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Abstract: Modelling for very fast transients (VFTs) requires good knowledge of the behaviour of

gas insulated substation (GIS) components when subjected to high frequencies. Modelling usually

takes the form of circuit-based insulation coordination type studies, in an effort to determine the

maximum overvoltages and waveshapes present around the system. At very high frequencies,

standard transmission line modelling assumptions may not be valid. Therefore, the approach to

modelling of these transients must be re-evaluated. In this work, the high frequency finite element

analysis (FEA) was used to enhance circuit-based models, allowing direct computation of parameters

from geometric and material characteristics. Equivalent models that replicate a finite element model’s

frequency response for bus-spacer and 90◦ elbow components were incorporated in alternative

transients program-electromagnetic transients program (ATP-EMTP) using a pole-residue equivalent

circuit derived following rational fitting using the well-established and robust method of vector

fitting (VF). A large model order is often required to represent this frequency dependent behaviour

through admittance matrices, leading to increased computational burden. Moreover, while highly

accurate models can be derived, the data extracted from finite element solutions can be non-passive,

leading to instability when included in time domain simulations. A simple method of improved

stability for FEA derived responses along with a method for identification of a minimum required

model order for stability of transient simulations is proposed.

Keywords: gas insulated substations (GIS); very fast transients (VFT); finite element analysis

(FEA), finite element method (FEM); electromagnetic transients program (EMTP); vector fitting

(VF); macromodelling

1. Introduction

With the exception of certain types of electromagnetic pulse (EMP) phenomena, very fast

transients (VFTs) are the highest frequency class of transients that pose a direct threat to the insulation

of high voltage equipment. They are damped oscillatory transients most commonly associated with

disconnector switching in gas insulated substations (GIS). During disconnector operation, due to

its relatively slow movement, multiple breakdowns of the gas gap will occur between the contacts.

During each breakdown event, following the subsequent collapse of the electric field sustained

between the contacts, an EMP is initiated with a rise time of several nanoseconds and propagates

throughout the system, reflecting, refracting and attenuating at discontinuities. The superposition

of electromagnetic waves at any point within the system can lead to overvoltages, termed very fast

transient overvoltages (VFTOs), which have magnitudes up to 2.5 pu, with frequencies extending up to
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100 MHz [1]. VFTs have been identified as a potential threat to insulation through ageing and surface

breakdown and are also a significant source of interference to control systems through both conducted,

near field and far field coupling [2].

Accurate modelling and simulation of a GIS is essential for equipment design,

insulation coordination and even for post-failure investigations following surface flashover of

insulating spacers. One of the principal outcomes for VFT studies is the correct estimation of reflected

and transmitted electromagnetic wave behaviour at impedance discontinuities. Determination of a

component’s transient behaviour is essential for the accurate calculation of the maximum overvoltage,

waveshape and frequency content; all important factors when trying to determine the probability

of a breakdown under VFTO. Following a modelling task, it should be possible to identify the

potential system vulnerabilities, allowing informed, preventative action to be taken to avoid further

risk. A circuit-based modelling approach for VFTs consists of an electromagnetic transient (EMT)

study, which involves the representation of each component within the range of interest by its

lumped or distributed parameters. Models are constructed to incorporate each anticipated change in

characteristic impedance.

While models for VFT analysis are very detailed, interaction with the wider system is not

usually a concern, owing to the perceived increase in attenuation of high frequency electromagnetic

waves when propagating externally over a lossy ground. Distributed line models should account

for frequency-dependent behaviour, which is evident across the VFT frequency range. However,

existing frequency-dependent line models available in alternative transients program-electromagnetic

transients program (ATP-EMTP) [3] have proven to be numerically unstable at very high frequencies [4].

New methods reported in [5], adopt a modified transmission line approximation, due to the possible

mode conversion for waves propagating over a lossy ground from transverse electromagnetic (TEM)

mode to surface wave propagation in the VFT frequency range, which are subject to lower attenuation.

This finding could impact the extent of the region under study and also allow numerically stable,

frequency-dependent line or cable parameters to be produced directly in ATP-EMTP.

