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ABSTRACT 

This paper is focused on the assessment and mitigation of the transient response of a Gas Insulated 

Substation’s (GIS) grounding grid to the fault due to voltage breakdown using the Partial Element 

Equivalent Circuit (PEEC) numerical approach. The adopted analysis methodology considers the 

magnetic induction by quantifying the electromagnetic couplings generated within the metallic 

components contained by the GIS configuration. The Transient Ground Potential Rise (TGPR) and 

transient current are computed and analyzed at several locations inside of GIS housing. With the 

aid of 3D graphical representation, the maximum amplitudes of the TGPR across the substation 

are illustrated. The mitigation efforts are considerably optimized by assuming the grounding grid 

sub-system is responsible for high frequency fault energy clearance based on identification 

method. By adopting several simplifications of the earthing system during the computational 

process, from a step-by-step analysis, it has been discovered that the grid located beneath the GIS 

enclosure will mostly attenuate the TGPR across the GIS building. Based on the aforementioned 

findings a successful mitigation technique is implemented. 

 

NOMENCLATURE 

AIS – Air Insulated Substation; 

CAD – Computer Aided Design; 

DE – Differential Equation; 

EMF – Electro-Magnetic Field; 

FDTF – Finite Difference Time Domain; 

FEM – Finite Element Method; 

GIS – Gas Insulated Substation; 

GISw – Gas Insulated Switchgear; 

HALD – the proposed equivalent co-axial cable 

model implemented in PSCAD for the 

investigated GIS section; named with regard to 

the first name of the four authors how developed 

this approach: H. Nouri, A. Muresan, L. Czumbil 

and D.D. Micu; 

HV – High Voltage; 

IE – Integral Equation; 

MoM – Method of Moments; 

PEEC – Partial Element Equivalent Circuit; 

TGPR – Transient Ground Potential Rise; 

VFTO – Very Fast Transient Overvoltage; 
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I. INTRODUCTION 

The changing dynamics of human migration towards metropolitan areas implies a fast 

development of local emerging economies which will result in higher installed power demands in 

specific locations inside crowded metropolitan areas worldwide. As a consequence, the industry, 

specifically electrical equipment manufacturers, must adapt to the energy demand changing needs 

and deliver suitable technical solutions. One of the major challenges arising when additional 

installed power needs to be delivered towards crowded areas across major cities is the lack of 

available land required for new substations to be installed. Making an analogy with the solution 

found by construction scientists and urbanists, who build vertically where a lack of space does not 

allow another approach, an innovative and efficient solution has been developed by electrical 

engineers, namely Gas Insulated Switchgear (GISw) technology. Although GISw technology 

contains sulfur hexafluoride (SF6) [1, 2] as a dielectric medium which is considered a toxic gas 

for the human body and the environment, a study conducted by Alstom Grid based on 18 

environmental indicators shows that if long-term (40 years) analysis is employed the Air Insulated 

Substation (AIS) technology has a greater impact on the environment compared to equipment 

encapsulated in SF6 gas [3]. The amount of aluminum used in the construction of the two 

substations is directly proportional to the allocated land area [3]. 

Gas Insulated Substations (GIS) are subjected to very high-frequency transient regimes due 

to switching operations during steady state and transient regime [4-9]. According to several studies 

presented in the literature, the Very Fast Transient Overvoltage (VFTO) leaks towards the metallic 

enclosure at the flanges located between two particular enclosures, at the air-SF6 bushing and 

during the voltage breakdown fault between a phase conductor and metallic enclosure  

[10-13]. It has been found based on many VFTO measurements in laboratories and actual GISs 

that the VFTO frequency range varies from a few MHz up to 100 MHz with amplitudes ranging 

1.2 p.u. to 3.0 p.u. on the core conductor of the GIS and 0.1 p.u. to 0.7 p.u. on the metallic enclosure 

(pipe) [14-18]. Considering that the metallic enclosure is galvanically connected to the substation 

grounding grid through the grounding leads (with minimum of one connection between enclosure 

and the earthing system) these transients flow towards the grounding grid back and forth affecting 

the overall performance of the earthing system. Moreover, Transient Ground Potential Rise 

(TGPR) will occur across the substation due to the malfunction of the grounding grid coordination. 

Description of the problem 

The performance of the grounding grid during transient regimes is greatly affected by high 

frequencies VFTO. The common grounding grid designing procedures follow the IEEE 80-2013 

Std. [19] which takes into consideration only the power frequency fault currents. The VFTO is 

briefly mentioned under theoretical aspects and recommendations. Furthermore, an inherent 

conceptual paradox occurs in the case of the grounding grid designing procedures associated with 

GIS substations, which, in principle, contradicts the conventional designing methodology that 

governs conventional stations and substations: in general, a complex grounding system increases 

the capabilities of the protection system to clear the fault energy. Contrary, when a Gas Insulated 



Substation is subjected to very fast transients the effective area of the grid is significantly reduced 

(the grounding grid sub-system responsible for fault energy clearance) and the overall performance 

of the grounding grid is affected, mainly due to the fast time distribution of the transient 

electromagnetic wave. The effective area (or effective radius) of the grid is an important parameter 

that one needs to take into consideration when designing an optimum grounding system [20]. The 

concept of the effective area of the grid indicates that the impulse impedance dissipates along the 

grid area before reaching the other end [20]. Therefore, only a part of the grid is effective to scatter 

the transient discharged current/voltage [19-22]. When the low-frequency impulse impedance of 

the grid is higher than its impulse impedance the entire grid is efficient in dissipating the fault 

energy [19-22]. Moreover, based on several electromagnetic field-based modeling techniques, a 

dependence between the time distribution of the fast-transient phenomena and the effective area 

of the grounding grid is illustrated considering several lightning current waveforms [23]. Based on 

the conclusions presented in the maximum amplitude of the Transient Ground Potential Rise is 

inversely proportional to the rise time parameter of the lightning waveform, as well as the effective 

area of the grounding grid. Therefore, a faster transient wave will produce higher amplitudes of 

TGPR concentrated on smaller areas across the grid. However, the study contains a simplified 

rectangular grounding grid composed of only the underground conductors that are subjected only 

to fast transients (frequency up to 1 MHz) disturbances. 

