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Key Points: 18 

 Geomagnetically induced current (GIC) measurements were analyzed for two high 19 

voltage transformers during the May 2024 Gannon Storm. 20 

 Linear enhancements of even order AC harmonics occurred at GIC >30 A, consistent 21 

with asymmetric half-cycle transformer core saturation.  22 

 Reactive power consumption responses to GIC are determined for a commonly used 23 

transformer type: 3 phase, 3 limb, wye-grounded, 220 kV. 24 
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 26 

Abstract 27 

Geomagnetically induced current (GIC) measurements made at two 3 phase, 3 limb 28 

transformers, operating in the Halfway Bush substation in Dunedin, New Zealand have been 29 

analyzed during the May 2024 Gannon Storm. GIC measurements were combined with very low 30 

frequency radio wave AC harmonic measurements made nearby, and reactive power 31 

measurements made at key points in the substation. This study focuses on the 11 May, 00 -14 32 

UT period when geomagnetic activity was high and the 220 kV transformers, T6 and T3, 33 

experienced multiple short periods where GIC > 50 A in each transformer, maximizing at 113 A. 34 

During high GIC periods linear enhancements of even order AC harmonic intensity were 35 

identified, particularly for the 2nd and 4th harmonics, consistent with asymmetric half-cycle 36 

transformer core saturation. Reactive power consumption (Qcon, MVAr) increased linearly when 37 

GIC levels were >30 A, consistent with the enhancement of even order AC harmonics due to 38 

transformer core saturation >30 A DC. Transformer T6 exhibited a reactive power response of 39 

0.038 MVAr/A, while for T3 it was 0.026 MVAr/A. Simple extrapolation of these findings to 40 

extreme storm modelling of the New Zealand high voltage grid suggests that an additional 41 

~200-350 MVAr of generation would be required to compensate for peak increased reactive 42 

power consumption at 19 of the most affected sites during a Carrington-level event. Such 43 

additional power requirements are likely to be within the capabilities of the power generation 44 

network. 45 

 46 

Plain Language Summary 47 

During large geomagnetic storms high levels of quasi DC currents can be induced in long, low 48 

resistance, high voltage power lines. The currents flow to ground through substation 49 

transformers that are grounded at each end of the line on the high voltage side when they 50 

complete an electrical circuit that uses the ground as a return path, i.e., not all transformers.  51 

High DC or quasi DC current levels can cause transformers to operate outside of their design 52 

parameters. Such conditions can cause internal heating, tripping, and potentially failure of the 53 

transformer. A sign of a transformer under stress from induced DC is the generation of even 54 

order AC harmonics through asymmetric half-cycle transformer core saturation. Another 55 

response is increased consumption of reactive power by the transformer. These conditions 56 

occurred during the May 2024 Gannon geomagnetic storm at Transpower’s Halfway Bush 57 

substation in Dunedin, New Zealand. Even order AC harmonic intensity was observed to 58 

increase with increasing DC levels, as well as increased reactive power consumption. Such 59 

measurements of the response of transformers to induced DC are rare. The results presented 60 

here provide key understanding of the response of a commonly used transformer type to 61 

geomagnetically induced currents. 62 

 63 
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1 Introduction 64 

Large geomagnetic storms are a space weather hazard to power transmission networks 65 

due to the effects of Geomagnetically Induced Currents (GICs). Disturbances of the Earth’s 66 

external magnetic field Birkeland, 1908; Oughton et al., 2017) induce geo-electric fields within 67 

the conducting surface of the Earth, and drive electric currents in power transmission lines 68 

(Vasseur and Weidelt, 1977; Beggan et al., 2013; Divett et al., 2017; 2020). GIC flowing in power 69 

lines can pass to ground through the neutral-ground connections of transformers (Mac Manus 70 

et al., 2022). GIC can negatively impact power transmission systems through asymmetric half-71 

cycle transformer core saturation (Arrillaga and Watson, 2003; Rodger et al., 2020). Effects on 72 

transformers are expected to result in increased reactive power losses, waveform distortion, 73 

and heating due to stray fields (Samuelsson, 2013; Boteler, 2015).  74 

The generation of even-order current and voltage harmonics of the power transmission 75 

frequency (typically 50 or 60 Hz) are a sign of a transformer operating outside of its design 76 

range. The presence of even harmonics can be used as an indicator of asymmetric saturation 77 

due to GIC  (Boteler et al., 1989; Rodger et al., 2020). GIC potentially leads to damaging levels of 78 

internal heating, voltage dips, power flow variations, and distortion of the AC supply waveform. 79 

Reactive power losses within transformers can lead to increased system loading and could 80 

result in voltage collapse if the increased load required exceeds the capability of the network. 81 

The propagation of harmonic distortion power away from its transformer source (e.g., Crack et 82 

al., 2024) can also cause networks to become destabilized through the incorrect operation of 83 

protective relays, affecting the capability of the network to provide the additional load required 84 

by reactive power losses. Such even-order harmonics contributed to the blackout of the 85 

Québec power system in March 1989 through the inappropriate operation of protective relays 86 

(Béland and Small, 2004; Guillon et al., 2016). As such, the presence of even-order harmonics 87 

can be a sign of transformers under stress, with reactive power responses and internal heating 88 

expected at the same time (Rajput et al. 2020).  89 

In New Zealand the high voltage power transmission network, operated by Transpower 90 

New Zealand Ltd, has been equipped with >70 LEM neutral current monitors, the number of 91 

instruments gradually increasing since 2001. The DC measurements are located on key 92 

transformers and can be used to determine the levels of GIC (Mac Manus et al., 2017; Rodger et 93 

al., 2020). Transformers located in the South Island city of Dunedin have been shown to 94 

experience comparatively high GIC levels during geomagnetic storms (Rodger et al., 2017; Mac 95 

