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ABSTRACT

During geomagnetic storms, the geomagnetically induced currents (GIC) cause bias fluxes in transformers, resulting in half-cycle
saturation. Severely distorted exciting currents, which contain significant amounts of harmonics, threaten the safe operation of
equipment and even the whole power system. In this paper, we compare GIC data measured in transformer neutrals and magnetic
recordings in China, and show that the GIC amplitudes can be quite large even in mid-low latitude areas. The GIC in the Chinese
Northwest 750 kV Power Grid are modeled based on the plane wave assumption. The results show that GIC flowing in some trans-
formers exceed 30 A/phase during strong geomagnetic storms. GIC are thus not only a high-latitude problem but networks in mid-
dle and low latitudes can be impacted as well, which needs careful attention.
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1. Introduction

During strong space weather storms, which are caused by the
activity of the Sun, the Earth’s magnetic field is intensely dis-
turbed by the space current system in the magnetosphere and
ionosphere. The electric fields induced by time variations of
the geomagnetic field drive geomagnetically induced currents
(GIC) in electric power transmission networks. The frequencies
of GIC are in the range of 0.0001 ~ 0.1 Hz. Such quasi-DC
currents cause bias fluxes in transformers, which result in
half-cycle saturation due to the nonlinear response of the core
material (e.g., Kappenman & Albertson 1990; Molinski 2002;
Kappenman 2007). The sharply increased magnetizing current
with serious waveform distortion may lead to temperature rise
and vibration in transformers, reactive power fluctuations,
voltage sag, protection relay malfunction, and possibly even a
collapse of the whole power system (e.g., Kappenman 1996;
Bolduc 2002).

Large GIC are usually considered to occur at high latitudes
such as North America and Scandinavia, where tripping prob-
lems and even blackouts of power systems due to GIC have
been experienced (Bolduc 2002; Pulkkinen et al. 2005; Wik
et al. 2009). Large currents in transformer neutrals have been
monitored in the Chinese high-voltage power system many
times during geomagnetic storms although China is a mid-
low-latitude country. At the same time, transformers have had
abnormal noise and vibration. Those events have been shown
to be caused by GIC based on analyses of simultaneous mag-
netic data and GIC recordings (Liu & Xie 2005; Liu et al.
2009a). The power grids are using higher voltages, longer trans-
mission distances, and larger capacity with the developing
economy in China. So, the risk that the power systems would
suffer from GIC problems may obviously increase. The
Chinese Northwest 750 kV power grid has long transmission

lines with small resistances making it prone to large GIC during
geomagnetic storms. Thus it is important to model GIC partic-
ularly in that network.

2. GIC observations in Chinese high-voltage power
grid

We acquire GIC data through the neutral point of the trans-
former at the Ling’ao nuclear power plant (22.6° N,
114.6° E) in the Guangdong Province. Besides, geomagnetic
field data are collected from the Zhaoqing Geomagnetic Obser-
vatory (23.1° N, 112.3° E) which is not very far from Ling’ao.
Figurel shows the neutral point current (top panel), the horizon-
tal component of the geomagnetic field (bottom panel), and its
variation rate (middle panel) during the magnetic storms on 7-8
(a) and 9-10 (b) November 2004. The occurrence times of the
current peaks match with those of the geomagnetic field varia-
tion rate. It is confirmed that there is no HVDC (high-voltage
direct current) monopole operation during that time. So it is rea-
sonable to believe that the currents are really GIC induced by
geomagnetic storms. The maximum value of GIC is up to
75.5 A/3 phases, which is much higher than the DC bias caused
by monopole operation of HVDC.

3. Modeling GIC in power grids

The modeling of GIC in a power grid can be divided into two
steps (e.g., Pirjola 2000): step 1, calculating the geoelectric field
induced by a magnetic storm; step 2, calculating the GIC in the
power grid. The effect of the induced geoelectric field is equiv-
alent to voltage sources in the transmission lines, which enables
converting the GIC calculation into a circuit problem in step 2.
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Fig. 1. GIC data at the Ling’ao nuclear power plant on 7-8 (a) and
9-10 (b) November 2004. The horizontal component of the
geomagnetic field and its variation rate are also shown based on
data from the Zhaoqing Geomagnetic Observatory.
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Fig. 2. Layered Earth model for calculating the induced geoelectric
field.
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Fig. 3. Chinese Northwest 750 kV power grid. Three geomagnetic
observatories (GRM, LZH, and JYG) are also shown on the map.
(The WMQ observatory is not located in the area of this map.)

Table 1. Locations of geomagnetic observatories in the area of the
Chinese Northwest 750 kV power grid.

