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Abstract17

During space weather events, geomagnetically induced currents (GICs) can be induced18

in high voltage transmission networks, damaging individual transformers within substations.19

A common approach to modeling a transmission network has been to assume that every sub-20

station can be represented by a single resistance to Earth. We have extended that model by21

building a transformer-level network representation of New Zealand’s South Island trans-22

mission network. We represent every transformer winding at each earthed substation in the23

network by its known DC resistance. Using this network representation significantly changes24

the GIC hazard assessment, compared to assessments based on the earlier assumption. Fur-25

ther, we have calculated the GIC flowing through a single phase of every individual trans-26

former winding in the network. These transformer-level GIC calculations show variation in27

GICs between transformers within a substation due to transformer characteristics and con-28

nections. The transformer-level GIC calculations alter the hazard assessment by up to an29

order of magnitude in some places. In most cases the calculated GIC variations match mea-30

sured variations in GIC flowing through the same transformers. This comparison with an31

extensive set of observations demonstrates the importance of transformer-level GIC calcula-32

tions in models used for hazard assessment .33

1 Introduction34

During space weather events the interaction of coronal mass ejections (CMEs) and35

high speed streams with the Earth’s magnetic field gives rise to electric currents flowing in36

the ionosphere and magnetosphere. The magnetic field variations associated with these cur-37

rents during geomagnetic disturbances induce an electric field at the Earth’s surface through38

an interaction with the conducting ground. The electric field induced during these distur-39

bances leads to an electromotive force in long conductors such as electrical transmission40

lines causing currents to flow along the conductors. These geomagnetically induced cur-41

rents (GICs) can cause a DC offset current to flow through the windings of transformers42

connected to the transmission lines at substations. GIC can damage transformers through43

magnetic saturation of the material in the transformer’s core which leads to overheating and44

generation of harmonics. GICs have been observed at low to mid geomagnetic latitude coun-45

tries including the UK [Erinmez et al., 2002], South Africa [Koen and Gaunt, 2003], Brazil46

[Trivedi et al., 2007], China [Liu et al., 2009], Spain [Torta et al., 2012] and Australia [Mar-47

shall et al., 2013], as well as New Zealand [Béland and Small, 2004; Marshall et al., 2012;48

Mac Manus et al., 2017]. In New Zealand, during the November 2001 storm a single phase49

of Halfway Bush’s (HWB’s) transformer T4 was damaged, subsequently written off and re-50

placed.51

Modeling GIC is useful to understand the impact of geomagnetic storms on power sys-52

tems. A standard approach to modeling GIC, used, for example, by Koen and Gaunt [2003],53

Torta et al. [2012], Beggan et al. [2013], Blake et al. [2016], Bailey et al. [2017] and Divett54

et al. [2017] has been to use the method of Lehtinen and Pirjola [1985] (LP85 hereafter). In55

these applications of the LP85 method substations are approximated as a single resistance to56

Earth and it is usually assumed that equal levels of GIC flow through each transformer in a57

substation. This approach was used to model the GICs due to a uniform magnetic field vari-58

ation for the South Island in Divett et al. [2017]. In that study the substation-level GICs at59

each earthed substation were calculated for a range of directions of the magnetic field.60

Transpower New Zealand Ltd have measured GICs through multiple individual trans-61

formers within substations [Mac Manus et al., 2017; Rodger et al., 2017]. It is important62

to note that these GIC observations are of the GIC flowing through individual transform-63

ers (transformer-level GIC) rather than a total measure of GIC to ground for each substation64

(substation-level GIC). This is an important consideration when comparing modeled GIC to65

observed GIC. Mac Manus et al. [2017] showed that the GICs through different transformers66

can be substantially different, even within the same substation at the same moment in time.67
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It is therefore important to model GIC at the transformer-level rather than the substation-68

level for four reasons:69

1. Individual transformers are impacted differently during storms70

2. Power transformers are generally all different (e.g. age, resistances, winding type,71

power characteristics)72

3. Observations of GIC are usually conducted at individual transformers73

4. With this level of modeling, we will eventually be able to predict which transformers74

will be worst affected by geomagnetic disturbances during a large storm.75

Boteler and Pirjola [2014] showed how autotransformers and normal transformers con-76

nected within a hypothetical substation can be represented in an adaptation of the LP8577

method. Boteler and Pirjola [2017] (hereafter BP17) went on to show how to calculate the78

transformer-level GIC. BP17 then showed how this method could be used to demonstrate the79

influence of the geomagnetic coast effect on power networks using a hypothetical square net-80

work as well as for the test case network of Horton et al. [2012]. More recently, Richardson81

and Beggan [2017] confirmed that the LP85 method used to model GIC in the UK, Ireland,82

Austria, and New Zealand [Beggan et al., 2013; Blake et al., 2016; Bailey et al., 2017; Di-83

vett et al., 2017] correctly calculates the transformer-level current of the test case in Horton84

et al. [2012]. It is this implementation of LP85 which we extend in the present study. We85

shall demonstrate the use of transformer-level GIC calculations within a model of an existing86

network. The South Island is ideal for this demonstration because it is small and isolated .87

Commercial power engineering packages have been used to model transformer-level88

GIC in real networks in the past. For instance Overbye et al. [2012] used the PowerWorld89

package to model the transformer-level GIC flowing in the North American Eastern Inter-90

connect due to a uniform electric field across the region. Overbye et al. [2012] point out91

that the modeling of GIC will be greatly enhanced by comparison with observations. Bu-92

tala et al. [2017] provided comparison of observed and modeled transformer-level GIC using93

PowerWorld in the same network, also with a uniform electric field. In a further example,94

Shetye and Overbye [2015] modeled GIC in the same network using a single resistance for95

each substation. They applied the non-uniform, North American Electric Reliability Corpo-96

ration (NERC) geomagnetic disturbance benchmark electric field across the region but did97

not compare their GIC calculations with measured GIC. In the present study we compare98

modeled GIC with Transpower’s observations across multiple geomagnetic storms showing99

detail of GICs in each transformer at case study substations. This has been uniquely possi-100

ble due to Transpower allowing publication of not only the GIC observations but also details101

of the network configuration. We believe the present study is the first to compare an aggre-102

gate of GIC observations across multiple storms with transformer-level GIC modeling using103

a non-uniform electric field incorporating variation due to ground conductance. Further, the104

present study demonstrates a path for researchers who currently use the LP85 method to cal-105

culate transformer-level GIC — including the geophysical step of calculating the geoelectric106

field. Hence, we provide a different implementation of the calculations that are common in107

commercial packages, that currently do not include the geophysical step.108

The electric field that we use in the present paper to drive the network model was cal-109

culated by Divett et al. [2017] using the thin-sheet modeling approach of Vasseur and Wei-110

delt [1977]. This approach had also been used successfully to calculate geoelectric fields111

for GIC in the United Kingdom, and Austria by Mckay [2003]; Beggan et al. [2013] and112

Bailey et al. [2017], respectively. Divett et al. [2017] compared the output of the thin-sheet113

model to field studies by comparing against induction vectors measured by Chamalaun and114