Ideally, the most effective mitigation technique for controlling the very fast transient would 

be through use of a metallic plate which is rather expensive. It is important to highlight that when 

such complex configurations of metallic conductors need to be evaluated as GIS metallic 

arrangements, the analytical and empirical formulas cannot be applied. Furthermore, the existing 

modelling techniques cannot assess the overall transient response of the substation during high 

frequency voltage breakdown. Hence, a more accurate analysis is required in order to correctly 

quantify the real transient response of a complex GIS configuration during very fast transient 

overvoltage.  

The current paper tries to answer to this requirement by presenting a simulation technique 

the allow to take into account the complex 3D structure and the various electromagnetic coupling 

phenomena that take place between the metallic structure of a real GIS and the associated earthing 

system during VFTO events. The proposed GIS modeling and simulation technique is applied in 

case of 110 kV GIS in order to identify the grounding grid area that mostly effect the clearance of 

VFTO fault. Finally, a mitigation procedure is show cased for the identified grounding grid area 

in order to accelerate the clearance of VFTO faults.  

Therefore, after this introductory part the paper is structured as follows: in the second 

section, the theoretical and mathematical background of the paper are presented alongside the 

identification of the problem. Also, in the second section, the geometrical approach adopted by the 

authors is described and validated through a rigorous endorsement procedure. In the first  

sub-section of the third section, the Transient Ground Potential Rise across the GIS building  

(or housing) is evaluated considering several locations. The following two sub-sub sections deal 

with the identification of critical areas of the grounding grid alongside the implementation of a 

mitigation technique impacting the TGPR. The conclusions are presented in the fourth section. 



II. MODELING METHODOLOGY 

A. State of the art regarding applied modelling techniques 

The first case studies regarding Gas Insulated Substation equivalent models date back to 

1996 and follow the widely known circuit theory approach [24, 25]. The methodology is based on 

representing the system under study with equivalent circuit elements, lumped parameters, or 

transmission line coefficients (propagation speed, length, mathematical model, etc.) [13, 26]. The 

circuit formulation methodology follows Kirchhoff’s laws, embedded in different software 

interfaces, providing numerical solutions for an energy system operating at a known voltage level, 

however it neglects the electric and magnetic field in the direction of propagation [27].  

The circuit theory approach has proven to be an efficient analysis tool for the GIS in terms 

of accurately identifying the level of VFTO generated across the substation during switching 

events. A comprehensive study of circuit theory approach modeling procedures applied to Gas 

Insulated Substations can be found in [11]. With this approach, several drawbacks exist when 

applied to complex configurations of a GIS under very fast transient events. Firstly, the complex 

three-dimensional geometries cannot describe or compute the spatial distribution of the fault 

current and voltages (e.g. identifying critical locations of step and touch voltages across a 

grounding grid). Secondly, when the wavelength of the fastest transient electromagnetic wave is 

comparable with the physical dimensions of the system, then, the retarded potentials need to be 

considered during the computational process. There are several other related GIS issues which will 

not be covered here. 

The alternative solution is to represent by the Electro-Magnetic Field (EMF) numerical 

methods which have gained acknowledgment in recent years due to improved computing 

capabilities. 

Table 1. Summary of electromagnetic numerical approaches applied to GIS analysis 

Ref No Numerical 

Method 

Fault Type Analysis Type Applied 

Software 

package 

[23, 28-30] MoM Power Frequency Fault Step and Touch Voltage CDEGS 

[31]  MoM Switching Events Transient EMF Not mentioned 

[32, 33] MoM Partial Discharge PD Analysis Not mentioned 

[34-37] FEM Breakdown voltage Dielectric strength ANSYS 

[38, 39] FEM Partial Discharge Electric Field distribution 
ANSYS 

COMSOL 

[40-43] FDTD Partial Discharge PD Analysis Not mentioned 

[44] FDTD Steady state VFT Analysis Not mentioned 

[45] FDTD 
Voltage breakdown 

between DS contacts 
EMF Analysis Not mentioned 

[46-48] FDTD Switching events EMI Interference Not mentioned 

[8] PEEC 
Shell circulating 

currents 
EMF Analysis ATP-EMTP 

[51, 52] PEEC Voltage Breakdown TGPR across substation XGSLab 



Different from the aforementioned circuit theory approach, EMF numerical methods can 

deal with very complex geometries regardless of the physical dimensions of the system under 

study. Full-Wave numerical electromagnetic analysis methods are defined as methodologies 

allowing the direct numerical solution of Maxwell’s equations in both frequency and time domain 

[27]. Maxwell’s equations can be expressed in the Differential Equation (DE) form and Integral 

Equation (IE) form from which several numerical approaches have been developed over time [27]. 

DE based methods require the discretization of the entire computational domain’s volume. This 

approach leads to a high amount of computational resources, thus imposing limitations regarding 

the analysis of large complex geometries. On the other hand, the IE based numerical methods can 

deal with large geometries, whose digital avatars are developed using CAD software, since the 

discretization algorithms are applied only on the metallic structures (MoM - superposition 

principle and PEEC - thin wire assumption). The most commonly used numerical approaches in 

solving Maxwell equations, applicable to gas-insulated substation analysis, are Method of 

Moments (MoM) [28-33], Finite Element Method (FEM) [34-39], Finite Differences Time 

Domain (FDTD) approach [46-48] and the Partial Equivalent Element Circuit (PEEC) method  

[8, 51, 52] briefly structured in Table 1. 

The adopted modeling philosophy is based on a PEEC approach, which provides a full 

wave solution, under the interface of XGSLab software package [49]. In the following section the 

mathematical background of the numerical algorithm is presented and discussed. The PEEC 

numerical approach has been previously applied towards GIS analysis in [8] however using the 

algorithms only for computations of equivalent circuit elements as inputs of Electro-Magnetic 

Transient Program (EMTP) model. 

B. Mathematical Background, Partial Equivalent Element Circuit Method (PEEC) 

The Partial Equivalent Element Circuit (PEEC) method is a hybrid IE technique, it is based 

on the Mixed Field Integral Equation from which an equivalent circuit is extracted, and it does not 

require discretization of the whole domain space. The implemented PEEC method solves the 

Maxwell equations in full wave conditions considering the Green functions for propagation, the 

Sommerfeld integrals for the earth reaction, the Jefimenko’s equations for electric and magnetic 

fields and moving from the frequency to the time domain by means of Fourier transforms [49]. 