Manus et al., 2022). As result of this, wideband very low frequency (VLF) measurements have 96 

been undertaken by a radiowave receiver located close to the Halfway Bush (HWB) substation 97 

in Dunedin since 2016. This experimental setup was described in detail in Clilverd et al. (2018). 98 

The VLF instrument detected even-order harmonics generated by a single phase bank 99 

transformer (T4) experiencing 45 A of GIC during a large geomagnetic storm in September 2017 100 

(Clilverd et al., 2018; Rodger et al., 2020).  However, after the removal of the single phase 101 

transformer T4 in November 2017 the observation of even-order harmonics at HWB appeared 102 

to become much less likely as the remaining three phase, three limb units appear to be less 103 

responsive to GIC (e.g., Price, 2002; Mac Manus et al., 2022). Subsequent moderate 104 

geomagnetic storms have confirmed this, with lower harmonic levels observed for moderate 105 
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geomagnetic storms following the decommissioning of HWB T4 (Clilverd et al., 2020; Crack et 106 

al., 2024). 107 

 One key question regarding three phase transformers concerns the GIC level at which 108 

half-cycle saturation occurs. The threshold for increased reactive current draw is a function of 109 

the saturation curve of the transformer, and some transformers have more or less headroom 110 

before they start to enter saturation. Mac Manus et al. (2022) investigated the impact of mean 111 

current danger levels for three phase, three limb transformer units starting from 200 A, based 112 

on a transformer design modelling study commissioned by Transpower. Rezaei-Zare et al. 113 

(2016) modelled the three phase, three limb 125 MVA, 230 kV transformer response to GIC, 114 

concluding that there was a neutral GIC threshold below which no appreciable reactive power 115 

response occurred. However, the simulations showed that above the GIC threshold the 116 

saturated core leads to increasing reactive power consumption. The threshold levels modeled 117 

were sensitive to the design of the transformer (such as the AC excitation level), and tests 118 

showed reactive power responses starting for neutral GIC ranging over 25-100 A. Detailed 119 

transformer modeling results with varying design features predicted reactive power 120 

consumption responses of 0.08 to 0.16 MVAr/A once the neutral current threshold was 121 

exceeded. However, Dong et al. (2001) presented transformer saturation test results and 122 

simulations for 3 phase, 3 limb transformers that showed no GIC threshold, i.e., a threshold 123 

close to 0 A, and reactive power consumption responses of 0.29 MVAr/A. Additionally, 124 

simulations undertaken by Dong et al. suggested that the 3 phase, 3 limb design would exhibit 3 125 

different MVAr/A gradients, k1, k2, k3 – each with a lower gradient than the previous one - 126 

each with increasing GIC thresholds. Dong et al. (2001) tabulated test results up to 120 A (per 127 

transformer) which showed no change of gradient from the initial k1 level (0.29 MVAr/A). 128 

Bonmann et al. (2024) described the results of injecting 0 -200 A DC currents into a 3 phase, 3 129 

limb 1000 MVA autotransformer connected to a 420 kV bus. Linear increases in reactive power 130 

began at DC currents >50 A, with a response of 0.17 MVAr/A. A 3 phase, 5 limb transformer 131 

showed reactive power responses at ~5 A and above, showing how important transformer 132 

design is to any GIC response. 133 

The recent geomagnetic storm of 10-11 May 2024, identified here as the Gannon storm 134 

in honor of Jennifer L. Gannon (1978-2024), produced large geomagnetic storm signatures 135 

(Kp=9, G5). Starting at ~17:00 UT on 10 May 2024, large magnetic field perturbations were 136 

observed around the world for approximately 24 hours. In New Zealand the largest 137 

perturbations of the geomagnetic field occurred during 11 May 2024. Just before 00:00 UT on 138 

11 May 2024 Transpower enacted the NZ-wide GIC mitigation plan based on the one described 139 

in Mac Manus et al. (2023) as TP2022NZ. In this mitigation plan 24 line disconnections, and the 140 

disconnection of the series winding of 1 transformer are undertaken. The timing of network 141 

changes are particularly important for our study as HWB is a known hot spot for GIC (Mac 142 

Manus et al., 2022, Smith et al., 2024) and the mitigation changes are partly focused on the 143 

Dunedin section of the network. Prior to this, in the initial storm period from 17:00 UT to 24:00 144 

UT on 10 May 2024, some protective changes to the network configuration were made, 145 

particularly in the South Island. In Dunedin, additional network changes occurred when 146 

transformer number T2 in the South Dunedin substation went offline at about 17:28 UT 147 
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(Transpower, 2024), although the tripping of T2 was not thought to be directly due to Gannon 148 

storm.  149 

In this study we combine GIC measurements made at two transformers in the Halfway 150 

Bush substation in Dunedin with VLF harmonic measurements made nearby, and reactive 151 

power measurements, Q, made at key points in the substation. Local magnetic field variations 152 

were determined from the Swampy Summit magnetometer, located a few km  outside of 153 

Dunedin. Detailed analysis of the impact of GIC on the Halfway Bush substation transformers is 154 

undertaken for 11 May 2024, i.e., after the GIC mitigation plan had been enacted and the 155 

network conditions remained relatively constant. Section 2 describes the local magnetic field 156 

perturbations that induced elevated GIC in the Dunedin region, and the Halfway Bush 157 

substation layout during the storm. Section 3 investigates the harmonic distortion responses to 158 

the GIC events and considers the threshold for which some level of transformer half cycle 159 

saturation was observed. Section 4 identifies reactive power responses to high levels of GIC, 160 

determining the relationship between the applied current and reactive power consumption, 161 

