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The calculation method of the equivalent impedance and admittance parameters of the Gas
Insulated Line (the Gas Insulated Line is abbreviated as GIL in this paper) grounded by the
copper bar is studied and proposed. In consideration of the electrical coupling among the
metal shell, the core wire, and the grounding copper bar, the matrix forms and
characteristics of GIL impedance and admittance parameters are analyzed. The method
of eliminating the coupling among the conductor layers, the grounding copper bar, and the
core wire is studied in accordance with the current and voltage boundary conditions.
Eventually, the calculation method of equivalent impedance and admittance parameters of
the GIL core wire is proposed. The correctness of the calculation method of GIL core wire
equivalent parameters is verified by simulation comparisons in PSCAD. This method can
obtain the equivalent parameters of the GIL core wire by eliminating the coupling effect of
external conductors and simplifies the seventh-order parameter matrix of the multi-layer GIL
line to a third-order matrix that only considers the core wire parameters. The calculation
speed can be significantly improved for short-circuit current calculation and related analysis
of high-voltage AC systems containing GIL by using the equivalent parameters.
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1 INTRODUCTION

Compared with conventional cables, Gas Insulated Line (GIL) can realize power transmission at a
voltage above 500 kV, which can solve the problem that cables cannot be used for UHV power
transmission due to the lower dielectric strength. At present, GIL has become the most popular
conductor for UHV cross-water transmission in China (Benato et al., 2005). The three-phase core wire
parameters are generally used in the short-circuit current calculation and the relay protection research
of high-voltage AC systems in order to reduce the matrix order and increase the operation speed. The
electromagnetic and electrostatic coupling relationship among the layers of GIL is complex due to the
multilayer structure of GIL. Therefore, how to obtain the equivalent parameters of the core wire in
consideration of the coupling effect of the core wires by eliminating the coupling effect among the
external conductive layers and the inner cores of GIL is of great practical significance.

Experts around the world have done studies on the parameter characteristics of GIL and the
coupling relationship between conductive layers (Benato and Fellin, 2004). Piatek (2007) analyzed
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the distribution relationships and the laws of magnetic field
among conductor layers of different phases for the GIL
installed in tunnels with different installation methods. Benato
et al. (2007) studied the magnetic field coupling relationships
among the conductive layers of the GIL in tunnels and analyzed
the characteristics of the magnetic field distribution among the
conductor layers of each phase, taking the skin effect and the
proximity effect of the conductors in GIL into consideration and
obtaining two equations about the complex voltage drops in
phase conductors and shells. An analytical numerical method is
proposed to determine the self-impedance and mutual
impedance for the three-phase GIL, for which the so-called
“external proximity effect” is also considered (Sarajcev et al.,
2013). Benato et al. (2002) studied the current and magnetic field
distribution characteristics of the metal shell and the core wire of
the single-phase GIL according to the geometric structure of the
single-phase GIL and analyzed the influence of GILmagnetic field
distribution characteristics on GIL impedance parameters. Goll
et al. (2013) analyzed the influence of skin effect and proximity

effect on GIL line parameters and proposed a GIL mathematical
model considering skin effect and proximity effect. Benato and
Paolucci (2012) discussed an integral numerical method for
predicting the current density distribution in a typical
multiconductor system represented by GIL and established a
finite element model of the system. Piatek et al. (2010) examined
the electrical characteristics of the underground conductors and
the influence of the earth on the conductor parameters, then
proposed a method for solving the impedance matrix of the
underground conductors. Wang et al. (2016) studied the
numerical calculation results of the electrical parameters of the
horizontally symmetrical three-phase GIL by considering the skin
effect and the proximity effect and proposed an approximate
model based on the mutual inductance among the GIL inner
conductor and the metallic enclosure, which can simplify the GIL
core parameters to a certain extent.

At present, both the GIL comprehensive pipe gallery project in
Sutong, China (Gong et al., 2019; Ning et al., 2020) and the
underground comprehensive pipe gallery GIL project in Jiangxia
District, Wuhan, China, have adopted the GIL metal shells that are
grounded through a copper bar (Cheng et al., 2019; Niu et al., 2020).
The voltage and current of the core wire will be affected by the
coupling among the metal shell, the copper bar, and the core wire
(Jun-qi, 2020). The voltage and current of the core wire need to be
considered in detail when analyzing the electrical parameters of the
GIL line under normal or faulty conditions. Therefore, the solution
of parameter matrix and electrical quantity will be complex.

However, the above references mainly study the magnetic field
coupling relationships among the conductive layers of GIL and
the influence of magnetic field coupling on GIL line parameters,
neither involving how to eliminate the coupling effect between
external conductor layers and the GIL core wire nor how to
obtain the GIL equivalent core parameters in consideration of the
coupling effect. Therefore, the equivalent parameter calculation
method of the high-voltage GIL core wire is studied in this paper.
Firstly, the coupling effect between conductors of the high-
voltage GIL in the process of power transmission is analyzed,
and the impedance and admittance parameter matrices of GIL in

FIGURE 1 | Schematic diagram of GIL geometry.

FIGURE 2 | Schematic diagram of grounding method of actual GIL shell.
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consideration of the electrical coupling between the metal shell
and the copper bar are obtained. Next, based on the specific
connection mode between the copper bar and the metal shell as
well as the boundary conditions under the grounding mode, the
equivalent impedance and admittance parameter matrices of the
GIL core wire in consideration of the coupling effects are studied
and obtained. Finally, the accuracy of the above equivalent
method is verified by simulation.

2 PARAMETER CHARACTERISTIC
ANALYSIS OF HIGH-VOLTAGE GIL LINE
2.1 GIL Structure Characteristics and
Transfer Equation
The common geometry of the high-voltage GIL is shown in
Figure 1. GIL’s internal core wires, as the main carrier of
electric energy transmission, are made of aluminum alloy with
high conductivity, to improve the transmission efficiency and
reduce transmission loss. What is more, the internal core wire of
GIL is designed to be hollow in order to reduce cost, considering the
skin effect of AC transmission. Themetal shells of GIL, which is also
made of aluminum alloy, adopt the same coaxial layout structure as
that of the inner core wires of GIL. Furthermore, the core wires can
be insulated from the metal shells with the SF6 high-voltage
insulation gas filled between the core wire and the shell.

