mS
Instantaneous 1.675 0.943 2.19 4.0
Single-Stage RL 1.254 0.335 1.15 5.1
Dual-Stage R-L 1.064 0.170 0.83 6.3

As can be shown from Tables 8.1 and 8.2, the representation of the load will influence the
evaluation of the transient over voltages generated due to capacitor switching by 24% to 8%.
The representation of loads by their series equivalent impedance results in more conservative
results which is more favourable. In terms of disturbance duration, the representation of the

load will have more influence on the results.
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8.6 Conclusions

This chapter presented the application of the sequential energization technique for mitigating
the transient over-voltages occurring due to capacitor switching. The scheme’s effectiveness
is based on the reduction of the open circuit contact voltage during the sequential switching

procedure. The main conclusions can be summarized as follows;

It was shown that the single-stage R-L neutral impedance arrangement leads to an optimized
open circuit voltage of 0.677 p.u., which reduces the switching transient over-voltage level to
as low as 1.27 p.u.. The dual stage R-L neutral impedance arrangement represents a self-
synchronized switching mechanism where the open circuit voltages during the second and
third switching stages can be brought to zero independently of the switching instant. It was
also shown that this arrangement can reduce the local transient over-voltages at the switched
capacitor’s location to 1.07 p.u. The scheme’s performance in the presence of voltage
magnification was also studied, showing that both neutral impedance arrangements can
reduce the amount of voltage magnification at remote busses to 1.3 p.u., or low enough to

help reduce the chances of the nuisance tripping of VSDs.

The proposed scheme’s main limitation results from the requirement for a separate pole
closure mechanism. Although this requirement is the same as for synchronous controlled-
switching schemes, the simple delay requirement for the presented scheme makes it easier to
implement in already installed gang-operated breaker mechanisms. It is also obvious that the
scheme can be implemented only in capacitor installations with a Wye connection. In most
cases, utility capacitors are usually Wye connected which makes the proposed scheme an

effective transient over voltage mitigation technique for this application.
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9.Conclusions and Recommendations

Power transformers are critical components in power systems. Transformer inrush transients
have diverse effects on a transformer’s lifetime and power quality and might negatively affect
the protection equipment, leading to the reduced reliability of the power system’s operation.
The current trends in the electric power industry have reignited interest in finding new and
effective means to control and limit inrush current due to transformer energization. The
main focus of this thesis was on the investigation and the development of a sequential
energization technique aided with a single neutral or series resistor for inrush-current mitiga-

tion.

The accurate and adequate representation of a transformer’s non-linear characteristics plays
an essential role in the modeling of transformers under inrush and highly nonlinear condi-
tions. A new application of the Newton-Raphson iterative method for solving a three-phase
non-linear transformer model was developed for the stable and accurate simulation of
transformer behavior during inrush-current conditions. The introduction of the non-linear
reluctances as a function of the system varables led to a stable, accurate and time-efficient
simulation technique. Additionally, it was verified that either polynomial curve-fitting tech-
niques or piecewise segments could be used to represent the transformer’s nonlinear
reluctance curves. The simulation technique’s stability was proven throughout varous
simulations including simultaneous and sequential closing and energizing from the delta
winding side. More importantly, the developed model could successfully handle transformers

with either linear or non-linear neutral branches.
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One of the biggest challenges in transformer modeling is the precise presentation of trans-
former nonlinear characteristics. A novel technique was developed for estimating
transformer-saturation characteristics from measured terminal voltages and currents during
transformer energization. The developed technique does not require special test equipment
and/or modification of the transformer connection at the transformer’s location, which are
difficult to implement. A practical method for the estimation of nonlinear core reluctances of
three-phase three-limb power transformers from inrush waveform data has been developed
and was presented. The method could also be implemented to estimate the classical flux-
current saturation curve. In addition, it was shown that the residual fluxes at each trans-
former limb could be estimated as if at least one point of the no-load curve, in the flux-
current plane, is known. The use of inrush waveforms ensures the estimation of the nonlin-
ear characteristics up to high saturation levels. The developed method provides an accurate,
easily implemented means estimating transformer saturation characteristics. The estimated
core nonlinear characteristics were used to simulate the energization of a three-phase trans-
former with Wye-Wye and with Wye-Delta connections. Simulations and measurements were
performed for single-pole and simultaneous three-pole switching operations and were shown
to be in close agreement. Moreover, it was shown that the obtained non-linear characteristics
replicated the transformer’s performance with different energization scenarios and arrange-

ments. The close matching suggests that the method could be used for practical applications.