For a Gas Insulated Substation complex metallic enclosure and its adjacent metallic 

structures, the method will divide the model in small current (charge) and potential cells as will be 

further presented. During the present study the PEEC numerical method has been adopted under 

the software interface XGSLab developed by the Italian company SINT, Bassano del Grappa.  

In this regard, a frequency domain general approach of PEEC hybrid method is presented 

(by R. Andolfato) starting from the following equation, assuming a thin wire: 

 (𝐸𝑒
⃗⃗⃗⃗ + 𝐸⃗ ) ∙ ℓ⃗ = (𝑧𝑖 + 𝑧𝑐) ∙ 𝐼 ∙ ℓ⃗  (1)  

where 𝐸⃗  is the tangent electric field at the conductor surface, 𝐸𝑒
⃗⃗⃗⃗  is an incident electric field or a 

generator, 𝑧𝑖 represents the internal impedance of the conductor and 𝑧𝑐 the impedance of the 



coating (assuming the conductor is coated), 𝐼 is the current flowing along the conductor and ℓ⃗  is 

axial unit vector tangent to the conductor surface. 

Because the thin structure approximation, equation (1) can be rewritten considering only 

the axial components along the conductor. The following scalar equation on the conductor surface 

results: 

 𝐸 = (𝑧𝑖 + 𝑧𝑐) ∙ 𝐼 − 𝐸𝑒 (2)  

Due to the charges and currents axial distributions along the conductor, the electric field 𝐸⃗  

outside the conductor is related with the scalar potential 𝑉 and vector potential 𝐴  according to 

following equation: 

 𝐸⃗ = −𝑔𝑟𝑎𝑑𝑉 − 𝑗𝜔𝐴  (3)  

Considering the thin wire approximation, the (3) can be written as follows: 

 𝐸 =
𝜕𝑉

𝜕𝑙
− 𝑗𝜔𝐴 (4)  

Combining equations (1) and (4) yields: 

 (𝑧𝑖 + 𝑧𝑐) ∙ 𝐼 + 𝑗𝜔𝐴 +
𝜕𝑉

𝜕𝑙
= 𝐸𝑒 (5)  

The forcing term 𝐸𝑒 can represent an incident or a generator field. Further, by dividing the 

vector potential in self 𝐴𝑠 and mutual 𝐴𝑚 components as well assuming that the self-component 

𝐴𝑠 on the conductor surface correspond to its external impedance 𝑧𝑒, equation (5) can be expressed 

as: 

 (𝑧𝑖 + 𝑧𝑐) ∙ 𝐼 + 𝑗𝜔𝐴𝑠 + 𝑗𝜔𝐴𝑚 = (𝑧𝑖 + 𝑧𝑐) ∙ 𝐼 + 𝑧𝑒 ∙ 𝐼 + 𝑗𝜔𝐴𝑚 = 𝑧𝑠 ∙ 𝐼 + 𝑗𝜔𝐴𝑚 (6)  

By adopting the aforementioned procedure, the self-impedance term 𝑧𝑠 not only contains 

the external components, but also internal and coating impedances. Considering a real 

configuration of a certain metallic structure, the system must be fragmentated in short elements in 

order to implement the previous relations in a numerical model (composed of current and potential 

cells). For a current cell 𝑖 with the length 𝑙𝑖 and the point 𝑖+ and 𝑖− the integral of (5) can be written: 

 ∫(𝑧𝑠𝑖 ∙ 𝐼𝑖 + 𝑗𝜔𝐴𝑚 +
𝜕𝑉

𝜕𝑙
) 𝑑𝑙

 

𝑙𝑖

= ∫𝐸𝑒𝑑𝑙

 

𝑙𝑖

 (7)  

Considering the current distribution assumption: 

 𝑧𝑠𝑖 ∙ 𝑙𝑖 ∙ 𝐼𝑖 + 𝑗𝜔 ∫𝐴𝑚𝑑𝑙

 

𝑙𝑖

+ 𝑉𝑖+ − 𝑉𝑖− = ∫𝐸𝑒𝑑𝑙

 

𝑙𝑖

 (8)  

For each current cell 𝑗 with the length 𝑙𝑗 the mutual magnetic potential 𝐴𝑚 can be 

mathematically described as follows: 



 𝐴𝑚 =
𝜇

4𝜋
∙ ∑(𝐼𝑗 ∙ cos 𝜑𝑖𝑗 ∙ ∫

𝑒−𝛾𝑟

𝑟
𝑑𝑙

 

𝑙𝑗

)

𝑗≠𝑖

 (9)  

Considering the complementary potential cell 𝑘 with the length 𝑙𝑘 the scalar potential can be 

expressed as follows: 

 𝑉𝑖∗ =
1

4𝜋𝜎̇𝑙𝑖∗
∙ ∑(

𝐽𝑘
𝑙𝑘

∙ ∫ ∫
𝑒−𝛾𝑟

𝑟
𝑑𝑙𝑘

 

𝑙𝑘

𝑑𝑙𝑖∗

 

𝑙𝑖∗

)

𝑘

 (10)  

The sum term from (10) is extended to all potential cells adopting the following conditions: 

 𝑧𝑠𝑖 ∙ 𝑙𝑖 ∙ 𝐼𝑖 = 𝑍𝑠𝑖 ∙ 𝐼𝑖 (11)  

 𝑗𝜔 ∫𝐴𝑚𝑑𝑙

 

𝑙𝑖

= 𝑗𝜔 ∙
𝜇

4𝜋
∙ ∑(𝐼𝑗 ∙ cos𝜑𝑖𝑗 ∙ ∫ ∫

𝑒−𝛾𝑟

𝑟
𝑑𝑙𝑗

 

𝑙𝑗

𝑑𝑙𝑖

 

𝑙𝑖

)

𝑗≠𝑖

= ∑(𝑍𝑚𝑖𝑗 ∙ 𝐼𝑗)

𝑗≠𝑖

 (12)  