McKnight [1993], finding good agreement in magnitude and direction. However Divett et al.115

[2017] did note some errors in the direction of calculated fields at the coast compared to116

measured induction vectors which was inferred to be due to the relative coarseness of the117

modeled coastline in the thin-sheet conductance model. The strongest electric fields were118

found to occur when the driving geomagnetic field variation was aligned parallel to the main119
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axis of New Zealand. This direction is only 25 to 30° east of present-day geomagnetic north120

in the New Zealand regionand hence is close to the geomagnetic north magnetic field direc-121

tion expected to be induced by an east-west auroral electrojet. The electric field in this case122

is roughly perpendicular to the west and east coasts, therefore resulting in the greatest ampli-123

fication of the electric field by the coast effect.124

In the present study we have developed a transformer-level representation of the high-125

voltage electrical transmission network of New Zealand’s South Island. We calculate both126

substation-level and transformer-level GIC using the transformer-level network representa-127

tion. We compare the We compare the GICs calculated from the original substation-level128

network representation with the transformer-level network and the ratios of observed GICs in129

transformers at Islington (ISL) and HWB substations reported by Mac Manus et al. [2017]130

and Rodger et al. [2017]. We demonstrate the importance of this transformer-level modeling131

to GIC calculations through this comparison. By presenting the transformer-level GIC details132

of 3 substations we show why GICs vary between different transformers within a substation.133

We believe the present study is the first to compare extensive observations with transformer-134

level GIC modeling using a non-uniform electric field incorporating variation due to ground135

conductance.136

2 GIC observations at the transformer level137

The New Zealand GIC data is particularly extensive in an international context. These138

observations are nearly continuous since 2001 at up to 58 individual transformers. The mea-139

surements were initially intended to monitor currents in the Earth return path of the high-140

voltage DC link between the North and South Islands. By removing the impact of the High141

Voltage Direct Current (HVDC) Earth return currents from the data the remaining current is142

GIC [Mac Manus et al., 2017].143

In the introduction we suggest why it is important to model GIC at the transformer-144

level rather than the substation-level. One of the points we note is that the GICs observed in145

the same substation are different for each transformer in that substation. This is commonly146

seen in the New Zealand data. It is possible to see this variation due to the large number of147

transformers that are monitored within substations in New Zealand. The variation is caused148

by the difference in the resistances of each transformer and its connection to Earth. Evidence149

of these differences has been previously presented in the literature. For example, Mac Manus150

et al. [2017] examined how stray HVDC currents entered into South Island transformers.151

Figure 4 of their paper shows the stray HVDC current seen at each transformer for a fixed152

level of HVDC Earth return current. The figure demonstrates that is is possible to have dif-153

ferent levels of current in each of the instrumented transformers within the same substation.154

Varying GIC current magnitudes inside a single substation are also presented in their paper155

for two example storms: 6 November 2001 (Figure 5 of Mac Manus et al. [2017]), and 2 Oc-156

tober 2013 (Figure 7 of Mac Manus et al. [2017]).157

To provide further evidence, we examine observations of peak GIC at the ISL substa-161

tion, as shown in Table 1. This table shows the magnitude of peak GIC through each of the162

four instrumented transformers at ISL for five recent storms. These measurements demon-163

strate that there is a significant variation in the GIC magnitude in individual transformers164

within the same substation during geomagnetic storms. These observations of the GICs have165

been corrected for HVDC earth-return current [Mac Manus et al., 2017]. Measurements of166

GICs through T6H and T7H were not available from 7 September 2017 as a fault occurred in167

the logging and archiving equipment.168

Trends in the relative magnitude and ratio of GIC through each transformer are clear169

across all five storms in Table 1. T3H and T7H experience similar levels of GIC. However,170

the GIC through T6H is 3 times that through T3H. On the other hand, GIC through T9H171

is 1/3 that through T3H in all but the 2 October 2013 storm. Therefore there is a factor of172
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Table 1. Peak GIC (in Amps) through transformers at Islington (ISL) during five recent large storms (times
given in UT). Dashes indicate no data were available. The H in the transformer name indicates the high
voltage winding.

158

159

160

Time, UT T3H T6H T7H T9H

2 October 2013 1:56 5.5 19.1 - 4.0
17 March 2015 4:46 6.4 17.0 5.7 2.2
22 June 2015 18:34 4.4 12.2 3.7 1.4
7 September 2017 23:02 6.6 - - 2.4
8 September 2017 12:41 6.6 - - 0.5

approximately 9 between the peak GIC at T6H to T9H which is a significant difference in173

the amplitude of GIC. These values suggest there are consistent ratios between the GICs ob-174

served at each transformer in the same substation for multiple storms. We note that the val-175

ues are not identical from storm to storm, and suggest this may be due to differences in the176

geomagnetic forcing from storm to storm. One example of these differences between storms177

is the distributions of magnetic frequency components present, which are expected to cou-178

ple to each transformer differently due to transformer frequency response factors. Previously,179

it was reported by Rodger et al. [2017] that the peak GIC measured at HWBT4L was con-180

sistently 3× larger than ISLT6H. These ratios of GICs through different transformers during181

several storms provide a useful measure to compare against modeled GICs due to the consis-182

tent trend over several storms.183

3 Method: developing a transformer-level GIC network representation of the South184

Island from a substation-level representation185

We have developed a transformer-level network representation of the South Island’s190

power transmission network. This is based on the substation-level nodal network approach191

of LP85 so that we can make use of their matrix calculation techniques. This substation-level192

representation was used to calculate GICs across the South Island of New Zealand by Divett193

et al. [2017]. In our first modification to the LP85 method we make a transformer-level net-194

work representation of the South Island’s electrical transmission network. In this representa-195

tion a single phase of the high voltage (220 kV, 110 kV, and 66 kV) windings of every trans-196

former in the transmission network is accounted for. This technique is based on the Boteler197

and Pirjola [2014] technique for describing autotransformers and normal transformers in the198

node and connector model developed by LP85. In the second modification to the LP85 ap-199

proach we use this transformer-level network representation to calculate the current through200

each individual transformer winding in the South Island using Boteler and Pirjola’s [2017]201

technique.202

This approach was suitable in our case as we started with an existing implementation203

of LP85’s matrix calculations for the South Island. Because of this making the modifications204

was a minor change. Boteler [2014] showed that GIC modeling can also be performed using205

the Nodal Admittance Matrix method (e.g.: Guile and Paterson [1977]) that is common in206

power industry packages. Boteler and Pirjola [2014] show that the LP85 method is mathe-207

matically equivalent to the Nodal Admittance Matrix method and points out that the second208

method is often preferred by electrical engineers. Boteler and Pirjola [2014] also point out209

that the Nodal Admittance Matrix method provides a clearer sequence of calculations to cal-210

culate the same transformer-level GIC, compared to the LP85 method.211

The transformer-level GIC is the current that flows through a specific winding of a spe-212

cific transformer within a given substation. On the other hand the substation-level GIC is the213
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total GIC flowing to Earth through the Earth grid resistance (EGR), also called substation214

grounding resistance or earth ground resistance .215

We have focused on key locations that Mac Manus et al. [2017] and Rodger et al.216