Qcon, for the three phase, three limb transformers located at the HWB substation. Discussion 162 

and Conclusions are presented in sections 5 and 6. 163 
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2 Geomagnetic conditions and the Halfway Bush substation configuration on 11 May 2024 164 

 The response of the transformers in the HWB substation, Dunedin, New Zealand, is 165 

dependent on the local magnetic field variations, as well as the nature and number of GIC-166 

impacted transformers in the substation. Figure 1 shows the rate of change of the horizontal 167 

magnetic field strength, H, where H is calculated in the usual way using the north magnetic field 168 

component X, and the east component Y, i.e., H=√(Y2 +X2). Magnetic field variations were 169 

measured at New Zealand’s official magnetic observatory, Eyrewell near Christchurch, and also 170 

at the Swampy summit site close to Dunedin (Rodger et al., 2017; Clilverd et al., 2018). These 171 

magnetometers are separated by ~300 km, with Eyrewell being at lower geomagnetic latitude 172 

than Swampy Summit. The upper panel shows Eyrewell dH/dt for 11 May 2024, with the 173 

original 1 s data mean averaged into 5 s resolution to more easily compare with the HWB 174 

transformer data presented later in this study. The lower panel shows the Swampy Summit 175 

dH/dt, also with the 1 s data averaged into 5 s resolution.  176 

 Although there are many temporal similarities between the magnetic field changes at 177 

Eyrewell and Swampy Summit, it is clear that dH/dt measured at Swampy Summit is larger on 178 

several occasions. This is particularly noticeable for the events at 11:30 UT and 12:30 UT, both 179 

in the positive and negative rates of change where Eyrewell experienced just +20 to -20 nT/5s 180 

compared with +50 to -80 nT/5s at Swampy Summit. This suggests enhanced GIC currents likely 181 

to be flowing in the region local to Dunedin in these cases (Rodger et al., 2017). The event just 182 

before 09:00 UT is comparable in amplitude for both Eyrewell and Swampy Summit (-50 c.f. -70 183 

nT/5s), suggesting a larger scale geomagnetic perturbation over a large fraction of the South 184 

Island. The symmetric spikes in the Swampy Summit data at 23:00UT are artifacts, and that 185 

period is not considered further in this study. 186 

 Since 2017 the nature and number of GIC-impacted transformers in the HWB substation 187 

have changed significantly. Initially there were two transformers at HWB earthed on the high 188 

voltage side (which makes them susceptible to GIC). The transformers were the single phase 189 

bank transformer T4, and a three phase, three limb autotransformer T6. In November 2017 T4 190 

was decommissioned. In mid-2019 a new three phase transformer was added, identified as T3. 191 

Figure 2 shows the HWB substation single line diagram configuration during the Gannon storm 192 

in May 2024. Key high voltage transformers are T3, T5, and T6. All are 3 phase, 3 limb 193 

transformers. However, T5 is not earthed on the high voltage side and is therefore not 194 

susceptible to GIC. 195 

 Key points to note in Figure 2 are that T3 and T6 have DC measurements made through 196 

NCTD3 and NCTD6 respectively. These DC neutral current transformer measurements are made 197 

with LEM Hall-effect sensors, as described in Mac Manus et al. (2017). T3 (denoted by its vector 198 

group as YNd3) is a two-winding transformer, 220 kV to 33 kV. In the vector group uppercase 199 

letters refer to the high voltage winding and lowercase to the low voltage winding. T3 is a 3 200 

phase, 3 limb transformer where the 220kV winding is in a star (wye) configuration and with 201 

the neutral earthed. T5 (Dyn3) has the 220 kV winding in a delta configuration and the 33 kV in 202 

star, earthed via a neutral earthing resistor (NER5) on the low-voltage side, i.e., 'n'. T6 (YNa0d9) 203 
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is a 3 phase, 3 limb 220/110 kV wye configuration autotransformer with a common neutral-204 

ground connection, i.e., ‘N’. Power system  modelling undertaken using PSCAD at the University 205 

of Canterbury High Voltage Laboratory indicates that the autotransformer T6 is more 206 

susceptible to GIC than the star-delta transformer T3, while T5 is hardly susceptible at all. Thus, 207 

in this study we concentrate our analysis on the DC measurements made for T6 and T3. 208 

Measurements of reactive power, Q, are provided for T6 through the power meter located at 209 

CB592, seen in the single line diagram just below T6. Reactive power, Q, measurements are 210 

provided for T3 through the power meter located at CB2412, seen in the single line diagram just 211 

below T3.  Given the location of the meters described above the measurements may include Q 212 

from other transformers. However, as the lower voltage transformers within the substation are 213 

not affected by GICs, it is highly likely that a significant portion of the Q measurements assigned 214 

to each transformer as described above are due to that transformer. The units of Q are typically 215 

expressed as Volts-Amps-reactive (VAr) rather than power (W) to clearly identify that no work is 216 

done by the transformer, rather it is an absorption of power within the transformer. GIC-217 

induced reactive power consumption is denoted in this study by Qcon. The units of Q and Qcon 218 

presented here are given in MVAr. 219 

3 GIC and Harmonic distortion responses on 11 May 2024 220 

 The neutral current measured by the LEMs on T6, T3, and for the total current passing 221 

through the substation electrode, i.e., T6+T3, on 11 May 2024 are shown in Figure 3. The T3 222 

and T6 data are provided by Transpower with 5 s resolution, while the total GIC is the signed 223 

sum of T3 and T6. In previous papers corrections for the return current induced by the 224 

operation of the high voltage DC (HVDC) link between South Island and North Island would 225 

have been removed (following the approach described in Mac Manus et al. (2017)). On 11 May 226 

the return current correction for HWB, due to HVDC operation, was typically <2 A after 13:00 227 

