IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received April 2, 2020, accepted April 17, 2020, date of publication April 21, 2020, date of current version May 5, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2989167

Research on the GIC Governance Scheme of the
Xinjiang 750-kV Power Grid Based on an
Equal Allocation Method

SHU-MING ZHANG ~ AND LIAN-GUANG LIU, (Member, IEEE)

State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources, North China Electric Power University, Beijing 102206, China
Corresponding author: Shu-Ming Zhang (interzsm @ncepu.edu.cn)
This work was supported in part by the National Natural Science Foundation of China under Grant 51577060, in part by the National High

Technology Research and Development of China through the 863 Program under Grant 2012AA121005, and in part by the International
Science and Technology Cooperation Program under Grant 2010DFA64680.

ABSTRACT The damage caused to power grid by geomagnetic storm increases with an increase in the grid
voltage level and an increase in the grid coverage area. Xinjiang is a vast, high-latitude area in China, where
geomagnetically induced currents (GIC) have an enormous effect on geomagnetic storm. The voltage level
of the Xinjiang power grid (750 kV) and the DC resistance of the grid are small, which aggravates the impact
of GICs on the power grid. During geomagnetic storm, the safety and stability of the Xinjiang power grid
is crucial. But Xinjiang power grid supplies power for a large range of area, and the grid structure is mostly
connected by single transmission line. Therefore, the power grid is relatively weak in resisting accidents and
has high operational risk. In this paper, Xinjiang’s 750-kV power grid was chosen as a research object, and a
GIC governance method (a shared governance method) is proposed. The Xinjiang power grid’s control over

GIC effects was analyzed, and the effectiveness of the method was verified using simulations.

INDEX TERMS Xinjiang power grid, 750-kV, GIC governance, sharing method.

I. INTRODUCTION

Geomagnetic storms can negatively influence grounded sys-
tems across the globe. The harm caused by geomagnetic
storms to power grids is a widespread concern. The effects
of geomagnetic storms on power grids are mainly reflected
in the phenomenon of DC bias caused by geomagnetically
induced currents (GICs) [1], [2]. The magnitude of GICs in a
particular network is affected by the intensity of the geomag-
netic storm, the Earth’s conductivity, and the orientation and
makeup of the power grid. Generally, areas of higher latitude
will see larger variations in the Earth’s geomagnetic field,
leading to larger GICs. In addition, the smaller the Earth’s
conductivity, the larger the induced geoelectric fields will
be. These drive GICs in grounded networks. Depending on
the area, the size and voltage level of the grid will have a
significant effect on the magnitude of GICs. As the scale of
a network is increased, power grids will tend to be greater
affected by GICs [3], [4]. Many geomagnetic storms have
encroached on power grids in many parts of northern Europe
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and North America at high latitudes. The most serious ones
have caused blackouts in Quebec, Canada, and in Malmo,
Sweden [5]-[7]. With the development of China’s economy,
the scale of China’s power grid is also expanding. In recent
years, the speed of China’s power grid construction has been
very impressive, and the scale of power grid development is
rapid. With the expansion of China’s power grid, there have
been several incidents involving magnetic storm. For exam-
ple, during a magnetic storm in November 2004, a maximum
GIC value of 75.5 A was measured in a 500-kV transformer’s
neutral point at Guangdong Lingao nuclear power station [8].
The Jiangsu power grid and the Heilongjiang power grid have
also suffered different degrees of geomagnetic storm. China’s
northwest region is more influenced by such storms due to its
high latitude, relative to the rest of China [9], [10]. China’s
northwest region is more influenced by such storms due to
its high latitude [10]. A 750-kV power grid voltage level is
widely used across Northwest China: 750-kV transmission
lines use 400-mm?2 six-split conductors, a DC resistance of
2/3, and 400-mm?2 transmission lines with four 400-mm?
wires. Due to these factors, the 750-kV Xinjiang power grid
has one of the largest GIC values in China. Studying the
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prevention and control of geomagnetic storm in the Xinjiang
power grid is of great significance not only to ensure the
structural integrity of the Xinjiang power grid, but also to pro-
vide theoretical support for large-scale power grid accident
prevention.