[2017] report as having high levels of observed GICs and have experienced documented dis-217

ruption during geomagnetic storms in the past [Marshall et al., 2012]. Transformer number218

6 at ISL (ISLT6) shows relatively high observed GICs during geomagnetic storms. (Note,219

ISLT6 is called M6 in Mac Manus et al. [2017] and Rodger et al. [2017] based on an old220

Transpower naming convention, but we are calling it T6 for consistency with other trans-221

former names). Archived observations started at ISLT6 in November 2001, and thus ISLT6 is222

one of the longest monitored transformers in the South Island network. The highest observed223

GIC through this transformer was during the 6 November 2001 storm which was 33 Amps.224

Transformer number 4 at HWB (HWBT4) is the transformer that was written off, and subse-225

quently replaced, after the 6 November 2001 storm [Béland and Small, 2004]. Transpower226

have been measuring GICs at HWBT4 since 2013 [Mac Manus et al., 2017].227

Figure 1 shows the location of all 64 substations in the South Island, marked by crosses.228

The 29 earthed substations are labeled, substations where the high voltage transformers229

(>33 kV) are unearthed are not labeled. Transmission lines are assumed to follow a straight230

line between nodes which is a commonly applied modeling approximation. The resistance of231

a single phase of each of the three phase transmission line varies from 0.039Ω for the 220 kV232

line between OHB and the nearest unearthed substation to 7.1Ω for the 66 kV line connect-233

ing COL to the unearthed substation directly north of COL, shown in Figure 2 by varying234

colors. These locations and resistances are the same as those used in the substation level GIC235

modeling of Divett et al. [2017].236

Note that we discuss transformer windings in several places in this paper in reference237

to the high or low voltage winding of a transformer. In this context we are referring to the238

total turns of a transformer coil, rather than each individual winding (or turn) of a coil . In a239

two-winding transformer with high voltage windings and core separate from the low voltage240

windings and core (referred to here as normal transformers) the high side winding refers to241

the windings on the high voltage side while the low side winding refers to the windings on242

the low voltage side. In autotransformers the winding between the 220 kV and 110 kV buses243

is called the series winding, while the winding between 110 kV and 0 kV buses is the com-244

mon winding. We also refer to a bus or busbar, meaning the three solid conductors, one for245

each phase, for distributing the currents between all the lines and all the transformer termi-246

nals within a substation. Finally, we also refer to a tap or center tap, meaning a contact made247

to a point part way along the windings of an autotransformer.248

3.1 Modeled geo-electric fields for GIC calculation249

We drive the network representation by the electric fields calculated by Divett et al.250

[2017] in a domain around New Zealand discretized into 96 × 96 square grid cells. Cells are251

1/6th of a degree (roughly 20 km) in the north and east directions. This calculation used the252

thin-sheet model of Vasseur and Weidelt [1977], with a two dimensional thin-sheet conduc-253

tance model and depth variation specific to New Zealand’s geology, based on magnetotel-254

luric measurements, geology and bathymetry. A uniform geomagnetic field variation was255

assumed. This driving magnetic field variation is uniform across the grid, with a period of256

10 min, and magnitude of 500 nT. We chose this period and amplitude to represent a mod-257

erately large geomagnetic disturbance. The direction of this geomagnetic field is 50° east of258

north, roughly parallel with the main axis of the South Island. The electric field variation259

calculated by this method is predominantly oriented to the Northwest, roughly perpendicu-260

lar to the South Island’s main axis. This direction was chosen for this study because it gives261

the strongest electric field . Geomagnetic north varies from 21.5 to 25.5° east of geographic262

north from the south to the north of the South Island, hence the direction of the driving mag-263

netic field is 28.5 to 24.5° east of geomagnetic north respectively. The direction of the driv-264
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Table 2. Symbols used in our study, Vectors made of these quantities are indicated by overbars, Matrices in
bold.

277

278

Symbol Description

Isub Total GIC flowing to Earth at a substation, through the Earth grid resistance (EGR)
Itrans GIC flowing through a general transformer
IT1L GIC flowing through a specific transformer winding, in this case T1L
Inm GIC flowing from node n to node m
Jm,n Current source across the impedance of the transmission line connecting node m to n
V n
m Voltage difference between nodes n and m

V a
e Voltage at node a relative to local Earth for that substation

Rtrans Resistance of a general transformer winding
Rn
sub

Resistance of the nth substation (in LP85 substation-level calculations)
Rn
e Resistance of the nth Earth grid resistance (in the transformer-level calculations)

RT1L Resistance of a specific transformer winding, in this case T1L
Rm,n
line

Resistance of the transmission line connecting nodes m and n
Rm
n Resistance (transformer or transmission line) between nodes m and n

ing magnetic field will influence the relative intensity of GICs at each substation, as shown265

for New Zealand by Divett et al. [2017], and possibly for each transformer within a substa-266

tion. For demonstration of the transformer-level GIC calculations we have chosen a single267

direction that is representative of a geomagnetic disturbance that would be expected to lead268

to large GICs.269

The magnitude of Divett et al.’s (2017) calculated electric field varies around the South270

Island. The strongest electric field of ∼ 1.5 V/km occurs in the mountains of the Southern271

Alps to the west of Christchurch. These locations are shown on the map of the South Island272

in Figure 1. Near the coast there is localized deflection away from the northwest direction at273

locations where the coast is not oriented to the northeast, due to the coast effect [Parkinson274

and Jones, 1979; Mckay and Whaler, 2006].275

3.2 Starting with substation-level network representation and calculation276

We will describe the standard formulation of the LP85 method first because the ex-279

tended method used in the present paper is based on this formulation. The symbols used for280

the LP85 method, and the subsequent extension, are listed and described in Table 2. In this281

section we use the nodal network representation shown in Figure 2a. In the LP85 method282

each substation is represented as a node (l, m, and n in Figure 2a) and a resistor, Rtrans . The283

resistor represents the combined resistance of every transformer within that substation. Each284

substation is earthed through the Earth grid resistance, Re. Nodes are connected by a single285

transmission line resistor, representing a single phase of the three phase transmission lines286

(e.g.: Rm,n
line

connecting nodes m and n).287

The first step in calculating the GICs in the nodal network representation is common to288

both the substation-level and transformer-level models. We calculate the current source due289

to GIC, Jm,n, along each transmission line by290

Jm,n =
1

Rline

∫ n

m

−→
E ·
−→
ds. (1)

The integration is adding the electric field −→E along the path of the ith transmission line291

that connects the mth and nth substations, with line elements
−→
ds. The resistance of a single292
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phase of that transmission line is Rline. A vector of current sources is built up by performing293

this operation on every transmission line.294

The resistance of the network is described mathematically by two matrices: the net-295

work admittance matrix, Y, and the earthing impedance matrix, Z. In the network admit-296

tance matrix, the off-diagonal elements contain the negative admittances (-Ym,n = −1/Rm,n
line

