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Abstract — To explore cable interference in gas insu-
lated substations (GIS), this paper proposes a reli-
able and efficient computational approach. The hybrid
domain decomposition method-multilevel fast multipole
algorithm (DDM-MLFMA) is presented herein. This
technique determines the specifications of GIS cables
for RG58 and AWG23. Self and mutual interference
are identified utilizing very fast transient overvoltage
(VFTO) transient interference signal.This hybrid tech-
nique offers a numerical simulation to replicate the
impact of the VFTO interference signal. Utilizing the
matrix-vector multiplication (MVX) product to address
compression and approximation challenges, the hybrid
approach proves reliable and pragmatic. Because of its
computational nature and explicit factorization reduc-
tion, this strategy reduces computation time and mem-
ory requirements. Consequently, the system’s complex-
ity follows a linear trend under this proposed approach.
The computed results are juxtaposed with traditional
methodologies to validate the effectiveness of the pro-
posed algorithm.

Index Terms — Computational memory, computational
time, domain decomposition, hybrid algorithm, inter-
ference measurement, multilevel fast multipole method,
very fast transient overvoltage interference signal.

L. INTRODUCTION

The substation is the hub of power transmission and
transformation. The utilization of gas insulated substa-
tion (GIS) switching techniques has led to the genera-
tion of rapid transient events termed very fast transient
overvoltages (VFTO). During the propagation of VFTO
in GIS, catadioptric reflection takes place, subsequently
coupling to the GIS shell and emitting outward into the
external space.

The EM transient phenomena occurs in the GIS sub-
station by the leakage of isolation gasses due to volt-
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age level increases. This signal/behavior effects the sec-
ondary side due to its enormous amplitude and com-
plicated composition of frequency (VFTO signal). This
penetration occurs via power cable connection [1-4].

The automation of the secondary side in GIS sub-
stations has received significant attention over the past
decade. Secondary equipment produces current or volt-
age through the transformation process and powerful
transient EM fields are produced in space. Additionally,
coupling is used to safeguard the cable through EM radi-
ation. The surge VFTO signal effects secondary side
equipment and becomes a key factor in the design of
EMC in a GIS substation [5-8].

Due to continual advancements in digital and intel-
ligent substation technology, GIS installations incorpo-
rate a greater number of secondary intelligent electronic
devices equipped with control, protection, and commu-
nication capabilities. It is crucial to note that substa-
tion operations may generate electromagnetic interfer-
ence that poses a risk to the safe and reliable functioning
of the substation. This interference has the potential to
cause malfunctions and damage to electronic equipment.
The VFTO procedure and related risks are depicted in
Figs. 1 and 2.
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Fig. 1. The very fast transient process and its hazards.

https://doi.org/10.13052/2024.ACES.J.390909

1054-4887 © ACES


https://doi.org/10.13052/2024.ACES.J.390909

Basin insulator

GIS shell
Tsolating switch I /

Guide rod \I,l " )
|—>
i ensor housin 2 GIS
Signal pm‘\p ower port grounding

strap

signal cable—] ower cable

Signal cable shield_| Bellows

Follow-up room
S

Smart component

Fig. 2. The principle of interference voltage generated by
GIS switch operation on equipment ports.

The next hazard is frequency components com-
posed in this waveform. There are several types of high
frequency components present in the power frequency
components. The frequency range is 1 MHz-1 GHz and
the current method is fast Fourier transform (FFT). In
Fig. 3, the VFTO waveform also contains the frequency
components 40 MHz, 56 MHz, and 88 MHz correspond-
ing to the 5th, 7th, and 11th harmonic frequency compo-
nents of 8 MHz, respectively.
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Fig. 3. The VFTO frequency components.

Numerous theories regarding EM interference in
GIS substations have been explored. The concept of cou-
pling transmission line field lines has been addressed
[9-10], alongside Agrawal’s theory on multiconduc-
tor transmission lines [11]. Additionally, discussions on
lossy and lossless lines are included [12].