The traditional DC bias control method is based on
the calculated results of simulated GICs. Capacitance is
added in the transformer’s neutral point of the substation
with large GICs. By blocking the DC characteristics of the
capacitor-governing device, the GIC flow path is blocked,
thus limiting the GIC value of the substation [11]. However,
this may drive the GIC of the substation with the control
device into nearby substations, thus increasing the GIC level
of the surrounding substations [12]—[14]. This problem will
not arise if a resistance control device is installed. After
adding resistance, the DC resistance of the power system
will increase, and the GIC value of the whole power grid
will be reduced. This type of governance is more secure
and reliable. However, with some nodes, it is not effective
to install resistance control devices. Therefore, considering
the overall power grid, this paper puts forward a theoretical
resistance-type device which is installed at the neutral point of
the transformer in several substations, and reduces the GICs
in the whole power grid by means of sharing the GICs in
several substations, thus limiting the GICs level of the entire
power grid. This paper takes Xinjiang’s 750-kV power grid
as a research object and analyzes the GIC level of the Xin-
jiang power grid using idealized geoelectric fields and GIC
calculations. This paper puts forward a method to mitigate
geomagnetic effects in Xinjiang’s 750-kV power grid: the
method uses all of the grid’s transformer nodes to share the
GICs across the power grid and thus limit the GIC level of
each station in the network. For this proposed governance
plan, Matlab software was used to carry out the simulations.
The GIC-Q reactive power loss method using a K-value was
used to calculate the size of the GIC-Q before and after treat-
ment. By comparing and analyzing the GIC level and GIC-Q
size before and after treatment, the feasibility of the control
scheme was verified, and new ideas for accident prevention
in other large-scale power grids are provided.

Il. EQUIVALENT GRID MODEL AND CALCULATION
METHOD FOR GIC CALCULATION

A. EQUIVALENT MODEL AND PARAMETERS OF THE
POWER GRID

In this paper, Xinjiang’s 750-kV power grid was selected
as a research object. The structure of the Xinjiang 750-kV
power grid is shown in Figure 1. Up to now, the Xinjiang
power grid has a power supply range of more than 1.3 million
square kilometers, including 19 750-kV substations, 28 trans-
formers, and a total substation capacity of 41000MVA.
There are 35 750-kV lines, and the length of Xinjiang is
6133.28km. We selected 19 750-kV substations on which to
conduct the research. It can be seen from the structure of the
Xinjiang power grid that it is large in scale, long in terms of
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FIGURE 1. Xinjiang’s 750-kV power network structure diagram.

TABLE 1. Parameters of substation, transformer and transmission circuit.

Grounding Resistance of
Transformer Transformer . .
. L Lo resistance of transmission
series winding ~ common winding . .
@ @ Substation lines
Q) (Q/km)
0.158465 0.007935 0.3 0.01205

transmission lines, and complex in terms of its power network
structure. It contains two East and West ring networks around
the Tianshan Mountains. The east ring network covers the
main energy base of Xinjiang. In order to ensure the out-
ward transmission of power, the power grid mainly adopts
a double-loop network connection mode. The Western ring
network mainly covers big cities such as Urumgqi and Changji
(generally residential electricity). Since the reliability of the
power supply in the past was not high, a single-loop network
was also adopted. At present, the main grid structure of the
Xinjiang power grid is concentrated in the northern part of
Xinjiang, and the grid structure is mostly connected by single
transmission line. Therefore, the power grid is relatively weak
in resisting accidents and has high operational risk. When a
geomagnetic storm occurs, the risk to the weak grid structure
is lower, which is the reason why we chose the Xinjiang
power grid for this research.

For this study, we used unified parameters of transformer
parameters and the transmission line parameters of different
750-kV substations in Xinjiang’s power grid. The parameters
are shown in Table 1. The numbers of transformers in 750kV
substation are shown in Table 2.

Although the lower voltage level power grid has a great
impact on the GICs value of the higher voltage level power
grid [20], for the special voltage sequence of 750-kV in Xin-
jiang, the voltage difference between the main grid structure
and the lower level power grid is large, and the impact of the
lower level power grid can be ignored. In order to illustrate the
problem, we only discuss 750-kV voltage level substations
and their transmission lines as research objects, ignoring the
GIC flowing into the 750-kV power grid through the 220-kV
voltage level grid and assuming a uniform approximate equiv-
alence for 750-kV transformers from different manufacturers.
The model used in this paper regards transformer winding
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TABLE 2. The number of 750kV transformers.