In this paper, an alternative method to the parameter-based calculation approach, commonly used

by various EMTPs is proposed. The method is adapted from those used in simulations for high

frequency printed circuit board (PCB) development, utilising elements of circuit-based modelling,

along with enhancements, introduced through finite element analysis (FEA), which is the application

of the finite element method (FEM). Through the combined use of circuit-based and FEA methods,

a more accurate estimation of component behaviour can be realised. The proposed method focusses

on the extraction of frequency dependent behaviour from finite element models, initially in the form

of scattering parameters (S-parameters) which describe a component’s reflection and transmission

coefficients. Following the conversion of S-parameters to admittance matrices, the frequency-dependent

behaviour is captured as a rational function approximation using vector fitting (VF). This rational

approximation is then used to derive multiple order, pole-residue equivalent circuits, capable of

replicating a component’s frequency response. With any VF derived model, a major concern is the

stability of the model in the time domain. To achieve stability, the model must be passive, i.e., it must

not generate energy. Passivity enforced, high order models produce good results in most cases,

although the incorporation of many high order models in a large circuit can exceed program limits.

As a result, a systematic approach was developed to identify the lowest possible order approximation

for a stable transient simulation, prior to its inclusion in ATP-EMTP, giving significant savings in both

user and computation times.

The proposed techniques can be applied to most passive GIS components. However, for the

purpose of this study, the techniques were compared with a circuit-based modelling approach for

two complex and important GIS components, the bus-spacer and the 90◦ elbow. The bus-spacer

and 90◦ elbow equivalent models were included in ATP-EMTP, replacing their traditional lumped

and distributed component representations. Simulations were then carried out for several circuit

termination scenarios in order to determine any limitations of the proposed method. As with any
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modelling technique, model validation is of the highest importance and is usually achieved by

performing controlled on-site or laboratory-based measurements. In the absence of measurement data,

validation was achieved by comparison with results produced using the proven software package,

advanced design system (ADS) [6]. ADS permits the inclusion of multiple components via their

S-parameters directly in transient simulations, using a convolution-based technique. This allows single

or multiple pole-residue equivalents to be validated.

2. Finite Element Method for Very Fast Transients

While computationally intensive, FEA can provide a more intuitive understanding of the complex

behaviour of various components and materials when subjected to a set of physical conditions.

Finite element modelling for electromagnetic applications can be divided into static, low and high

frequencies. Static and low frequency simulations can be useful for obtaining a good initial estimate for

conditions at the lower end of the VFT spectrum. However, the accuracy of solutions deteriorates as

the wavelength approaches the geometric dimensions of the system under study. As a rule of thumb,

for frequencies above which the dimensions of a component exceed one tenth of the corresponding

wavelength, a full-wave solution is required [7]. In the VFT frequency range, the coaxial bus can

behave as a coaxial waveguide, with many changes in characteristic impedance (discontinuities) and

numerous unshielded apertures from which fields can couple externally or radiate. It is, therefore,

more appropriate to analyse the problem in terms of electromagnetic waves.

At very high frequencies, when observing distributed components, voltages and currents are

not easily determined, as their distribution within a system varies spatially and temporally. At a

specific location, these quantities are considered as the line integrals of electric and magnetic fields

respectively [8], as given by Equations (1) and (2).

V = −
∫

E·dl (1)

I =

∮

H·dl (2)

where E and H are the electric and magnetic field vectors, respectively.

Instead, at very high frequencies, it is more appropriate to represent components by

their S-parameters, which are multi-port representations of complex reflection and transmission

coefficients [8], as shown in Equation (3).

[

b1

b2

]

=

[

S11 S12

S21 S22

][

a1

a2

]

(3)

where a1 and a2 are related to reflected voltage waves, b1 and b2 are related to transmitted voltage

waves of their respective ports.

S-parameters are commonly used to characterise the frequency-dependent behaviour of devices in

many high frequency engineering disciplines, as they simply and effectively describe the relationship

between incident and reflected waves at the device ports when terminated with a chosen reference

impedance. While they are also useful for the characterisation of components at low frequencies, they are

particularly useful for identifying the behaviour of components when subjected to high-frequency

conditions, where parasitic capacitances and inductances become more relevant but are sometimes

difficult to predict or incorporate in circuit-based models. Some circuit simulators allow S-parameters

to be included directly in transient and frequency domain simulations. For simulators without this

functionality, the information contained can be converted to alternative forms including impedance

and admittance parameters [9].
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While the physics of a finite element simulation are dependent on the type of study being

performed, for a general frequency domain VFT study using FEA [10], a weak form of a boundary

value problem representing a time harmonic wave equation of the form given in Equation (4) is solved.

∇× µr
−1

(

∇× E
)

− k0
2

(

εr −
(

jσ

ωε0

))

E = 0 (4)

where εr is the relative permittivity, µr is the relative permeability, k0 is the wavenumber of free space,

σ is the electrical conductivity, and E is the electric field vector.