UT, and 0 A before 13:00 UT. Those small currents have not been removed from the data 228 

shown, as the combination of HVDC offset and the storm induced GIC should both contribute to 229 

the generation of even harmonics during transformer saturation conditions. However, for 230 

simplicity, and because of the dominance of the GIC currents in this dataset, they will be 231 

identified as GIC levels. It should be noted that the measured GIC are the GIC from all three 232 

phases, so to determine the GIC in individual transformer windings the values would need to be 233 

divided by 3 to give GIC in A/phase. High GIC events occurred just before 09:00 UT, at 11:30 UT 234 

and 12:30 UT consistent with the times of high dH/dt shown in Figure 1. At these times the 235 

HVDC return current was 0 A, and no corrections for return current are needed. Typically, T6 236 

experiences slightly higher GIC levels than T3, with a peak value of 113 A (c.f. 93 A) during the 237 

largest event at 12:30 UT.  The total substation current passing through the substation earth 238 

electrode on 11 May 2024 is shown in the lower panel, showing several events exceeding 100 239 

A, and a peak value of >200 A. Following the large current event at 12:30 UT lower levels are 240 

seen until the end of the day. In order to focus on the more disturbed period, subsequent 241 

analysis will be undertaken on the period 00:00 – 14:00 UT. 242 

 When distortion of the fundamental 50 Hz AC frequency occurs as a result of storm-243 

induced GIC, even order harmonics occur due to half-cycle saturation, particularly those with 244 
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lower orders, i.e., 2nd and 4th order harmonics. Clilverd et al. (2018) reported the observation of 245 

even order harmonics up to the 30th order, likely generated by a single bank transformer T4 in 246 

HWB during the 7-8 September 2017 geomagnetic storm. Although some individual harmonics 247 

were shown in Clilverd et al. (2018) the majority of the correlation analysis with GIC levels was 248 

undertaken using a 100 - 600 Hz average (i.e., including both even and odd order harmonics).  249 

In Figure 4 the variations of the average signal in the 100 - 600 Hz range, the ~100 Hz bin (2nd 250 

harmonic), and the ~200 Hz bin (4th harmonic) are shown for 00:00 – 14:00 UT, 11 May 2024. As 251 

in the magnetic field plot (Figure 1) and the HWB GIC plot (Figure 3), large events can be seen 252 

just before 09:00 UT, 11:30 UT,  and at 12:30 UT in all three panels, a, b, and c. Several other 253 

smaller events can also be seen throughout the 00:00 – 14:00 UT disturbed period, consistent 254 

with smaller events seen in the GIC data shown in Figure 3.   255 

 The harmonics data plotted in the first 3 panels of Figure 4 are derived from an 256 

uncalibrated very low frequency magnetic loop antenna located very close to the HWB 257 

substation as described in Clilverd et al. (2018). It is important to note here that the signals 258 

recorded by the antenna will represent the whole substation output, and can not be attributed 259 

to any single transformer, unless there is clear evidence of a single dominant source inside the 260 

substation (as was the case in September 2017).  In raw form the data are expressed in dB 261 

relative to the maximum possible sound card voltage, following an FFT performed with a 262 

frequency bin size of 23.4375 Hz (i.e., 48000/2048). Here the dB values are converted to linear 263 

values, and normalised to the median value of all samples at that frequency over the period 00-264 

14:00 UT. This takes into account the background levels of the signals in each frequency bin. 265 

The normalised value of 1 is shown in each panel as a horizontal dotted line. Figure 4 (a) shows 266 

an average of the changing amplitude across all of the even and odd harmonics from 100 – 267 

600 Hz inclusive, i.e., the 2nd to 12th harmonic.  The normalised amplitude values are centered 268 

on a value of 1 as expected, and range up to a factor of 4 times enhancement factor in signal 269 

relative to the background conditions during the 12:30 UT GIC event. Panels (b) and (c) show 270 

the 100 Hz and 200 Hz FFT bins processed in a similar way to panel (a). In these panels the 271 

enhancement factors for the 12:30 UT GIC event are much larger than the 100 – 600 Hz 272 

average, due to the mix of even and odd harmonics in the average panel rather than the focus 273 

on only even harmonic 100 Hz and 200 Hz responses (panels b and c, respectively). Larger 274 

enhancements in harmonic amplitude are seen for the 4th order harmonic frequency bin 275 

compared with the 2nd order harmonic bin, although the timing of the significant enhancements 276 

are similar in both panels. Panel (d) shows the even order voltage total harmonic distortion 277 

(ETHD) of the fundamental AC frequency as a percentage, logged by Transpower at CB.2412. As 278 

shown in the single line diagram in Figure 2, CB.2412 is located close to the T3 transformer. The 279 

data resolution of the ETHD is 10 minutes, and shows broad peaks in distortion of up to ~0.6% 280 

co-incident with the more structured peaks evident in the three harmonic panels above it. 281 