Substation ~ Number Substation Number
Hotan 2 Yazhong 1
Shache 2 Dabancheng 1

Kashgar 2 Wubei 2
Bachu 1 Turpan 1

Akesu 1 Wujiaqu 1

Kuqa 2 Zhunbei 1

1l 1 Wucaiwan 2

Bazhou 1 Jijihu 2
Wusu 1 Tianshan 1

Fenghuang 1
substation 1# u substation 2# U2 substation 3% 13 substation 4# U4

substation n#

FIGURE 2. Equivalency model of the geomagnetically induced current
(GIC) power grid.

and transformer grounding resistance as a series of resis-
tances. An equivalency model of the power grid is shown
in Figure 2.

When establishing an equivalency model of transmission
lines, a three-phase balance is generally assumed, that is,
resistance can be equivalent to the parallel connection of three
phase lines. For double-circuit transmission lines, the resis-
tance can be equivalent to the parallel connection of double-
circuit transmission lines. Because the grounding resistance
of a grounding wire through a tower is far greater than the
earth resistance of a transmission line, this remains approxi-
mately uniform in the calculation of GICs, so the calculation
of the grounding of a lightning conductor was not done for
this paper.

B. GIC AND GIC-Q COMPUTING METHODS

In order to simplify the calculation process, the induction
voltage source of the line was calculated as follows. The
eastern induced electric field and the northern induced elec-
tric field were both set as 1-V/km homogeneous geoelectric
fields [15], which is a typical value used for calculating GICs:

Uj=ENL,N + EEL;e (1)

The equations for Ey and Eg are for the northern and
eastern electric fields, respectively, and the units are in
V/km. Ljy and Ljjg are the Northern equivalent length and
Eastern equivalent length, respectively, of the transmission
lines. According to Thevenin’s equivalent theorem, the line-
induced voltage source is converted into an equivalent current
source in the following form:

=7 gjUj= (Z gijLijN> Ey + (Z gijLijE> Ex ()
E

IZ[II,IZ"'In]ZH (3)
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Here, g;; is the three-phase conductance value of the trans-
mission line:
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According to the circuit solution method, the node voltage
is obtained:
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Finally, the geomagnetically induced current (Igic) of each
branch is calculated in a matrix form, as follows:

Igic = C:G™'HE 5)

The matrix C; is an n x n order matrix. If there is resistance
between the corresponding i and j nodes, there are only two
nonzero elements in the C; matrix. The positions include i
columns and j columns, and the value is the conductance
between nodes i and j. The corresponding node is positive,
and the outflow node is negative. For the substation’s neutral
point, there is only one nonzero element in the C, matrix,
the location is in the i column, and the value is the neutral
point grounding conductance value.

C. CALCULATION METHOD FOR GIC-Q

To study the impact of GIC on the power grid, we intro-
duced a K-value algorithm to calculate the reactive power
loss of transformers during geomagnetic storms. In 2001,
Dong and others first proposed the K-value algorithm to
calculate the transformer GIC-Q loss [15]: they verified that
the GIC-Q loss was directly proportional to the DC current of
the transformer neutral point. The GIC-Q loss model for each
transformer is as follows:

QLoss = VpuKIGIC (6)
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TABLE 3. GIC and GIC-Q of substations before treatment.

Number Substation GIC (A) GIC-Q (Mvar)
1 Hotan 85.13 72.36
2 Shache -146.70 124.7
3 Kashgar -153.48 130.46
4 Bachu 6.70 5.7
5 Akesu -9.15 7.78
6 Kuqga -81.70 69.44
7 1li -118.11 100.39
8 Bazhou 90.89 77.25
9 Wusu -90.22 76.69
10 Fenghuang -75.66 64.31
11 Yazhong -43.60 37.06
12 Dabancheng  -13.61 11.57
13 Wubei -35.08 29.82
14 Turpan 65.41 55.6
15 Wujiaqu 43.16 36.69
16 Zhunbei -98.91 84.07
17 Wucaiwan 15.60 13.26
18 Jijihu 76.96 65.42
19 Tianshan 109.03 92.67

OlLoss 1s the GIC-Q loss of the transformer, in Mvar; V), is
the standard value of the terminal voltage of the transformer
while actually being operated; K is the reactive power loss
coefficient of the transformer, in Mvar/A; and Igic is the
single-phase GIC passing through the transformer winding,
in A. The K-value in the formula usually takes an empirical
value, and the K-value of each type of transformer is known
by default. By using the transformer’s rated voltage, Equa-
tion (6) can be rewritten as follows:

VNomkv
VNomkv -Assumed

QLoss = VpuK ( )IGIC @)

Here, Vyomkv is the rated voltage of the high-voltage wind-
ing side of the transformer, and Vomiv - Assumed 18 750 kV.

