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Abstract: 

This paper investigates the interference effects of very fast transient overvoltage’s (VFTOs) in 

gas-insulated substations (GIS) based on novel hybrid algorithm combining the domain 

decomposition method (DDM) and the multilevel fast multipolar algorithm (MLFMA). VFTOs, 

generated during switching operations or fault events, pose significant challenges to the 

reliability and safety of GIS equipment due to their high-frequency oscillatory nature and rapid 

rise times. Traditional computational methods often struggle with the complexity and scale of 

electromagnetic interference analysis in GIS environments. 

The proposed DDM-MLFMA algorithm addresses these challenges by efficiently modelling 

electromagnetic field interactions within complex GIS structures. The DDM divides the GIS 

domain into smaller subdomains, enabling parallel processing, while the MLFMA accelerates 

the solution of Maxwell’s equations for large-scale problems. The hybrid technique offers a 

numerical simulation to replicate the impact of the VFTO interference signal. Utilizing the 

matrix-vector multiplication product (MVX) to address compression and approximation 

challenges, the hybrid approach proves reliable and pragmatic. Because of its computational 

nature and explicit factorization reduction, this strategy reduces computation time and memory 

requirements. Consequently, the system's complexity follows a linear trend under this proposed 

approach. The computed results are juxtaposed with traditional methodologies to authenticate 

the efficacy of the suggested approach.  

 

Keywords: Computational Parameters, Domain Decomposition (DDM),Hybrid Algorithm, 

Multilevel fast multipole method (MLFMA), VFTO interference Signal. 

1. Introduction 

The substation, central to power 
transmission and transformation, generates 
very-fast transient over-voltages (VFTO) 
through GIS switching techniques, which 
propagate via catadioptric reflection and 
coupling with the GIS shell due to isolation gas 
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leakage at high voltage levels, impacting the 
secondary side through power cable 
connections [1-4]. 

Electromagnetic compatibility (EMC) in 
GIS substations primarily addresses the 
secondary side, where equipment generates 
currents and voltages that produce strong 
electromagnetic transients, with coupling used 
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to protect cables from EM radiation and surge 
VFTO signals affecting secondary equipment 
[5-8]. As GIS installations adopt more 
intelligent electronic devices for control, 
protection, and communication, the resulting 
electromagnetic interference poses risks to the 
substation's reliable operation, potentially 
leading to malfunctions or damage to 
electronic equipment. In Figures 1, the VFTO 
procedure and related risks are depicted. 

 

 

Fig. 1. Very fast transient process and its 

hazards. 

The waveform comprises various high-
frequency components, with a frequency range 
of 1 MHz to 1 GHz, analyzed using fast 
Fourier transform (FFT). Figure 2 shows that 
the VFTO waveform includes frequency 
components at 40 MHz, 56 MHz, and 88 MHz, 
corresponding to the 5th, 7th, and 11th 
harmonic frequencies of 8 MHz, respectively. 

 

Fig. 2. VFTO frequency components. 

Various theories on EM interference in GIS 
substations are examined, including coupling 
transmission line field lines [9-10], Agrawal's 
multiconductor transmission line theory [11], 
and lousy versus lossless lines [12]. A time 
domain model for estimating secondary cable 
interference has been developed [13], and in 
[14] proposed a numerical method for 
calculating common-mode induced voltage in 
shielded cables. The study [15], demonstrated 
transient overvoltage in shielded cables, while, 
explored finite difference techniques for 
narrow wire scattering and radiation [16]. 
Advances in high-frequency theories have 
increased the use of multi-conductor stranded 
cables, simplifying calculations of electrical 
crosstalk and interference [17-18]. In GIS 
substations with multistring cables, various 
numerical techniques for interference analysis 
are employed, including the moment 
method[19-20], FDTD techniques [21-22], 
advanced modeling techniques[23], domain 
decomposition[24], and traditional FEM [25]. 
The non-linear nature of memory parameters 
necessitates additional iterations for 
convergence, increasing complexity in FEM 
computations, and domain decomposition 
requires significant operations to solve 
resulting equations. 