In different applications, GIL will adopt different laying
methods. At present, there are mainly three kinds of laying
methods: overhead laying, direct burying laying, and tunnel
laying. The common laying method of the GIL line is tunnel
laying, which has been applied in the Sutong GIL comprehensive
pipe gallery project as a case analysis in this paper. The metal shell
of GIL will be grounded in order to realize the electromagnetic

shielding of the core wire and reduce the induced potential on the
metal shell of GIL for the safety of personnel and equipment. In the
Sutong GIL comprehensive pipe gallery project, the grounding
copper bar is installed along the GIL, the three-phase metal shell is
connected with the copper bar with the grounding wire every other
30 m, and the head and end of the grounding copper bar are
grounded. Figure 2 shows the schematic diagram of the GIL shell
grounding mode in this project.

The transmission line equation of the high-voltage GIL line is
shown in (1):

⎧⎪⎪⎪⎨⎪⎪⎪⎩
dV
dx

� −Z · I
dI
dx

� −Y · V
(1)

FIGURE 3 | GIL equivalent circuit of the first and last sections.

FIGURE 4 | GIL equivalent circuit in the middle section.
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where V and I are respectively the voltage and current vector
matrices of each conductive layer of the three-phase GIL and Z
and Y are respectively the impedance and admittance parameter
matrices of the three-phase GIL. When the grounding parameters
that are seen as the current return paths are taken into the GIL
parameters, all of the V, I, Z, and Ymatrices are the seventh-order
matrices, and the voltage and current matrices are shown in (2)
and (3).

V � [ _VAco
_VBco

_VCco
_VAsh

_VBsh
_VCsh

_Vcu ]T (2)
I � [ _IAco _IBco _ICco _IAsh _IBsh _ICsh _Icu ]T (3)

2.2 Analysis of the GIL Impedance
Parameter Matrix
There will exist electromagnetic coupling among the core wire,
the metal shell, and the grounding copper bar when the
AC current flows through the GIL core wire, which arouses
the load current through the core wire and the induced current
through the metal shell and the copper bar. Taking the phase I
as an example, the equations of the voltage in the transmission
line of the GIL core wire and the metal shell are shown in
(4) and (5):

−d _Vico

dx
� Zico−co · _Iico + Zij1co−co · _Ij1co + Zij2co−co · _Ij2co + Zico−cu · _Icu

+ Zico−sh · _Iish + Zij1co−sh · _Ij1sh + Zij2co−sh · _Ij2sh (4)

−d _Vish

dx
� Zico−sh · _Iico + Zij1co−sh · _Ij1co + Zij2co−sh · _Ij2co + Zish−cu · _Icu

+ Zish−sh · _Iish + Zij1sh−sh · _Ij1sh + Zij2sh−sh · _Ij2sh (5)
where Zico−co and Zijco−co respectively represent the self-
impedance of the core wire per unit length of the phase i
and the mutual impedance per unit length between the core
wires of the phase i and the phase j (the above values of i and j
are respectively set as A, B, and C, i ≠ j) in consideration of the
impedance of earth return; Zish−sh and Zijsh−sh respectively
represent the self-impedance of the shell per unit length of
the phase i and the mutual impedance per unit length between
the shells of phase i and phase j in consideration of the
impedance of earth return; Zico−sh and Zijco−sh respectively
represent the mutual impedance between the core wire and
the shell per unit length of the phase i and the mutual
impedance per unit length between the core wire of the
phase i and the shell of the phase j in consideration of the
impedance of earth return; Zico−cu and Zish−cu respectively
represent the mutual impedance per unit length between the
core wire and the copper bar of the phase i and the mutual
impedance per unit length between the shell and the copper bar
of the phase i in consideration of the impedance of earth
return; and Zcu−cu represents the self-impedance per unit
length of the copper bar in consideration of the impedance
of earth return. The equation of the voltage in the transmission
line of the copper bar is shown in (6):

−d _Vcu

dx
� ZAco−cu · _IAco + ZBco−cu · _IBco + ZCco−cu · _ICco + Zcu−cu · _Icu

+ ZAsh−cu · _IAsh + ZBsh−cu · _IBsh + ZCsh−cu · _ICsh (6)
where Zico−cu represents the mutual impedance per unit length
between the core wire and the copper bar of the phase i in
consideration of the impedance of earth return and Zish−cu
represents the mutual impedance per unit length between the
metal shell and the copper bar of the phase i in consideration of
the impedance of earth return.

In accordance with (4), (5), and (6), the electromagnetic
coupling relationships of the phases and the copper bar of GIL
are sorted according to the sequence of the core wire, the metal
shell, and the copper bar, and the matrix of the equations of the
voltage in the transmission line of GIL is obtained, as shown
in (7).

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

d _VAco/dx
d _VBco/dx
d _VCco/dx
d _VAsh/dx
d _VBsh/dx
d _VCsh/dx
d _Vcu/dx

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� −

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ZAco−co ZABco−co ZACco−co ZAco−sh ZABco−sh ZACco−sh ZAco−cu
ZABco−co ZBco−co ZBCco−co ZABco−sh ZBco−sh ZBCco−sh ZBco−cu
ZACco−co ZBCco−co ZCco−co ZACco−sh ZBCco−sh ZCco−sh ZCco−cu
ZAco−sh ZABco−sh ZACco−sh ZAsh−sh ZABsh−sh ZACsh−sh ZAsh−cu
ZABco−sh ZBco−sh ZBCco−sh ZABsh−sh ZBsh−sh ZBCsh−sh ZAsh−cu
ZACco−sh ZBCco−sh ZCco−sh ZACsh−sh ZBCsh−sh ZCsh−sh ZAsh−cu
ZAco−cu ZBco−cu ZCco−cu ZAsh−cu ZBsh−cu ZCsh−cu Zcu−cu

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

_IAco
_IBco
_ICco
_IAsh
_IBsh
_ICsh
_Icu

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(7)

2.3 Analysis of the GIL Admittance
Parameter Matrix
There will exist electrostatic coupling among the core wire, the
metal shell, and the grounding copper bar when the AC current
flows through the GIL core wire. The relationships among
current change, admittance and voltage of the core wire, the
metal shell, and the copper bar of each phase are listed, as shown
in (8):

