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Abstract—Calculation of geomagnetically induced current 

(GIC) flowing through power system during the geomagnetic 

storm has attracted more attention recently. However, for high 

voltage power systems with transmission lines over hundreds or 

even thousands of kilometers, the earth model and geomagnetical 

field generally vary significantly. So, it is essential to take them 

into consideration using limited earth survey sites and 

geomagnetic observatories. To address this problem, a Kriging 

method is introduced in this paper to make earth model and 

geomagnetical field interpolations. It has the characteristic of 

spatial autocorrelation by considering not only the distances 

between predicted points and training points but also the 

distances between training points themselves. Finally, a case study 

of the Central China 1000 kV ultra-high voltage (UHV) grid is 

carried out to illustrate the applicability and effectiveness of the 

proposed method. 

Index Terms—Geomagnetically induced current, Kriging 

method, variation of earth model and geomagnetic field, 1000 kV 

UHV power grid. 

I. INTRODUCTION

EOMAGNETICALLY induced current (GIC) caused by

geomagnetical disturbance (GMD) could be a potential 

threat to the power system. Once the transformer is led to 

half-cycle saturation by GIC, transformer overheating, 

misoperation of protective relays, voltage instability may 

happen subsequently. Even the power grid may collapse if 

several transformers or reactive power compensation devices 

are out of service in this circumstance [1]-[7]. In this respect, 

accurately calculating GIC is of great importance for assessing 

the effect of GMD on the power system. 

In fact, the earth model, the geomagnetic field and the 

electric parameters of power system are the three primary 

factors during the GIC calculating procedure. In 2012, a 

benchmark test case was provided to facilitate the testing of 

This work is supported by National Key R&D Program of China under 

Grant 2016YFC0800100. 

Yu-hao Chen, Yan-zhao Xie (corresponding author), Min-zhou Liu, 

Zong-yang Wang and Ai-ci Qiu are with the State Key Laboratory of Electrical 

Insulation and Power Equipment, School of Electrical Engineering, Xi’an 

Jiaotong Univeristy, Xi’an, Shaanxi Province, China (e-mail: 

chenyuhao@stu.xjtu.edu.cn, yzxie@xjtu.edu.cn). 

Qing Liu is with the College of Electrical and Control Engineering, Xi’an 

University of Science and Technology, Xi’an 710054, China (e-mail: 

liuqing623nn@163.com). 

GIC modeling procedures [8]. Following this benchmark, 

several researchers have devoted themselves to elaborating it in 

order to accord with practical situations [9]-[16]. For the earth 

model, a detailed 1-D layered earth model with flat layers of 

varying thicknesses and conductivity levels was firstly 

developed [17]; then a 3-D earth model is studied to quantify 

the impact of a geomagnetic storm [18]-[19]. But all the above 

studies have one thing in common: the earth model and the 

geomagnetic field are both regarded as uniform along the 

transmission line (TL). 

However, for a high voltage power system with TLs over 

hundreds or even thousands of kilometers, the geological 

parameters and geomagnetic field will change significantly in 

most cases. So, it is essential to consider the variation of 

geological parameters and geomagnetic field along the TLs 

when calculating GIC. But limited earth survey sites and 

geomagnetic observatories have restricted this procedure. 

To solve this problem, some literatures have made some 

efforts. [20] has used piecewise layered earth models to 

approximate the geological variations over the route of TL, 

which has a significant influence on the calculated GIC 

compared with using the laterally uniform earth model. [21] has 

calculated and compared the voltages across TLs using regional 

1-D impedances and 64 empirical 3-D impedances obtained

from a magnetotelluric survey. It also showed that the use of

varying 3-D impedances along the TLs produces more spatial

variance. In [22], the impact of various geoelectric field

calculation methods on the GIC calculation is evaluated by

comparison with the observations from a geomagnetic storm.

The results showed that the spatially interpolated E-fields have

produced closer agreement. Nevertheless, only the variation of

the geological model is considered in these researches.