For completely enclosed sections of bus, the skin effect confines the transients internally for the

VFT frequency range and above. Meshing of the entire metallic domain can thus be avoided and metal

losses can be accounted for by applying an impedance boundary condition, represented by Equation

(5).
√

µr

εr − jσ/ω
n×H + E−

(

n·E
)

n =
(

n·Es

)

n− Es (5)

where H is the magnetic field vector, n is the unit vector, i.e., a vector perpendicular to the boundary

surface with a magnitude of 1, and Es is the source electric field vector used to specify a source surface

current on the boundary [10].

For a completely sealed system, only the gaseous domain within the bus and dielectric barriers

require meshing for computations. Where apertures are present, such as the gas-air bushing or

unshielded spacer, an external air domain may be required. A Scattering boundary condition, given in

Equation (6) can be applied to the outer walls of the external air domain to absorb outgoing waves,

reducing unrealistic reflections from the discontinuity created by an artificially truncated domain.

For any other conductive boundary, where losses are of no concern, the perfect electric conductor

(PEC) boundary condition of Equation (7) is applied.

n×
(

∇× E
)

− jkn×
(

E× n
)

− 1

2 jk0
∇×

(

nn·
(

∇× E
))

= 0 (6)

n× E = 0 (7)

A port boundary condition can provide both excitation of the structure and absorption of outgoing

waves. Complex port shapes require numerical analysis to determine the propagation modes at

a specific frequency. Simple port shapes, such as the coaxial port, allow specification of the port

impedance, calculated analytically for a coaxial structure, as shown in Equation (8). Lumped ports

provide a convenient method of excitation and absorption at the frequencies of interest, while also

allowing the extraction of S-parameters and hence, provide sufficient detail to enable the extraction of

frequency dependent behaviour for the enhancement of circuit models.

Zc =
60
√
εr

ln

(

Rout

Rin

)

(8)

where εr is the dielectric constant, Rout is the radius of the enclosure, and Rin is the radius of the

main conductor.

To demonstrate the use of FEA for GIS components, the bus-spacer intersection and 90◦ elbow

models, shown in Figure 1, were created using the RF module of COMSOL Multiphysics® (Burlington,

MA, USA) [10]. Insulating spacers provide mechanical support to the HV conductor and can provide a

gas tight partition between gas zones.

Electric and magnetic field distributions become extremely complex at the bus–spacer junction,

particularly at high frequencies. They are a common location for surface discharges under VFTs; hence,

the importance of accurate circuit representations is crucial. The 90◦ elbow is another complex GIS

component. At very high frequencies, the 90◦ angle can encourage resonances and even the conversion
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to higher order transverse electric (TE) or transverse magnetic (TM) modes of propagation [11].

For many GIS components, even in the VFT frequency range, standard transmission line assumptions

may no longer be valid [12].

 

𝜇𝜀 − 𝑗𝜎/𝜔 𝑛 × 𝐻 + 𝐸 − (𝑛 ∙ 𝐸)𝑛 = (𝑛 ∙  𝐸 )𝑛 − 𝐸
𝐻 𝑛 𝐸

𝑛 × (∇ × 𝐸) − 𝑗𝑘𝑛 × (𝐸 × 𝑛) − 12𝑗𝑘 ∇ × 𝑛𝑛 ∙ (∇ × 𝐸) = 0 𝑛  × 𝐸 = 0  

𝑍 = 60√𝜀 𝑙𝑛 𝑅𝑅
ε

 

(a) (b) 

Figure 1. Three dimensional finite element models: (a) section of bus-spacer intersection; and (b)

90◦ elbow.

The spacers are represented by a conical geometry with the material defined by some basic

electrical properties for epoxy resin; permittivity, permeability and conductivity. Dielectric and

resistive losses are included using a complex permittivity and a finite conductivity. To simplify the

models for the purpose of this study, the external surfaces of the spacers (radiating apertures) were

assigned PEC boundaries, providing a significant saving in computation time (up to 62% for the entire

frequency sweep). A summary of the simulation parameters is provided in Table 1. The results in

S-parameter format (reflectance and transmittance) are given in Figure 2.

Table 1. Summary of finite element method (FEM) simulation parameters.