The conjugate gradient (CG) technique's 

matrix-vector product is accelerated by the fast 

multipolar method (FMM) [26–27], which 

uses the combination of integral equation of 

the field (CFIE) to reduce complexities from 

O(N²) to O(N1.5).  
 The ray-propagation fast multipolar 

algorithm [28-29] further decreases 
complexity to O(N⁴/³). Consequently, we 
implement the multilevel fast multipolar 
algorithm (MLFMA), achieving a complexity 
of O(NlogN), and utilize the hybrid DDM-
MLFMA technique to address the 
computational deficiencies of conventional 
methods. 

This article examines 
interference/crosstalk in cables used in GIS 
substations, employing the DDM-MLFMA 
algorithm to compute both self and mutual 
interference. It also assesses key 
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computational parameters such as time, 
memory usage, errors, and efficiency. 

2. Cable Modle Building 

The model consists of a single-core wire 

and a shielded wire arranged in two 

transmission line loops, where a signal applied 

to the shielded wire core induces current on 

the shielding layer, generating voltage at its 

port. The equivalent circuit model parameters, 

including ZS, ZL, ZSS, and ZSL at 50Ω, are 

shown in Figure 3, grounded having all sides 

wrapped by shielding layer. According to the 

transmission line theory, the current 

distribution on the inner core of the wire is: 

)cosh()sinh()( 1011

1

0101
1 zIz

Z

ZI
zI

C

 +=

         (1) 

In the formula, I01 and Z01 denote the 

excitation current and internal impedance of 

the inner core wire. ZC1 and 1 represent the 

characteristic impedance and propagation 

constant of the inner transmission line loop 

respectively. Since the shielding layer does 

not contain an excitation source. The voltage 

source generated by the current on the inner 

core wire at any position z of the shielding 

layer is: 

dzZzIdu t)(1=                               (2) 

This section presents the theoretical 

calculations and simulation verification of 

crosstalk for the RG58 shielded wire and 

AWG23 single-core wire models, with 

schematic diagrams in Figure 4 and 

parameters listed in Table I.  

 

Fig. 3. Equivalent circuit model of shielded 

wire and single core wire. 

 

 

Fig. 4. Schematic diagram of crosstalk mode 

(a) Radial View (b) Sectional view. 

TABLE I.  RG58 and AWG23 

Parameters Size 

Relative distance between 

cables d 
3mm 

Height over the ground h 10mm 

Single core conductor 

radius 21r
 

0.2865mm 

Insulation thickness of 

single core wire 22t
 

0.19mm(PE) 

Line length 1m 

Inner core wire radius 11r
 0.47mm 

Inner insulation layer 

thickness 12t
 

1.005mm(PE) 

Shield thickness 13t
 0.325mm 

Outer insulation thickness 

14t
 

0.5mm(PVC) 

Termination resistance 50Ω 
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3. Hybrid Algorithm  

The hybrid approach enhances accuracy 

in solving electromagnetic problems by 

combining asymptotic and numerical 

techniques, originally aimed at improving 

algorithmic performance. It addresses 

structural challenges on surfaces of varying 

sizes and estimates transient electromagnetic 

interference in large, irregular structures using 

the DDM-MLFMA algorithm by converting 

irregular shapes into regular triangular 

surfaces. The computation relies on the MVX 

principle and is based on far and near 

interaction fields defined by DDM methods. 

3.1. Domain Decomposition Method 

(DDM) 

The non-overlapping domain 

decomposition method (DDM) provides an 

effective approach to solving Maxwell's 

equations by partitioning the problem into 

smaller sub-domains. This method employs 

transmission conditions to ensure continuity 

of the electromagnetic fields and iteratively 

refines the initial assumptions until 

convergence is achieved. The geometrical 

multi-section method further enhances this 

process Continuously partitioning the entire 

domain among identical subdomains, which 

are then efficiently organised using the 

quicksort algorithm. Additionally, the 

embedded DDM supports the creation of high-

quality meshes in complex geometrical 

configurations for electromagnetic modeling. 

In the context of large electromagnetic 

problems, direct methods become impractical 

due to their substantial memory requirements, 

which scale as O(N²), and their CPU demands, 

which scale as O(N³). Consequently, he 

conjugate gradients and other iterative 

techniques are chosen. When optimised, 

DDM serves as an effective preconditioned, 

reducing memory consumption and 

facilitating parallel processing through the use 

of the Multilevel Fast Multipolar Approach 

(MLFMA). 