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

d_IAco/dx � Yc−s( _VAco − _VAsh)
d_IBco/dx � Yc−s( _VBco − _VBsh)
d_ICco/dx � Yc−s( _VCco − _VCsh)
d_IAsh/dx � Yc−s( _VAsh − _VAco) + YAs−g _VAsh + YABs−s( _VAsh − _VBsh) + YACs−s( _VAsh − _VCsh) + YAs−cu( _VAsh − _Vcu)
d_IBsh/dx � Yc−s( _VBsh − _VBco) + YBs−g _VBsh + YABs−s( _VBsh − _VAsh) + YBCs−s( _VBsh − _VCsh) + YBs−cu( _VBsh − _Vcu)
d_ICsh/dx � Yc−s( _VCsh − _VCco) + YCs−g _VCsh + YACs−s( _VCsh − _VAsh) + YBCs−s( _VCsh − _VBsh) + YCs−cu( _VCsh − _Vcu)
d_Icu/dx � Ycu−g _Vcu + YAs−cu( _Vcu − _VAsh) + YBs−cu( _Vcu − _VBsh) + YCs−cu( _Vcu − _VCsh)

(8)

where Yc−s represents the admittance per unit length between
the core wire and the metal shell. Besides, the admittances
respectively of the core wire and the shell of each phase are
equal; Yijs−s refers to the admittance per unit length between the
phase i and the metal shell of the phase j (the above values of i
and j are respectively set as A, B, and C, i ≠ j); Yis−cu is the
admittance per unit length between the copper bar and the metal
shell of the phase i; Yis−g is the admittance per unit length
between the metal shell of the phase i and the earth; and Ycu−g is
the admittance per unit length between the copper bar and
the earth.

Equation (8) is arranged according to the voltage and current
of the core wire, the metal shell, and the copper bar, as shown
in (9).
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

d _IAco/dx � Yc−s _VAco − Yc−s _VAsh

d_IBco/dx � Yc−s _VBco − Yc−s _VBsh

d_ICco/dx � Yc−s _VCco − Yc−s _VCsh

d_IAsh/dx � −Yc−s _VAco + (Yc−s + YAs−g + YABs−s + YACs−s + YAs−cu) _VAsh − YABs−s _VBsh − YACs−s _VCsh − YAs−cu _Vcu

d_IBsh/dx � −Yc−s _VBco + (Yc−s + YBs−g + YABs−s + YBCs−s + YBs−cu) _VBsh − YABs−s _VAsh − YBCs−s _VCsh − YBs−cu _Vcu

d_ICsh/dx � −Yc−s _VCco + (Yc−s + YCs−g + YACs−s + YBCs−s + YCs−cu) _VCsh − YACs−s _VAsh − YBCs−s _VBsh − YCs−cu _Vcu

d_Icu/dx � (Ycu−g + YAs−cu + YBs−cu + YCs−cu) _Vcu − YAs−cu _VAsh − YBs−cu _VBsh − YCs−cu _VCsh

(9)

In accordance with (9), the electromagnetic coupling
relationships of the phases and the copper bar of GIL are
sorted according to the sequence of the core wire, the metal
shell, and the copper bar, and the matrix of the equations of the
current in high-voltage GIL transmission line is obtained, as
shown in (10):

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

d_IAco/dx
d_IBco/dx
d_ICco/dx
d_IAsh/dx
d_IBsh/dx
d_ICsh/dx
d_Icu/dx

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� −

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

YAco−co 0 0 YAco−sh 0 0 0

0 YBco−co 0 0 YBco−sh 0 0

0 0 YCco−co 0 0 YCco−sh 0

YAco−sh 0 0 YAsh−sh YABsh−sh YACsh−sh YAsh−cu
0 YBco−sh 0 YABsh−sh YBsh−sh YBCsh−sh YBsh−cu
0 0 YCco−sh YACsh−sh YBCsh−sh YCsh−sh YCsh−cu
0 0 0 YAsh−cu YBsh−cu YCsh−cu Ycu−cu

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

_VAco

_VBco

_VCco

_VAsh

_VBsh

_VCsh

_Vcu

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10)

where Yico−co is the self-admittance per unit length of the
core wire of the phase i; Yish−sh and Yijsh−sh are respectively
the self-admittance per unit length of the shell of the phase i and
the mutual admittance per unit length between the shells of the
phase i and the phase j (the above values of i and j are respectively
set as A, B, and C, i ≠ j); Yico−sh is the mutual admittance per unit
length between the core wire and the shell of the phase i; Yish−cu is
the mutual admittance per unit length between the shell and the
copper bar of the phase i; and Ycu−cu is the self-admittance per
unit length of the copper bar.

Taking the core wire and the metal shell of the phase A as an
example, the admittances in (10) can be expressed as follows:

YAco−co � Yc−s, YAco−sh � −Yc−s
YAsh−sh � Yc−s + YAs−g + YABs−s + YACs−s + YAs−cu

YABsh−sh � −YABs−s, YACsh−sh � −YACs−s, YAsh−cu � −YAs−cu

It can be seen from (7) and (10) that the impedancematrix and
admittance matrix of GIL including the copper bar are 7 × 7
matrices. The above impedance and admittance matrices
accurately reflect the electrical characteristics per unit length
of the AC GIL line.

3 CALCULATION OF EQUIVALENT
PARAMETERS OF THE HIGH-VOLTAGE GIL
CORE WIRE
The core wire of the high-voltage GIL is used as the carrier of
power transmission, and the voltage and current on both sides of
the line can be measured directly. However, metal shells and
grounding copper bar are generally not installed with voltage and
current measuring devices. In addition, it is hoped that only the
core wire parameters, instead of the complex impedance and
admittance parameter matrices including metal shell and

grounding copper bar, be used for calculation in the short-
circuit current calculation and protection setting of power
system. Therefore, the following part studies the method of
eliminating the mutual inductance and capacitance among the
core wire, the metal shell, and the grounding copper bar. Thus,
the calculation method of the equivalent parameters of the GIL
core wire considering the coupling effect among the core wire, the
shell, and the copper bar can be obtained so that the seventh-
order core wire parameter matrix can be transformed into a third-
order core wire parameter matrix.

3.1 CALCULATION OF THE GIL CORE WIRE
EQUIVALENT IMPEDANCE MATRIX

For the GIL model in Figure 2, since the metal shell of GIL is
connected with the copper bar every other 30 m, the GIL line can
be divided into n sections every other 30 m. The length of GIL
line is usually within several kilometers in practical engineering,
due to which the centralized equivalent of line admittance
parameters has little influence on the parameter
characteristics of the whole section; thus, the admittance of
the GIL line is concentrated at both ends of the GIL line. At the
same time, the three-phase shells at the head and the end nodes,
which are directly grounded, are respectively connected with the
head and the end of the copper bar. Therefore, the equivalent
circuit of the first and last GIL can be obtained, as shown in
Figure 3.