)297

of the lines connecting nodes m and n. The diagonal elements are formed by summing the298

admittance of every transmission line into each node. Assuming that all substations are far299

enough away from each other that the GIC flowing to Earth at one node does not affect the300

voltages at another node, the earthing impedance matrix is diagonal. Each diagonal element301

of Z is the Earth grid resistance of that node. In the case of the substation-level calculation,302

each nth element of Z is Rn
sub
+ Rn

e . GIC varies slowly compared to the 50 Hz AC power so303

we assume that a DC treatment is sufficient and Y and Z are therefore assumed to be real,304

following most previous GIC modeling studies. We note that the network inductance can be305

high so some transient time lag of the GIC could be introduced which we are not represent-306

ing.307

The vector of substation-level GICs, Isub , flowing to Earth at each substation is then308

calculated by309

Isub = (1 + YZ)−1 J (2)

following LP85.310

3.3 Transformer-level network representation311

We have represented each transformer in a specific substation by adapting the node and312

connector network representation of LP85, using the techniques described in Boteler and Pir-313

jola [2014]. Three nodes of LP85’s substation-level node and connector network represen-314

tation are shown in Figure 2a, where the nth substation is represented by the single resistor,315

Rn
trans . However, it is clear from the Single Line Diagram of Invercargill (INV) substation in316

Figure 2b that real substations are more complicated than this, and cannot be represented by317

a single resistor. The block diagram in Figure 2c shows how we have represented this exam-318

ple substation in the nodal network representation. That representation allows a modification319

of the nodal matrix calculation method to calculate GIC flowing to Earth at each substation320

and the GIC flowing through each transformer winding in our modified method.321

We show INV as an example of this technique because it is the simplest substation in322

the network that exhibits all of the key features that we need to represent:323

1. multiple voltage levels324

2. parallel transformers325

3. autotransformers326

4. normal transformers327

The Single Line Diagram in Figure 2b includes various disconnectors (three digit numbers),328

circuit breakers (three digit numbers in boxes), bus connections, and other features which are329

of little interest to a GIC modeler. Transmission lines to other substations are indicated by330

lines continuing out of the top (220 kV) and bottom (110 kV) of the figure. The key features331

for GIC modeling are the three transformers near the bottom of Figure 2b (labeled T1, T3332

and T5). T1 is an autotransformer with the series winding connected to 220 kV, the common333

winding connected to the 0 V node, and a tap at 110 kV as shown in Figure 2c. T1’s function334

is to convert 220 kV power to 110 kV but from the perspective of GIC the DC resistance of335

the windings provide a path for GIC to flow between each of the three nodes. T3H and T5H336

are the high voltage sides of ‘normal’ transformers which convert 220 kV to local distribu-337

tion voltage. Only the high voltage side is shown because the local distribution lines con-338
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necting to the low voltage side have relatively high resistances and short lengths compared to339

the high voltage transmission lines. Therefore we assume that local distribution lines do not340

contribute significantly to GIC and consequently these circuits are not modeled.341

However, a problem arises in trying to fit multiple transformers into the LP85 network342

representation. This problem occurs when trying to fit multiple nodes within the same sub-343

station, representing different voltage buses, to the nodal representation of LP85. It is simple344

enough to represent each transformer winding as a DC resistance that connects each high345

voltage node to the 0 V node. The neutral connection (or earthed connection) of each trans-346

former is connected to the Earth mat then to local Earth through the EGR at the same sub-347

station. In this case, the simple representation of Rnode = Re + Rtrans with a single node348

per substation, which is used in LP85’s representation, does not work. This is because the349

EGR is in series with several parallel transformers, each of which is also connected to a high350

voltage bus within the substation. Calculation of the GICs flowing to Earth through each of351

these transformers using the LP85 method would require a calculation of the current through352

a resistor in series with parallel resistors that the simple network representation is not capable353

of representing. Hence, calculating the GIC through each transformer requires a small mod-354

ification of the LP85 approach. We call this modified approach a transformer-level network355

representation, to calculate transformer-level GICs. In the following subsections we show356

how we deal with multiple nodes within a single substation and different transformer types.357

As an additional complication, Transpower have installed neutral Earth resistors (NERs)365

in series with transformers at some substations. These NERs were installed to reduce the366

level of HVDC Earth return current that enters the network at locations around the South367

Island when the HVDC link is operating in earth-return mode, as described by Mac Manus368

et al. [2017]. These NERs also have the effect of reducing the GICs flowing to ground by369

a simple increase in the effective resistance connecting the 0 V node to the higher voltage370

nodes within a substation. These NERs are included in the network representation at substa-371

tions by adding the resistance of the NER to transformer winding resistance where they are372

installed. The case study for the ISL substation we present later in this study (in section 4.3)373

includes the NERs installed there.374

3.3.1 Multiple voltage levels within a substation375

In our transformer-level approach, each high voltage bus within a substation is repre-376

sented as a node as shown for the 110 kV and 220 kV buses in Figure 2c. These nodes and377

color coded buses have also been added to Figure 2b for comparison. Note, the Earth node378

is not shown in Figure 2b. Each of these high voltage nodes is connected to local Earth by379

an infinite ‘virtual resistor’ for consistency with the LP85 method, following Boteler and380

Pirjola [2014]. The resistance of these ’virtual resistors’ is represented as 1010 Ω to avoid381

dividing by zero in the matrix inversion of equation 2, as noted by Boteler and Pirjola [2014]382

and Divett et al. [2017]. In reality, the ’leakage current’ will flow into local Earth through the383

non-infinite insulators in the substation but is not large enough to be of interest. In the model384

it is in the order of 10−10 A.385

The Earth mat, or 0 V node, is connected to local Earth by the EGR . Transpower pro-386

vided the most recent measurements available of EGR for each of the 29 earthed substations387

on the South Island’s high-voltage transmission network. The location of all 29 are shown388

in Figure 1. Across the South Island the EGR values range from 0.04 Ω at SDN to 4 Ω at389

KUM. These values differ by two orders of magnitude due to factors such as underlying rock390

type, local soil type, and moisture content. The other 35 substations are not earthed on the391

high-voltage side of the transformer because they use delta-wye (Dy) transformers, where392

any Earth connection is on the local distribution side of the transformer. These 35 unearthed393

substations do not provide a path for GIC to flow into or out of the high voltage transmission394

network because there is no direct connection to local Earth at these locations. The EGR at395

unearthed substations is assumed to be 1010 Ω, following Divett et al. [2017].396
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In the example substation shown in Figure 2 we now have three nodes, each of which397

is connected to local Earth by either an EGR or ‘virtual’ resistor, consistent with the LP85398

network representation. Using the terminology of LP85, the high voltage winding of a nor-399

mal transformers such as T5H or T3H at INV become ‘line’ resistances connecting the 0 V400

node and 220 kV node in Figure 2c. For the autotransformer T1 with a tap at 110 kV the se-401

ries winding (T1H) connects the 220 kV node to the 110 kV node and the common wind-402

ing (T1L) connects the 110 kV node to the 0 V node. High voltage nodes (both 110 kV and403