These observations provide confidence that even order harmonic distortion events are well 282 

captured by the measurements available, and show the advantages of the higher time 283 

resolution of the VLF harmonic data. 284 

 In Figure 5 the variation of normalized harmonic amplitudes recorded by the VLF 285 

instrument as a function of absolute GIC level occurring in HWB, T6+T3 GIC, are plotted for six 286 
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harmonic components, over the period 00:00 -14:00 UT, 11 May 2024. The lefthand panels 287 

show the 2nd, 4th and 6th order harmonics, i.e., panels (a), (b) and (c), while the righthand side 288 

shows the 3rd, 5th, and 7th order harmonics, i.e., panels (d), (e) and (f). As in Figure 4, the 289 

normalised value of 1 is shown in each panel as a horizontal dotted line. Clearly the even order 290 

harmonics on the lefthand side of the figure respond more to GIC level than the odd order 291 

harmonics on the right. All y-axis scales are set to a 0 - 25 range and confirm that the 4th 292 

harmonic (200 Hz) exhibits the largest responses in this frequency range. Similar harmonic 293 

amplitude responses occur for positive and negative polarity GIC. The 100 Hz and 200 Hz (2nd 294 

and 4th) harmonic panels show quasi-constant and low-level responses to GIC within 50 or 70 A, 295 

with enhancement factors typically <2. However, for GIC > 70 A the harmonics increase in 296 

amplitude steadily to exhibit peak values at the highest current levels observed during this time 297 

period. To a lesser extent this is also seen in several of the other frequency bins shown. The 298 

righthand panels in Figure 5 show the 3rd, 5th, and 7th odd order harmonics. Although, as 299 

expected, there are enhancements in the amplitude with increasing GIC level >~50 – 70 A, the 300 

responses are smaller than the even order harmonics, consistent with the bias of half-cycle 301 

asymmetric saturation towards even harmonic production.   302 

We suggest the harmonic response shown in Figure 5 is caused by even order harmonic 303 

generation through asymmetric half-cycle transformer saturation when substation GIC levels 304 

exceed ~50 - 70 A (very roughly 25-35 A for each transformer). Transformers T6 and T3 are both 305 

three phase, three limb units, so these observations suggest that the threshold of susceptibility 306 

for such units is close to this level. At HWB the GIC is shared almost equally between T6 and T3 307 

(as shown in Figure 3), with T6 expected to be more likely to experience saturation than T3, 308 

thus Figure 5 suggests that the generation of harmonics through saturation starts at about half 309 

the GIC level shown, i.e., ~25-35 A, and this should mostly be generated by T6. This conclusion 310 

is explored further in the reactive power section below. 311 

 312 

4 Reactive power responses 313 

 During the Gannon storm period and particularly 00 – 14 UT on 11 May 2024, multiple 314 

occurrences of high GIC levels were measured at HWB and in the three phase, three limb 315 

transformer, T6 in particular.  At the same time, enhanced even order harmonics were 316 

observed by the nearby VLF instrument, suggesting that asymmetric half-cycle saturation was 317 

occurring.  Given high GIC levels, with resultant transformer saturation, a response in the T6 or 318 

T3 reactive power consumption, defined here as Qcon, would be expected. The relationship 319 

between Qcon and GIC level is an important factor in understanding high voltage transformer 320 

responses to extreme geomagnetic disturbances, and in the capability of the power grid to 321 

provide the necessary power to maintain the network stability in those circumstances.  322 

 In the following plots reactive power data is presented from power meter 323 

measurements made at the circuit breakers CB.592 (associated with T6), and CB.2412 324 

(associated with T3). Both of which can be located in the single line diagram shown in Figure 2, 325 

where the circuit breakers are in series with labelled current transformers (CT) with the same 326 
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number. Figure 6 shows the variation of GIC in T6 at HWB over a 1.3 hour period, starting at 327 

11:18UT, ending at 12:36 UT, which encompasses the two largest events, i.e., at about 12:30 UT 328 

(largest) and also at about 11:30 UT (next largest) on 11 May 2024. Due to the symmetric 329 

response to the sign of the induced currents as seen in Figure 5, absolute GIC values are plotted 330 

in panel (a) with the blue line representing the GIC in T6, and the dotted red line representing 331 

T3. Both events exhibit a double peak structure with the largest GIC levels > 50 A in both 332 

transformers. As expected the time variation of the GIC in the two transformers is the same, 333 

except for relatively small differences in the magnitudes, most likely due to small differences in 334 

the resistance of the two transformers and their connections to earth. Figure 6 (b) shows the 335 

variation of the 4th harmonic (200 Hz) over the same period. Enhancements of the 4th harmonic 336 

above the baseline amplitude level determined by the median of the 00:00 – 14:00 UT period 337 

are shown (red line). The two events are clearly seen with double peak structures consistent 338 

with the GIC panel.  339 

Figure 6 (c) and (d) show the consumption of reactive power, Qcon, measured from 340 

CB.592 (T6) and CB.2412 (T3) respectively. Both panels plot Qcon, relative to the median Q 341 

determined for each transformer over the period shown in the figure, i.e., in both cases the 342 

baseline Q was about -4 MVAr. The calculated median normalization baseline is indicated by a 343 

dot-dashed black line in both panels. In the T6 reactive power two events can be clearly seen 344 

with peak responses in Qcon at the times of increased GIC level in T6, and also with enhanced 345 

even order harmonic amplitude in the 200 Hz VLF channel. The T3 reactive power variation also 346 

shows a peak during the GIC event with the largest current, i.e., at about 12:30 UT, but less 347 

obvious GIC-driven peaks at other times. The largest event shown in Figure 6 has GIC ~100 A, 348 

4th harmonic enhancement of a factor of >25, and an increase in reactive power consumption 349 

of ~3 MVAr in T6, and <2 MVAr in T3, which is consistent with the suggestion that T6 is more 350 

responsive to GIC than T3. 351 

 One other time range stands out in the reactive power data from CB.592 during 11 May 352 

2024, i.e., a half hour period around 09:00 UT. Figure 7 shows the T6 GIC, 4th harmonic 353 

amplitude enhancement, and reactive power variations from CB.592 from 08:36 UT to 09:06 UT 354 

in the same format as Figure 6. Multiple intervals with > 30 A GIC in T6 are seen to produce 4th 355 

harmonic amplitude enhancements, and increases in consumed reactive power in T6, but these 356 

are not seen in the reactive power data for T3. The largest event in this time period produced 357 