Since the admittance of the GIL line is equivalent to those at
both ends of the line, the i section in the middle (i = 2, 3, . . . ) can
be made as the equivalent circuit of GIL according to the
connection mode of the GIL shell and the copper bar, which
is shown in Figure 4.

In each of the equivalent circuits of GIL, _IAgi, _IBgi, and _ICgi
represent the currents flowing from the three-phase shell at
the node i through the connecting line. _Igi is the sum of the
current flowing into the copper bar through the connecting
wire of the three-phase shell at the node i. Through the
equivalent mode of the above lumped parameters, the
relationship between the current and voltage of the i
segment is shown in (11):

⎡⎢⎢⎢⎢⎢⎣Vcoi − Vcoi−1
Vshi − Vshi−1
_Vcui − _Vcui−1

⎤⎥⎥⎥⎥⎥⎦ � −⎡⎢⎢⎢⎢⎢⎣Zco−co Zco−sh Zco−cu
Zsh−co Zsh−sh Zsh−cu
Zcu−co Zcu−sh Zcu−cu

⎤⎥⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎢⎣ IcoiIshi
_Icui

⎤⎥⎥⎥⎥⎥⎦ (11)

where Icoi is the phasor matrix of the current flowing through
the core wire of the section i. Ishi is the phasor matrix of the
current flowing through the shell of the section i. _Icui is the
phasor of the current flowing through the copper bar of the
section i. Vcoj is the voltage phasor matrix of the core wire at the
node j.Vshj is the voltage phasor matrix of the shell at the node j.
_Vcuj is the voltage phasor of the copper bar at the node j. Each
impedance matrix is obtained by multiplying the unit
impedance matrix in (7) by the length of each segment of
GIL and dividing them into blocks.
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Zco−cu � ZT
cu−co,Zsh−cu � ZT

cu−shIcoi � [ _IAcoi _IBcoi _ICcoi ]T, Ishi
� [ _IAshi _IBshi _ICshi ]TVcoj

� [ _VAcoj
_VBcoj

_VCcoj ]T, Vshj

� [ _VAshj
_VBshj

_VCshj ]TZcu−co
� [ZAco−cu ZBco−cu ZCco−cu ], Zcu−sh
� [ZAsh−cu ZBsh−cu ZCsh−cu ]Zco−co

� ⎡⎢⎢⎢⎢⎢⎣ ZAco−co ZABco−co ZACco−co
ZABco−co ZBco−co ZBCco−co
ZACco−co ZBCco−co ZCco−co

⎤⎥⎥⎥⎥⎥⎦, Zco−sh

� ⎡⎢⎢⎢⎢⎢⎣ ZAco−sh ZABco−sh ZACco−sh
ZABco−sh ZBco−sh ZBCco−sh
ZACco−sh ZBCco−sh ZCco−sh

⎤⎥⎥⎥⎥⎥⎦Zsh−co

� ⎡⎢⎢⎢⎢⎢⎣ ZAco−sh ZABco−sh ZACco−sh
ZABco−sh ZBco−sh ZBCco−sh
ZACco−sh ZBCco−sh ZCco−sh

⎤⎥⎥⎥⎥⎥⎦, Zsh−sh

� ⎡⎢⎢⎢⎢⎢⎣ ZAsh−sh ZABsh−sh ZACsh−sh
ZABsh−sh ZBsh−sh ZBCsh−sh
ZACsh−sh ZBCsh−sh ZCsh−sh

⎤⎥⎥⎥⎥⎥⎦
(12)

By adding the electrical relations of the GIL from section 1 to
section n in turn, the relationship among the voltage change; the
impedance; and the current of the whole core wire, the shell, and
the copper bar of the whole line of each phase can be obtained as
shown in (13).

⎡⎢⎢⎢⎢⎢⎣Vcon − Vco0

Vshn − Vsh0
_Vcun − _Vcu0

⎤⎥⎥⎥⎥⎥⎦ � −⎡⎢⎢⎢⎢⎢⎣Zco−co Zco−sh Zco−cu
Zsh−co Zsh−sh Zsh−cu
Zcu−co Zcu−sh Zcu−cu

⎤⎥⎥⎥⎥⎥⎦ ·
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∑n
i�1
Icoi

∑n
i�1
Ishi

∑n
i�1

_Icui

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(13)

Since the three-phase shell at both ends of GIL is grounded by
the copper bar and the voltage at both ends of the shell and the
copper bar is 0, there exists the first boundary condition, which is
shown as (14).

{ _Vsh0 � _Vshn � 0
_Vcu0 � _Vcun � 0

(14)

According to the equivalent circuit diagram, a part of the
current between the adjacent sections on the shell flows to the
copper bar through the connecting wire, which is shown as (15).

Ishi−1 − IGi−1 � Ishi (15)
where IGi−1 represents the parameter matrix of the shell current of
the three-phase connection lines at the node i-1, which is shown
in (16).

IGi−1 � [ _IAgi−1 _IBgi−1 _ICgi−1 ]T (16)
The current on the connecting line will flow into the copper

bar, as shown in (17).

_Icui−1 + _Igi−1 � _Icui (17)
where _Igi−1 represents the sum of the current flowing from the
three-phase shell connection line at the node i-1, as shown
in (18).

_Igi−1 � _IAgi−1 + _IBgi−1 + _ICgi−1 (18)
Equations (15) and (17) constitute the second boundary

condition, as shown in (19).

{ _Ishi−1 − _IGi−1 � _Ishi
_Icui−1 + _Igi−1 � _Icui

(19)

By substituting the first boundary condition and the second
boundary condition into the impedance matrix equation of the
core wire, namely, put (14) and (19) into (13), the following
results can be obtained, as shown in (20):

⎡⎢⎢⎢⎢⎢⎣Vcon − Vco0

0
0

⎤⎥⎥⎥⎥⎥⎦ � −⎡⎢⎢⎢⎢⎢⎣Zco−co Zco−sh Zco−cu
Zsh−co Zsh−sh Zsh−cu
Zcu−co Zcu−sh Zcu−cu

⎤⎥⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
nIco1

nIsh1 − I∑G

n_Icu1 + _Ig

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(20)

where I∑G represents the result of adding the phasor
matrices of the currents at the nodes flowing out through
the connecting lines of the three-phase shell, which is as shown
in (21):

I∑G
�∑n−1

i�1
(n − i)IGi

� ⎡⎣∑n−1
i�1
(n − i)_IAgi ∑n−1

i�1
(n − i)_IBgi ∑n−1

i�1
(n − i)_ICgi ⎤⎦T (21)

where _Ig is the sum of the currents flowing into the copper bar
through the connecting wires of the three-phase shell at all nodes,
as shown in (22).