Name Longitude (°E) Latitude (°N)
WwWMQ 87.7 43.8
GRM 949 36.4
LZH 103.8 36.1
JYG 98.2 39.8

3.1. Calculating the electric field using a layered earth model

We use the standard conventional Cartesian geomagnetic coor-
dinate system in which the x, y and z axes point northwards,
eastwards, and downwards, respectively. According to the plane
wave assumption (e.g., Boteler 1999), the relation between per-
pendicular horizontal components of the geoelectric (E) and
geomagnetic (B) fields at the earth’s surface can be expressed as

E.(w) = ﬂiOBy(w)Z(w), (1)
E,(w) = —HLOBx(w)Z(wL (2)

where p, is the vacuum permeability and Z is surface imped-
ance of the earth which depends on the conductivity structure
of the earth and on the angular frequency .

In a previous study about GIC in China, Liu et al. (2009b)
used a uniform half-space model for the earth. However,
one-dimensional layered earth models are more accurate
descriptions for the real situations. Figure 2 shows a layered
earth model which contains » layers with conductivities oy,
0, ..., 0, and thicknesses Ay, hs, ..., h,—00.

The thickness of the bottom layer is /4,—o0, and E, = 0
and B, = 0 when z—o0. Hence the impedance at the top of
the layer of the nth layer is

E, jou, JOU,
Z,= =Tt = [T 3
Ho B, k, v, ( )

where £, is the propagation constant given by k, = \/jo,G,.
The impedance at the top of the layer within the mth layer
(m=1,2,...,n — 1) can be expressed as
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Fig. 4. Measured magnetic data and the SECS-derived magnetic data on 29-30 May 2005. The horizontal axis is the UT time in hours

(a) magnetic data from JYG observatory and the SECS-derived magnetic data for Jiuquan substation and (b) magnetic data from LZH
observatory and the SECS-derived magnetic data for Yongdeng substation.

Xining Yongdeng Baiyin Huanghe Yinchuan

200
(km)

Fig. 5. Resistivity for the section Xining-Yinchuan along 750 kV power transmission lines.
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Fig. 6. Calculated geoelectric fields at two sites (Jiuquan and Yongdeng) of the Chinese Northwest 750 kV power grid on 29-30 May 2005. The
horizontal axis is the UT time in hours (a) E-Jiuquan and (b) E-Yongdeng.
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where k,, = \/jol,6, and Zo, =5 and L,y = %

In the model, the bottom of mth layer is the top of (m + 1)th
layer, so equation (4) can be seen as a recursive formula for the
impedance at the top of each layer, through which we can cal-
culate the surface impedance of the Earth Z. The geoelectric
field in frequency domain can be calculated from geomagnetic
data according to equations (1) and (2). Then the result has to
be inverse Fourier transformed back to the time domain.

Zm = ZOm

3.2. Calculating GIC

The frequencies of GIC are very low from the view point of
power systems. Thus the GIC can be treated as a direct current.
The effect of the geoelectric field on a power grid is equivalent
to a set of voltage sources in the transmission lines between the
substations. The value of the voltage is the integral of the elec-
tric field along the line, i.e.:

B _.
VAB:/ E-dl. (5)
A
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Fig. 7. Calculated GIC at two sites (Jiuquan and Yongdeng) of the Chinese Northwest 750 kV power grid on 29-30 May 2005. The horizontal
axis is the UT time in hours (a) calculated GIC at Jiuquan substation and (b) calculated GIC at Youngdeng substation.

If the geoelectric field is uniform, the integrals are indepen-
dent of the paths. Therefore equation (5) can be simplified to

VAB = LAB(EX sin 0 +Ey Cos 9) (6)

Where L 45 is the direct distance between nodes 4 and B; 0
is the “compass angles” i.e. clockwise from geographic
North.

The GIC flowing from the power grid to the earth can be
expressed as a column matrix I, which has the following for-
mula (e.g., Pirjola & Lehtinen 1985)

I=(1+YZ2)J, (7)

where 1 is a unit (identity) matrix; Y and Z are the network
admittance matrix and the earthing impedance matrix respec-
tively. The elements of column matrix J are defined by

Ji= Y Yy, (8)

jorzu Rii

The matrix J gives the GIC between the power grid and the
earth in the case of ideal groundings, i.e. the grounding resis-
tances are zero making Z a zero matrix.

4. Modeling GIC in Chinese Northwest 750 kV power
grid

The problem of GIC should be considered more serious in the
Chinese Northwest 750 kV power grid because of the high

voltage implying low transmission line resistances and because
of the low earth conductivity increasing geoelectric field values.
The power grid (shown in Fig. 3) for which GIC calculations
are made in this paper is mainly located in the Gansu Province
in the Northwest of China. We ignore the lower voltage part
connected to the 750 kV power grid when modeling the GIC,
because the resistances of that part are much larger, and so it
is considered to have little influence on GIC flowing in the
750 kV system.