So, a more applicable GIC calculation method which 

considers the variation of both geological parameters and 

geomagnetic field should be proposed. As the earth survey sites 

and geomagnetic observatories are normally not located in the 

same position, it is necessary to interpolate them along the TL 

respectively. Considering the Tobler's first law of geography, 

both the magnetic field and ground model are believed to have 

spatial correlation in our problem [23]. In fact, results from [24] 

also showed the general falloff of correlative fidelity in the 

neutral currents as a function of distance from magnetometer to 

neutral current measurement location. So, a geostatistical 

interpolation method with the characteristic of spatial 
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autocorrelation should be adopted to deal with our problem. In 

fact, Kriging is a representative of the geostatistical 

interpolation methods [25]-[26]. Compared with other 

geostatistical interpolation methods, such as Thiessen polygons 

and inverse distance weight, it has the higher approximation 

degree, higher calculation ability and wider range of 

application [27]. After much improvement by many researchers, 

it has been widely applied in the fields of engineering science 

and natural science [28]-[30]. It not only provides the mean 

function to approximate the objective function but also the 

Kriging variance to represent the uncertainty of the model. So, 

the Kriging method is applied in this paper. 

This paper is organized as follows. Section II firstly reviews 

the universal GIC calculation procedure. Then the application 

of Kriging interpolation in GIC calculation is introduced in 

section III, where the whole proposed calculation flow is 

summarized. To verify the feasibility of the proposed method, 

the GICs in Central China 1000 kV UHV grid is studied in 

section IV. Finally, section V concludes this paper with final 

remarks. 

II. CALCULATION PROCEDURE OF GIC

In theory, there are mainly three steps to calculate the GIC 

along the TL. The first step is to calculate the geoelectric field 

near the surface of the earth based on the measured 

geomagnetic field. Two methods are mostly adopted to 

describe their relationship: the surface impedance of the earth 

and the finite element model [31]. For the surface impedance 

tensor, the 1-D tensor derived from the multi-layer earth 

conductivity model has two opposite components while the 3-D 

tensor has four different components. 
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where n indicates north and e indicates east. 

With the surface impedance tensor, the geoelectric field can 

be calculated based on (2) in the frequency domain. 

( ) ( ) ( ) /   =E Z B (2) 

where E()=[En(), Ee()]T, B()=[Bn(), Be()]T;  is the 

local magnetic permeability which is commonly regarded as 

free space value 0=410-7 H/m. 

On the other hand, a 3-D earth conductivity finite element 

model can be normally built in a finite element software, such 

as ANSYS and COMSOL [32]. By applying geomagnetic field, 

the induced geoelectric field can be calculated with Maxwell’s 

equation by a numerical analysis of the finite element.  

The second step is to obtain the voltage between two 

substations by integrating the geoelectric field along the TL, 

which is described as (3).  

( ) ( )=  E l
L

U d  (3) 

where L is the path of TL, dl is the path segment of TL. 

Whether the surface impedance of the earth or the finite 

element model is used, the geoelectric field can always be 

decomposed into En() and Ee() components. So (3) can be 

transformed into: 

( ) ( ) ( )=  +  n n e e
L L

U E dl E dl   (4) 

where ln is the northward distance of TL and le is the eastward 

distance of TL. 

In some cases, both En() and Ee() can be further 

decomposed with real parts and imaginary parts: 

( ) ( ) ( )

( ) ( ) ( )

Re Re Re

Im Im Im

=  +           

=  +           

 

 

n n e e
L L

n n e e
L L

U E dl E dl

U E dl E dl

  

  
(5) 

By carrying out the inverse Fourier transform, the induced 

voltage can be obtained in the time domain. Finally, by 

regarding the impact of the magnetic field variation as dc 

voltage sources in series with each of the transmission lines, the 

GICs from substations to ground can be obtained [33]. In this 

paper, the LP method presented by Lehtinen and Pirjola is 

applied [34]. 