>70 A GIC, a 4th harmonic amplitude enhancement of ~15, and an increase in Qcon of ~1.5 MVAr 358 

in T6.  359 

 In both Figure 6 and Figure 7, large GIC, even harmonic enhancements, and increased 360 

reactive power consumption occur for approximately 1-2 minutes at a time, with the longest 361 

sustained period lasting approximately 3 minutes. However, a sample resolution of 5 s for each 362 

dataset provides the opportunity to further investigate in more detail the relationships 363 

between the various parameters – as is undertaken below.  364 

 Figure 8 presents a three panel plot which shows (a) the summed GIC-induced variation 365 

of HWB reactive power (Qcon(T6+T3)) as a function of substation 4th harmonic amplitude 366 
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enhancement, (b) T6 reactive power consumption as a function of T6 GIC, and (c) T3 reactive 367 

power consumption as a function of T3 GIC levels. The data are taken from both periods shown 368 

in Figures 6 and 7, i.e., totaling 1.8 hours or 1296 data points. Each Qcon is given in terms of the 369 

difference from the background level over each period, determined by the median Q value. In 370 

every panel, the non-disturbed level of zero MVAr determined relative to the median is 371 

indicated by a black dot-dashed line.  The red symbols represent the data from the period 372 

shown in Figure 6, while the black symbols represent the data from the period shown in Figure 373 

7. Pearson correlation coefficients, R2, and slope values are given for both event periods 374 

combined, i.e., the full 1.8 hours of data. The linear fit to the data in each panel is shown by a 375 

blue dotted line, with a starting point given by an enhancement factor of 2 in panel (a), as 376 

suggested by analysis of Figure 5, and ~30 A in panels (b) and (c) as suggested by Figure 5 and 377 

confirmed later in this paper. Correlation coefficients for the overall HWB response is high, as is 378 

the coefficient value for T6. However, for T3 the correlation coefficient is much lower, and then 379 

only found at this level by introducing a delay in the timing between GIC and Qcon of ~20 s, 380 

where Qcon lags GIC. This level of delay is not found in the T6 analysis, or the substation-wide 381 

generation of the 4th harmonic. In these cases the highest correlations are obtained with only 5 382 

s delay, i.e., one data sample, between the driver and the reactive power response. However, 383 

previous work has shown reactive power delays of ~60 s for the time to saturation [Bolduc et 384 

al., 2000), and 95 s in analysis of Wye-Delta transformers (like T3) undertaken at the University 385 

of Canterbury High Voltage Laboratory (Subritzky et al., 2024). From all of the panels of Figure 8 386 

it is clear that the two study periods (shown either by the red or black symbols) exhibit very 387 

similar behavior. For GIC <~30 A in T6 and T3, no obvious deviation from the background levels 388 

(determined from the median Q around the time of the event) can be seen. 389 

 The linear fit lines shown in Figure 8 have been identified through a process by which  390 

linear correlations are performed as a function of lower cutoff threshold of GIC value. 391 

Correlations are performed without using any of the data points below a varying GIC threshold 392 

to investigate the most-likely value. Figure 9 shows the result from varying the cutoff threshold 393 

for T6 GIC correlated against the CB.592 Qcon data (black line), and the T3 data correlated 394 

against the CB.2412 Qcon data (red line). For T6 the peak correlation value found was when the 395 

cutoff threshold was 30 A, and for T3 the peak was found at 28 A, indicated by black and red 396 

vertical dashed lines respectively. These levels are consistent with the Transpower SCADA alarm 397 

setting of ±25 A neutral DC current for their 3 phase, 3 limb transformers. For cutoff GIC values 398 

above these key thresholds R2 slowly reduces as the number of pairs of data samples decreases. 399 

For T6 there are 155 GIC-Qcon data pairs above 30 A, suggesting that R2=0.90 has very high 400 

significance, and a standard error of 0.02. For T3 there are 169 GIC-Qcon pairs above 28 A, 401 

similarly suggesting high significance even at a R2 of 0.48, with a standard error of 0.06.  402 

 403 

5 Discussion 404 

 Using a combination of measurements made in and around the Halfway Bush substation 405 

in Dunedin, South Island, New Zealand, it has been possible to trace the effects of the May 406 
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2024 Gannon geomagnetic storm on three phase, three limb transformers. Within the main 407 

storm period, multiple space weather-driven geomagnetic disturbance events, occurred each 408 

lasting 1-3 minutes. Such events were associated with large GIC in the substation, as well as 409 

external signs of even order harmonic amplitude enhancements caused by asymmetric half 410 

cycle saturation in individual transformer cores. The results shown in Figures 5, 9, and 10 411 

suggest that above GIC levels of 28-30 A, the three phase, three limb transformers in the HWB 412 

substation began to show increased reactive power consumption. The reactive power 413 

consumption varies linearly with GIC level above this dc threshold and is consistent with the 414 

behaviour seen for enhanced even order harmonics associated with asymmetric half-cycle 415 

saturation (e.g., Rezaei-Zare et al., 2016).  416 

 When considering the reactive power response of the three-phase transformer, T6, to 417 

GIC level three important findings have been identified. Firstly, there appears to be a GIC 418 

threshold required before a reactive power response, which is at ~30 A. This is consistent with 419 

the findings identified using the even order harmonic VLF observations, which also determined 420 

a GIC threshold value of 25-35 A. This suggests that above 30 A reactive power begins to be 421 

absorbed within the three phase transformer, potentially driving increases in internal 422 

temperature. Above the threshold there is a linear relationship between GIC and reactive 423 

power consumption, exhibiting a high correlation coefficient. This holds for a range of GIC level 424 

from 30 to 113 A, and is found to be independent of the sign of the current. For transformer 425 