220 kV) are also connected to the rest of the network through resistive transmission lines,404

in most cases multiple lines per node. These transmission lines are represented by the green405

resistive element in Figure 2c with the current source, J, induced in that line by the electro-406

motive force shown in parallel with these transmission lines, in the same way that they are407

represented in the LP85 method.408

3.3.2 Autotransformers, normal transformers and parallel transformers409

The DC resistance of each common, series, high, or low voltage winding is found by410

dividing the phase-neutral DC winding resistance of a single phase by three. Thus, the DC411

resistance represents the resistance to a DC current flowing through all three of the three-412

phase windings in parallel. The DC resistance of every high-voltage transformer in the South413

Island network was supplied by Transpower. Hence, these are the actual resistances to GICs414

flowing through the network rather than the approximations, as used in many previous mod-415

eling studies.416

It is common for more than one transformer to connect the same buses in parallel417

within a substation. These parallel transformers are represented in our model by adding the418

resistances in parallel when constructing the network admittance matrix in the same way that419

Divett et al. [2017] did for parallel transmission lines.420

Autotransformers such as INVT1, shown in Figure 2, connect two high-voltage nodes421

as well as Earth. In contrast, each winding of a normal transformer only provides a direct422

connection between one high-voltage node and Earth. Our example substation shows only423

the high-voltage side of two normal transformers (INVT3H and INVT5H) connecting 220424

kV to 0 V. The low voltage side of these transformers connects to the local distribution (33425

kV) side of the substation and is not modeled in our representation for reasons described ear-426

lier in section 3.3.427

The significance of these two types of transformer to GIC is that autotransformers pro-428

vide a more direct path for GIC to couple between two different voltage lines than normal429

transformers. In the case of a normal transformer connecting the 220 kV network to the430

110 kV network, the GIC entering the substation on a 220 kV transmission line must flow431

through the high voltage side of the transformer, then through the Earth mat, before flowing432

through the low voltage side of the transformer and into the transmission lines on the 110 kV433

network. This is one example of how the detailed electrical connectivity inside a substation434

can make a significant difference to the GIC magnitudes in individual transformers.435

3.4 Calculating transformer-level GIC436

Boteler and Pirjola [2014] provide a method to represent a combination of auto-transformers437

and ‘normal’ transformers in LP85’s network representation that does not require off-diagonal438

elements to the earthing impedance matrix. Significantly, this method correctly represents439

the transformer resistance between different voltages in the network. This allows the cor-440

rect calculation of GIC flowing between sub sections of the network which supply different441

voltages. This impedance between voltages is not represented at all in the simpler network442

representation and may yield a reduced GIC for lower voltage sections of the network. It may443

also reduce the impact of the lower voltage sub-networks on the higher voltage sections.444
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We now have every transformer within every earthed substation in the South Island445

network represented in a way that is consistent with the LP85 network representation, as446

shown in Figure 2. We can then use matrix calculations to calculate the GIC through the447

DC resistance of each transformer winding using the following approach. The transformer448

winding resistances are used to calculate impedance between nodes within a substation in449

the network admittance matrix, Y. The line resistance of a single phase of each transmission450

line, measured and provided by Transpower, is used for the resistance of transmission lines451

connecting substations. The Earth grid resistances, Rn
e , which are either the EGR supplied452

by Transpower or apractically infinite ’virtual resistance’, are then used to build the earthing453

impedance matrix, Z. This means that by applying equations 1 and 2 we have now calculated454

the GIC flowing to Earth through every earthing resistor. In the case of the 0 V nodes the455

calculated GIC is the substation-level GIC, Isub , representing the total GIC flowing to local456

Earth through the EGR at a given substation. However, in the case of each high voltage node,457

including the ’virtual resistor’ is essential to calculate the GIC flowing through transformer458

windings, even though the modeled current in the virtual resistor is on the order of 10−10 A.459

Within a substation the GIC through each transformer, Itrans , is calculated by two sim-460

ple applications of Ohms law, as described by Boteler and Pirjola [2017]. First we calculate461

the node voltage, relative to the local substation Earth, by462

Ve = Isub · Re (3)

as an element-wise multiplication of the vectors of GIC flowing to Earth, In
sub

through the463

Earth grid resistance at each of the nodes, Re, including the virtual resistors.464

Then we calculate the voltage difference between each node from465

Vm
n = V n

e − Vm
e (4)

for all nodes within every substation. Then finally the GIC flowing through the DC resistance466

of each winding of each transformer, Rtrans , can be calculated using467

Itrans =
Vm
n

Rm
n

(5)

also calculated element-wise in a vector operation. It should be noted that V n
e and Vm

e are468

relative to local Earth for each specific substation. When we use the full matrix method to469

calculate the voltage difference between nodes, Vm
n , and the current flowing between nodes,470

Itrans , we find both a voltage for nodes at different substations (across transmission lines),471

and the voltage difference between transformers within a substation. While Vm
n does repre-472

sent the expected voltage difference at each node within a specific substation, the calculated473

current flowing between nodes at different substations does not represent the GIC flowing474

through that transmission line. To be clear about this point, equations 1, 2, and 3 do include475

the effect of different local Earth voltages, while this effect is removed in equations 4 and 5.476

4 Results: Transformer level GIC across the South Island477

4.1 Calculated substation-level GIC across the South Island with transformer-478

level network representation479

GICs calculated using the earlier, substation-level network representation [Divett et al.,480

2017] for each of the earthed substation in the South Island network are shown in Figure 3a.481

In contrast, the substation-level GICs calculated using the transformer-level network repre-482

sentation are shown in Figure 3b. In both cases we used the electric field calculated by the483

thin-sheet model with a uniform magnetic field and conductance model derived from magne-484

totelluric measurements, geology, and bathymetry described in section 3.1.485

In most of the southern part of the network the transformer-level representation results486

in GICs that are about 25% higher than GICs using the substation-level representation. Do-487

ing the modeling at the transformer-level we better include multiple voltage levels so we get488
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Figure 3. a) Total substation GIC flowing to Earth at each substation using the substation-level network
representation from Divett et al. [2017], b) substation-level GIC using the transformer-level network represen-
tation and c) the transformer-level GIC flowing through each transformer within three key substations.

505

506

507

more accurate results, relative to the earlier substation-level modeling. The GIC magnitude489

at some of the central hydro dam (ROX, BEN, and OHA), and Dunedin (HWB) substations490

are significantly higher with the transformer-level of detail represented. AVI, TIM, BRY,491

NMA, and BGR are the only locations with smaller GICs in the transformer-level network492

representation. BGR is an unusual case because it is part of the HVDC link to the North493

Island. GIC is 0 A at BGR in the transformer-level network because it is not actually con-494

nected to the AC network. This is a demonstration of where a transformer-level representa-495

tion of the network is crucial to understanding GIC risk. If we assumed the substation was496

a 0.5 Ω resistor (as commonly applied in GIC modeling studies) we would incorrectly cal-497

culate the GIC to be 24 A when in fact it should be 0 A. GIC at nodes on Tasman (COB)498

and the West Coast’s (DOB, KUM and OTI) 66 kV nodes are of similar size in both models.499

The 25% increase in GIC magnitude for multiple locations demonstrates the importance of500

including this level of detail to represent each substation. The previous simplified represen-501

tation not only does not include the level of detail required to compare against observations502

and identify individual transformers at risk, but also underrepresents the modeled GIC com-503

pared to a transformer-level network representation.504

The highest magnitude of modeled substation-level GIC in the South Island network is508