A time domain model has been developed to esti-
mate secondary cable interference in GIS substations
[13]. Yamamura et al. [14] presented a numerical cal-
culation approach for determining the common-mode
induced voltage of shielded cables in substations, utiliz-
ing the transmission line theory of the mirroring prin-
ciple. Acatauassu et al. [15] have showcased the occur-
rence of transient overvoltage in shielded cables.

As per the study by Yan et al. [16], finite difference
techniques have been investigated for scattering and radi-
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ation problems involving narrow wires. Recent advance-
ments in high-frequency theories and research have
led to a greater utilization of multi-conductor stranded
cables. Calculating the electrical crosstalk/interference
parameters for such cables at high frequencies is not par-
ticularly challenging [17-18].

In the GIS substation with multistrand cables, var-
ious numerical techniques such as the moment method
[19-20], FDTD techniques [21-22], advanced model-
ing techniques [23], domain decomposition method [24],
and traditional FEM approach [25] are employed to con-
duct interference analysis.

Due to the non-linear nature of the memory parame-
ters, additional iterations are necessary for convergence,
prompting the utilization of FEM for computation. This
results in an increase in complexity. When employing
standard FEM for analysis, the complexity in terms of
memory size also escalates.

Domain decomposition is based on tetrahedra (trian-
gles) to form a mesh. However, this method demands a
considerable number of operations to solve the resulting
equations.

The fast multipole method (FMM) [26-27] speeds
up the matrix-vector multiply in the conjugate gradi-
ent (CG) method when it is used to solve the matrix
equation iteratively. FMM with the formula of com-
bined field integral equation (CFIE) has been derived,
where the complexity of the matrix-vector multiplica-
tion reduces from O(N?) to O(N'-®), where N is the
number of unknowns. The ray-propagation fast multi-
pole algorithm [28-29] with nonnested method, further
reduces to O(N*/3). Hence, we implement the multi-
level fast multipole algorithm (MLFMA), whose com-
plexity reduced to O(NlogN). As a result, we employ
the hybrid domain decomposition method-multilevel fast
multipole algorithm (DDM-MLFMA) technique to over-
come the computational deficiencies inherent in conven-
tional methods. This article focuses on analyzing inter-
ference/crosstalk in cables utilized within GIS substa-
tions. The DDM-MLFMA algorithm is employed to cal-
culate both self and mutual interference. Additionally,
computational parameters including computational time,
memory usage, errors, and efficiency are evaluated.

This article is structured as follows. In section I,
we attempt a GIS literature review. In section II, the
mathematical equations of cable modelling parameters
are described. Section III covers the comprehensive pro-
cedure about the hybrid algorithm (DDM-MLFMA). In
section IV, proposed cable model simulation and valida-
tion of results are presented. Finally, section V concludes
our work.

II. CABLE MODEL BUILDING
The model is composed of a single-core wire
and a shielded wire as mentioned in the two sets
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of transmission line loops. The signal applies on the
shielded wire core and induces current on the shield-
ing layer. Hence, an induced voltage is generated at its
port. The equivalent circuit model parameters are shown
in Fig. 4. Zs, Z;, Zgs, and Zgy, are 50 Q, and both ends of
the shielding layer are directly grounded.
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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:
du=1(z)Zdz. )

In this section, the theoretical calculation and simu-
lation verification of the crosstalk of the specific model
are carried out. The model of the shielded wire is RG58
and the model of the single-core wire is AWG23. The
radial and cross-sectional schematic diagrams are shown
in Fig. 5. The specific parameters of the model are shown
in Table 1.

Specific parameters of the model are shown in
Table 1.

Table 1: RG58 and AWG23 cable parameters

Fig. 4. Equivalent circuit model of shielded wire and sin-
gle core wire.

According to transmission line theory, the current
distribution on the inner core of the wire is:

1017
(z) = 2% ginh(y12) + Ipi cosh(yiz), (1)

where Io; and Zy; represent the excitation current and
internal impedance of the inner core wire, and Z¢; and ¥,
represent the characteristic impedance and propagation
constant of the inner transmission line loop, respectively.
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Fig. 5. Schematic diagram of crosstalk model: (a) radial
diagram and (b) sectional view.