 𝑉𝑖+ =
1

4𝜋𝜎̇𝑙𝑖+
∙ ∑(

𝐽𝑘
𝑙𝑘

∙ ∫ ∫
𝑒−𝛾𝑟

𝑟
𝑑𝑙𝑘

 

𝑙𝑘

𝑑𝑙𝑖∗

 

𝑙𝑖∗

)

𝑘

 (13)  

 𝑉𝑖− =
1

4𝜋𝜎̇𝑙𝑖−
∙ ∑(

𝐽𝑘
𝑙𝑘

∙ ∫ ∫
𝑒−𝛾𝑟

𝑟
𝑑𝑙𝑘

 

𝑙𝑘

𝑑𝑙𝑖∗

 

𝑙𝑖∗

)

𝑘

 (14) 

 ∫𝐸𝑒𝑑𝑙

 

𝑙𝑖

= 𝐸𝑒𝑖 (15)  

 
𝑍𝑚𝑖𝑗 = 𝑗𝜔 ∙

𝜇 ∙ 𝑐𝑜𝑠𝜑𝑖𝑗

4𝜋
∫ ∫

𝑒−𝛾𝑟

𝑟
𝑑𝑙𝑗

 

𝑙𝑗

𝑑𝑙𝑖

 

𝑙𝑖

 (16)  

 
𝑊𝑖𝑗 =

1

4𝜋𝜎̇𝑙𝑖𝑙𝑗
∙ ∫ ∫

𝑒−𝛾𝑟

𝑟
𝑑𝑙𝑗

 

𝑙𝑗

𝑑𝑙𝑖

 

𝑙𝑖

 (17)  

The previous equations (11)-(17) along the current cell can be expressed as follows: 

 𝑍𝑠𝑖 ∙ 𝐼𝑖 + ∑(𝑍𝑚𝑖𝑗 ∙ 𝐼𝑗)

𝑗≠𝑖

+ ∑(𝑊𝑖+𝑘 ∙ 𝐽𝑘)

𝑘

− ∑(𝑊𝑖−𝑘 ∙ 𝐽𝑘)

𝑘

= 𝐸𝑒 (18)  

The application range of the method is greatly dependent upon the accuracy of the 

computational process regarding 𝑍𝑚,  𝑍𝑠, 𝑊𝑠 and 𝑊𝑚 (𝑊𝑠, 𝑊𝑚 represent the self and mutual 

coefficient of potential of a single or between a couple of elements). 

The time domain solution is obtained by applying the forward and inverse Fourier 

Transform, FFT-PEEC-IFFT. Considering the harmonic impedance concept, it is possible to 

compute the transient response in time domain for a certain metallic configuration. The transient 



response of a Gas Insulated Substation configuration that includes the grounding grid, to a transient 

energization voltage or current can be computed from the following relation: 

 𝑢(𝑡) = 𝐹−1[𝑍(𝑓)𝐼(𝑓)] = 𝐹−1[𝑍(𝑓)𝐹(𝑢(𝑡))] (19)  

By using the Inverse Fast Fourier Transform it is possible to compute current, leakage 

current and potentials across the system (on any particular element). In order to optimize the 

computational process, the algorithm considers only a set of representative frequencies per decades 

with a growing density with frequency. The discretization of the implemented model is strictly 

dependent on frequency of the transient source and on propagation medium. Therefore, the 

maximum length of an element must be lower than 1/6 of the wavelength. Considering the very 

fast time distribution of the adopted transient source (voltage) during the computational process, 

the maximum length of the elements is set to be 0.19 𝑚. 

C. Geometrical approach 

The basic modeling concept is presented in [51]. Figure 1 illustrates, for explanatory 

purposes, the adopted geometrical assumption in comparison with the real case scenario (solid  

co-axial pipe). The GIS co-axial enclosure is represented by six parallel aluminum bars having a 

thickness considered to be equal with the distance between the inner and outer wall of the GIS 

enclosure accounting also for the thickness of both metallic walls.  

 

Figure 1. Computer-aided design model 

Proof of concept, validation  

In order to validate the previously adopted geometrical concept, a validation procedure is 

developed by comparing the Transient Ground Potential Rise recorded in the middle of the metallic 

enclosure using two different modeling concepts: circuit theory approach (using PSCAD software 

[50] which applies a quasi-TEM approach for cable modeling) and electromagnetic field theory 

approach (using XGSLab software package [49] which applies a PEEC numerical approach).  

A simplified case study is built containing 2 m of horizontal GIS enclosure, 1 phase conductor, 

and 20 𝑚 of incoming aerial cable. The GIS enclosure is connected in four points at the grounding 

grid, which is modeled through four equivalent resistors, 𝑅 = 1 𝑚Ω (see Figure 2).  



 

Figure 2. PSCAD implemented proof of concept validation circuit 

A voltage breakdown fault is assumed in the middle of the enclosure due to a lightning 

fault current on GIS conducting core. When the circuit theory approach is employed, the metallic 

enclosure and its contents is modeled through a coaxial cable interface, named the HALD model 

(see Figure 3), where the core of the cable represents the phase conductor, the first insulating layer 

the dielectric material (air or SF6), and the cable sheath represents the GIS enclosure. It is crucial 

that the total impedance of the system be computed in order to set a matching impedance as load 

to avoid artificial reflections. Moreover, similar to representing the GIS arrangement through 

equivalent circuit elements the method cannot encompass three-dimensional geometry. 

 

Figure 3. Applied “HALD” 4-layer co-axial cable model for the test GIS section implemented in PSCAD 

Three scenarios of transient analysis on GIS section were performed with a double 

exponential function lightning surge pulse model with constant amplitude but three different rise 

and fall times (see Figure 2). Figure 4 represents the TGPR waveforms obtained through the 

electromagnetic field PEEC model in XGSLab and circuit theory HALD model in PSCAD for a 

30 𝑘𝐴 1/50 µ𝑠 lightning fault current.  

The average percentage error between the computed results is less than 6 %, see Table 2 

and Figure 4, higher error values being recorded after the 5th cycle when the TGPR waveform 

amplitude is significantly reduced (under 20 % from the amplitude of the 1st TGPR waveform 

cycle) and therefore do not affect protection design processes.   