Isub = −68 A at the STK substation. This is surprising, as it is not a location that is known to509

have been damaged by GICs. There are also no measurements of GICs at STK, which high-510

lights the value of modeling GIC in this way. We have identified STK as a location that is511

at risk and suggested that Transpower install monitoring equipment here. The high GIC at512

STK is probably caused by STK’s location at the edge of the electrical network and the lo-513

cal topography. Near STK the coast rises abruptly to mountainous terrain in a sharp corner514

of Tasman Bay. The resulting steep gradient of ground conductance leads to a strong geo-515

electric field aligned parallel with transmission lines that run Northwest and Southeast from516

STK. The uniform magnetic field we have used in this model also contributes to high GIC517

at STK. During a real geomagnetic storm the magnetic field variation is likely to be of lower518

magnitude to the northern end of the South Island compared to the southern end. This would519

reduce the impact of GIC on STK, relative to what our modeling suggests. However, it also520

possible that during a large storm the geomagnetic variation would move further north with521

the expansion of the auroral oval, in which case the calculated GIC might be representative522

of a large storm.523
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The next highest magnitude of substation-level GIC is Isub = 61 A at ROX which is524

also not a location known to experience high levels of GIC. This is easily explained by look-525

ing at the transformer level for this substation. There are 8 normal transformers connected526

in parallel at ROX, which are electrically similar as well as one autotransformer. The GIC is527

divided more or less evenly through each transformer. The resulting transformer-level GIC528

at ROX is only 16 A through the autotransformer’s series winding, 6 A through the common529

winding, and 11 A flows through each of the 8 normal transformers. Hence, although at the530

substation-level the GIC looks high at ROX, the transformer-level GIC at ROX is only one531

third to a half of the highest transformer-level GICs which are shown in Figure 3c.532

The next highest magnitude substation-level GICs are at the two substations at Christchurch533

(BRY and ISL) and BEN, Figure 3b. The peak observed GICs through transformers at BRY534

were approximately 1/3 those at ISLT6 during the 6 November 2001 storm [Mac Manus535

et al., 2017]. The transformer-level modeled GIC at BRY is 19 A, about twice the modeled536

GIC at ISLT6. Further work is required to understand the difference between the ratio of GIC537

that occurred at BRY and ISL. The uniform magnetic field used in this model may account538

for some of this difference between modeled and observed ratios as BRY and ISL. This is539

possible because ISL and BRY are connected to distinctly different sets of transmission lines540

despite being located in the same city. Those transmission lines traverse different parts of the541

country so can potentially pick up induced current from different electric fields particularly542

due to coastal effects and spatial variation in the magnetic field.543

On the other hand we do see a reasonable agreement in the ratios of transformer-level544

GIC at ISL and HWB. If we only looked at the ratio of modeled substation-level GIC at545

HWB and ISL we would conclude that IHWB/IISL = 0.67. This substation-level ratio is546

in stark contrast to the ratio of IHWBT4/IISLT6 ≈ 3 which comes from observations of547

transformer-level GIC at several storms over the period of Transpower’s GIC observations548

at both substations (2013 to 2015) [Rodger et al., 2017]. The very different ratios are easily549

explained by looking at the transformer-level modeled GICs for the two substations.550

This difference in ratio of GIC at HWB and ISL is the most significant result of the551

comparison between substation-level GIC and transformer-level GIC in Figures 3b and 3c.552

The difference between the observed ratio and modeled substation-level ratio demonstrates553

the importance of modeling transformer-level GIC instead of substation-level GIC. The554

substation-level GIC at ISL is 52 A, among the highest in the South Island. However, the555

highest modeled transformer-level GIC at ISL is only 10 A, at most, only half that at HWBT4L.556

Thus, calculating the transformer-level GIC shows that while ISL is still exposed to a GIC557

risk, HWB is at a significantly higher risk from GIC than ISL. This prediction would not558

have been possible if the calculation had stopped at the substation level and more accurately559

represents the observations of GICs and impacts on transformers in the South Island during560

storms.561

4.2 GIC through individual transformers at HWB562

In Figure 3c we zoom in to focus on the modeled transformer-level GIC at key substa-566

tions in the network. We choose to focus on these locations because transformers at HWB567

and ISL have exhibited high levels of observed GIC (particularly at HWBT4 and ISLT6) in568

the past and due to the damage at HWBT4 in 2001.569

The different transformer characteristics and connections impact GIC depending on570

how each substation and each transformer within the substation are designed. We show how571

these designs impact the transformer level GIC for our three test case substations on the572

block diagrams in Figures 4, 5 and 6, respectively . We label the DC resistance on the rect-573

angular box that represents the DC resistance of each transformer winding. The magnitude574

of the transformer-level GIC in each transformer is shown in these figures by the length of575

the colored bars.576
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The DC resistance of each transformer winding and substation design contribute to the577

high levels of GIC at HWB. HWB substation has 3 voltage nodes: 0 V, 110 kV and 220 kV,578

represented in Figure 4 by black, red, and yellow nodes and lines, respectively. The multi-579

ple connections of the 110 kV and 220 kV nodes to the rest of the South Island’s transmis-580

sion network are represented by transmission line resistors, shown in green in Figure 4 for581

each node. Both HWBT4 and HWBT6 are auto transformers connecting 220 kV and 0 V582

nodes with a tap at 110 kV. The series and common windings of HWBT4 are HWBT4H and583

HWBT4L, respectively and likewise for HWBT6.584

The transformer-level modeled GIC at HWB very simply highlights the important dif-585

ferences between the substation-level GIC and transformer-level GIC shown in Figures 3b586

and 3c. The substation-level GIC at HWB does not look remarkable compared to substations587

such as ROX. However, it is apparent that the GIC through individual transformer windings588

is significantly higher. This is due to the low number of transformers at HWB for the GIC to589

be spread between, the distribution of their resistances, and the specific way that these trans-590

formers are connected to voltage buses within HWB substation.591

As noted above, in Figure 4 the transformer-level GICs flowing through the series and592

common windings of each of the two autotransformers at HWB is shown by the length of593

the red bars inside each box, respectively in Figure 4. With the GICs and resistances shown594

in this way it is clear that the high transformer-level GICs (particularly the 19.5 A flowing595

through HWBT4L) can be explained by a combination of four aspects of the network:596

1. low line resistance on the 220 kV lines,597

2. higher line resistance on the 110 kV lines,598

3. the parallel connection of two autotransformers and599

4. the relative resistance of those autotransformer windings.600

Due to these factors, our modeling suggests that HWBT4L will experience higher GIC (and601

thus higher hazard levels) than other transformer windings in the HWB substation. Further,602

our modeling indicates that the HWBT4L transformer winding will have the highest GIC in603

the South Island, with the possible exception of STK, as discussed in section 4.4.604
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4.3 GIC through individual transformers at ISL605

The block diagram of the resistances and connections for transformer windings at the609