( )
1−

= +I E YZ J (6) 

where I is the vector of GICs from substations to ground; E is 

the unit matrix; Y is the network admittance matrix; Z is the 

earthing impedance matrix; J depends on the induced voltages 

along the transmission line and the line resistance. 

III. GIC CALCULATION USING KRIGING INTERPOLATION

Based on the introduced calculation procedure of GIC, we 

can find that the earth geology model, the geomagnetic fields 

and the electric parameters of the power system are the three 

primary factors. However, as high-voltage TLs usually run 

hundreds or even thousands of kilometers, a lack of earth model 

data or the limited local geomagnetic stations may restrict the 

assessment of GIC. To solve this problem, a well-performed 

interpolation method of Kriging is introduced to support a 

continuous earth geology model or the geomagnetic fields 

along the TLs.  

A. Objective Function

For the earth geology model, the variant components along

the TL could be interpolated in the frequency domain. And 

these interpolated components include a real part and an 

imaginary part of 1-D or 3-D surface impedance tensor. It 

should be noted that if the 1-D surface impedance tensor is 

applied, the boundary effect between different earth structures 

will be ignored with some errors. In this respect, the objective 

function for earth geology interpolation could be supposed as: 

( ),= xey f  (7)

where x=[xn, xe]R2 is the Euclidean position of the map;  is

the frequency variable; yeR is the output variable of the 

interpolated earth geology component.  

For the geomagnetic field, as there are four frequency 

components in our problem, that is, Re[En()], Im[En()], 

Re[Ee()] and Im[Ee()], four Kriging interpolation models 

need to be built in the frequency domain. So, it will be more 

complex and may bring bigger errors accordingly. In this way, 

to simplify the modeling process and avoid excessive errors, 

the magnetic fields are interpolated in the time domain for the 

north component and the east component respectively in our 

study. So, its objective function could be supposed as: 
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( ),= xmy f t (8) 

where t is the time variable; ymR is the output variable of 

interpolated geomagnetic component. 

As the earth could be regarded as an ellipsoid with a smaller 

radius at the pole than at the equator, it is essential to transfer 

the coordinate of latitude and longitude into Euclidean 

coordinate firstly. By specifying appropriate point of longitude 

0 and latitude 0 as the origin, other positions (, ) could be 

transferred based on (9). In this calculation procedure, the 

WGS84 earth model is used, where the equatorial radius is 

6378.137 km, the polar radius is 6356.752 km and the 

eccentricity square is 0.00669437999014 [35]. 

( )( ) ( )

( )( ) ( )

0

0

111.133 0.56cos 2

111.5065 0.1872cos 2 cos

= −  −

= −   −

n

e

x

x

  

   
(9) 

where =(+0)/2. 

B. Kriging Interpolation

In fact, the Kriging interpolation method is to build a

surrogate model for the objective functions of (7) and (8). From 

the perspective of Kriging, f(x) is supposed to be a Gaussian 

process and f(Xt) obeys a joint Gaussian distribution where Xt is 

the input of training sets with n dimensions. In fact, a Gaussian 

process is completely specified by its mean function m(x) and 

covariance function k(x, x) [36]-[37]. It can be expressed as: 

( ) ( ) ( )( ), ,f GP m k x x x x (10) 

The mean function m(x) represents the trend of Kriging 

which is usually defined as: 

( ) ( )T=x g x βm (11) 

where gT(x)=[g1(x) , … , gp(x)] is a repressor vector and β is a p 

dimensions vector of regression parameters.  

The covariance function k(x, x) models the dependence 

between different values of Gaussian process Z(x). It can be 

expressed as: 

( ) ( )2, , ; = x x x x θk r (12) 

where 2 and θ are hyper-parameters of covariance function; 

r(x, x; θ) is the correlation function which only depends on the 

distance between the input samples, that is, when the distance is 

0, the correlation function equals 1 and when the distance 

approaches infinite, the correlation function equals 0.  