Parameter Bus-Spacer 90◦ Elbow

Materials

Aluminium 1

Steel 1

Epoxy Resin: εr = 4.1, µr= 1,
σ = 1 × 10−17 (S), tan δ = 2 × 10−7

SF6: εr= 1.002, µr= 1, σ = 0

Aluminium 1

Steel 1

Epoxy Resin: εr = 4.1, µr= 1,
σ = 1 × 10−17 (S), tan δ = 2 × 10−7

SF6: εr= 1.002, µr= 1, σ = 0

Mesh Tetrahedral-177,116 elements Tetrahedral-241,846 elements

Computation time 3 h 19 min 2 4 h 28 min 2

1 Material selection not meshed; Impedance Boundary Condition applied. Standard COMSOL Multiphysics®

library materials used [10]; 2 Computation time using 2 x Intel(R) Xeon(R) CPU E5-2670 0 at 2.60 GHz, 16 cores each
and 128 GB RAM. Frequency sweep 0.2–150 MHz.

 

ε μ
σ − δ −

ε μ σ

ε μ
σ − δ −

ε μ σ

  
(a) (b) 

ε

Figure 2. Bus-spacer and elbow scattering parameters (S-parameters): (a) S11 (reflectance); and (b)

S21 (transmittance).
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3. Vector Fitting and Equivalent Circuit Extraction

As discussed in the previous section, many elements of the GIS are represented as distributed

parameter lines. Where multiple frequencies are anticipated, it is common practice to initialise line

models at a dominant frequency. With the wide spectrum present in VFTs, this can result in the

inaccurate treatment of other frequencies. While frequency-dependent distributed parameter line

models exist in ATP-EMTP, the Carson/Pollaczek earth return approaches, on which many line models

are based, do not accurately account for displacement currents in regions with εr > 1 at very high

frequencies [13]. These earth return admittances are, however, inherently considered when using field

solvers that implement full Maxwell’s equations, when appropriate modelling domains are included.

Several commercial software packages allow full frequency-dependent models through the use of

black box macromodels, created with rational approximations of a frequency response through VF [14].

VF is a robust method of fitting measured or simulated frequency responses, with a rational function

approximation. The resulting fit can be expressed as the pole residue form in Equation (9) and the state

space form in Equation (10) as given in [15]:

f (s) ≈
N
∑

n=1

cn

s− an
+ d + se (9)

f (s) ≈ C(sI −A)−1B + D + sE (10)

where an and cn are the poles and residues either in real or complex conjugate pairs, d and e are the

constant and proportional terms, A, B, C, D and E are the state space matrices.

The VF toolbox created by Gustavsen et al. [14–16] for MATLAB was used to derive a rational

approximation for a set of frequency-dependent matrices. The toolbox requires specification of an

initial pole type; for both the bus-spacer and elbow models, linearly spaced, complex poles were

chosen. After specifying the initial pole type, the poles are iteratively relocated to achieve a better

fit. Once the poles are obtained, the residues of Equation (9) are computed as a linear least-squares

problem. In the frequency domain, the accuracy of the fitted response for both components is high.

However, a good time domain solution is more difficult to attain, as stability, passivity and causality

must be preserved. The stability of the solution is partially enforced during iterations, by flipping

unstable (positive) poles to the left half of the complex plane [16]. While stable poles are assured,

this does not guarantee a stable time domain response, as instability can result due to passivity

violations. A passive system is one that does not generate energy. Small numerical errors produced by

field solvers, noise, non-physical models or even artificially modified results can result in non-passive

data [17]. Passivity is traditionally assessed using a Hamiltonian matrix [18], whereby the identification

of purely imaginary eigenvalues constitutes a non-passive model. An issue with the Hamiltonian

matrix is its size, resulting in excessive computation times for large models. The VF toolbox algorithms

utilise one of two slightly different passivity assessment methods. For the assessment of S-parameter

models, a half size passivity matrix is constructed, whereby the square root of the matrix eigenvalues

are equal to the eigenvalues of the Hamiltonian matrix [19]. For admittance-based models, a half size

singularity test matrix is constructed, which identifies the frequencies at which the conductance matrix

becomes singular, thereby identifying bands of non-passivity [20]. Passivity is then enforced using

fast residue perturbation (FRP) [21], which perturbs elements of the residue and constant matrices

until eigenvalues are greater than zero, while minimising the change to the elements of the admittance

matrix. Another stability determining criterion is causality. A non-causal system is one in which a

response precedes an input. Causality is a requirement for passivity. Therefore, passivity enforcement

should also ensure a causal model [22].
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3.1. ATP-EMTP Circuit Inclusion

The VF approach is applicable to a wide range of components and transmission line

types, represented by scattering, admittance and impedance parameters or transfer functions.