Parameter Size
Relative distance between cables d 3 mm
Height over the ground h 10 mm
Single core conductor radiusr; 0.2865 mm
Insulation thickness of single core | 0.19 mm (PE)
wire ty)
Line length Im
Inner core wire radius 7 0.47 mm
Inner insulation layer thickness t;> | 1.005 mm (PE)
Shield thickness 73 0.325 mm
Outer insulation thickness 714 0.5 mm (PVC)
Termination resistance 50 Q
III. HYBRID ALGORITHM

By combining one or more asymptotic and numeri-
cal techniques, the hybrid approach improves the accu-
racy of solving electromagnetic problems. Originally
designed to improve algorithmic performance, the hybrid
approach focused on fusing asymptotic and numeri-
cal techniques to address challenging structural prob-
lems. These methods can be used on large or small sur-
faces, depending on how complicated the issue is. This
approach has the benefit of offering useful solutions for
large and complex technical challenges. In our case,
transient electromagnetic interference is estimated using
huge and irregular structures. The hybrid algorithm is
DDM-MLFMA.

This hybrid algorithm uses a hybrid approach. First,
convert the irregular shapes that are decomposed into a
regular surface (# of triangles). Then, use the matrix-
vector multiplication (MVX) principle to compute the
interference and computing parameters. The computa-
tion is done through the far and near interaction field,
which is based on the domain specified by the domain
decomposition method (DDM).

A. Domain decomposition method
The non-overlapping DDM has become a potent
and attractive tool for numerically rigorous solutions of



Maxwell’s equations, which is based on the divide-and-
conquer strategy. The original problem is divided into
smaller, potentially repeating and simpler, subdomains
rather of being addressed as a whole. To enforce the con-
tinuation of electromagnetic fields, some suitable bound-
ary requirements known as transmission conditions are
required at the interfaces between adjacent subdomains.
Iteratively, these transmission requirements are imposed.
Subdomains interact with one another, starting with arbi-
trary initial assumptions for each, until a specific conver-
gence in the solution is achieved [30].

The straightforward geometrical multi-section
method is used for domain decomposition. The domain
can be divided into as many subdomains as desired, each
of which has an equal number of cells per processor. To
create the desired number of subdomains, the domain
is divided along its largest dimension using the domain
decomposition technique. This pruning can (and typi-
cally is) done recursively to newly created subdomains.
Since each subdomain is stored in a distinct file and the
cells are sorted using the quick-sort method, the process
is extremely speedy.

Moreover, embedded DDM have many advantages,
which can be to discretize one domain into subdomains.
Thus, we can make an embedded mesh of complicated
geometries by dividing them into many small subdo-
mains, from which we get a good quality of mesh.
Therefore, small subdomain meshes and matrix assem-
bly are independent. Recomputing the DDM subdomain
and adding another subdomain will support EM model-
ing and practical design solutions.

For electrically large EM problems, direct inversion
methods such as Gaussian elimination or LU decompo-
sition can no longer be applicable due to O(N*) memory
and O(N?) central processing unit (CPU) time require-
ments, where N is the number of unknowns. Iterative
solution methods such as the conjugate gradient (CG)
method are the only options but their convergences are
often chaotic or failing. Much of the work in the DDM
in this aspect is related to the selection of the transmis-
sion conditions to ensure the convergence of the DDM
algorithm. When transmission conditions are properly
devised, DDM becomes an effective preconditioner for
such problems. Furthermore, memory requirements can
be greatly reduced since DDM can be easily parallelized
with MLFMA.