_Ig �∑n−1
i�1
(n − i)_IAgi +∑n−1

i�1
(n − i)_IBgi +∑n−1

i�1
(n − i)_ICgi (22)

In (20), according to the equation of the metal shell and the
copper bar, the matrix of the equivalent impedance equation of
the core wire can be obtained by eliminating nIsh1 − I∑G and

n_Icu1 + _Ig in the core wire equation, which is shown in (23).

Vcon − Vco0 � −n·
(Zco−co + 2Zco−shZco−cuZcu−sh − Zco−shZsh−coZcu−cu − Zco−cuZcu−coZsh−sh

Zsh−shZcu−cu − Zsh−cuZcu−sh
) · Ico1

(23)
Thus, the equivalent impedance parameter matrix of each

section of the core wire is shown in (24):

Zco−eq � Zco−co

+ 2Zco−shZco−cuZcu−sh − Zco−shZsh−coZcu−cu − Zco−cuZcu−coZsh−sh
Zsh−shZcu−cu − Zsh−cuZcu−sh

(24)
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FIGURE 5 | Schematic diagram of the GIL simulation model.

TABLE 1 | The 1,000-kV GIL general structural parameters.

— Internal radius
(mm)

External radius
(mm)

Resistivity (Ω/m) Relative
permeability

Relative
permittivity

Core wire 260 270 4 × 10−8 1.000 —

Gas insulation 270 680 — 1.000 1.002
Metal shell 680 710 4 × 10−8 1.000 —

Outer sheath 710 780 — 1.000 2.300

TABLE 2 | Copper bar structural parameters.

— Internal radius
(mm)

External radius
(mm)

Resistivity (Ω/m) Relative
permeability

Relative
permittivity

Copper bar 0.00 400 1.75 × 10−8 1.000 —

FIGURE 6 | Schematic diagram of the overhead line simulation model.
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where each impedance matrix in (24) is obtained by dividing the
impedance matrix in (7), and the specific dividing rules are shown
in (12). According to the knowledge of matrix operations, if the
matrices Zco−co, Zco−sh, Zsh−co, and Zsh−sh in (24) are not
symmetrical matrices when the three diagonal elements are
not equal, or the six non-diagonal elements are not equal, the
matrix Zco−eq will not be a symmetrical matrix after a series of
matrix operations in (24), after which the final calculation result
will be greatly different from the parameter matrix of the
traditional transmission lines; thus, a problem with unclear
physical concept will exist.

The matrices Zco−co, Zco−sh, Zsh−co, and Zsh−sh are transformed
into approximate uniform transposition parameters by the phase
sequence transformation-inverse transformation, so as to solve
this problem. First of all, the phase sequence transformation
formula is used, that is to say, the phase sequence transformation
for transforming the matrices Zco−co, Zco−sh, Zsh−co, and Zsh−sh
from the phasor forms to the sequence forms is carried out by
(25), and also, the matrices Zco−co·s, Zco−sh·s, Zsh−co·s, and Zsh−sh·s
are obtained:

Zs � T−1ZpT � ⎡⎢⎢⎢⎢⎢⎣ Z1 Z12 Z10

Z21 Z2 Z20

Z01 Z02 Z0

⎤⎥⎥⎥⎥⎥⎦ (25)

where the matrix T is a phase sequence transformation matrix, as
shown in (26); besides, a � −1/2 + j

�
3

√
/2.

T � ⎡⎢⎢⎢⎢⎢⎣ 1 1 1
a2 a 1
a a2 1

⎤⎥⎥⎥⎥⎥⎦ (26)

Next, the matrices Zco−co·s, Zco−sh·s, Zsh−co·s, and Zsh−sh·s
are decoupled by setting the non-diagonal elements of the
above three-order component parameter matrices to zero, so as
to realize the complete decoupling of the order variables.
Finally, the decoupled sequence parameter matrices, namely,
Zp
co−co, Zp

co−sh, Zp
sh−co, and Zp

sh−sh, are transformed into the
phasor parameter matrices by the phase sequence
transformation. In this case, the phasor parameter matrices
Zp
co−co, Z

p
co−sh, Z

p
sh−co, and Zp

sh−sh after sequence decoupling are
symmetrical, and the form that three diagonal elements are
equal and the six non-diagonal elements are also equal is
satisfied.

Next, taking the matrix Zco−co as an example, the process of
obtaining the approximate uniform transposition parameters of

Zco−co after the sequence decoupling can be illustrated. Therefore,
the matrix Zco−co·s can be obtained by (27):

Zco−co·s � T−1Zco−coT � ⎡⎢⎢⎢⎢⎢⎣ Z1 Z12 Z10

Z21 Z2 Z20

Z01 Z02 Z0

⎤⎥⎥⎥⎥⎥⎦ (27)

where Zco−co·s is the sequence impedance matrix of the core wire
on the condition that Z12 � Z10 � Z21 � Z20 � Z01 � Z02 � 0,
and then, the matrix Zp

co−co can be obtained after the sequence
decoupling of the matrix Zco−co, which is shown in (28).

Zp
co−co � T⎡⎢⎢⎢⎢⎢⎣Z1 0 0

0 Z2 0
0 0 Z0

⎤⎥⎥⎥⎥⎥⎦T−1

� 1
3
⎡⎢⎢⎢⎢⎢⎣ Z1 + Z2 + Z0 aZ1 + a2Z2 + Z0 a2Z1 + aZ2 + Z0

a2Z1 + aZ2 + Z0 a3Z1 + a3Z2 + Z0 a4Z1 + a2Z2 + Z0

aZ1 + a2Z2 + Z0 a2Z1 + a4Z2 + Z0 a3Z1 + a3Z2 + Z0

⎤⎥⎥⎥⎥⎥⎦ (28)

Similarly, the matrices Zp
co−sh, Z

p
sh−co, and Zp

sh−sh after the
sequence decoupling can be obtained successively. The
equivalent impedance parameter matrix of the core wire is
obtained by substituting the matrices Zp

co−co, Z
p
co−sh, Z

p
sh−co, and

Zp
sh−sh into (24), which is shown in (29).