An approximation of a component can be included in EMT type software packages in a number of

ways. While not available in ATP-EMTP at present, other line types that utilise VF include the universal

line model (ULM) [23], which is based on fitted characteristic admittance and propagation matrices

and inclusion through Norton equivalent conductances using recursive convolution. Another suitable

alternative to the ULM is the folded line equivalent (FLE) proposed by Gustavsen and Semlyen [24],

which utilises a transformed nodal admittance matrix, based on open and short circuit admittances.

The proposed method, after conversion from S-parameters, applies VF to elements of the

admittance matrix, e.g., for a two-port component representation, VF is applied to the input, transfer and

output admittances. While the spread of eigenvalues in a direct admittance-based representation

can lead to error magnification under some terminal conditions, it is postulated that short circuit

(electric wall) and open circuit (magnetic wall) conditions are rarely encountered in appropriately

terminated VFT circuit simulations. It is, therefore, considered appropriate to fit a multiport admittance

matrix directly, provided the careful consideration of component terminations is maintained when

incorporated in a larger circuit. Inclusion of the rational approximation could take a convolution-based

form, as previously mentioned. The alternative and relatively straightforward option used in this work

is inclusion of components via pole-residue equivalent circuits. The VF Toolbox’s Netgen routine [15]

uses the fitted pole residue approximation to create an ATP-EMTP ready, equivalent multi-port network,

which replicates the input, transfer and output behaviour of the component, as shown in Figure 3,

using Equations (11)–(19). Provided an appropriate model order is selected, this equivalent circuit can

be used to capture frequency dependent behaviour of most GIS components. Multiple equivalent

networks are incorporated into the circuit using ATP-EMTP ‘branch include’ cards, with each port

included via a small resistance or a measuring switch. The complete method for generation of

pole-residue equivalent branch cards from a Finite Element model is further explained in Section 4.

 

 

𝐶 = 𝑒  𝑅 = 1/𝑑   
𝑅 =  − 𝑎𝑐   𝐿 = 1/𝑐    

𝑐 + 𝑗𝑐′′𝑠 − (𝑎 + 𝑗𝑎 ) + 𝑐 − 𝑗𝑐′′𝑠 − (𝑎 − 𝑗𝑎 ) 
𝑅 = (−2𝑎 + 2(𝑐 + 𝑎 + 𝑐 𝑎 )𝐿)𝐿   𝐿 = 12𝑐′  

 1𝐶 = (𝑎 + 𝑎 + 2(𝑐 𝑎 + 𝑐 𝑎 )𝑅)𝐿    𝐺 = −2(𝑐 𝑎 + 𝑐 𝑎 )𝐶𝐿   

Port 1 Port 2

Real
Pole

Complex 
Conjugate pairC0 R0

Figure 3. General representation of a 1st order, two port pole-residue equivalent circuit.

For constant and proportional branches, we have:

C0 = e (11)

R0 = 1/d (12)

for real poles RL branches, we have:

R = −a

c
(13)

L = 1/c (14)
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the complex conjugate pairs are:

c′ + jc′′

s− (a′ + ja′′ )
+

c′ − jc′′

s− (a′ − ja′′ )
(15)

and the resulting branch terms are:

R = (−2a′ + 2(c′ + a′ + c′′ a′′ )L)L (16)

L =
1

2c′
(17)

1

C
=

(

a′2 + a
′′2 + 2(c′a′ + c′′ a′′ )R

)

L (18)

G = −2(c′a′ + c′′ a′′ )CL (19)

Aside from the input and output port termination considerations while using this approach,

it is important to ensure that the input, output and transfer admittance phase responses remain

accurate after fitting. Furthermore, an awareness of the impact of finite precision branch cards is

required [25]. ATP uses 14.6e precision (floating point number in scientific notation with a field of

14 characters, with 6 digits after the decimal point) as standard, with the option of 16.8e precision.