GIC levels >30 A the relationship between Qcon and induced current is 0.038MVAr/A. The 426 

threshold behaviour and linear reactive power gradient determined here is consistent with the 427 

transformer modelling study of Rezaei-Zare et al. (2016). However, the determined gradients 428 

for T6 and T3 are about a factor of 2-4 smaller than the Rezaei-Zare modelling, as shown in 429 

Figure 5 of that paper. This difference suggests that the HWB transformers are less reactive 430 

than expected from that modelling study, but with a neutral current threshold level within the 431 

range modelled in that study, i.e., a range of 25-100 A. However, it is possible that the Rezaei-432 

Zare modelling is done for GIC per phase (although this is not clear from that study), which 433 

would account for the near factor of 3 difference between the modelling study and the results 434 

presented here. The gradients found in this study for 3 phase, 3 limb transformers (0.038 and 435 

0.026 MVAr/A) are about a factor of 10 lower than determined by Dong et al. (2001), and a 436 

factor of 4 lower than Bonmann et al. (2024). However, Dong et al. analysis was based on a 300 437 

MVA, 500/230 kV transformer and Bonmann et al. was for a 420 kV autotransformer, both of 438 

which operate at higher line voltage levels than the 220/110 kV (T6) and 220/33 kV (T3) 439 

transformers at HWB. These different system operating voltages, with their different 440 

transformer, grounding, and transmission line resistances,  are expected to be a significant 441 

factor in determining GIC-transformer responses.  442 

 Lapthorn et al. (2023) presented the results of a DC injection campaign undertaken with 443 

the assistance of Transpower Ltd in New Zealand during January 2023. The inter-island HVDC 444 

link was used to inject DC into the ground at Haywards substation in Wellington. The three 445 

phase, three limb 216 MVA, 220/110 kV autotransformer T5 was monitored for even order 446 

harmonic distortion, and reactive power consumption. The configuration of T5 at Wellington is 447 

similar to T6 at HWB. Increases in even order harmonic amplitude were observed in T5 for 448 
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injected current > 25 A – suggesting the onset of saturation at a level that is consistent with the 449 

findings in this study. However, Lapthorn et al. (2023) did not observe any clear variation in 450 

reactive power consumption at the time (Qcon probably < 0.5 MVAr), which would also be 451 

expected from the findings of this study as the reactive power consumption at that GIC level 452 

would be small and difficult to detect. The findings in Lapthorn et al. (2023) and this study for 453 

220/110 kV 3 phase, 3 limb wye-grounded transformers in New Zealand are consistent in 454 

characterizing the onset headroom levels at which saturation occurs. 455 

The neutral GIC threshold and gradient results identified in this study can be put into 456 

context through the extreme geomagnetic disturbance modelling results shown in Figure 5 of 457 

Mac Manus et al. (2022). In that study HWB T6 was modelled with >2000 A peak GIC, based on 458 

a 4000 nT/min event scenario (Hapgood et al., 2021). Assuming the slope remains linear to very 459 

high GIC, the worst-case compensation required for the T6 reactive power consumption 460 

response to this extreme disturbance GIC level is an additional 75 MW to be provided by the 461 

grid for this one transformer. However, the assumption of a linear slope to very high GIC levels 462 

is contrary to the 3 phase, 3 limb magnetizing curve modelling study of Dong et al. (2001), 463 

where lower response gradients would be expected for very large GIC.  464 

 Transpower New Zealand Ltd have a geomagnetic storm mitigation plan, as described in 465 

Mac Manus et al. (2023). Principally through removing targeted transmission lines, GIC in key 466 

transformers/substations are significantly reduced once the plan is enacted. For an extreme 467 

storm scenario Mac Manus et al. (2023) identified that there would be 19 substations which 468 

would be experiencing GIC >50 A averaged over an hour even after mitigation (see Figure 6 of 469 

that paper).  Assuming all the high voltage side earthed transformers in the substations 470 

identified were three phase, and similar to T6, only the GIC above 30 A would result in reactive 471 

power consumption. Thus for the 19 sites shown there would be a total GIC current 472 

experienced by the network of ~7800 A after mitigation, and ~11600 A without. The total 473 

number of transformers earthed on the high voltage side in those 19 sites is 90, result in a 474 

reactive power demand of ~194 MVAr (i.e., 0.038 x (sumGIC-90 x 30)) = 194 MVAr) in the 475 

mitigation case, and ~338 A for non-mitigation. Additional reactive power demand would come 476 

from other units not listed in the Mac Manus study, but with GIC >30 A. As such the ~200-3500 477 

MVar estimate for increased generation demand is likely to be a substantial underestimate and 478 

needs significantly more refined consideration in future work. In New Zealand generators are 479 

required to be able to produce 50% of their rated MW in capacitive MVAr while remaining at 480 

full output. Thus, a ~200-350 MVAr extra power draw is equivalent to the reactive power 481 

capacity of 3 - 6 of the turbines (out of 7) in the 850 MW Manapouri power station located on 482 

the South Island. It should be noted that this estimate is based on hourly average GIC levels, 483 

while the previous HWB paragraph was based on extreme 1-minute values.  484 

6 Conclusions  485 

 The geomagnetic storm of 10-11 May 2024, which started at ~17:00 UT on 10 May 2024, 486 

generated large magnetic field perturbations in New Zealand for approximately 24 hours. As a 487 

result the national grid operator, Transpower New Zealand, enacted GIC mitigation plans in the 488 
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first few hours of the storm, with stable network conditions only occurring from 00:00 UT on 11 489 