Ill. GIC AND GIC-Q ANALYSIS BEFORE GOVERNANCE
The substation and line GIC of the Xinjiang 750-kV power
grid are shown in Tables 3, Tables 4 and Figure 3. The calcu-
lated GICs are the sum of contributions from the Northward
and Eastward components of the electric field. Here, Eg and
EN respectively represent the electric field in an eastward
and northward direction. The positive and negative GIC in
the substation indicate that the GIC flow into and out of the
neutral point of the transformer. The line GIC is positive,
which means that the direction of GIC flow is consistent with
the reference lines in the third column of Table 3; otherwise,
it would be inconsistent.

Through the calculations, we can see that in the Shache
substation, in the Kashgar substation, in the Ili substation, and
in the other substations in the corners of the power grid, GICs
flowed into a substation from the surrounding substations.
Due to the accumulation of GICs, the GIC values were larger
here. The Zhunbei substation and the Hotan substation are at
the end of the grid, so the GIC level was relatively large. The
results are in line with the basic principles of GIC distribution,
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TABLE 4. GIC of transmission lines before treatment.

: 750kV transmission Line GIC before
Electric field ¢
line treatment /A

TS—YD 332.1

Eastward electric JJH—STH 3824
field TLF—TS 4383
WCW—IJJH 352.4

DBC—TLF 307.3
TS—YD 22387
. JJH—STH -110.2
Noﬁhwg;(lidelectrlc TLF—TS 1592
WCW—IJH 2792
DBC—TLF -342.6

p, Eastward electric field
Shache —»  Northward electric field

° Hotan

FIGURE 3. GIC flow direction of a 750-kV line in the eastern electric field
and northern electric field.

and they also confirmed the inflection effect of GIC distri-
bution. Among the 750-kV transmission lines, we selected
five lines with large GIC values for a demonstration. The
GIC of the transmission lines in the Eastern electric field and
northern electric field are shown in Table 4.

IV. A METHOD FOR CONTROLLING THE GICS OF POWER
GRIDS WITH LOW RESISTANCE

A. PHYSICAL MODEL

This paper proposes that the entire network be installed with
small resistors to share the GICs across the power grid, thus
limiting the GIC level of the entire power grid. A four-
node model of a low-resistance grid sharing GIC is shown
in Figure 4 [16].

A four-node model is illustrated in Figure 4, where 1, 2,
3, and 4 represent nodes; Uj; (i,j = 1, 2, 3, 4) represents line
equivalent voltage sources; and R;; (i,j =1, 2, 3, 4) repre-
sents transmission line resistance. Ry (i = 1,2, 3, 4) repre-
sents the equivalent resistance of the transformer winding
and the neutral point grounding resistance in a series, and
Rgi (i = 1,2, 3, 4) represents the low resistance of the neutral
point connected to the device, which governs the equivalent
resistance of the device. Its value can be zero or nonzero.
When the value is 0, this indicates that the site is not equipped
with a low-resistance control device. When the value is not 0,
a low-resistance control device with an equivalent resistance
value of Rg; is added to the site.
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FIGURE 4. A four-node model of GICs sharing low resistance.

B. MATHEMATICAL MODEL AND ALGORITHM FLOW

The DC bias control scheme should take into account
both functional and economic requirements and meet the
requirements of relevant technical specifications, so this is a
multi-objective optimization problem. In this paper, the elitist
nondominated sorting genetic algorithm (NSGA- II) with
elitist strategy is used to solve the multi-objective optimiza-
tion model [17]. The basic idea of NSGA- II algorithm is:
first, build the objective function, and then randomly gen-
erate the initial population of N. After the nondominated
sorting, the first generation of the subpopulation was obtained
through three basic operations of genetic algorithm selection,
crossover and mutation. After second generations, the parent
and offspring population were merged to make quick non
dominated sorting, and the crowding degree of each non
dominated layer was calculated. According to the relationship
between nondominance and individual crowding, we select
excellent individuals to form a new parent population, which
preserves the diversity of the population, and also enables
the outstanding individuals of the father to enter the next
generation. Finally, a new offspring population is generated
by genetic algorithm. And so on, until the iterated algebra
reaches the maximum iterated algebra, it will exit the cycle
and get the final Pareto optimal solution set.