Where concerns over branch precision exist, it may be more suitable to include the model using a

convolution-based technique in order to avoid this limitation, although if using a convolution-based

approach, it should be ensured that frequency dependent propagation delays and hence distortion

characteristics are not lost. For the purpose of computing the voltage distribution during VFT events,

propagation is assumed to be confined inside the gas insulated bus (GIB) and thus, for the purposes of

this study, alternative modal propagation terms are disregarded. A more advanced method which

considers these modal propagation terms is certainly required for the study of external transient

enclosure voltages (TEVs). In addition, whilst it is possible that higher order modes are excited

at very high frequencies, only the TEM mode is considered at the ports to simplify the equivalent

model generation process. As it is only necessary to compute the input and output voltages and

currents of small sections of single-phase bus under strictly controlled termination conditions, fitting an

admittance matrix representation directly seems appropriate. The admittance matrix can be obtained

from the S-parameters produced by the field solver when port terminations with equal reference

impedances are assigned [8]. After subsequently fitting the admittance matrices, it was observed

that many poles were identified at the lower frequency end of the spectrum, i.e., below a few MHz,

leading to a noisy response. This was likely a result of numerical errors, as it is well known that

full-wave solutions are known to break down at lower frequencies [26]. The extracted equivalent

circuits showed various signs of instability ranging from an underdamped response when subjected to

a step input to complete instability over a wide range of order approximations. Fitting and enforcing

passivity on the S-parameters prior to conversion to admittance matrices significantly improved this,

despite introducing a small degree of error, which can be expected following passivity enforcement.

3.2. Model Order Approximation

It is possible to estimate a suitable order of approximation from the number of resonance peaks

present in the response. While this approach can result in a satisfactory fit, it was found for some fitting

orders, various degrees of instability occurred for the time domain responses, even after pre-fitting

the S-parameters and enforcing passivity. While limited by the number of frequencies present in the

input data [27], a high order approximation, in most cases, provides reasonable results. However,

intermittent higher order bands of instability were observed. In addition, including multiple high order

circuit equivalents in EMTP becomes computationally demanding, with program limits being exceeded

for a standard solver configuration. A trial and error approach for stability assessment, identifying an
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equivalent circuit for each order of approximation over a wide range and each time assessing the

stability by transient simulation, would eventually identify stable solutions. This approach would

require an excessive amount of effort as each order of approximation would need to be compared

for each fitting option, i.e., every combination of order, weighting and treatment of the constant and

proportional terms. Another simple but seemingly effective option was identified by observing the

apparently converging behaviour of the root mean square (RMS) error between pre-fit and post-fit

admittance matrices. Figure 4 demonstrates that as the model order is increased, the RMS error

deviation converges to a more stable value. Comparison of individual error terms with the error at the

asymptote allows identification of the minimum order of approximation for a stable transient solution

and unstable order selections, as given by Equation (20):

Yerr′ � lim
n→s

(Yerr(n)) (20)

where Yerr′ is lowest model order, Yerr is the RMS error of the admittance matrix, n is the model order,

and s is the number of frequencies present in the input data.

 

Stable selection

Stable region

Unstable selection

Unstable 
region

 

Ω
Ω

Figure 4. Identification of stable model order.

The method is effective for the previously fitted admittance parameters and is untested for

admittance parameters obtained via other methods, including those with noise. A simple algorithm

presented in Appendix A, highlights the steps used to find the minimum order of approximation to

achieve a stable transient simulation and generate equivalent circuits.

4. Simulations and Results

A comparison of modelling techniques is required in order to determine the scope of use of the

VF approach. Simulations were carried out for various terminations. Initially, a comparison of the

frequency response of each pole-residue model (computed in ATP-EMTP) with the frequency response

of the finite element model (extracted from COMSOL Multiphysics®) was carried out to assess the

accuracy of the fit. The frequency responses were further compared with the response of a circuit-based

modelling approach based on a mixture of lumped components and distributed lines to identify any

significant differences. For the comparison, a 13th order bus-spacer equivalent and a 15th order elbow

equivalent circuit were used. For the circuit-based modelling approach, the 1 m bus section was

represented by two 0.5 m distributed transmission lines (Bergeron lines intialised at 5 MHz) and the

spacer at the center was represented as a 10 pF capacitance to ground. The elbow was represented

by a 0.5 m section of distributed line at each end, two spacers, each having a 10 pF capacitance to

ground, representing the capacitance between the conductor and the inner surface of the enclosure,

along with two parallel sections of distributed line of differing lengths. To achieve a comparison,
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the input impedance was evaluated in EMTP using a frequency scan with a 1 A current source, with

the equivalent circuit terminated by its characteristic impedance. The results are shown in Figure 5.

 

  
(a) (b) 

Ω
Ω

Figure 5. Impedance-frequency comparison of modelling techniques: (a) bus-spacer; and (b) 90◦ elbow.