The single neutral resistor sequential energization arrangement was thoroughly investigated,
and an improved neutral-resistor sizing criteria was developed. Extensive experimental,
simulation and sensitivity analysis results for different transformer types and/or connections

proved the scheme’s effectiveness. A detailed study of the scheme’s transient performance
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led to the development of a more precise neutral-resistor-sizing criterion. The following list
summarizes the performance characteristics of the neutral-resistor-based sequential energiza-

tion technique:

0 The sequential energization technique is effective in reducing the inrush current
level by more than 90% for all transformer types energized from the Yg side
with a neutral resistor that is less than 10 times the total series reactance in the
circuit.

0 The maximum inrush current among the three phases decreases rapidly as the
neutral resistor size is increased by small values. However, a sufficiently reason-
able range of neutral resistor values capable of achieving an optimized inrush

current reduction among all-three phases exists.

a For the second-phase energization, the inrush current magnitude is always lower
than that for first-phase energization for the same neutral resistor value within

the effective range of the neutral resistor values.

0 The positive energization sequence was shown to be much less sensitive than the
negative sequence to the variation of the neutral resistor’s size. This decreased

sensitivity leads to a wider range of effective neutral resistor values.

o For electrically or magnetically coupled transformers, the third-phase energiza-
tion inrush current is directly proportional to the neutral resistor’s size. Small

neutral resistor values lead to an almost synchronous closing condition with

minimal transients.
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o For transformer banks with a Y-Y connection, the third energized phase be-

haves similarly to that of the second energized phase with an opposite sequence.

0 Transformer-saturation characteristics play an important role in determining the
maximum inrush current. However, within the range of typical saturation char-
acteristics, the sequential energization scheme has close performance
characteristics with respect to the maximum inrush current as affected by the

neutral resistor size.

o It was shown that with a delta winding or an E-core structure, the zero sequence
current leads the neutral resistor to be two times as effective in reducing the in-

rush current magnitude during second-phase energization.

0 The scheme’s main practical limitation was identified as the permissible rise of
neutral voltage. A feasible application range for both dry-type and liquid-
immersed transformers was proposed. The use of surge arresters to extend the

scheme’s application range was also presented.

The application of a single series-resistor scheme as an inrush-current-mitigation technique
was presented. By using experimental, simulation and analytical studies, it was shown that the
scheme is most applicable to transformers with un-grounded primaries. The scheme provides
an effective solution to the problem of high inrush current magnitudes and, accordingly,
presents a simple solution for independent power producers wishing to meet or exceed the

requirements of the allowable maximum voltage sag level at the point of common coupling.

The scheme was shown to be capable of achieving 80% and 55% reduction in the inrush

current magnitude for transformers energized from ungrounded-Wye and Delta connected
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primaries, respectively. For transformers energized from Wye-grounded primaries, the
scheme is capable of reducing the inrush magnitude by 70% by using a single series resistor.
For ungrounded primaries, a rapid energizing strategy of 5 cycles could be applied, which
reduces the chances of developing the ferroresonance condition, without compromising the
scheme’s efficiency. The analytical-sizing procedures carried out for the sizing of the series
resistor showed that a relatively small resistor size of 16 to 10 times the total series reactance
in the energizing circuit was capable of achieving or exceeding the scheme’s required per-
formance. However, for transformers with grounded primaries, a rapid closing strategy could
not be implemented with a small resistor size. Alternatively, the scheme could be applied for
this connection with a simple point-on-wave closing after energizing the first phase with a

small series resistor.

The appropriate sequential phase energization technique for inrush-current reduction could

be applied based on the following conditions:

0 For transformers with grounded-Wye primaries and sufficient insulation at
the neutral, the simple neutral-resistor-based scheme could be directly ap-
plied based on the developed resistor-sizing criterion. Inrush-current
reduction of more than 90% is achievable among the three phases. If an in-
sulation limitation exists at the neutral or the neutral point is not accessible, a
series resistor of the same size could be applied to the first energized phase
with an achievable reduction of up to 70% compared to simultaneous clos-
ing. However, the last energized phase should immediately follow the second
energized phase within a few cycles in order to minimize the chances of fer-

roresonance development.
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a For transformers energized from Wye-ungrounded primaries, a single series
resistor could be applied with sequential energization to achieve up to an
80% inrush-current reduction. For this application, the chances for ferrore-
sonance development are low. However, within a few cycles, rapid closing
could be implemented due to the fast equalization of the core flux after the
first phase is energized. The resistor size is twice of that used for the neutral-

resistor application.