1) OBJECTIVE FUNCTION
a: OBJECTIVE FUNCTION 1
The small resistance connected by neutral point should ensure
the effectiveness and reliability of the transformer grounding,
as far as possible meet the requirements of the [18] standard
for the grounding of the AC electrical installations, and the
resistance of the series connection is as small as possible.
Set the direction of east electric field 0°. And rotate coun-
terclockwise the direction of electric field 180 degrees in 1
degree increments. Set a transmission line with the direction
of 6. The value of uniform geoelectric field is set 1 V/km.
Then GIC in the line can be obtained,

Igic = acos® + bsind = Acos (0 — «) 8)
where
o = arctan (b/a)
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A= (a2 +b2>1/2

EoLg
a =

R

EgL
b= 6 LN

R

where Eg represents the geoelectric field along the trans-
mission line. 6 is the angle between the given electric field
direction and the eastward electric field. R is the total resis-
tance in the circuit. When the known electric field is 1V/km
uniform and constant, the maximum value of the geomagnetic
induced current of transformer substations in any direction is
the following form.

Imax,maxzmax(|lj|=|Aj ;j=1,2,...,M) (9)

For each transformer node, find the East and north direc-
tion of the Igic, and then find the minimum value of Iiyax, max
as the first optimization objective function, that is

J=1,2,...,M)  (10)

min (Imax,max) = min (|Aj

b: OBJECTIVE FUNCTION 2
Taking into account the economic principle of equipment
installation, it is also necessary to minimize the cost of the
control device in order to achieve the goal of governance
with fewer pieces of equipment. It is assumed that the same
resistance level is adopted in the same voltage class, and the
different resistances are regulated by different gears of the
device, so the cost is reflected in the quantity of equipment.
Then the objective function is
q
min Ry, = Z Risi (11
i=1

In the formula, Ry, represents the resistance value of all
small resistance control devices, Ry indicates the i small
resistance control device, and the q indicates the number of
governing devices.

Formula 13 and formula 14 constitute the multi-objective
optimization function of GIC governance in power grid.
However, the above two objectives are contradictory and
mutually restrictive, and the better the governance effect is,
the smaller the maximum geomagnetic induced current of the
neutral point, the more necessary the harnessing device is, and
the worse the economy is. The significance of multi-objective
optimization is to balance multiple objective functions as far
as possible to achieve the global optimal solution when the
constraints are satisfied.

2) CONSTRAINT CONDITION

a: CONSTRAINT 1

Referring to the technical guidelines of HVDC grounding
electrode, the research results of document [19] single-phase
transformer GIC should not exceed 30A. In references [19],
the upper limit of the neutral point current constraint is set to
30A, so the constraint condition of setting neutral current is

Imax,max <30
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b: CONSTRAINT 2

According to the “grounding design code for AC electrical
installations”, and to ensure the validity and reliability of the
grounding of transformers, the resistance should be as small
as possible in the neutral point of the transformer, and the
constraint conditions should be set as

0 <Ry <22

c: CONSTRAINT 3
In order to embody the idea of sharing, the maximum value of
the neutral point GIC of the geoelectric field in the range of
1°~180° is Ijax,avg is used as another constraint condition,
and the value given by reference [19] determines that the
constraint conditions are as follows.

| M
Imax,avg = max I Z; (|IGIan

j:

< 20

;n=1,2,...,K)

This method can get the Pareto optimal solution by solving
the optimization model of power grid GIC, that is, balancing
the objective functions to determine the optimal solution. The
flow chart of NSGA- II algorithm for small power grid to deal
with power grid GIC is shown in Figure 5.

The NSGA- 1II algorithm is used to solve the problem, and
a small resistance configuration scheme in the Pareto optimal
solution set is obtained, as shown in table 5. Due to the large
number of Pareto optimal solutions, only a few partial options
are listed here.