B. Multilevel fast multipole algorithm

MLFMA is an iterative approach that acceler-
ates MVX, resulting in lower memory requirements
and faster computation. A multilevel solver, MLFMA
is based on the working principle of MVX product.
MLFMA is used to compute the number of operations
and the memory usage by the extraction of sparse matrix.
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Additionally, it is an almost matrix-free solver and only
needs (NlogN) memory. Furthermore, it has been demon-
strated that the MLFMA can be applied to dense matri-
ces with FEM up to 10 million unknowns. As a con-
sequence, MLFMA minimizes complexity and memory
requirements. In order to achieve (NlogN) complexity,
the MLFMA employs aggregation, translation, and dis-
aggregation.

The MLFMA algorithm is based on expansion
and approximation of the first kind Hankel function.
The integral equation can be solved iteratively, which
involves the MVX product: MVX performed by the
MLFMA solver and having (M+1) x (N+1) matrix-vector
equation. This algorithm reduces the memory require-
ment from @ (N?) to 0 (NlogN). In MLFMA, the far-
field is effectively calculated in a group-to-group for
basis function and testing function. The MLFMA is a
well-organized solver that can optimize computations.
Additionally, the Lagrange interpolation method signifi-
cantly improves the efficiency and accuracy of proposed
solver. This Lagrange method is used to fill the transla-
tion matrix entries of large-scale EM problems, but the
number of interpolation and sampling points are fixed.
This speeds up the simulation i.e. reduces the computa-
tion time.

To develop the fast and hybrid multilevel algorithm
(DDM-MLFMA), the whole geometry is composed of
one big cube (known as a group). The big cube is divided
into eight small cubes (subgroups/subblocks). Each sub-
cube is divided into smaller cubes. This smaller cube is
divided into the finest level with each cube having the
length of half a wavelength. Every cube has to be cate-
gorized. By comparing the basis function of the center
cube with other centered cubes, we may determine the
cube at the highest level in which each basis function
can be found, while checking for nonempty cubes.

C. Implementation of DDM with MLFMA

To implement the hybrid DDM-MLFMA multilevel
algorithm, the entire object is first decomposed into a
larger cube, which is partitioned into eight smaller cubes.
Each subcube is then recursively subdivided into smaller
cubes until the edge length of the finest cube is about
half of a wavelength. An index number is assigned to all
levels of cubes. At the finest level, each basis function is
assigned to a cube by comparing its center coordinates
with the cube’s center. We further find nonempty cubes
by sorting. Only nonempty cubes are recorded using tree
structured data at all levels. Thus, the computational cost
depends only on the nonempty cubes.

The basic algorithm for matrix vector multiply is
broken down into two sweeps. The first sweep con-
sists of constructing outer multipole expansions for each
nonempty cube at all levels. The second sweep consists
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of constructing local multipole expansions contributed
from the well-separated cubes at all levels. When the
cube becomes larger as one progresses from the finest
level to the coarsest level, the number of multipole
expansions should increase. In the first sweep, the outer
multipole expansions are computed at the finest level,
and then the expansions for larger cubes are obtained
using shifting and interpolation.

Let T and rlebe the cube centers at level / and
I — 1, respectively, then the outer multipole expansions
for coarser level [ — 1 should be:

La ik.r, LA
Vsm},ll (k) =e " lflem;l (k) . 3)
Vsm;ili(fc) has only K; values, and we need K;_;
values of Vsm;ili(fc). Therefore, we will interpolate
Vsm},] i (IAc) to K;_1 values first. That is:

ik(,il)nl.r "on

K; N
-1 Z Wn’nVsm;i (k(”"/) ’

Vsle i (k(l—l)n’) =e
n=1
“
where interpolation matrix W is a sparse matrix.