Zco−eq � Zp
co−co

+ 2Zp
co−shZco−cuZcu−sh − Zp

co−shZ
p
sh−coZcu−cu − Zco−cuZcu−coZp

sh−sh
Zp
sh−shZcu−cu − Zsh−cuZcu−sh

(29)
It can be seen that the equivalent impedance parameter matrix

Zco−eq of the core wire can be obtained by the matrix
multiplication operation after getting decoupled from the
original seventh-order impedance matrix block and sequence
quantity. It is shown from the calculation form of (29) that the
equivalent core wire impedance parameter matrix Zco−eq is a
third-order matrix.

3.2 Calculation of the GIL Core Wire
Equivalent Admittance Matrix
The admittance of the GIL line is concentrated on both sides of
the GIL line in approximate calculation in this paper, and the
relationships among the current change; the admittance; and the
voltage of the core wire, the shell, and the copper bar of each GIL
phase of section 1 and section n are respectively written in (30)
and (31):

TABLE 3 | M side and N side power supply parameters.

— Phase A voltage (kV) Phase B voltage (kV) Phase C voltage (kV)

Positive sequence power supply M side 520∠0° M side 520∠−120° M side 520∠−240°

N side 500∠−45° N side 500∠−165° N side 500∠−285°

Negative sequence power supply M side 520∠0° M side 520∠120° M side 520∠240°

N side 500∠−45° N side 500∠75° N side 500∠195°

Zero sequence power supply M side 520∠0° M side 520∠0° M side 520∠0°
N side 500∠−45° N side 500∠−45° N side 500∠−45°
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FIGURE 7 | Three-phase current waveform on the N side. (A) Positive sequence current of three phases, (B) Negative sequence current of three phases, (C) Zero
sequence current of three phases.
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⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣ Ico0 − Ico1
Ish1
′ − Ish1
_Icu1
′ − _Icu1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ � −n
2
⎡⎢⎢⎢⎢⎢⎣Yco−co Yco−sh 0
Ysh−co Ysh−sh Ysh−cu
0 Ycu−sh Ycu−cu

⎤⎥⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎢⎣Vco0

Vsh0
_Vcu0

⎤⎥⎥⎥⎥⎥⎦ (30)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣ Icon − Icon+1
Ishn − Ishn

′

_Icun − _Icun
′

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ � −n
2
⎡⎢⎢⎢⎢⎢⎣Yco−co Yco−sh 0
Ysh−co Ysh−sh Ysh−cu
0 Ycu−sh Ycu−cu

⎤⎥⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎢⎣Vcon

Vshn
_Vcun

⎤⎥⎥⎥⎥⎥⎦ (31)

where the definitions of Icoi, Ishi, _Icui,Vcoj,Vshj, and _Vshj are the
same as those mentioned above. The admittance matrix is obtained
throughmultiplying the unit length admittancematrix in (10) by the
length of each section of GIL and then carrying out block partition.
In addition, it will not be repeated because the dividing rules are
consistent with those of the impedance matrices.

Equation (14) can be introduced into (30) and (31) by
substituting the first boundary condition into the impedance
matrix equation of the core wire; furthermore, (32) and (33) can
be then obtained.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣ Ico0 − Ico1
Ish1
′ − Ish1
_Icu1
′ − _Icu1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ � −n
2
⎡⎢⎢⎢⎢⎢⎣Yco−co Yco−sh 0
Ysh−co Ysh−sh Ysh−cu
0 Ycu−sh Ycu−cu

⎤⎥⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎢⎣Vco0

0
0

⎤⎥⎥⎥⎥⎥⎦ (32)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣ Icon − Icon+1
Ishn − Ishn

′

_Icun − _Icun
′

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ � −n
2
⎡⎢⎢⎢⎢⎢⎣Yco−co Yco−sh 0
Ysh−co Ysh−sh Ysh−cu
0 Ycu−sh Ycu−cu

⎤⎥⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎢⎣Vcon

0
0

⎤⎥⎥⎥⎥⎥⎦ (33)

It can be seen from (32) and (33) that the core wire
capacitance current of the GIL line after the centralized
equivalence is related to the core wire admittance and the core
wire voltage but has nothing to do with the current and the
voltage on the metal shell and the grounding copper bar.
Therefore, the equivalent admittance equations of the core

wire are the matrix equations in the first lines of (32) and
(33), as shown in (34).

⎧⎪⎪⎨⎪⎪⎩
Ico0 − Ico1 � −n

2
Yco−co · Vco0

Icon − Icon+1 � −n
2
Yco−co · Vcon

(34)

It can be seen from (34) that the metal shell and the grounding
copper bar have no effect on the core wire admittance parameters,
and then, the core wire equivalent admittance parameter matrix is
shown in (35).

Y co−eq � Y co−co (35)
It can be seen that the equivalent admittance parameter matrix

Yco−eq of the core wire can be obtained by dividing the original
seventh-order admittance matrix into blocks, with the block rule
being consistent with that of the seventh-order impedance
matrix. The block rule of the impedance matrix is shown in
(12), and it can be gained according to the calculation form of
(35) that the core wire equivalent admittance parameter matrix
Yco−eq is a third-order matrix.

4 SIMULATION VERIFICATION OF
EQUIVALENT PARAMETER CALCULATION
METHOD FOR THE HIGH-VOLTAGE GIL
CORE WIRE

The PSCAD simulation software is used to verify the calculation
method in this paper. The shell is grounded with the copper bar every

TABLE 4 | Comparison table of the three-phase currents on the N side between the equivalent parameter model of the core wire and the actual GIL parameter model.

Equivalent parameters of
core wire

GIL actual parameters Absolute deviation Relative
deviation ratio (%)

Current (kA) Positive sequence power supply A 23.404 23.942 0.538 2.247
B 23.405 23.944 0.539 2.251
C 23.404 23.941 0.537 2.243

Negative sequence power supply A 23.404 23.942 0.538 2.247
B 23.404 23.941 0.537 2.243
C 23.404 23.944 0.540 2.255

Zero sequence power supply A 18.872 19.282 0.410 2.126
B 18.873 19.281 0.408 2.116
C 18.873 19.281 0.408 2.116

0.125s phase Positive sequence power supply A 81.241° 81.581° 0.340° 0.094
B −38.738° −38.395° 0.343° 0.095
C 158.759° 158.419° 0.340° 0.094

Negative sequence power supply A 81.241° 81.581° 0.340° 0.094
B 158.759° 158.419° 0.340° 0.094
C −38.738° −38.395° 0.343° 0.095