According to the small resistance configuration scheme of
Pareto optimal solution set in table 6 and the Pareto optimal
solution set of figure 6, we can see that the two objective
functions restrict each other, increasing the total resistance
value of configuring small resistance can reduce the max-
imum value of single phase GIC, and the optimal solution
set reflects the mutual balance between economy and effec-
tiveness. According to the optimization results of NSGA-II
algorithm in Figure 6, when the number of iterations reaches
70, the maximum value of GIC at the neutral point is close
to 30A. The maximum value decreased slowly, and finally
stabilized at 25.19A. The calculated optimal scheme is shown
in Table 4-2. The small resistance is used to optimize the GIC
scheme of Xinjiang 750kV power grid. The total resistance
of the optimized configuration is 19, the maximum current
Imax,max and the maximum value /yax, avg Of the average GIC
of the neutral point are 29.83A and 12.83a respectively and
the total resistance of the small resistance is 25.50€2.

By increasing the DC impedance of the DC impedance
network of the power system, the GIC level could be reduced,
and the GIC level of each node within the system could
effectively be limited through the sharing of GICs throughout
the entire network.

C. OPTIMIZATION RESULTS AND ANALYSIS
In accordance with the low resistance given in Table 6,
the GIC in Xinjiang’s 750-kV power grid were optimized,
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| Input GMD data, calculate GIC |

Constructing optimization target
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| Set the relevant parameters of NSGA- IT |
algorithm, initialize the population.
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| Fast nondominated sorting, |
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(elitist strategy)

Iteration plus 1
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0 achieve maxinum
iterations?
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| pareto-optimal set |

'

| Output final solution |

FIGURE 5. NSGA-II algorithm flowchart.

TABLE 5. Pareto optimal solution centralized small resistance
configuration scheme.

. min
pareto- Total number of ~ MIN Rgum I Tmaxavg

optimal set  small resistors Q) max,max (A)
A)

1 19 25.87 29.95 13.11

2 19 25.81 29.93 12.95

3 19 25.66 29.23 1331

4 19 25.55 29.07 13.24

5 19 25.50 29.83 12.83

6 19 25.42 29.35 13.35

7 19 25.41 29.51 13.51

8 19 25.24 29.47 13.47

9 19 25.24 29.61 13.61

10 19 25.19 29.78 13.78

and the GIC of the grid before and after optimal resistance
management were calculated, as shown in Table 6. Further,
the GIC values before and after the comparison were calcu-
lated as well. The GIC in the table are positive. The direction
of the GIC indicates how the currents flowed from the neutral
point of the transformer into the grid. If the GICs are negative,
this indicates that the GIC flowed into the earth from the
neutral point of the transformer. In Table 7, we can see
that after adopting the sharing method to control the GICs
of the 750-kV Xinjiang power grid, the GIC in the entire
network decreased significantly. The maximum reduction of
geomagnetic induction current on the transmission line is
65A. As is shown in Figure 6, by using a low-resistance

VOLUME 8, 2020



S.-M. Zhang, L.-G. Liu: Research on the GIC Governance Scheme of the Xinjiang 750-kV Power Grid

IEEE Access

TABLE 6. GIC scheme for Xinjiang 750kV power grid based on resistance
method.

Serial number Substation ~ Resistance value of resistors
1 Hotan 1.94
2 Shache 2.31
3 Kashgar 2
4 Bachu 0.76
5 Akesu 0.34
6 Kuga 1.57
7 1li 1.61
8 Bazhou 0.83
9 Wusu 1.71
10 Fenghuang 1.2
11 Yazhong 2.24
12 Dabancheng 0.42
13 Wubei 0.23
14 Turpan 1.53
15 Wujiaqu 1.53
16 Zhunbei 1.55
17 Wucaiwan 0.54
18 Jijihu 1.81
19 Tianshan 1.38
180 . ; ‘ , : : ;
160 N
140+ -
=120 R
z
5100 E
"'5
SO+ .
60+ -
40t .
20 L v

0 10 20 30 40 50 60 70 80
Iteration times

FIGURE 6. Pareto-optimal set.

device to control the DC network topology and effectively
redistribute the GIC of the entire network, the GIC could be
shared. This means that, especially in sites at high risk for
power grid geomagnetic storm, optimization treatment could
significantly reduce the site’s GIC, such as in the Shache
substation or Kashgar substation.