3.2. Multilevel fast Multipole Algorithm 

(MLFMA) 

MLFMA is an iterative approach 

designed to enhance the efficiency of matrix-

vector multiplication (MVX) by leveraging 

sparse matrices and utilizing only O(N log N) 

memory. This method adeptly manages dense 

matrices within the framework of finite 

element methods (FEM) for problems 

involving up to 10 million unknowns, 

employing techniques such as aggregation, 

translation, and disaggregation. By iteratively 

addressing integral equations that utilise the 

first kind Hankel function, MLFMA 

significantly reduces memory demands from 

O(N^2) to O(N log N). Furthermore, it 

optimises far-field connections for both basis 

and testing functions with Lagrange 

interpolation contributing to improved 

efficiency by populating entries in the 

translation matrix. The fast hybrid DDM-

MLFMA algorithm conceptualises geometry 

as a large cube subdivided into smaller sub-

cubes, systematically categorising each sub-

cube by comparing basis functions and 

identifying the highest-level cube that 

encompasses each function, while also 

ensuring that non-empty cubes are accounted 

for. 

3.3. Implementation of DDM with 

MLFMA 

The hybrid DDM-MLFMA multilevel 

algorithm initiates the process by segmenting 

the object into a larger cube that subsequently 

distributed into eight small blocks. This 

division continues recursively until the 

smallest cube reaches an edge length of 

approximately half a wavelength. Each level 

of the cube is assigned a unique index number, 

and at the most refined level, the cube that 

contains every basis task is determined by 

associating the centre harmonizes and 

organising the non-empty cubes. Only those 

non-empty cubes are documented within a tree 

structure, thereby influencing the 

computational cost based on their presence. 

There are two basic phases in the matrix-
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vector multiplication operation. For every 

non-empty cube at every level, outward 

multipolar expansions are constructed in the 

initial phase. The subsequent phase focuses on 

creating localized multipolar expansions using 

distinct cubes. 

As the cube size increases from the 

optimum to the roughest step, the number of 

multipolar enlargements rises; outer 

extensions are calculated at the supreme 

position as well as formerly obtained for 

bigger dices through shifting as well as 

interpolation. 

Let 
lmr  and

1−lmr be the cube centers at level 

l and 1−l respectively, then the outer 

multipolar expansions for coarser level should 

be: 

( ) ( )kiVekiV
l

lmlmrik

l msms
ˆˆ 1

.
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−
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Where sparse matrix is denoted by W. 
At the most rudimentary level, the 

calculation of local multipolar expansions 
from well-separated cubes is performed using 
the essential multipolar equation. In the 
following step, local expansions for smaller 
cubes incorporate contributions from the 
parent cube through shifting and interpolation 
techniques, along with contributions from 
well-separated cubes at the current level that 
do not exhibit well-separated characteristics at 
the parent level. If the local multipolar 

expansions at a cube center at level 1−l  is ( )kB ˆ

are given, the well portioned cubes expressed 
accordingly. 

( ) ( ) ( )( ) ( )( )nl

K

n

nljfmnjfm kBkVWkBkVkdI
t
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                                                               (5) 

Where, nw  is the weighting function, 

putting the value into equation (5) and change 

the order of summation leads to, 

( )( ) ( )( ) ( )
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                                                               (6)                                                                                

The operation described is known as 

interpolation. At the finest level, contributions 

from non-well-separated cubes are calculated 

directly, considering only non-empty cubes, 

which decreases the complexity as well as 

memory requirements for MLFMA to 

O(NlogN). 
This method involves three phases: 

aggregation, translation, and disaggregation. 
In the aggregation phase, each group's field is 
connected to its geometric center which serves 
as the first aggregation point, and groups are 
combined while using shifting and 
interpolation to reduce computing resources. 
After completing aggregation, translation 
occurs between groups at the same level, 
allowing contributions to be transmitted to 
inherited cubes through shifting and 
translation. The flowchart of the hybrid 
approach is shown in Figure 5. 
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Fig. 5. Flow chart of hybrid algorithm. 
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4. Results and Discssion 

4.1. The Numerical Model 

This section explores the transient analysis 
of power cables, focusing on the use of RG58 
and AWG23 configured as a twisted pair for 
Very Fast Transient Overvoltage (VFTO) 
analysis. The simulation model for 
electromagnetic interference is developed 
based on the geometric dimensions and 
materials, as depicted in Figure 6. 