At the coarsest level, the local multipole expan-
sions contributed from well-separated cubes are calcu-
lated using the basic multipole equation. At the second
sweep, the local expansions for smaller cubes include
the contributions from the parent cube using shifting and
interpolation and from the well-separated cubes at this
level but not well-separated at the parent level. If the
local multipole expansions received by a cube center
at level 1-1 isB (lAc), then the contribution from all well-
separated cubes can be written as:

1= [ @V, (6) B (E)
Ki—1 R R
= Z W Vim, (k(lfl)n’) .B (k(lfl)n’) , &)

n'=1
where w,y is the weighting function. If we put the inter-
polation expression for Vi, (ky_1)y) into equation
(5) and change the order of two summations this leads
to:

K R Ky R
1= Zl Wanm[j (k(l)n’) . Z W,,B (k(lfl)n’)
n= n'=1
ik YT
T o ©

The above operation is called interpolation. At the
finest level, the contributions from non-well-separated
cubes are calculated directly. Since only nonempty cubes
are considered, the complexity for MLFMA is reduced
to O(NlogN) and the memory requirements for MLFMA
are of the order O(NlogN).

This method is instigated in three phases. First step
is aggregation, second step is translation, and final step
is disaggregation. At the first level of the group, the field
of each group is acquired and connected with its center
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of geometry. Hence, this point is chosen as first aggres-
sion point. In the solution steps, this first level of group
is amassed into a larger group. The principles of aggres-
sion of the lower group(s) contained in each high-level
groups (cubes) are evaluated through shifting and inter-
polation to reduce computing resources. When the first
step is completed, a translation occurs between separated
groups, but the group belongs to the same level. Finally,
when all the cubes have received a contribution from
all other cubes of the same level, these influences are
released to the inherited cubes through shifting and trans-
lation as mentioned in the aggression step. The flowchart
of the hybrid algorithm is shown in Fig. 6.
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Fig. 6. Flowchart of hybrid DDM-MLFMA.



IV. RESULTS AND DISCUSSION
A. The numerical model

This section focuses on the power cable, exploring
transient analysis for various cable pairs. Specifically,
RG58 and AWG23 configured as a twisted pair is uti-
lized for VFTO analysis.

Based on the geometrical dimensions and materi-
als, the electromagnetic interference simulation model
is built, as shown in Fig. 7. The characteristics and
configurations of the bus bars and conductors, as well
as their computational models, are important considera-
tions when examining the electromagnetic interference
and crosstalk properties of the GIS substation. Differ-
ent tube/conductor thicknesses (5 mm, 10 mm) are taken
into account throughout the estimating procedure, and
their effect on electromagnetic shielding performance is
investigated. There are two different kinds of cables in
this model. Figure 6 has comprehensive explanations of
the model, meshing, and surface field representation.

More meshes result in a greater confinement of
convergence of the solution. In the hybrid technique
suggested, mesh refinement reduces geometry factors

0 3 6mm

0 3 emm
(b)

Fig. 7. Cable geometry: (a) the model and (b) meshed
view.
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that aid in solution prediction. Increasing the number
of meshes also lowers system complexity. As a result,
the suggested approach is dependable and improves the
DDM-MLFMA algorithm’s accuracy.

The algorithm needs the number of passes, number
of iterations, and convergence value to estimate the solu-
tion. The hybrid algorithm must follow the criteria of
admissibility for the conversion process. It means that
the far-field and near-filed matrices are well-mannered to
compute the assemblies of the matrix. The beauty of this
algorithm requires a smaller number of operations for the
estimation of interference parameters. The convergence
is shown in the Fig. 8.
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Fig. 8. Solution convergence criteria.

B. Interference measurement

In such cases, there are two different types of
crosstalk. When the effects are the same, there is self-
pair/self-strand interference. Self-interference is shown
in Fig. 9.
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Fig. 9. Self-pair effect of VFTO signal.

Crosstalk refers to the mutual interference between
pairs or strands, occurring when they interact. This type
of interference manifests as transient effects on other
pairs, as depicted in Fig. 10.
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Figures 11 and 12 depict the electric and magnetic
field distributions along the selected calculation line for a
frequency of 100 MHz within the conductor and a casing
thickness of 5 mm.

According to Figs. 12 and 13, the electric field
magnitudes caused by the electromagnetic interference
source are 35316.780 and 27822.773, respectively, while
the corresponding magnetic field strengths are 154.277
and 113.440.

