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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 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 GIL magnetic 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 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. The metal 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.
[image: Figure 1]FIGURE 1 | Schematic diagram of GIL geometry.
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.
[image: Figure 2]FIGURE 2 | Schematic diagram of grounding method of actual GIL shell.
The transmission line equation of the high-voltage GIL line is shown in (1):
[image: image]
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 Y matrices are the seventh-order matrices, and the voltage and current matrices are shown in (2) and (3).
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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):
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where [image: image] and [image: image] 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, [image: image]) in consideration of the impedance of earth return; [image: image] and [image: image] 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; [image: image] and [image: image] 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; [image: image] and [image: image] 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 [image: image] 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):
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where [image: image] 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 [image: image] 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).
[image: image]
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):
[image: image]
where [image: image] 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; [image: image] 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, [image: image]); [image: image] is the admittance per unit length between the copper bar and the metal shell of the phase i; [image: image] is the admittance per unit length between the metal shell of the phase i and the earth; and [image: image] 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).
[image: image]
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):
[image: image]
where [image: image] is the self-admittance per unit length of the core wire of the phase i; [image: image] and [image: image] 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, [image: image]); [image: image] is the mutual admittance per unit length between the core wire and the shell of the phase i; [image: image] is the mutual admittance per unit length between the shell and the copper bar of the phase i; and [image: image] 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:
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It can be seen from (7) and (10) that the impedance matrix 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.
[image: Figure 3]FIGURE 3 | GIL equivalent circuit of the first and last sections.
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.
[image: Figure 4]FIGURE 4 | GIL equivalent circuit in the middle section.
In each of the equivalent circuits of GIL, [image: image], [image: image], and [image: image] represent the currents flowing from the three-phase shell at the node i through the connecting line. [image: image] 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):
[image: image]
where [image: image] is the phasor matrix of the current flowing through the core wire of the section i. [image: image] is the phasor matrix of the current flowing through the shell of the section i. [image: image] is the phasor of the current flowing through the copper bar of the section i. [image: image] is the voltage phasor matrix of the core wire at the node j. [image: image] is the voltage phasor matrix of the shell at the node j. [image: image] 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.
[image: image]
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).
[image: image]
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).
[image: image]
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).
[image: image]
where [image: image] represents the parameter matrix of the shell current of the three-phase connection lines at the node i-1, which is shown in (16).
[image: image]
The current on the connecting line will flow into the copper bar, as shown in (17).
[image: image]
where [image: image] represents the sum of the current flowing from the three-phase shell connection line at the node i-1, as shown in (18).
[image: image]
Equations (15) and (17) constitute the second boundary condition, as shown in (19).
[image: image]
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):
[image: image]
where [image: image] 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):
[image: image]
where [image: image] 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).
[image: image]
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 [image: image] and [image: image] in the core wire equation, which is shown in (23).
[image: image]
Thus, the equivalent impedance parameter matrix of each section of the core wire is shown in (24):
[image: image]
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 [image: image], [image: image], [image: image], and [image: image] 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 [image: image] 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 [image: image], [image: image], [image: image], and [image: image] 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 [image: image], [image: image], [image: image], and [image: image] from the phasor forms to the sequence forms is carried out by (25), and also, the matrices [image: image], [image: image], [image: image], and [image: image] are obtained:
[image: image]
where the matrix T is a phase sequence transformation matrix, as shown in (26); besides, [image: image].
[image: image]
Next, the matrices [image: image], [image: image], [image: image], and [image: image] 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, [image: image], [image: image], [image: image], and [image: image], are transformed into the phasor parameter matrices by the phase sequence transformation. In this case, the phasor parameter matrices [image: image], [image: image], [image: image], and [image: image] 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 [image: image] as an example, the process of obtaining the approximate uniform transposition parameters of [image: image] after the sequence decoupling can be illustrated. Therefore, the matrix [image: image] can be obtained by (27):
[image: image]
where [image: image] is the sequence impedance matrix of the core wire on the condition that [image: image], and then, the matrix [image: image] can be obtained after the sequence decoupling of the matrix [image: image], which is shown in (28).
[image: image]
Similarly, the matrices [image: image], [image: image], and [image: image] after the sequence decoupling can be obtained successively. The equivalent impedance parameter matrix of the core wire is obtained by substituting the matrices [image: image], [image: image], [image: image], and [image: image] into (24), which is shown in (29).
[image: image]
It can be seen that the equivalent impedance parameter matrix [image: image] 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 [image: image] 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):
[image: image]
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where the definitions of [image: image], and [image: image] are the same as those mentioned above. The admittance matrix is obtained through multiplying the unit length admittance matrix 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.
[image: image]
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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).
[image: image]
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).
[image: image]
It can be seen that the equivalent admittance parameter matrix [image: image] 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 [image: image] 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 other 30 m 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 30 m, 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 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.
[image: Figure 5]FIGURE 5 | Schematic diagram of the GIL simulation model.
TABLE 1 | The 1,000-kV GIL general structural parameters.
[image: Table 1]TABLE 2 | Copper bar structural parameters.
[image: Table 2]In PSCAD, the unit length impedance matrix 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 [image: image], and [image: image] 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:
[image: image]
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:
[image: image]
The core wire equivalent parameter matrices [image: image] and [image: image] 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 Bergeron model 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 [image: image] and [image: image] 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.
[image: Figure 6]FIGURE 6 | Schematic diagram of the overhead line simulation 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.
TABLE 3 | M side and N side power supply parameters.
[image: 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.
[image: Figure 7]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.
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 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.
[image: Table 4]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 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 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.
[image: Figure 8]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.
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.
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.
[image: 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.
[image: Figure 9]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.
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.
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.
[image: 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.
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.
[image: 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.
TABLE 8 | Maximum absolute deviation and relative deviation ratio in different scenarios.
[image: Table 8]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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