4.1. Geoelectric field calculation

We use data of the geomagnetic storm on 29-30 May 2005.
The power grid is very large, extending more than 2 000 km
in an east-west direction and 1 500 km in a North-South direc-
tion, so the geomagnetic variations cannot be considered to be
the same all over the network. The magnetic data from four
geomagnetic observatories, whose locations are shown in
Figure 3 and in Table 1, are used to calculate the geoelectric
field. The local magnetic data are interpolated by using the
spherical elementary current systems (SECS) method (Amm
1997). The method uses geomagnetic field data to inverse the
ionosphere equivalent current according to which the geomag-
netic field data of every location can be calculated. Therefore
the interpolation of magnetic data at different locations during
a storm can be acquired. As examples, Figure 4a shows the
measured data from JYG and the SECS-derived magnetic data
for Jiuquan Substation, and Figure 4b shows the measured data
from LZH and the SECS-derived magnetic data for Yongdeng
Substation on 29-30 May 2005. It can be seen that the differ-
ences between measured magnetic data and the SECS-derived
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Fig. 8. Snapshots at 21:35 on 29 May 2005 (a) and at 22:51UT on
29 May 2005 (b) of calculated GIC at different sites of the Chinese
Northwest 750 kV power grid. The solid circle represents that the
GIC flow into the power network from ground, the hollow one
means that GIC flow into the ground. The dashed line with an arrow
represents the direction of electric field at that substation.

data are little except for the base line values which have no
effect on the induced electric fields.

The earth conductivities are quite different across the power
grid considered, so the geoelectric field values are calculated
segment by segment according to the local magnetic data and
the local layered earth model. In other words, we utilize the
piecewise layered earth model. The earth resistivity in the
region where the Chinese Northwest 750 kV power grid is
located was provided by Prof. Liu Guo-Xing, a geologist at
the Jilin University (private communication). Figure 5 shows
a section of the earth resistivity in Q'm from Xining to
Yinchuan along the 750 kV power lines (see Fig. 3). The resis-
tances of some places are given within a range such as 500-570
at Yinchuan in Figure 5. The upper limit values were used to
calculate the induced electric fields because they stand for the
most disadvantageous situation to the power grid.

As mentioned, the geoelectric fields have been calculated
all over the Chinese Northwest 750 kV system based on the
Piecewise layered earth models during the geomagnetic storm
on 29-30 May 2005. As examples, Figure 6 shows the geoelec-
tric field at Jiuquan and Yongdeng (whose locations are shown
in Fig. 3). Our calculation results indicate that the largest £,

value is 0.36 V/km and the largest £, value is 0.668 V/km in
the area of the Northwest 750 kV grid during the geomagnetic
storm considered. It is also shown by Figure 6 that the electric
fields calculated for Yongdeng and Jiugan are quite different
because the Earth conductivity at Yongdeng is much lower than
that at Jiuquan.

4.2. GIC calculation

The GIC through all neutral points of the transformers to the
Earth and in all transmission lines of the Chinese Northwest
750 kV network have been calculated. Figure 7 shows the
GIC through two typical substations: Jiuquan and Yondeng
(also referred to in Fig. 6). The largest GIC at Jiuquan is
25.08 A/phase at 21:35 UT on 29 May 2005, and the largest
GIC at Yongdeng is 38.63 A/phase at 22:51 UT on 29 May
2005.

As snapshots, Figure 8 shows the GIC through every node
and line at 21:35 UT (panel a) and at 22:51UT (panel b) on
29 May 2005 when the GIC through some of the nodes reach
their peaks. It can be seen that the largest GIC through a neutral
point is 38.63 A/phase, which is obtained at theYongdeng sub-
station at 22:51 as already mentioned above (see also Fig. 7).
The peak GIC through a transmission line is 68.84 A/phase,
which occurs in the line from Yongdeng to Jinchang at 21:35
UT. It should be note that there is one single-phase transformer
bank in a 750 kV substation except Guanting and Yinchuan
where the number of transformer banks is two.

5. Conclusions

The high-voltage power grid in China may experience large
GIC during geomagnetic storms, which has been concluded
from monitoring the current through the neutral point at
Ling’ao nuclear power plant. The GIC in the Chinese
Northwest 750 kV power grid during a specific geomagnetic
storm have been modeled based on calculating the geoelectric
field using the piecewise layered earth models. It can be seen
from the results that some sites are sensitive to geomagnetic
storms, and the magnitude of GIC can be quite large
(> 30 A/phase) during strong geomagnetic storms. Our studies
thus clearly demonstrate that GIC are not only a high-latitude
problem but networks in middle and low latitudes can be
impacted as well. Factors increasing GIC risks in China include
the large size of the power network, the small resistances of the
transmission lines, and the high resistivity of the earth.
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