A close match between the pole-residue models and the finite element models implies a good

fit in the frequency domain. The behaviour of the circuit-based elbow model differs significantly

from both the pole-residue and finite element models. In order to validate the model in the time

domain, the equivalent circuit was variously terminated by open/short circuit, a 68.7 Ω resistance (bus

ZC), a 434 Ω resistor (maximum OHL ZC) and a capacitive-resistive termination (open disconnector

5 pF capacitor and bus ZC resistor). The validity of the pole-residue model results was assessed by

comparison with the results of a transient simulation computed directly with the S-parameters in

ADS for the same terminations. An overview of the VF/pole-residue modelling process and ADS

comparison is given in Figure 6.

 

COMSOL 
Multiphysics®  

Finite Element model

2D manufacturer’s 
Drawings 

(simplified)

Vector Fitting Toolbox 

S-parameters

Pole-residue equivalent 
circuit

ATP-EMTP 

Model validation
using ADS

Advanced Design System
(ADS) 

ADS Validation setup 

• Import CAD file.

• Finalise geometry and materials.

• Assign physics.

• Set frequency domain 
simulation settings.

• Run computation for 
required frequency range.

• Observe S-parameters.  

• Export 2-port S-parameters 
(.S2P file).

Equivalent circuit generation 
and ATP inclusion

Finite Element
model creation

BRH

LCCLCC

SpacerElbowSpacer

• Import .S2P file into MATLAB.

• Follow algorithm in Figure A.1.

• VF Toolbox creates required 
number of ATP branch cards 
representing pole-residue 
equivalent.

• Each branch card is a distinct 
component, representing 
input, transfer and output 
behaviour.

• Add 1 branch include component 
from library.

• Enter $INCLUDE statements for 
each required branch card. Add 2 
resistors or switches for each 
component.

• Place switches in circuit avoiding 
connection between switches. Add 
corrresponding node names.

• Modify remote end 
termination as required.

• Replicate ADS 
arrangement in EMTP with 
branch cards. Undertake 

error comparison.

• Place single or multiple 2-
port SnP components.

• Link SnP to .S2P files.

μ

Ω

− − − −

− −

Ω
Ω − − − −

− − −

Figure 6. Vector fitting (VF) modelling workflow and method validation using advanced design

system (ADS).
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The deviation of the pole-residue model response compared with the response computed in ADS

was assessed over a 5 µs period using a 100 ps timestep, when excited by a 4 ns step impulse. The RMS

error terms given in Table 2 provide a comparison of the difference when compared with the ADS

transient response, which is also subjected to an error tolerance and is not the error to an exact solution.

The responses for matched and OHL terminations for the elbow are given in Figure 7. The results

given in Table 2 show a good match with the ADS representation for the matched, 1 Ω, OHL and

capacitive-resistive terminations. The error for open and short circuit terminations is comparatively

high as expected. Therefore, the method of directly fitting admittance matrices is limited. The error for

the applied voltage is not shown in the table, as an ideal voltage source is applied directly to the input

port of the model. Applying an ideal current source instead also maintains good accuracy for loaded

circuit conditions.

Table 2. Root mean square (RMS) error comparison of pole-residue model with ADS representation.

Termination
Bus-Spacer RMS Error Elbow RMS Error

Vout Iin Iout Vout Iin Iout

Matched 0.002 4.7 × 10−6 2.2 × 10−5 0.002 1.6 × 10−5 2.6 × 10−5

Short Circuit 0 0.351 0.351 0 0.04 0.04

Open Circuit 0.205 0.003 1.0 × 10−8 0.20 0.003 1.0 × 10−8

Resistive 1 Ω 0.003 0.003 0.003 0.002 0.002 0.002

OHL Z0 434 Ω 0.003 3.8 × 10−5 6.8 × 10−6 0.009 1.3 × 10−4 2.0 × 10−5

Capacitive-Resistive 0.019 3.1 × 10−4 4.5 × 10−5 0.092 0.001 1.2 × 10−4
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Figure 7. EMTP vs. ADS elbow transient responses showing good agreement for: (a) matched

termination; and (b) OHL termination.