Taking Xinjiang’s 750-kV power grid as the research
object, we established a GIC-Q loss model for transform-
ers in Xinjiang’s 750-kV substations both before and after
optimization with low resistance. Further, the GIC-Q of Xin-
jiang’s 750-kV power grid was calculated before and after
optimal resistance management. The GIC-Q was calculated
only for effect verification, so the Vpu approximate value
was 1 and the K-value was 1.7. A comparison diagram of
the transformers in Xinjiang’s 750-kV substations is shown
in Table 7 and Figure 7 before and after optimization treat-
ment, respectively. The calculated GICs are the sum of con-
tributions from the Northward and Eastward components of
the electric field.
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TABLE 7. Xinjiang 750 kV transmission line GIC before and after
treatment.

Line GIC Line GIC
Electric trar?ssr(r)lli(s\s/ion before after Difference
field line treatment treatment of GIC/A
/A /A
TS—YD 332.1 246.7 -85.4
Eastward JJIH—STH 382.4 348.4 -34.0
electric TLF—TS 4383 411.1 272
field WCW—IIH 3524 336.5 -15.9
DBC—TLF 307.3 296.0 -11.3
TS—YD -238.7 -221.6 -17.1
Northward JJH—STH -110.2 -133.8 23.7
electric TLF—TS -159.2 -118.9 -40.3
field WCW—IJJH -79.2 -90.4 11.2
DBC—TLF -342.6 -328.0 -14.6

TABLE 8. GIC and GIC-Q OF substations after treatment.

Serial number  Substation ~ GIC (A) GIC-Q (Mvar)
1 Hotan 42.74 36.33
2 Shache -42.82 36.4
3 Kashgar -37.79 32.12
4 Bachu 34.59 29.41
5 Akesu -16.18 13.75
6 Kuqa -34.06 28.95
7 Ili -3.40 2.89
8 Bazhou 2.70 2.29
9 Wusu -12.13 10.31
10 Fenghuang -15.25 12.97
11 Yazhong -2.00 1.7
12 Dabancheng -5.06 43
13 Wubei -33.75 28.69
14 Turpan 6.15 5.23
15 Wujiaqu 25.99 22.09
16 Zhunbei -29.39 24.99
17 Wucaiwan 42.53 36.15
18 Jijihu 40.17 34.15
19 Tianshan 10.51 8.93

According to the treatment effects comparison shown
in Tables 3 and 8, it can be seen that the substation with the
largest GIC value in the former Xinjiang power grid was the
Kashgar substation, with 153.48 A, and the substation with
the largest GIC value after treatment was the Shache substa-
tion, with 42.82 A. The GICs of the entire grid fell below
the target value, so the goal of optimizing governance was
achieved. According to Table 6, the GIC-Q loss in Xinjiang’s
750-kV power grid after optimization with low resistance
was much lower than before optimization. After treatment,
the maximum GIC-Q of the whole grid was reduced from
130.46 Mvar in the Kashgar substation to 36.40 Mvar in the
Shache substation. The treatment plan reduced the GIC-Q
loss at high-risk sites before treatment, such as in the Shache
substation and Kashgar substation. In Figure 6, we can see
that the GIC-Q loss increased and decreased before and after
treatment; however, the overall GIC-Q loss was reduced, and
the GIC-Q loss in all stations across the entire network was
smaller. By comparing the derivative effects of GIC-Q loss
to those of GIC loss, we could fully demonstrate the control
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FIGURE 7. Comparison of the GIC-Qs of the transformers in Xinjiang’s
750-kV substations before and after treatment.
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after EW electric field treatment.

effects of the optimized treatment scheme on damage from
geomagnetic storm in Xinjiang’s 750-kV power grid.

The secondary reactive power fluctuation of GIC in sec-
ondary transformers, which flow through the neutral point
into the transformers, threatens the structural integrity of
large-scale power grids. Therefore, we paid a lot of attention
to the changes in GIC in the neutral points of the transformers.
Figures 8 and 9 show a comparison between the neutral point
GICs in the transformer stations in the Eastern and northern
directions before and after treatment. Transformer GIC only
take numerical values and do not consider direction.

As shown in Figures 8 and 9, after treatment, the GIC
values at four substations’ neutral point have obvious changes
under the condition of eastward electric field. Tianshan con-
verter station and in the Turpan substation increased in by
16.4 A and 13.2 A, respectively. There were reduced GIC
values in the Jijihu substations and Wucaiwan substations,
and the reductions were by 18.1 A and 9.8 A, respectively.
In the four substations with large GIC values in the northern
electric field, the GIC variation increased in the Jijihu sub-
station, Wucaiwan substation, and Tianshan converter station
by 12.4, 6.5, and 4.6 A, respectively. In the Turpan substation,
the decrease was 3.6 A.