Indeed, the covariance function is the most important part of 

a Gaussian process and there is a tight relation between the 

regularity of the considered Gaussian process and the regularity 

of the covariance function. Squared exponential covariance 

function, -Matern covariance function and -exponential 

covariance function are three widely used covariance functions 

and are listed below respectively. 

1) Squared exponential covariance function:

( )
2

2

2
, exp

2

 −
  = −

 
 

x x
x xk 


(13) 

where  is the correlation length. 

2) -Matern covariance function:

( )
( )

1 2 22
,

−     − −
 =    

       

x x x x
x xk K






 

  
(14) 

where  is the correlation length;  is the regularity parameter; 

K is the modified Bessel function;  is the Euler-Gamma 

function. 

3) -exponential covariance function:

( ), exp 0 2
  − 
  = −   
   

x x
x xk






(15) 

where  is the correlation length and  is the power exponent. 

Based on the principle of Gaussian process, the predicted 

sets xp and training sets Xt obey the joint Gaussian distribution. 

That is: 

( )
( )

( ) ( )

( )

TT
pp p 2

t p

1
,

     
     
          

xx g x β
N

X x RGβ

rf

f r
 (16) 

where G=gT(Xt) is the derived repressor vector of training sets; 

r(xp)=r(xp, Xt; θ) is the correlation vector between xp and Xt; 

R=r(Xt, Xt; θ) is the correlation matrix between the training 

points. 

In this respect, the conditional distribution [f(xp) | Xt, β, σ2, θ] 

also obeys the Gaussian distribution, whose mean and variance 

are derived as: 

( ) ( ) ( ) ( )1

p p p t
ˆ −= + −x g x β x R Y Gβ

Tm r (17) 

( ) ( ) ( )( )2 2 1

p p p
ˆ 1 −= −x x R x

Ts r r (18) 

The Kriging mean m̂(xp) is the surrogate model used to 

approximate the objective function f(xp) and the Kriging 

variance ŝ2(xp) represents the model mean squared error. From 

(17) and (18), we can see that the mean function and the

variance function not only depend on the distance between the

predicted point and the training points but also the distance

between the training points themselves.

To estimate the parameters (β, σ2, θ) in (17) and (18), the 

maximum likelihood estimation is generally applied. This 

means: 

( )2 2ˆ ˆˆ, , arg max log | , , ,=β θ Y X β θt tP  (19) 

where 

( ) ( )( )2 2| , , , = | , , | +Y X β θ Y gβ X X θ It t t t t nP N R  (20) 

The detailed estimation procedure could be referred to in 

[36]-[37]. 

Furthermore, to improve the accuracy and robustness of the 

Kriging model, the training samples should be normalized and 

transferred into the range of [0, 1] before estimating the 

hyper-parameters [38]. The normalization formula is: 

( )
( ) ( )

min

max min

−
=

−

x

x x

k k

k

normalized k k

x
x (21) 

where xk
normalized is the normalized result of the kth dimension 

input sample xk (k=1, 2, … , n); xk is the the sample vector of the 

kth dimension input. 

On the other hand, when we predict the features along lines 

using the built Kriging models, short lines generally result in 
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uniform distribution and cause some errors. In this respect, to 

avoid excessive error, the minimum length of lines should be no 

less than 1/20 of the minimum spatial distances between 

geomagnetic observatories and geological prospecting points. 

C. Summary of Proposed Algorithm

Based on the above introduced techniques, the flow of GIC

calculation using the Kriging interpolation could be 

summarized in Fig. 1. Depending on whether the geomagnetic 

field data or the earth conductivities are limited, the Kriging 

interpolation is employed correspondingly. 

Kriging Interpolation 

Geomagnetic Fields of Time 

Domain Bt(t) at Observed Points

Earth Conductivities of 

Frequency Domain Zt(ω) at 

Surveyed Points

Continuous Geomagnetic Fields  

B(ω) along TL

Continuous Earth Conductivities 

Z(ω) along TL

Continuous Geoelectric Fields 

E(ω) along TL 

Electric Parameters of 

Power System

GIC of Frequency Domain I(ω)

GIC of Time Domain I(t)

Continuous Geomagnetic Fields  

B(t) along TL

Fig. 1.  Flow diagram of GIC calculation using Kriging interpolation. 