 

Fig. 6. Cable Geometric view with Mesh, 

Key considerations include the 
characteristics and configurations of the bus 
bars and conductors, along with their 
computational models, when examining 
electromagnetic interference and crosstalk 
properties in the GIS substation. Increased 
mesh density leads to better convergence of the 
solution, and the suggested hybrid technique 
uses mesh refinement to reduce geometric 
factors that enhance solution prediction. 
Additionally, more meshes lower system 
complexity, making the approach reliable and 
improving the accuracy of the DDM-MLFMA 
algorithm. 

The algorithm requires the number of 
passes, iterations, and convergence value to 
estimate the solution, adhering to admissibility 
criteria for the conversion process. This 
ensures that the far-field and near-field 
matrices are well-structured for matrix 
assembly. The efficiency of the algorithm lies 
in its reduced number of operations for 
estimating interference parameters, with 
convergence illustrated in Figure 7. 

4.2. The Interference Measurement 

There are two types of crosstalk: self-
pair/self-strand interference, where the effects 
are the same, and mutual interference between 
pairs or strands during interaction. Self-
interference is shown in Figure 8, while mutual 
interference manifests as transient effects on 
other pairs, as depicted in Figure 9. 

 

Fig. 7. Solution convergence criteria. 

 

Fig. 8. Self-pair effect of VFTO Signal. 

 

Fig. 9. Mutual pair effect of VFTO Signal. 
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Experimental procedures are used to 
calculate interference in the proposed cable 
model within the GIS substation, which is 
simulated and designed in the HFSS portfolio. 
A VFTO signal serves as the excitation to 
assess the crosstalk effect on the inner core, 
while numerical simulation values are 
obtained using a hybrid algorithm. The 
outcomes are compared in Fig. 10 (a) & (b). 
There is a reasonable agreement between the 
hybrid algorithm and HFSS simulation, though 
the former oscillates less. This difference may 
result from radiation losses not considered in 
the HFSS simulation. Figure 10 displays the 
voltage waveform, through the red line 
demonstrating simulated data as well as the 
blue line showing calculated data from the 
proposed algorithm. Both results are 
compatible, validating the algorithm, as the 
experimental measurements closely match the 
waveform size and trend of the simulated 
values, confirming the method's efficacy.  

 

 

Fig. 10. Response voltage waveforms at two 

ports of a single-core wire. (a)Near-end 

voltage (b) Far-end voltage. 

4.3. Computational Parameters 

This section estimates computing 
parameters using the hybrid algorithm, which 
reduces the number of operations for solving 
matrix assembly. Figure 11 shows a graph with 
the x-axis representing the number of 
unknowns (matrix assemblies to be solved) 
and the y-axis representing computational 
memory. The graph illustrates the number of 
matrix assemblies required, with the blue line 
indicating the proposed method's results and 
the red line representing traditional MLFMA 
results. 

The MLFMA uses the matrix-vector 
product to calculate memory usage, while the 
conventional approach adds processes that 
increase system complexity and lead to a 
nonlinear slope. In contrast, the proposed 
method employs Garlinken's function, which 
is independent and requires fewer steps for 
solution convergence, resulting in linear 
system complexity, as shown in Fig. 11. 
Computational memory details are provided in 
Table II. 

 

Fig. 11. Memory comparison of proposed 

method. 

TABLE II.  Computing Parameters. 
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5. Conclusion  

This research offers interference analysis 

of Very Fast Transient Overvoltages (VFTOs) 

in Gas-Insulated Substations (GIS) utilizing a 

hybrid approach of Domain Decomposition 

Method (DDM) and Multilevel Fast Multipole 

Algorithm (MLFMA). The DDM-MLFMA 

technique successfully estimates the 

computational difficulties linked thru the 

complicated geometries as well as high 

frequency attributes of VFTOs in GIS. The 

magnificence of the hybrid algorithm is that 

the speed up the estimation process due to the 

explicit nature of Garlinken function. It 

reduces the computational time as well as size 

of the memory: ultimately, the size of the 

system and cost is reduced because of less 

number of operations required by the 

comparison of the traditional FMA method. 

Hence, the system complexity becomes linear. 

The computing parameters are compared and 

validated with the state of the art method. 

Hence, the computing results are superior to 

traditional computing methods.   
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