Zero sequence power supply A 81.392° 81.690° 0.298° 0.083
B 81.392° 81.708° 0.316° 0.088
C 81.392° 81.708° 0.316° 0.088
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other 30m in the Sutong UHV transmission project. Thus, the high-
voltage GIL line model, built with the shell being grounded by the
copper bar every other 30m, is divided into 200 sections and has a
total length of 6 km in the PSCAD. The simulation model that has
200-section GIL is too large, so the simplified 12-section simulation

model is used to represent the 200-section GIL simulation model, as
shown in Figure 5. Then, the general structural parameters of the
high-voltage GIL are shown in Table 1, with GIL horizontal
layout of each phase. The general structural parameters of
the copper bar are shown in Table 2. At the same time, GIL

FIGURE 8 | Three-phase current waveform on the N side under a phase C grounding fault. (A) Current of phase A, (B) Current of phase B, (C) Current of phase C.
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and grounding copper bar are arranged horizontally.
According to the geometric parameters of GIL and
grounding copper bar, the horizontal spacing between
GIL phases and grounding copper bar is 2 m. That is, if
the position of phase A is taken as the reference origin, the
horizontal distances of the axis of phase B, the axis of phase
C, and the axis of grounding copper bar from the axis of
phase A are 2, 4, and 6 m, respectively.

In PSCAD, the unit length impedancematrix and the unit length
core wire block admittance matrix of the GIL line at the power
frequency of 50 Hz are generated by using the line constants
program, and the partial block impedance matrix is obtained
after phase sequence decoupling. The matrices Zp

co−co,Z
p
co−sh, and

Zp
sh−sh that are decoupled by sequence variables are substituted into

(29), so as to carry out the matrix operation, through which the
equivalent impedance parameter matrix of the GIL core wire per
unit length can be obtained as follows:

Zco−eq �

⎛⎜⎜⎜⎜⎜⎜⎜⎝
4.14 × 10−5 + 2.87 × 10−4 i 3.54 × 10−5 + 1.22 × 10−4i 3.54 × 10−5 + 1.22 × 10−4 i

3.54 × 10−5 + 1.22 × 10−4 i 4.14 × 10−5 + 2.87 × 10−4i 3.54 × 10−5 + 1.22 × 10−4 i

3.54 × 10−5 + 1.22 × 10−4 i 3.54 × 10−5 + 1.22 × 10−4i 4.14 × 10−5 + 2.87 × 10−4 i

⎞⎟⎟⎟⎟⎟⎟⎟⎠Ω/km

Similarly, according to (35) and the block admittance matrix
parameters per unit length of the core wire of the GIL line
generated by the line constants program at the power frequency
of 50 Hz, the equivalent admittance parameter matrix per unit
length of the GIL core wire can be obtained as follows:

Y co−eq � Y co−co �

⎛⎜⎜⎜⎜⎜⎜⎝ 0 + 1.82 × 10−8i 0 + 0i 0 + 0i

0 + 0i 0 + 1.82 × 10−8i 0 + 0i

0 + 0i 0 + 0i 0 + 1.82 × 10−8i

⎞⎟⎟⎟⎟⎟⎟⎠S/km

The core wire equivalent parameter matrices Zco−eq and Yco−eq
are both third-order matrices so that the parameters can be
simulated with the use of the ordinary overhead lines.
Therefore, the Bergeron model of the overhead line is used to
simulate the equivalent parameters of the core wire, after which the
Bergeronmodel with a total length of 6 km can be built in PSCAD,
and the simulation model diagram is shown in Figure 6. With the
use of the manual data input module, the data of the GIL core wire
equivalent parameter matrices Zco−eq and Yco−eq are input into the
overhead line model. Finally, the correctness of the calculation
formula of the core wire equivalent parameters can be verified by
comparing the electrical characteristics of the GIL actual parameter
model with the GIL equivalent parameter model.

The three-phase symmetrical positive sequence, negative sequence,
and zero sequence power supplies are added at both ends of the
actual GIL parameter model and the GIL equivalent parameter
model. The power supply parameters are shown in Table 3.

According to the power supply parameters of both sides given
in Table 3, the waveform comparison diagrams of the N side
three-phase currents respectively under the positive sequence, the
negative sequence, and the zero sequence power supplies can be
obtained, which is shown in Figure 7. The solid line and the
dotted line respectively represent the current waveform of the
GIL equivalent parameter model and the actual GIL model on the
N side.

It can be found that the amplitude and phase of each sequence
quantity are not so far different during stable operation
according to the three-phase current waveform on the N
side of the actual GIL parameter model and the GIL
equivalent parameter model shown in Figure 7, and the
specific error data are shown in Table 4.

TABLE 5 | Comparison table of the three-phase currents on the N side between the equivalent parameter model of the core wire and actual GIL parameter model in case of
grounding faults.

Equivalent parameters of
core wire

GIL actual parameters Absolute deviation Relative
deviation ratio (%)

Current (kA) Phase A ground fault A 60.393 60.173 0.220 0.364
B 23.500 24.154 0.654 2.708
C 23.367 23.835 0.468 1.963

Phase B ground fault A 23.364 23.835 0.471 1.976
B 60.941 60.177 0.764 1.254
C 23.499 24.155 0.656 2.716

Phase C ground fault A 23.499 24.156 0.657 2.720
B 23.366 23.842 0.476 1.996
C 60.940 60.192 0.748 1.227

0.125 s phase Phase A ground fault A 59.216° 57.640° 1.576° 0.438
B −51.746° −51.660° 0.086° 0.024
C 68.003° 67.901° 0.102° 0.028

Phase B ground fault A −8.509° −7.932° 0.577° 0.160
B −61.288° −62.383° 1.095° 0.304
C 68.755° 68.344° 0.411° 0.114

Phase C ground fault A −8.751° −8.206° 0.545° 0.151
B −51.494° −52.193° 0.699° 0.194
C 1.285° 2.223° 0.938° 0.261
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It is known from Table 4 that the amplitude deviations of the
three-phase currents on the N side are all about 2%, and the phase
deviations of the three-phase currents are not more than 0.1%
whenever under the positive sequence, the negative sequence, or
the zero sequence power supplies.

The transient process of the three-phase symmetrical
system under fault is simulated to observe whether the
GIL equivalent parameter model is consistent with the
actual parameter model of GIL in case of fault. In the
three-phase symmetrical system, the M side power supply

FIGURE 9 | Three-phase current waveform on the N side under CA phase-to-phase fault. (A) Current of phase A, (B) Current of phase B, (C) Current of phase C.
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is 520∠0° kV, and the N side power supply is 500∠−45° kV
when the faults are respectively set as a single-phase ground
fault and a phase-to-phase fault.