IV. CASE STUDY

In this section, the Central China 1000 kV UHV grid is 

studied by interpolating both the geological model and the 

geomagnetic field based on the Kriging method. The map of the 

studied power system is shown in Fig. 2 and it mainly includes 

eight TLs and nine substations. Based on (9), its corresponding 

Euclidean coordinate is obtained in Fig. 3, where the point 

(110 °E, 25 °N) is set as the origin of coordinate.  

Fig. 2.  The map of 1000 kV UHV transmission lines in Central China grid. 

Fig. 3.  The Euclidean coordinate of 1000 kV UHV transmission line in Central 

China grid. 

Six 1-D earth models of Jingmen (JM), Yingshan (YS), 

Huzhou (HZ), Shaoyang (SY), Ganzhou (GZ) and Xiapu (XP) 

labeled in Fig. 2 are used to interpolate the surface impedance 

tensors along TLs using the Kriging method. And their detailed 

parameters are shown in TABLE I [39]. 
TABLE I 

1-D EARTH MODELS OF JINGMEN, YINGSHAN, HUZHOU, SHAOYANG, 

GANZHOU AND XIAPU 

Depth 

(km) 

JM 

(m) 

YS 

(m) 

HZ 

(m) 

SY 

(m) 

GZ 

(m) 

XP 

(m) 

0~2 78 11524 216 24222 9123 6366 

2~5 21 63783 4780 7133 6351 5557 

5~10 22 132480 13289 2958 3130 6076 

10~20 14 142670 13822 717 892 658 

20~30 61 46921 4214 4574 417 1045 

30~50 49 2744 361 4529 271 1138 

50~70 2.4 1481 435 806 320 1579 

70~100 0.15 269 506 15706 712 6452 

100~150 0.11 231 69 41883 383 3734 

150~200 0.08 692 17 28982 119 181 

200~250 0.08 1387 135 8074 130 1016 

250~300 0.08 1123 155 797 45 2588 

300~∞ 0.08 40 155 797 5000 900 

For 1-D earth model with m+1 layers, the surface impedance 

tensor in (1) could be obtained by iteration layer by layer. And 

the relationship between surface impedances of adjacent layers 

is [40]: 

( )

( )
( )
( )
( )

21

1

21

1

1

1

−+

+

−+

+

−
+

+
=

−
−

+

i i

i i

hi i

i i

i i

hi i

i i

Z
e

Z
Z

Z
e

Z





 

 
 

 

 

(22) 

where i is the label of layers and i=m, m-1, …,1; hi is the 

thickness of layer i; i and ηi are the propagation constant and 

the intrinsic impedance of layer i, which are obtained by: 

= , =i i i

i

j
j


  


(23) 

where μ is the permeability of free space; σi is the conductivity 

of layer i. 

By applying (22), the real and imaginary parts of surface 

impedances in Jingmen, Yingshan, Huzhou, Shaoyang, 

Ganzhou and Xiapu are shown in Fig. 4.  
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Fig. 4.  The surface impedances of Jingmen, Yingshan, Huzhou, Shaoyang, 

Ganzhou and Xiapu. 

Using Kriging interpolation with squared exponential 

covariance function, the surface impedance along the eight TLs 

in the frequency domain can be obtained based on these six 

known surface impedances. The interpolated real parts and 

imaginary parts of four typical TLs are shown in Fig. 5, 

respectively, where the abscissa is the position of TL and the 

ordinate is the spectrum distribution. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h)

Fig. 5.  The interpolated surface impedances along four typical TLs. (a) Real 

part of surface impedances from JM to WH, (b) Imaginary part of surface 

impedances from JM to WH, (c) Real part of surface impedances from JM to 

CS, (d) Imaginary part of surface impedances from JM to CS, (e) Real part of 

surface impedances from WH to WN, (f) Imaginary part of surface impedances 

from WH to WN, (g) Real part of surface impedances from JH to FZ, (h) 

Imaginary part of surface impedances from JH to FZ. 