ISL substation are shown in Figure 5. Again the GIC for each winding is indicated by the610

length of red (negative current) or blue (positive current) bars. Note, the blue bars are very611

short due to the low level of GIC in those transformers. This diagram helps explain the flow612

of GIC at ISL in the same way that the block diagram helps explain the differences in current613

through each transformer winding at HWB. However, the transformers at ISL are all normal614

transformers with ISLT3, ISLT6 and ISLT7 designed to convert power from 220 kV to 66 kV.615

ISLT1, and ISLT2 are designed to convert power from 220 kV to the local distribution volt-616

age of 33 kV. The low voltage side windings on the local distribution network are not repre-617

sented in our representation or shown in Figure 5 due to the high resistance of the connection618

to Earth of the local 33 kV network. ISLT9 has a 12.5 kV low voltage winding and is a ded-619

icated transformer for the Static VAR Compensator, to provide regulation and stability to the620

power system.621

The other major difference between ISL and HWB is the Neutral Earth Resistors (NERs)622

in series with some transformers. The NERs’ function is to suppress the HVDC earth-return623

currents which enter the network at ISL when the HVDC link is operating in earth-return624

mode [Mac Manus et al., 2017]. The NERs also act to suppress the quasi-DC GICs from625

flowing through the high voltage side windings at ISL. The high resistance of the NERs, rel-626

ative to the resistance of the high voltage side transformer windings reduces the GIC that will627

flow to ground through this path. In fact, adding NERs is a technique sometimes used to mit-628

igate the impact of GICs on electrical networks (for example, Hussein [2016]). The NERs629

serve a dual purpose here as they act to even out the level of GIC that flows through each of630

ISLT1H to ISLT7H.631

The modeled GIC through each of these transformer windings only varies between632

9.2 A and 10 A. This is despite the resistance of these transformer windings varying by a633

factor of 3.4. This consistent level of GIC is due to the similarity of the combined total resis-634

tance of NER plus Rtrans for each of these transformer windings. Of these similar levels of635

GIC, the GIC through ISLT6H is slightly higher, due to it’s slightly lower resistance. Further,636
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the significantly lower modeled GIC flowing through ISLT9H is due to the resistance of the637

NER in series with ISLT9H being double that of the other NERs at ISL. This high NER is638

installed to protect the Static VAR Compensator during a GIC event.639

At ISL, the modeled GIC through T3H and T7H is the same, in good agreement with640

the observations in Table 1. Further, the modeled GIC through T3H is twice that through641

T9H, also in fairly good agreement with the factor 3 seen in the observed GICs in Table 1.642

However, the modeled GIC through T6H is very similar to that through T3H which does not643

match the observed factor of 3 between the two transformers. It is not clear why the observed644

GIC at T6H is 3 times that through T3H, given that the resistance of these transformers is645

similar. The resistance of the NERs and transformer windings are nearly identical. We are646

currently working with Transpower to understand why that difference occurs.647

An interesting feature of the modeled GICs at ISL is the difference in direction of the648

GICs flowing through the three low voltage side transformer windings (ISLT3L, ISLT6L and649

ISLT7L), shown by the blue bars in Figure 5 (again note, the blue bars are very small be-650

cause the GIC is much lower than other GIC shown). This indicates that while GICs flow651

out of the Earth mat and into the 220 kV transmission lines through ISL’s high side wind-652

ings, GIC flowing through the low side windings flows into the Earth mat and out of the653

66 kV transmission lines. The magnitude is small, mostly due to the high line resistance of654

the 66 kV network that connects the low voltage side transformer windings to the rest of the655

network. This change in direction of the GIC demonstrates the complex path that GIC can656

take through high and low voltage side windings of transformers at the same substation.657

To first order the direction of the GIC does not change the impact on a transformer.658

However, if GIC flows in the same direction through both windings of a common-core trans-659

former (such as an autotransformer) then the magnetic flux adds constructively. On the other660

hand if the GIC flows in opposite directions in each winding (as is the case for T3, T6 and661

T7) then the magnetic flux can cancel to some degree, reducing the impact of the GIC on662

the transformer. However, the magnetic flux of the low side of these transformers at ISL is663

very low due to the low magnitude of the GIC and the relatively low number of turns on the664

66 kV windings compared to the 220 kV windings. Despite having little impact on the GIC665

hazard, this effect is a significant difference between the route that GIC flows through the au-666

totransformers at HWB and the normal transformers at ISL. Note also that the direction of667

GIC flowing from the high voltage bus to the Earth mat is conditional on the direction of the668

magnetic field vectors chosen for this modeling study. In reality, the electric field is an ellip-669

tically rotating vector in the horizontal plane, under the plane wave assumption. Hence, the670

direction of the GIC will swap direction every half period as the direction of the electric field671

rotates by 180°, as shown for substation-level GIC by Divett et al. [2017].672

4.4 GIC through individual transformers at STK673

We also present detailed results for Stoke (STK) substation where there are currently674

no GIC observations. STK shows the highest level of modeled transformer-level and substation-675

level GICs in the network. STK is also an interesting substation in that it has a bus for each676

of the three voltage levels of the AC transmission network (50-66 kV, 110 kV, and 220 kV).The677

transformer-level GICs at STK are of greater magnitude and has greater differences within678

the substation than that at either HWB or ISL, as shown in the block diagram in Figure 6.679

STK has a bus for each of the three primary voltages used in the South Island network (66 kV,680

110 kV and 220 kV). These are connected by a combination of autotransformers (STKT3 and681

STKT7) and normal transformers’ high voltage side windings (STKT6H and STKT10H).682

As seen in Figure 6, the highest GIC at STK flows through the T7 autotransformer,683

connecting the 220 kV bus to Earth, with a tap at 110 kV. The reason for this is largely due684

to the difference of the resistance of each possible path connecting the 220 kV bus to the 0 V685

node in Figure 6. The DC resistance of the T7 autotransformer is RSTKT7L + RSTKT7H =686

0.175Ω compared to the relatively higher resistance (0.27Ω) of either of the normal trans-687
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Figure 6. Block diagram showing the DC characteristics of transformer windings at Stoke (STK) substa-
tion. The modeled GIC through those transformers is represented by the length of the red boxes and written
below (above for T6H) the transformer.
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703

formers. Interestingly, the GIC flowing through the common winding of STKT7 is higher688

than that flowing through STKT7’s series winding. This higher GIC flowing through the689

higher resistance windings of the same autotransformer is due to the current through STKT7L690

being split between T7H and the 110 kV transmission lines. The current through STKT7L is691

negative so 8.1 A of the GIC that flows from Earth, through STKT7L, subsequently flows692

into the 110 kV transmission lines while the remaining 22.4 A flows on through the series693

winding of STKT7 and into the 220 kV transmission network.694

The GIC flowing through STKT3 is significantly lower than that flowing through other695

transformer windings at STK. This is due to the relatively higher resistance of these wind-696

ings, compared to other transformers at STK, and the relatively higher resistance of the 66 kV697

transmission lines compared to the 220 kV transmission lines. The GIC through STKT3H is698

higher than that through the low voltage common winding. The difference between the two699

currents (IT3H − IT3L) flows into STKT3H from the 66 kV transmission lines.700

5 Discussion704

Comparisons of the modeled GICs in this study with observations of GICs made by705