May. This study focusses on the 11 May, 00:00 -14:00 UT period when geomagnetic activity was 490 

high, and the high voltage grid configuration in this region was stable. Analysis of GIC 491 

measurements made at two 3 phase, 3 limb transformers, T6 and T3, operating on the 220 kV 492 

bus in the Halfway Bush substation in Dunedin, South Island, showed neutral currents up to 493 

113 A on their high voltage sides, with multiple short periods where GIC > 50 A for each 494 

transformer.  495 

In this study GIC measurements made at the two transformers in the Halfway Bush substation 496 

in Dunedin (T6 and T3) were compared with VLF harmonic measurements made nearby by a 497 

radiowave receiver, and reactive power measurements, Q, made at key points in the 498 

substation. The data resolution was 5 s. The following conclusions were made: 499 

- VLF measurements showed linear enhancements in even order harmonics, particularly 500 

for the 2nd and 4th harmonics, consistent with asymmetric half-cycle transformer core 501 

saturation when GIC levels were >25 – 35 A per transformer.  502 

- Reactive power measurements, Q, made at T6 and T3 also showed increases when GIC 503 

levels were >30 A, consistent with the enhancement of even order AC harmonics and 504 

the indication of transformer core saturation. 505 

- Above 30 A GIC per transformer reactive power consumption, Qcon, increased linearly as 506 

current increased with the 3 phase, 3 limb transformer T6 exhibiting a slope of 507 

0.038 MVAr/A and transformer T3 a slope of 0.026 MVAr/A. 508 

The Gannon Storm period studied here represents a large, but not extreme geomagnetic storm. 509 

However, multiple short lived periods of high GIC experienced by the Halfway Bush substation 510 

transformers have provided an insight into the saturation responses of the transformers, and 511 

their reactive power consumption as a result. Extrapolation of these findings to extreme storm 512 

modelling of the New Zealand high voltage grid with the line switching mitigation plan in place 513 

(Mac Manus et al., 2023) suggests that an additional ~200-350MVAr of generation would be 514 

required to compensate for increased reactive power consumption of 3 phase, 3 limb 515 

transformers during a Carrington-level event. Such additional power generation levels are likely 516 

to be within the capabilities of the generators to accommodate. 517 
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Figures: 677 

 678 

Figure 1: (a) The rate of change of the horizontal magnetic field component, H, at Eyrewell near 679 

Christchurch on 11 May 2024. (b)  The rate of change of the magnetic field component, H, at 680 

Swampy Summit near Dunedin on 11 May 2024. 681 

 682 

Figure 2: The 220 kV/110 kV high voltage section of the Halfway Bush substation single line 683 

diagram, representing the substation configuration during the May 2024 Gannon storm. 684 

 685 

Figure 3: Variations of DC measured in the neutral-ground connection of HWB transformers on 686 

11 May 2024. (a) T6. (b) T3. (c) The substation total electrode current. Note that the currents 687 

plotted are dominated by GIC, as described in the text. 688 

 689 

Figure 4: The normalised amplitude variation of harmonics observed by the VLF instrument at 690 

HWB during 00:00 – 14:00 UT, 11 May 2024. The dashed line in all VLF amplitude panels 691 

corresponds to a value of 1.0. (a) The average 100 – 600 Hz signal. (b) 100 Hz bin (2nd order 692 

harmonic). (c) 200 Hz bin (4th order harmonic). (d) The percentage of even order total harmonic 693 

distortion (ETHD) from CB.2412, averaged over the 3 phases. Peaks in signal intensity occur at 694 

times consistent with large GIC shown in earlier figures.   695 

 696 

Figure 5: The variation of normalized harmonic amplitudes as a function of absolute GIC level 697 

occurring in the HWB substation transformers, T6 and T3, for plotted for harmonic component 698 

of 2nd, 3rd, 4th, 5th, 6th, and 7th order (100 Hz – 350 Hz), over the period 00:00 -14:00 UT, 11 May 699 

2024. 700 

 701 

Figure 6: Measurements made at the HWB substation over a 1.3 hour period which 702 

encompasses the two largest events on 11 May 2024 at ~11:30 UT and ~12:30 UT (a) The 703 

variation of absolute GIC in T6 at HWB (blue line). (b) The variation of the 4th harmonic (200 Hz) 704 

above the baseline amplitude level (red line). (c) The variation of the reactive power (Qcon) for 705 

T6 from CB.592. (d) The variation of the reactive power (Qcon) for T3 from CB.2412. 706 

 707 

Figure 7: Same format as Figure 6, but in this case for a half an hour period around 09:00 UT on 708 

11 May 2024 (08:36 to 09:06 UT). 709 

 710 

Figure 8: (a) The variation of combined T6 and T3 GIC-induced reactive power consumption, 711 

Qcon(T3+T6), as a function of substation 4th harmonic amplitude enhancement. (b) T6 reactive 712 
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power consumption as a function of T6 GIC. (c) T3 reactive power consumption as a function of 713 

T3 GIC levels. The data are taken from both of the active periods shown in Figures 6 and 7, i.e., 714 

totaling 1.8 hours or 1296 data points. Qcon is given in terms of the difference from the 715 

background level over each period, determined by the median Q value. 716 

 717 

Figure 9:  Linear Pearson correlation coefficients between reactive power variations with GIC 718 

level as a function of lower cutoff threshold of GIC level. T6 GIC correlated against the CB.592 719 

Qcon data are shown by the black line, and the T3 data correlated against the CB.2412 Qcon 720 

data are shown by the red line (see Figure 2 for the single line diagram of the HWB substation). 721 

Vertical dotted lines indicate the threshold current value for highest R2. 722 

 723 

 724 
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