As for the geomagnetic field, a typical GMD event on 

November 6-19, 2004 is applied for final GIC calculation. 

Three different geomagnetic observatories are referred, namely, 

the observatory of Beijing Ming Tombs (BMT), the 

observatory of Lanzhou (LZH) and the observatory of 

Zhaoqing (GZH). Their positions are marked in Fig. 6 and the 

corresponding measured geomagnetic fields are shown in Fig. 

7. 

Fig. 6.  The map of three different geomagnetic observatories. 

(a) 
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(b) 

Fig. 7.  The measured geomagnetic field of BMT, LZH and GZH observatories 

on November 6-19, 2004. (a) North component and (b) East component. 

The interpolated geomagnetic fields of both north 

component and east component along the TLs are obtained by 

modelling the Kriging models of these measured results. 

During this process, the 5/2 Matern covariance function is 

adopted. 

Finally, the GICs from each substation to ground could be 

calculated based on (2)~(6). During this procedure, the dc 

resistance of each TL phase is set as 0.0095 Ω/km; the dc 

resistance per phase of transformer consists of the series 

winding of 182.7 mΩ and the common winding of 141.5 mΩ; 

the typical grounding resistance of each substation is 0.1 Ω. The 

maximum GICs of each substation using interpolated 

geomagnetic model and different geomagnetic fields are shown 

in Fig. 8.  

Fig. 8.  The calculated maximum GIC from each substation to ground in 1000 

kV UHV Central China grid using different geomagnetic fields. 

From Fig. 8, we can observe that the GICs of Fuzhou and 

Zhebei substations are relatively higher than other substations 

and more sensitive to the geomagnetic field, which is a result of 

the power grid structure. On the other hand, the geomagnetic 

fields of BMT and LZH cause higher GICs than the fields of 

GZH. This could be explained by the fact that BMT and LZH 

are both located in the high-latitude region which has relatively 

more intense storms while GZH is located in the low-latitude 

area with weaker storms. And the GICs from Kriging 

interpolation are close to the ones from using just GZH 

measurements in some eastern substations, like Wannan, 

Zhebei, Shanghai, Jinhua and Fuzhou substations. This is 

because the distances from GZH to these eastern TLs are 

shorter than the ones from BMT and LZH to these eastern TLs, 

especially the TLs from Zhebei to Fuzhou. So, the GIC results 

of these eastern substations from Kriging interpolation are 

more likely to be influenced by the measurements of GZH. In 

this respect, by using Kriging interpolated geomagnetic field, 

we can clearly see that the results have fused the information 

from different geomagnetic observatories and they are 

generally among the results using geomagnetic fields of single 

observatory. Based on this, more reasonable threat assessment 

of GMD on the Central China 1000 kV UHV grid could be 

made. 

V. CONCLUSION

During the GIC calculation process, the earth conductivity 

model and the geomagnetic field are two critical factors. For 

high-voltage TLs of long length, the variations of these two 

factors should be considered instead of just using a uniform 

model. However, lack of data for either of them will influence 

the final assessment results.  

In this respect, this paper introduces the Kriging method to 

interpolate the limited earth conductivity points or 

geo-magnetic observatories. By considering the distance 

between the predicted points and the training points as well as 

the distance between the training points themselves, the values 

of unknown area are estimated. To illustrate the proposed 

method, a case study of Central China 1000 kV UHV grid has 

been studied under the threat of GMD event on November 6-19, 

2004. Both the surface impedances and geomagnetic fields are 

interpolated and the calculated GICs are compared by using 

different geomagnetic fields. 

For further study, the GIC predicted by the proposed method 

will be compared with the measured result from a real 

geomagnetic storm to validate the effectiveness of the method. 
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