 

Figure 4. TGPR recorded in the middle of the enclosure through both methodologies 

Table 2. Numerical comparison of the maximum TGPR values computed  

during in first 7 transient state waveform cycles 

Max TGPR [kV] HALD 

[kV] 

EMF  

[kV] 

Error  

[%] 

TGPR 1st Max. 81.71 83.76 3% 

TGPR 1st Min. -40.01 -40.64 2% 

TGPR 2nd Amp. 46.83 46.34 1% 

TGPR 3rd Amp. 32.5 34.1 5% 

TGPR 4th Amp. 23.9 25.6 7% 

TGPR 5th Amp. 17.6 19.1 9% 

TGPR 6th Amp. 12.8 14.8 16% 

TGPR 7th Amp. 9.5 10.1 6% 

Avg. Error [%] 5.96%   

 

The mathematical stability and linearity of the implemented EMF and HALD models were 

tested by increasing the lightning current amplitude with a factor of 2, errors in acceptable limits 

were recorded. Moreover, to compute TGPR at several locations along the investigated GIS 

component the implemented models were slightly modified. In the case of the circuit theory 

approach, the HALD cable model was divided into 0.5 𝑚 long sections (see Figure 2), while in 

the case of the electromagnetic field approach model the parallel aluminum bars used for GIS 

enclosure were subdivided into 4 spans. Similar, subdivision techniques were applied for the 

incoming power cable in both models. The TGPR was recorded at 0.5 𝑚, 1 𝑚 and 1.5 𝑚 distance 

across GIS simplified enclosure. The average TGPR evaluation error maintains in acceptable limit, 

around 6 % for all the investigated GIS enclosure locations. The dielectric material surrounding 

the phase conductor in the first case study, is considered to be air and in the second case study SF6 

gas (see Figure 3). The recorded TGPRs in the middle of the enclosure for both case studies are 



similar. Hence, it can be stated that during the voltage breakdown fault the galvanic coupling 

dominates the transient response of the GIS enclosure.  

In [52] the validated concept was successfully applied to a real configuration of Gas Insulated 

Substation. One of the purposes of the study presented and performed in [52] was to quantify how 

the different number of parallel aluminum bars representing the solid metallic pipe will impact the 

transient response of the enclosure during voltage breakdown fault, taking into account very-high-

frequency transients [52]. The average errors computed from the numerical values of maximum 

and minimum amplitudes measured from the first through fourth periods of the waveform which 

were between acceptable limits, i.e. 2–5 % [52]. The spatial distribution of the aluminum bars 

surrounding the phase conductor is slightly different for each model, however a similar transient 

response of the model was recorded regardless of the geometric approach adopted. Due to 

geometric symmetry reasons as well as from a computational time point of view, the hexagon-

based geometry was developed and further used for the real GIS model analysis [52]. 

III. CASE STUDY 

The system under study is a 110 𝑘𝑉 GIS substation in three-phase configuration in the 

same GIS enclosure, located in a dedicated building, see Figure 5. The substation is fed from two 

220/110 𝑘𝑉 autotransformers represented in the model through two equivalent impedances 

 𝑍𝐴𝑇1 = 𝑍𝐴𝑇2 = 0.1 Ω. Because of the nominal voltage rating of the system, the three phase 

conductors are located inside of one co-axial pipe in a radial configuration with respect of the 

geometric origin of the metallic shell. In order to ensure the redundancy characteristic of the feeder, 

the double bus configuration is considered. The substation is composed from eight modules 

labelled BS1 to BS8 and a bus coupler. The bus coupler is located in the middle of the enclosure 

which facilitates the switching from BS1 to BS8 (see Figure 5). 

 
Figure 5. 110 kV GIS substation model, CAD top view 

 



Each GIS module enclosure is connected to a copper strip ring (located on the GIS concrete 

platform) in two locations through copper grounding leads. An additional copper strip ring is 

located on the inner wall of the GIS building at ℎ = 0.3 𝑚. In order to reduce the touch and step 

voltages at power frequency fault, four copper conductor rings are located outside of the GIS 

building at different depths with respect to the soil surface. At equidistant points across the third 

copper conductor ring, 13 vertical rods are connected. Considering the very fast nature of this 

study (wavelength comparable with the physical length of the system) the apparatus located 

outside of the GIS building has been not considered during the computational process. The 

geometrical characteristics and the implemented materials adopted during the computational 

process are presented in Table 3. 

Table 3. Geometric characteristics of the model components. 

Model Component 
Diameter  

d [mm] 
Conductor Material 

Phase conductor 30 Copper 

aluminum Bar 40 aluminum 

Copper strip 28.65 Copper 

Copper conductor 12.36 Copper 

Vertical rods 20 Copper 

 

Elements not having a cylindrical cross-section need to be represented with an equivalent 

cylindrical configuration. In general, the equivalent element must have the same admittance to 

earth and the same self-impedance of the actual element [19]. Based on the relations presented in 

[19] the copper strip is modelled as an equivalent cylindrical conductor with similar outer surface. 

The pure resistive loads that are assumed during the computational process, modelled as 

transversal impedances to earth connected at each phase conductor. The modelling scenario 

assumes phase-to-enclosure fault as a galvanic connection between the phase conductor and the 

aluminum bar. For simulation purposes the transient overvoltage scenario is performed with a 

double exponential pulse generator that has 1 𝑝. 𝑢. of fault overvoltage amplitude (1 𝑝. 𝑓. 𝑢.), and 

10 𝑛𝑠/3 𝜇𝑠 rise and fall time. The focus is not on the applied overvoltage amplitude that cases the 

phase-to-enclosure fault but on presenting a proper way to model the metallic structures correlated 

to Gas Insulated Substation and to identify effective area of the grounding grid that influence 

TGPR distribution in case of VFTOs in order be able to properly design the earthing system for 

such phenomena as well.  

The double exponential pulse generator is expressed as: 

𝑉(𝑡) = 𝑉𝑚(𝑒−𝛼𝑡 − 𝑒−𝛽𝑡) (20) 

where α = 2.31049 ∙ 105 sec−1, 𝛽 = 8.17350372 ∙ 109 sec−1, and 𝑉𝑚 = 1 p. f. u. 