In Xinjiang 750kV power grid, regardless of the direction
of the electric field, the substation with large variation in
GICs is located near the one or two level of the substation
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treatment in the East-to-east electric field and northern electric field.

being controlled. This proved that the influence of DC bias on
power grid GICs is regional. In addition, the GIC value of the
neutral point in the Tianshan converter station reached 99.3 A
in the eastern electric field, far exceeding the allowable DC
current limit at the neutral point of a single transformer. This
phenomenon is worth paying attention to. The grounding pole
bias control may have caused the GIC of the converter station
to increase, so that a substation with an original neutral point
DC current that met standards became a high-risk substation.

Here, we created an image of the GIC flow direction of the
transmission lines in Xinjiang’s 750-kV power grid within the
eastern electric field and northern electric field. As is shown
in Figure 10, the flow direction of the power grid did not
change after the sharing of electricity. In Table 6, we list the
750-kV lines with a GIC difference greater than 10 A (before
and after treatment), where the GIC line is positive, indicating
that the actual direction of the current was consistent with
the reference directions in Table 6 (the second column). The
differences in the GIC before and after treatment are indi-
cated, where negative values indicate a decrease in the value.
According to the calculation results, the reduction in the GIC
in the transmission lines running from the Tianshan con-
verter station to the Yandun substation was the most obvious,
because the Yandun substation is an important connection
node between the Xinjiang power grid and the Gansu power
grid. The results due to this treatment were very favorable,
which proves the superiority of our control plan.

The variation of GIC in Xinjiang 750-kV substation before
and after treatment with the north electric field is larger than
that in the east electric field. This is independent of the GIC
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itself in the station, and the site is concentrated near the
control station. The GICs in the transformers were larger in
the Ili substation and Shache substation than in the Wucai-
wan substation (all in the northern electric field). The above
conclusion is consistent with the idea that GMDs generate
a geoelectric field and act on a grid to generate GICs, and it
also verifies the inevitability of the inflection effect. As can be
seen from Table 6, the 750-kV lines with large GIC variations
before and after treatment all had Hami or adjacent lines.
This shows that the influence of bias treatment on the GICs
of 750-kV transmission lines is regional. Since the direction
of the geomagnetic induced current is along the electric field
direction, the GIC changes on the transmission lines are more
obvious under the east electric field after taking the control
measures, while the GICs changes on the transmission lines
are not obvious under the action of the north electric field.

V. CONCLUSION AND DISCUSSION

In this paper, the 750-kV power grid in Xinjiang, China, was
chosen as the research object. The influence of geomagnetic
storm on Xinjiang’s 750-kV power grid was studied through
calculation and analysis. In this paper, we suggest the instal-
lation of a DC bias control resistance device in the neutral
point of transformers at substations in the power grid, and
used the method of equal allocation to restrict the GIC level of
the power grid. The effectiveness of the method was verified
through simulations. The main conclusions are as follows:

1) The reasonable installation of resistance management
devices in substations of a power grid can effectively
limit the GIC level of the power grid. Further, this does
not cause the GIC value of some nodes in the power
grid to rise due to changes in the DC resistance of the
grid, which is safe and efficient;

2) This paper proposes an elitist NSGA- II with elitist
strategy. Through simulation, the Pareto optimal solu-
tion set is obtained and the final optimization scheme
is obtained. The method proposed in this paper can
effectively reduce the reactive power loss caused by
GICs in a power grid and can clearly reduce GIC-Q.
In this way, the reactive balance pressure of the power
grid during a geomagnetic storm can be effectively
reduced, the reactive power balance of the power grid
can be guaranteed, and a voltage collapse within the
power grid can be effectively prevented;

3) Through simulations, the inflexion effect of GIC dis-
tribution in the power grid was verified. The GICs in
all of the transmission lines flowed along the direction
of the electric field. Because the inflexion of the power
grid gathered the current in two directions, the GICs of
the transformer neutral points in the substations were
larger (e.g., in the Shache substation and Ili substation
within the eastern electric field, and in the Wucai-
wan substation within the northern electric field). The
above conclusions are consistent with the idea that
GMDs generate geoelectric fields and act on the grid to
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generate GICs, which verifies the inevitability of the
inflection effect.
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