As the electromagnetic field moves approaching
the shielding (second pair), the electromagnetic field
variation curve shows noticeable attenuation. Dur-
ing switching operations, the GIS metal conductor
exhibits efficient shielding against radiated electromag-
netic fields produced by the electromagnetic interference
source.

The GIS conductor’s magnetic field shielding effec-
tiveness reaches 240.5 dB at the same frequency of 100
MHz, while its electric field shielding effectiveness reg-
isters at -90 dB and -10 dB at a shell thickness of 2 mm.
This emphasizes how effectively high-frequency electro-
magnetic radiations are shielded by the GIS conductor
tube.
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Fig. 13. Response voltage waveforms at two ports of a
single-core wire: (a) near-end voltage waveform and (b)
far-end voltage waveform.

The experimental procedures are adopted to calcu-
late the interference in the proposed cables model in the
GIS substation. The proposed power cable model is sim-
ulated and designed in the HFSS portfolio. The exci-
tation signal is used as the VFTO signal to obtain the



crosstalk effect of the signal on the inner core. At the
same time, the numerical simulation value is calculated
through a hybrid algorithm. The comparison is made as
shown in Figs. 13 (a) and (b).

There is an acceptable level of agreement between
the hybrid algorithm and the HFSS simulation, even
though the former oscillates less than the latter. This dif-
ference could be the result of radiation losses during
computation, which the HFSS simulation did not take
into consideration.

The voltage waveform is represented in Fig. 13.
The red line is the simulated data and the blue line is
a representation of the calculated data through the equa-
tions (proposed algorithm). Both results are compatible
with each other. It means that the proposed algorithm is
validated. The estimated value (experimental measure-
ment) of the suggested approach is essentially consis-
tent with the waveform size and trend of the simulated
value, as can be seen in Fig. 13. This confirms the sug-
gested method’s efficacy. However, a few errors in the
peak value are unavoidable and are shown for the fol-
lowing two aspects: (1) there will be some discrepancy
between the theoretically estimated and actual measure-
ments of the transmission impedance, and (2) there are
specific errors in the interference parameter matrix that
are determined by the ANSY'S program.

C. Computational parameters

In this section, the computing parameters are esti-
mated through the hybrid algorithm. This hybrid algo-
rithm reduces the number of operations to solve the
matrix assembly. The graph is drawn between the num-
bers of unknowns (matrix assembly) and the computa-
tional memory. In Fig. 14, the x-axis represents the num-
ber of unknowns (matrix assembly needed to be solved)
and y-axis represents the computational memory. Fig. 14
estimates how many matrix assemblies have to be solved:
the blue line displays the result of the proposed method,
and the red line represents the traditional MLFMA result.

500 T T T T T T 1
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Fig. 14. Memory comparison of proposed method.
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The matrix-vector product is employed by the
MLFMA to calculate memory usage. As a result, the
usual approach involves additional processes, which
increases system complexity. The resulting slope is non-
linear. The suggested approach applies the Garlinken’s
function, which is independent. This function needs
fewer steps to achieve solution convergence. As a result,
the system’s complexity becomes linear, as seen in
Fig. 14. The computational memory is shown in Table 2.

Table 2: Computational memory parameters

No of Memory |No of Adaptive Passes
Unknowns (MBs)
349722 30.103 1
428992 32.337 2
428992 31.200 3
545330 42.343 4
V. CONCLUSION

In this paper, the electromagnetic interference model
of GIS is established. Based on electromagnetic compu-
tational theory, the effectiveness analysis of GIS cabling
is analyzed. EMI interference and computing parameters
are evaluated through the hybrid algorithm. The beauty
of the hybrid algorithm is that it speeds up the estimation
process due to the explicit nature of Garlinken’s func-
tion. This reduces the computing time and memory size
and, ultimately, the size of the system and cost is reduced
because a smaller number of operations is required
with comparison to the traditional FMA method. Hence,
the system complexity becomes linear. As a result, the
computed results validate the algorithm’s cogency. The
computing results are superior to traditional computing
methods.
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