The transient source is located inside the BS6 enclosure, which is also assumed to be the 

faulted bus. By means of Fast Fourier the time domain signal is transformed in frequency domain. 

The software will divide the frequency spectrum in several frequency decades containing a limited 

number of representative frequencies. The response of the system is computed for each 

representative frequency following the construction of the solution in time domain by means of 

Inverse Fourier Transform (IFT). During the present study 192 of representative frequencies have 

been used during the computational process.    

The main purpose of the analyzed case study is to assess the transient response of the grounding 

grid in order to identify the proper location across the earthing system where the mitigation 

techniques should be applied. By identifying areas of the grid, the financial and constructive efforts 

entailed by further attenuation measures will be optimized. 

A. Assessment methodology 

The study aims to investigate the real transient response of a typical Gas Insulated 

Substation configuration (see Figure 5) based on which the effective area of the grounding will be 

identified. Furthermore, a proper mitigation technique will be implemented by decreasing the 

resistance of the grounding grid located beneath the GIS enclosure. Several analysis locations 

across the GIS building are established in which the TGPR and the transient current are computed, 

highlighted with blue dots in Figure 6. In order to quantify how different sub-systems of the 

grounding grid act in controlling the very fast transients flowing throughout the substation, the 

earthing system will be gradually simplified. With each adopted simplification the TGPR and 

transient current are recorded in similar locations quantifying the impact of the new configuration 

on the transient response of the system. The results are presented using comparative graphical 

methods. The investigation is performed based on the electromagnetic field theory approach: the 

PEEC method, previously described and was successfully implemented under XGSLab software 

interface [49]. A typical GIS grounding grid is assessed using a novel methodology proposed by 

the authors, partially developed in [51] taking into consideration both underground and 

aboveground metallic interconnected conductors. The proposed methodology can be easily 

extended to any GIS configuration and adjacent earthing systems as well as to any fault scenario 

(the software package allows the injection of fault current/voltage at any location across the 

system). 

When a fault at power frequency is considered, the total fault current discharged into the 

grounding grid by the metallic enclosure will dissipate towards the outer contours of the grid, 

whereas during very fast transients the effective area of the grid is significantly reduced. The 

effective area of the grid is investigated running several simulation processes considering only 

particular parts of the earthing system. For example, in the first instance, the vertical rods system 

is excluded during the computational process followed by exclusion of other particular metallic 

structures defined below: 

• Configuration 1:  contains the grounding grid located inside the GIS building and three 

copper conductor rings. Therefore, the vertical rods and the farthest copper conductor ring 

with respect to the GIS building, are excluded from the model (red layer, see Figure 6); 



• Configuration 2: contains the grounding grid located inside the GIS building and two 

copper conductor rings are excluded from the model (red and blue layers, see Figure 6);. 

• Configuration 3: contains the grounding grid located inside the GIS building and three 

copper conductor rings are excluded from the module (red, blue and purple layers, see 

Figure 6). 

• Configuration 4: the grounding grid located inside the GIS building contains only the 

copper strip and four copper conductor rings are excluded from the model (red, orange, 

purple and green layers, see Figure 6). 

 

Figure 6. Locations used for analysis 

Gradually, the grounding grid configuration will be simplified until Configuration 4 is 

achieved. Several important locations for analysis are established inside the GIS building. For 

example, on the upper side of BS6 enclosure (horizontal side) Location 1; on the grounding lead 

which connects the BS6 enclosure to the grounding system, Location 2; on a copper strip located 

on the GIS concrete platform, Location 3; and finally on a copper strip located on the inner wall 

of the GIS building, Location 4 (see Figure 6).  

IV. RESULTS 

A. Assessment of accurate transient response of the GIS during voltage breakdown fault 

In the following section, based on the information regarding the adopted modeling scenarios 

presented in previous sections, the Transient Ground Potential Rise, using PEEC electromagnetic 

field approach methodology, across the GIS building and the metallic enclosure is computed and 

discussed. 



In order to provide an accurate representation of the TGPR behavior during switching events 

across the GIS building, a three-dimensional illustration of the TGPR across the GIS building is 

presented and discussed, see Figure 7. Through data processing techniques the overall transient 

behavior of the substation is represented considering 1000 data points obtained by exporting the 

per-fault-unit (𝑝. 𝑓. 𝑢.) values describing the transient voltage from the XGSLab software package 

linked with the Cartesian coordinates system containing the 𝑥, 𝑦, and 𝑧 coordinates for each 

individual element. In order to be able to represent the TGPR spatial distribution inside of the GIS 

building as accurately as possible 100 locations across the grounding grid and metallic enclosure 

are established for the purpose of analysis. During the assessment of safety criteria related to a 

certain substation, several parameters describing the transient regime require special attention: 

a) The maximum amplitude of the TGPR;  

b) The temporal distribution of the TGPR (rise time parameter)  

An interpolation algorithm is used to ensure transition from one subsystem to another 

across the substation (mesh configuration) is achieved. 

 

Figure 7. Three-dimensional representation of TGPR amplitude across GIS building 

Figure 7 illustrates the spatial distribution of the transient ground potential rise inside of 

the GIS building or housing.  

The rise time characterizing the steepness of TGPR waveforms is illustrated in Figure 8. In 

order to be able to provide a graphical illustration of the rise time parameter (in which certain 

TGPR waveforms reach maximum amplitudes) a reference value is established. By means of data 

processing techniques, the maximum value of the rise time parameter was extracted from the data 

set. Each particular time value presented in Figure 8 represents the difference between the 



reference value (2.4 𝜇𝑠) and the real value describing the waveform steepness. As the 

electromagnetic wave circulates or travels along the path provided by the metallic structures 

contained by the model, a delay of the wave reaching the maximum amplitude can be observed. 

The steepest waveforms are computed close to the transient source on the metallic enclosure 

related with the fault location (breakdown voltage). However, due to reflections and refractions of 

the wave phenomena (especially when the electromagnetic wave is reaching the end of the 

traveling path) steeper voltage waveforms can be observed along the GIS enclosure. 