When the phase A, the phase B, and the phase C grounding
faults with durations of 0.2 s occur successively at the distance of
3 km, namely, at the position P that is shown in the simulation

TABLE 6 |Comparison table of the three-phase currents on the N side between the equivalent parameter model of the core wire and the actual GIL parameter model in case
of phase-to-phase faults.

Equivalent parameters of
core wire

GIL actual parameters Absolute deviation Relative
deviation ratio (%)

Current (kA) AB phase-to-phase fault A 43.728 44.812 1.084 2.419
B 65.362 66.951 1.589 2.373
C 23.404 23.941 0.537 2.243

BC phase-to-phase fault A 23.404 23.942 0.538 2.247
B 43.726 44.811 1.085 2.421
C 65.364 66.951 1.587 2.370

CA phase-to-phase fault A 65.362 66.940 1.578 2.357
B 23.404 23.943 0.539 2.251
C 43.727 44.823 1.096 2.445

0.125 s phase AB phase-to-phase fault A 83.594° 83.969° 0.375° 0.104
B −86.910° −86.456° 0.454° 0.126
C 68.745° 68.362° 0.383° 0.106

BC phase-to-phase fault A −8.739° −8.367° 0.372° 0.103
B −36.454° −36.096° 0.358° 0.099
C 26.865° 26.507° 0.358° 0.099

CA phase-to-phase fault A 33.823° 33.602° 0.221° 0.061
B −51.946° −51.751° 0.195° 0.054
C −24.241° −24.024 0.217° 0.060

TABLE 7 | Comparison table of the three-phase currents on the N side between the equivalent parameter model of the core wire and the actual GIL parameter model in
asymmetric system.

— Equivalent parameters of
core wire

GIL actual parameters Absolute deviation Relative
deviation ratio (%)

Current (kA) A 23.482 24.165 0.683 2.826
B 23.183 23.450 0.267 1.139
C 23.478 24.064 0.586 2.435

0.125 s phase A 80.847 80.549 0.298 0.083
B −11.356 −11.465 0.109 0.030
C −58.122 −57.251 0.871 0.242

The maximum absolute deviation and maximum relative deviation ratio are summarized in Table 8.

TABLE 8 | Maximum absolute deviation and relative deviation ratio in different scenarios.

Three
phase

sequence
voltage

Phase
A ground

fault

Phase
B ground

fault

Phase
C ground

fault

AB phase
to phase

fault

BC phase
to phase

fault

CA phase
to phase

fault

Asymmetric
system

Absolute deviation Current (kA) 0.540 0.654 0.764 0.748 1.589 1.587 1.578 0.683
0.125 s phase 0.343° 1.576° 1.095° 0.938° 0.454° 0.372° 0.221° 0.871°

Relative deviation ratio Current (kA) 2.26% 2.71% 1.25% 1.23% 2.37% 2.37% 2.36% 2.83%
0.125 s phase 0.09% 0.44% 0.30% 0.26% 0.13% 0.10% 0.06% 0.24%
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model diagram, on the line at 0.104 s, the three-phase currents on
the N side of the two models can be obtained through simulation.
The three-phase current waveform on the N side during the phase
C grounding fault is shown in Figure 8. The solid line and the
dotted line represent the current waveforms respectively of the
GIL equivalent parameter model and the GIL reality parameter
model on the N side.

According to the three-phase current waveforms of the actual
GIL parameter model and the GIL equivalent parameter model
on the N side in case of the phase C grounding fault shown in
Figure 8, it can be found that the three-phase current amplitudes
and current phases on the N side are not so far different, and the
specific maximum error data are shown in Table 5.

When the AB phase-to-phase fault, the BC phase-to-phase fault,
and the CA phase-to-phase fault with durations of 0.2 s occur at the
distance of 3 km on the line at 0.104 s, namely, the above
faults occur at the position P that is shown in the simulation
model diagram in the Appendix. The three-phase current
waveforms on the N side of the two lines under steady state
after the faults occur can be obtained through simulation.
The three-phase current waveform on the N side in case of the
CA phase-to-phase fault is shown in Figure 9. The solid line
and the dotted line represent the GIL equivalent current
waveforms, respectively, of the parameter model and the
actual GIL parameter model on the N side.

According to the three-phase current waveforms of the actual
GIL parameter model and the GIL equivalent parameter model
on the N side in case of the CA phase-to-phase fault shown in
Figure 9, it can be found that the three-phase current amplitude
and current phase on the N side are also not so far different, and
the specific maximum error data are shown in Table 6.

The simulation models for the three-phase asymmetric power
supplies are still shown in Figure 5 and Figure 6. However, the
three-phase power supplies on the M side are set as phase A
520∠0° kV, phase B 520∠110° kV, and phase C 520∠220° kV; the
three-phase power supplies on the N side are set as phase A
500∠−45° kV, phase B 500∠65° kV, and phase C 500∠175° kV.
The maximum error data of the current flows of the three
phases, namely, phase A, phase B, and phase C on the N side,
are obtained through simulation calculation when the system is in
normal operation, which is shown in Table 7.

According to Table 8, it can be seen that the line current
phasor deviation between the core equivalent parameter model
and the actual GIL model is small whether the system is in normal

operation or in different types of faults. The maximum transient
deviation of the current amplitudes is no more than 3.0%, and the
maximum transient deviation of the current phases is no more
than 0.5%. In conclusion, the proposed formula for calculating
the equivalent parameters of the core wire is of high precision.

5 CONCLUSION

The high-voltage GIL has a multi-layer conductor structure.
When the high-voltage GIL is put into operation, complex
electromagnetic and electrostatic coupling effects among the
conductor layers will exist. The grounding mode of the copper
bar can further aggravate the coupling complexity. In this paper,
the parameter matrix of the high-voltage GIL and the boundary
conditions of electrical quantities are deeply analyzed for the
metal shell grounded through the copper bar. An algorithm is
proposed to get the equivalent parameters of the GIL core wire by
eliminating the coupling effect of the external conductors by
boundary conditions. Thus, the complex seventh-order GIL core
wire parameter matrix is transformed into a three-order GIL core
wire equivalent parameter matrix. By putting the original
complex parameter matrix into the formula, the simplified
equivalent core wire parameter matrix can be obtained
directly. The significantly simplified core wire parameter
matrix can be obtained without complex simulation operation,
which improves the speed of short-circuit current calculation and
the correlation analysis of high-voltage AC system with GIL.
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