The overall system response when multiple pole-residue equivalent circuits were integrated

into a larger circuit was compared against the circuit-based representations in the 400 kV GIS model,

for the system shown in Figure 8. Figure 9 provides the overall system diagram for clarification of

the switching arrangement. The circuit-based GIS model was created following guidance from [2],

using the elements shown in Table 3. Parasitic elements were added where required, however, most of

the system is modelled by distributed components. Both models are identical, with the exception of the

representation of the elbows and bus-spacer elements. For the pole-residue model, a total of nineteen

bus-spacer sections and five elbow sections were replaced and reductions were made to the individual

lengths of the bus to maintain the correct lengths.
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Figure 8. Detailed circuit model.
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Figure 9. 400 kV system diagram.

A single VFT was simulated by closing DS-1, shown in Figure 9, represented by a simple

exponentially decaying resistance, calculated using Toepler’s spark law [28]. A 1.1 pu 50 Hz source was

used at one side of the disconnector and a −1.1 pu (peak) trapped charge was used at the disconnected

side of the bus [29] to determine the highest possible magnitude of VFT for the specified circuit

representation. The waveforms generated close to the gas to air bushing are shown for both the

circuit-based model and pole-residue equivalent circuit in Figures 10 and 11 respectively. A comparison

of peak magnitudes at various locations was also made, as given in Table 4.
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Table 3. Circuit model components.

Component Parameters (Calculated/Assumed)
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μ μFigure 10. Voltage at gas-air bushing for circuit-based model: (a) 50 µs duration; and (b) magnified 5 µs.
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Figure 11. Voltage at gas-air bushing for pole-residue model: (a) 50-µs duration; and (b) magnified 5-µs.



Energies 2020, 13, 698 14 of 17

Table 4. Comparison of maximum peak voltage around system.

Position
Circuit-Based Model
Peak Magnitude and
Time of Occurrence

Pole-Residue Model
Peak Magnitude and
Time of Occurrence

Absolute
Difference in
Magnitude

Vbush 650 kV @ 1.12 µs 628 kV @ 0.46 µs 3.5%
VMid-bus 584 kV @ 2.16 µs 599 kV @ 1.27 µs 2.57%
VElbow 633 kV @ 1.30 µs 617 kV @ 0.55 µs 2.59%

VDS 547 kV @ 0.87 µs 531 kV @ 0.76 µs 3.01%

Based on the results shown in Table 4, it is clear that the circuit-based modelling approach predicts

slightly higher magnitude overvoltages than the pole-residue model, with the exception of voltage

measured at the mid-bus location, as shown in Figure 8. Furthermore, the time of peak occurrence is

also earlier for the pole-residue model. The differences in magnitudes and time of peak magnitude are

due to the differences in impedance of the models from each modelling approach over the frequency

range, however, it is difficult to quantify each difference due to the number of frequency-dependent

components included in the model. For example, the pole-residue model has a much earlier peak

at the bushing than the circuit-based model. The impedance at the top of the bushing is calculated

as 302 Ω. Based on the impedance-frequency plot of the elbow in Figure 5b, at the higher frequency

range it can be observed that the difference in impedance of the elbow adjacent to the bushing for

the pole-residue representation, is higher than that of the circuit-based representation; hence, a more

significant positive reflection is possible. Subsequently, an in-phase superposition occurs to achieve

the later peak for the circuit-based model, whilst around the same time, a 180◦ out-of-phase wavefront

limits the peak for the pole-residue model.

5. Conclusions

In the VFT frequency range, standard transmission line approximations can result in error or

numerical instability. The need for an alternative representation of GIS components in transient

studies is apparent. The proposed technique based on the fitting of a frequency response derived

from finite element models has no such frequency limitations. The procedure developed to identify

the lowest possible stable model order approximation, allows considerable savings in time and

computational resources.

While there is not a significant difference in magnitudes for the presented case, for systems in

which the computed magnitudes are close to the insulation levels of system components, a standard

circuit-based modelling approach could provide justification for unnecessary mitigation. For a general

VFT coordination study, the minor difference in magnitudes in the presented case may not justify

the additional effort required. However, for post-failure investigations, where more detailed analysis

of magnitudes and waveshapes are required, when accompanied by measurements, this modelling

approach can assist with the identification of the conditions that led to failure. As implied, the proposed

modelling approach is limited by a circuit’s termination impedance and has only been tested for single

phase sections of GIS. Strict observation of the overall circuit behaviour is required as inaccuracies can

be significant under some termination conditions. Further investigation of the method and validation

of models will ultimately determine the full scope of its use.
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Appendix A

 

• Import Touchstone (.S2P) file containing 
model S-parameters (generated by 
COMSOL Multiphysics® ).
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of approximation.
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