 

Figure 8. Spatial distribution of the rise time parameter  

describing the TGPR waveforms across the substation 

As the distance between the transient source and the location under analysis increases, the 

amplitude of the transient potential considerably decreases due to the resultant electromagnetic 

couplings developed between the metallic structures contained by the system under study and the 

damping effect provided by the grounding grid. Furthermore, the intensity of wave attenuation 

phenomenon (from an amplitude point of view) increases with the distance from VFTO source as 

shown in Figure 7. 

The TGPR evolution across the GIS building, presented in Figure 7, raises the question of 

how the grounding grid impacts the transient overvoltage flowing throughout the substation and 

which particular sub-systems acts efficiently in attenuating the Transient Ground Potential Rise.  

In this regard, a further step-by-step analysis is employed in order to identify the critical grounding 

grid sub-systems during VFTO phenomenon. Finally, a mitigation technique is proposed which 

successfully attenuates the TGPR at the level of the GIS building. 

B. Step-by-step analysis applied to transient behavior of GIS, considering several 

configurations of the grounding system 

In the following section the impact of certain sub-systems of the grounding grid on TGPR 

across the substation is analyzed, following the assessment procedure discussed previously. 



Figures 9-11 show the computed TGPR considering several grounding grid configurations 

at Locations 1, 2, 3 and 4 respectively. The summary of findings is shown in Table 4. For each 

simulation, the complete configuration of the grounding grid is considered as the baseline.  

Also, the computed TGPR is a consequence of a voltage breakdown fault inside BS6 enclosure. 

 

Figure 9. TGPR computed considering several grounding grid configurations at Location 1 

Table 4. Parameters describing the TGPR for different grounding grid configurations 

Analysis 

point 

Considered 

Parameter 
Entire model 

Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

1 
Max Voltage 

[p.f.u.] 
0.136721 0.1367719 0.136714 0.136682 0.136569 

2 
Max Voltage 

[p.f.u.] 
0.079924 0.0799927 0.079918 0.079902 0.07979 

3 
Max Voltage 

[p.f.u.] 
0.030338 0.030362 0.030344 0.030398 0.030452 

4 

Max Voltage 

[p.f.u.] 
0.022503 0.02587 0.024138 0.026966 0.037088 

Percentage 

differences 

[%] 

 0.40 % 6.86 % 11.72 % 37.52 % 

 

It is important to note that the resultant electromagnetic wave illustrated throughout the 

paper contains incident, reflected and refracted components.  

While the analysis location is set further with respect of transient source, the maximum 

computed amplitude of the TGPR at Location 2 decreases by 57 % considering 1.2 𝑚 distance 

from Location 1. If the maximum amplitudes of TGPR computed at analysis point 2 and 3 are 

compared an attenuation rate of 37.5 % is obtained, see Table 4, meaning that an important 

attenuation rate is achieved considering very short distances. The total length of acceptable 

earthing system simplifications of the computational domain during the simulation process is 67 % 

with respect to the total physical length of the grid metallic conductors. The aforementioned 



conclusion can be extended also to steady-state regime when the levels of transient enclosure 

voltage can reach up to 0.7 𝑝. 𝑢. [22].  

Differently from the physical phenomenon occurring at power frequency fault when the 

fault currents tend to flow through the external contours of the earthing system, during very fast 

transients, the maximum amplitudes of the electromagnetic wave are recorded within the 

grounding system located beneath the GIS enclosure. Regarding the results computed when 

different configurations of the grounding grid are tested and similar behavior of the TGPR with 

maximum amplitudes and time distributions are recorded at Location 2 and 3 although important 

simplification of the computational domain are achieved. 

 

Figure 10. TGPR computed considering several grounding grid configurations at Location 2 

 

Figure 11. TGPR computed considering several grounding grid configurations at Location 3 

Whilst the analysis is performed at Location 4, on the copper strip contour located on the 

GIS building inner wall, an increase of 37.52 %, in the TGPR amplitude is observed with 

Configuration 4. Based on the previous observations one can state that the TGPR generated at the 



level of GIS platform during a phase-to-enclosure fault cannot be suppressed through mitigation 

techniques applied on the outer contours of the grounding grid located outside of the GIS building 

although it would be easier to implement from a constructive point of view.  

 

Figure 12. TGPR computed considering several grounding grid configurations at Location 4 

If the recorded TGPR at analysis Location 1 and Location 4 are compared, an attenuation 

rate of 85% is obtained meaning that the transient electromagnetic wave is mostly cleared before 

reaching the copper strip contours located outside of the GIS building. Taking into account the 

grounding grid Configuration 4 an oscillatory character of the voltage time domain waveform 

occurs, differently as when the first three grounding grid configurations are considered, see  

Figure 12.  

When the transient current at Locations 1, 2, 3 and 4 is computed, a similar response of the 

earthing system as in previous cases is observed, see Table 5. 

Table 5. Numerical analysis regarding recorded transient current 

Analysis 

Location 

Considered 

Parameter 
Entire model 

Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

1 
Max Current 

[p.f.u] 
0.010782 0.010782 0.010785 0.010791 0.010796 

2 
Max Current 

[p.f.u] 
0.020641 0.020641 0.020635 0.020637 0.020642 

3 
Max Current 

[p.f.u] 
0.007426 0.007426 0.007407 0.007414 0.007440 

4 
Max Current 

[p.f.u] 
0.002775 0.002769 0.002732 0.001991 0.002541 

 

Similar maximum amplitudes, time distributions and clearance time of the transient current 

waveform recorded considering simplification of the grounding grid are observed. It is important 

to mention that the transient source is modeled through an ideal EMF generator therefore the 

transient current flowing throughout the system is a consequence of the characteristic impedance 



of the propagation path as well as to the aforementioned electromagnetic couplings. When the 

physical length of the grounding grid is reduced by subtracting the buried copper conductors 

located outside of the GIS building, the topology of the transient current waveform computed at 

Location 4 is considerably affected. Although the peak current amplitudes are higher considering 

the baseline for Configurations 1, 2 and 3, the performance of the earthing system is considerably 

reduced when Configuration 4 is adopted. 