Transpower [Rodger et al., 2017] show a reasonable agreement with the reported typical re-706

lationship between GIC magnitude at HWBT4L and ISLT6H. Rodger et al. [2017] compared707

the observed GICs at ISLT6 and HWBT4 during five large space weather events occurring708

between 17 March 2013 and 22 June 2015. In these events the peak GIC flowing through709

HWBT4 was ∼3 times that flowing through ISLT6H. By comparison, the ratio of modeled710

GIC through ISLT6H and HWBT4L is 2. While the modeled and observed ratio are not in711

full agreement, they are certainly comparable given the inherent simplifications made and are712

a great improvement over the earlier substation-level results.713

It is possible that some of the difference between measured and modeled GIC ratios at714

different transformers is due to the modeling assumption that the magnetic field is spatially715
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uniform in a single orientation. If the magnetic field variations were stronger in the south716

of the South Island during a geomagnetic storm, and varied in time with the changing ori-717

entation of the geomagnetic disturbance, it could account for the increased observed GIC718

at HWB compared to ISL that is not seen in the modeled GIC. Further work to represent a719

more realistic spatial and temporal variation of the magnetic field, for example during the St.720

Patrick’s Day 2015 storm is ongoing.721

However, the modeled transformer-level GIC does a far better job of capturing the ob-722

served ratio of GICs at ISLT6H to HWBT4L than the substation-level GIC does. The highest723

modeled transformer-level GIC at a site where Transpower measure GIC is at HWBT4L,724

matching observations of the 2 October 2013 event. Mac Manus et al. [2017] showed that725

the peak GIC observed at HWBT4 was 48.9 A, compared to the next highest observed GIC726

of 19.1 at ISLT6. On the other hand, the modeled substation-level GIC at HWB is actually727

smaller than that at ISL, where HWB GIC is 0.67 of the GIC at ISL. Further, using the com-728

mon assumption that each substation can be represented by a single resistance of 0.5 Ω, this729

ratio (0.33) was even further from the observations. Hence, the transformer-level GICs cal-730

culated in the present study leads to a large improvement in capturing the difference between731

GIC at different locations on the network when compared to models where the substation is732

assumed to be a single resistance to Earth. Ratios of observed GICs through transformers733

within ISL during five recent storms show that some of the modeled ratios of GIC are close734

to observations while the ratio of GIC through ISLT3H to ISLT6H does not match observa-735

tions well. We are working with Transpower to understand this difference. It is not clear why736

the GIC through ISLT6H is so much higher than ISLT3H and ISLT7H based on the reported737

resistances for these transformers.738

Significantly, our method correctly represents the transformer resistance between sub739

sections of the transmission network that are at different voltages. The transformer-level net-740

work representation provides a more complete representation of the resistance to current741

between these sub sections of the network compared to a network where each substation is742

assumed to be a single resistance to Earth. In the INV example substation in Figure 2 the re-743

sistance of the autotransformer T1H connects the 220 kV and 110 kV nodes, providing extra744

resistance to GIC flowing from 220 kV transmission lines to the 110 kV transmission lines,745

or vice-versa. Normal transformers such as T3 at ISL impede current flow between sub sec-746

tions even further, as they have two windings separating the buses at different voltages. This747

resistance between voltages is not represented in previous substation-level network represen-748

tations. Hence, the substation-level network representation would be expected to calculate749

higher GICs for the low voltage sections of the network, compared to the transformer-level750

calculations in the present paper. However, it is worth noting that it is uncommon for Space751

Weather researchers to have access to the level of detail that we have for the New Zealand752

network [Hapgood and Knipp, 2016], as such other regions may not be able to develop such753

a detailed representation.754

6 Conclusions755

We have modeled transformer-level GICs in the South Island of New Zealand’s high756

voltage transmission network. The geoelectric field for the New Zealand region was calcu-757

lated using the thin-sheet method of Vasseur and Weidelt [1977] by Divett et al. [2017]. The758

geomagnetic field variation was assumed to be spatially uniform across the whole domain,759

with a magnitude of 500 nT in the direction 50° east of north at a period of 10 min. This760

single period provides a peak dB/dt = 50 nT/min. We chose this magnitude and period to761

be representative of a moderately large storm without attempting to capture the spatial and762

temporal variability of any particular geomagnetic storm event. This is an intentional ide-763

alization in order to clarify and simplify the presentation of the transformer-level network764

representation and calculations.765
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The modeled electric field was applied to the modified LP85 model. We modified the766

network representation developed by LP85 to account for a single phase of every transformer767

in the network to give a transformer-level network representation of the South Island trans-768

mission network. This more detailed representation is based on the methods for represent-769

ing autotransformers and normal transformers in Boteler and Pirjola [2014]. DC resistances770

for transformers, a single phase of the three-phase transmission lines, and Earth Grid Re-771

sistances were supplied by Transpower. We calculated the GIC through each transformer772

winding using Boteler and Pirjola’s (2017) extension of LP85’s method.773

The modeling indicates that the transformer-level GIC is highest at the STK substation,774

which is not a location where GICs are being monitored at this time. As a result of this study775

we have recommended future monitoring of GIC at STK. Apart from STK, HWBT4 had the776

highest modeled GIC, matching observations of GIC during the 2 Oct 2013 event. The ratio777

of modeled GIC at HWBT4 to ISLT6 is 2. This is close to the ratio of 3 found by Rodger778

et al. [2017] for 2 years of observations at the two substations. It is certainly an improvement779

compared to the factor of 0.67 if we compare results at the substation-level only. This shows780

the importance of calculating transformer-level GIC.781

The modeled GIC flowing through each transformer winding within a substation can782

be quite different even at the same substation. In fact, due to network configuration and783

transformer connections within a substation, the current through series and common wind-784

ings of a single autotransformer can be quite different. Using the block diagrams of Figures785

4 to 6 we can explain how the differences in transformer-level GICs occur due to the combi-786

nation of resistances and connections of transformers within a substation. This supports and787

helps explain the observational findings of Mac Manus et al. [2017] and Rodger et al. [2017].788

We believe that this is the first time that modeled transformer-level GICs, calculated using an789

electric field that included the variations due to ground conductance, have been compared to790

an extensive set of GIC measurements.791

At both STK and HWB the highest GICs flow through the series winding of an auto-792

transformer where there are multiple transformers connecting more than one set of trans-793

mission lines with different voltages. Not surprisingly, in each case it is the path to ground794

with the lowest total resistance that is susceptible to the highest GIC. In contrast, at ISL the795

transformer-level GIC is lower because it is distributed across several parallel normal trans-796

formers that are earthed through neutral earth resistors. Autotransformers provide a more797

direct path for GIC to flow between transmission lines at different voltages, compared to nor-798

mal transformers where the GIC flows through both windings and the Earth bus. Thus the799

transformers that are most susceptible to GIC in a network are those with a combination of800

three factors: connections to transmission lines that traverse regions of high electric field,801

transformer configuration, and low transformer resistance.802
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