0 For delta-connected primaries, a single-series resistor could achieve an in-
rush-current reduction of up to 55%. The scheme in this case is applicable to
single phase and core-type transformers due to the coupled electric circuit

throughout the delta-connected primary.

The application of the sequential switching technique for transient-overvoltage mitigation
due to capacitor switching was presented. The scheme’s effectiveness is based on the reduc-
tion of the open-circuit contact voltage during the sequential switching procedure.  The

main conclusions can be summarized as follows;

0 The single-stage R-L neutral impedance arrangement leads to an optimized open cir-
cuit voltage of 0.677 p.u., which results in a reduction of the switching transient

overvoltage level to as low as 1.27 p.u..

0 The dual stage R-L neutral impedance arrangement represents a self-synchronized
switching mechanism where the open-circuit voltages during the second and third

switching stages can be brought to zero independently of the switching instant. It was
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also shown that this arrangement can reduce the local transient over-voltages at the

switched capacitor’s location to 1.07 p.u..

0 'The proposed scheme’s main limitation results from the requirement for an inde-
pendent pole closure mechanism. Although requirement of a separate pole closure
mechanism is the same as for synchronous controlled-switching schemes, the simple
delay requirement for the presented scheme makes it easier to implement in already

installed gang-operated breaker mechanisms.

An interesting subject for future research would be the methods for interfacing the devel-
oped transformer modeling technique with available simulation tools. The modeling of the
magnetic circuit’s behaviour by using reluctances results in the formation of an extended
impedance-reluctance matrix that should be inverted at every time step. One of the possible
ways to achieve the integration of such a model with readily available software would be to
implement the model as a stand-alone independent algorithm and to integrate the model with
the rest of the system through electrical nodes. Such a feature is already available in
PSCAD/EMTDC. For simulation tools using the direct system formation through the Y or
Z matrices, the R-Z matrix could be formed from initial solutions at the previous time step,
and then reduced through nodal elimination into a Z matrix form. Afterwards, the reduced Z
matrix or the inversion Y matrix could be directly used to represent the transformer as a

simple three-phase element.

Another subject for future research would involve extending the developed transformer

parameter estimation technique to multi-limb ‘4 and 5’ core-type transformers. Moreover, the
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accuracy of the parameter-estimation technique increases the possibility of using a similar
estimation technique for detecting and distinguishing of faults during transformer energiza-

tion.

Although the sequential energization technique has been proved effective for inrush-current
reduction, this technique has two main limitations. Because of the scheme’s sequential
energization, the possibility of ferroresonance development is high for some transformer
connections. However, the scheme could be implemented with a simple point-on-wave
energization for the second and third energized phases with a series resistor applied to the
first energized phase. Only one voltage measurement with a suitable independent-pole
breaker would be required for such an arrangement. For such a scheme, a considerable
reduction in cost could be achieved for applications consisting of a large number of trans-
formers to be energized. Potential applications already exist for wind farm transformers.
These applications will, in turn, eliminate the requirement to measure the voltage and

estimate the residual flux for each transformer independently.
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Appendix

Laboratory Transformer 30kVA, 208/208, Yg/ A, 3-legged core

Open circuit and Short Circuit tests

Open Circuit Test:
Ve V) T (A Ipeak P(W) S(VA Q(VAn
10.1 0.731 0.159 0.49 0.73 0.55
2065 0.110 0.221 1.74 229 1.49
3027 0.147 0.279 3.46 4.44 277
399 0.181 0.300 5.77 7.2 432
50.05 0.221 0.310 8.88 11.1 6.6
59.7 0.268 0.376 12.7 16.1 9.9
70.1 0.327 0457 174 229 14.9
81.2 0441 0705 236 358 269
90.4 075 1275 30 67 60
949 1054 1791 34 100 94
100 1492 2238 40 149 144
105.3 1926 3081 40 203 199
1098 2495 4241 50 272 267
115.8 3.018 4828 83 351 351
1186 3625 5437 52 434 431
Short Circuit Test:
0268 761 073 153 21 14 0.026419 0.024175 6.412E-05
0354 1005 073 248 35 24 0.024554 0.023762 6.303E-05
0.61 1721 073 745 101 7 0.025153 0.023634 6.269E-05
0805 2263 073 13.09 182 125 0.025561 0.024408 6.474E-05
1.081 3008 073 2363 324 222 0.026116 0.024536 6.508E-05
1232 3443 073 317 437 30 0.026741 0.025307 6.713E-05
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