The numerical results obtained at Locations 1, 2 and 3 are not dependent on the outer 

grounding grid sub-systems. However, significant differences between computed results arise at 

Location 4 where the grounding grid Configurations 3 and 4 are considered, see Table 5. When 

the maximum amplitudes of the transient current computed near the transient source and on the 

copper strip located on the inner wall of GIS building are compared, an attenuation rate of 440 % 

is obtained meaning that the fault current is mostly attenuated within the grounding grid located 

beneath GIS enclosure. In general, even if harmful levels of transient currents and voltages occur 

throughout GIS substation due to fault current leakage towards the grounding system, the transient 

electromagnetic waveform will be mostly attenuated before reaching the physical ends of the 

earthing system. Therefore, modifications of the grounding grid will be implemented on the GIS 

platform in order to quantify the impact on TGPR variations. In the following section the topology 

of the grounding grid located beneath the GIS enclosure is modified in order to endorse the 

previous stated conclusion. 

C. Mitigation Technique from a constructive point of view 

From a theoretical point of view, it is necessary to use an equipotential grid in order to 

accurately attenuate the effects of very fast transients that occur when switching operations in GIS 

are conducted. Besides the voltage breakdown fault scenario, the switching transients leak towards 

the grounding system in the HV cable GIS transition points. In general, GIS manufactures and 

IEEE 80-2013 Std. [19] strongly recommend connecting the metallic enclosure to the earthing 

system at least in two locations using a short grounding lead. In [21] a grounding grid design EMF 

method is presented however the equipotential grid located beneath the GIS enclosure which is 

responsible for controlling very fast transients is built with several assumptions. The proposed 

modeling method provides the capability not only to model the entire metallic conductors' 

configuration but also the performance of the grid in the presence of the metallic enclosure. The 

following diagram (Figure 13) shows that the density of the copper strip conductor at the GIS 

platform level is increased. This leads to increase in the overall cost of the grid. However, the 

tradeoff is for obtaining better attenuation rates across the substation, see Table 6 



 

Figure 13. Modified grounding grid configuration 

Furthermore, by installing a denser grid beneath the GIS enclosure the impulse impedance 

of the system will decrease and an equipotential surface on the GIS concrete platform can be 

achieved. 

Table 6. Attenuation rates across the grounding grid 

Analysis 

point 
Maximum Amplitude Initial scenario Mitigation scenario Attenuation 

Location 

1 
TGPR [p.f.u.] 0.13672 0.11593 15.20 % 

Location 

2 
TGPR [p.f.u.] 0.07992 0.02435 69.53 % 

Location 

3 
TGPR [p.f.u.] 0.03034 0.01697 44.05 % 

Location 

4 
TGPR [p.f.u.] 0.02250 0.00420 81.35 % 

Location 

1 
Transient Current [p.f.u.] 0.01078 0.01054 2.26 % 

Location 

2 
Transient Current [p.f.u.] 0.02064 0.01282 37.91 % 

Location 

3 
Transient Current [p.f.u.] 0.00743 0.00091 87.76 % 

Location 

4 
Transient Current [p.f.u.] 0.00277 0.00085 69.78 % 



 

  

Figure 14. Mitigation technique effects at Location 1 

 

  

Figure 14 suggests that the lowest attenuation rates are computed on the metallic enclosure. 

When the observation point moves towards the grounding system, important attenuation rates are 

obtained proving the efficiency of the newly implemented configuration, as expected.  

The additional copper conductors inserted into the model are equivalent to increasing the number 

of current paths across the GIS platform. Moreover, due to the multiple parallelism conditions 

between the different sides of the metallic mesh inductive capacitive and galvanic couplings will 

be developed which will impact the overall performance of the system.  



  

Figure 15. Mitigation technique effects at Location 2 

Figure 15 illustrates the TGPR computed at Location 2. The oscillatory character of the 

TGPR waveform is considerably reduced when a denser mesh of the grounding grid is 

implemented. If hypothetically the system is replaced by primary circuit elements, it can be stated 

that its equivalent inductance, capacitance and resistance behaves as a filter. Figure 16 and 

 Figure 17 illustrates the damping effect of the proposed grounding grid configuration highlighted 

through comparison means, at analysis Locations 3 and 4. 



  

Figure 16. Mitigation technique effects at Location 3 

  

Figure 17. Mitigation technique effects at Location 4 

The efficiency of the adopted grid mesh can be observed also when the observation point 

moves further with respect of the transient source: 44% of the TGPR and 87% of the transient 

current at analysis point 3 and 81% of the TGPR and 70% of the transient current at analysis 

Location 4. 

V. CONCLUSIONS 

The outcome of the proposed methodology provides valuable information regarding the 

holistic transient response of a real configuration of a Gas Insulated Substation. By proposing an 

effective assessment methodology, a proper mitigation technique is validated and a contribution 

has been added regarding the quantification of the grounding grid performance under very fast 

transient overvoltage. The results show how to identify the effective area of the grounding grid 

under the action of VFTO which is discussed below: 

• By means of 3D surface plots, the holistic transient response of the system at very high 

frequency is evaluated during voltage breakdown fault. Maximum amplitudes of the 

Transient Ground Potential Rise is greater near the transient source as well as the sharpness 

of the electromagnetic waveforms.  



• When the substation is subjected to very high frequency transient, the severity of the 

transient regime rapidly decreases when the analysis point moves further from the transient 

source. Comparison of the maximum computed amplitude of TGPR at Location 1 and 

Location 4 show a 520% attenuation rate. 

• The transient electromagnetic wave attenuates within the grounding grid located beneath 

the GIS enclosure, before reaching the outer copper conductors rings.  

• The grounding grid subsystem responsible for clearance of fault energy has been 

successfully identified following the step-by-step analysis: on each computational step a 

different grounding grid simplification has been considered. 

• By applying a denser mesh on the grid located beneath the GIS enclosure optimum TGPR 

and transient current attenuation rates are achieved. 

• By reducing the total length of the analyzed grounding grid, the required computational 

time and effort is significantly reduced. Despite the significant differences arising at 

analysis Location 4 when grounding grid Configurations 3 and 4 are considered, the TGPR 

and transient current maximum amplitudes and time distributions are not affected when 

one evaluates the performance of the GIS platform earthing system.  

• The acceptable reduction length of the system for simplification purposes achieved during 

this study is 67%. 
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