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Abstract: Based on an actual ultra-high voltage (UHV) substation, a finite element (FE) model for
a high-voltage (HV) bushing, arrester, and down lead transmission line (DLTL) system was built
using ANSYS software. The dynamic responses of the system under different seismic intensities were
analyzed and compared with those of the corresponding single bushing and arrester. On this basis,
the coupling vibration influence of the upper DLTL on the responses of the HV bushing and arrester
is discussed. The results indicate that the DLTL adversely affects the responses of the HV bushing
and arrester under seismic loading. As the seismic intensity increases, the structural displacements
at the top of the HV bushing and arrester increase, accompanied by a reduction in the geometric
length redundancy of the DLTL, resulting in a mutual pulling effect between the HV bushing and the
arrester and the quick amplification of their respective dynamic responses in a nonlinear form. Under
the action of an earthquake with a peak ground acceleration (PGA) of 0.4 g, the maximum stresses
at the roots of the HV bushing and the arrester in the system separately increase by approximately
13.02% and 7.80% compared to the corresponding single HV bushing and the arrester. Overall, a
geometric length redundancy of at least 200 mm in the DLTL in engineering design is recommended.

Keywords: high voltage bushing lead system; seismic responses; coupling vibration; displacements;
maximum stress; geometric length redundancy for the DLTL

1. Introduction

Electric power systems involve all aspects of people’s lives and are the main energy
supply system in modern society [1]. Once a power system is damaged, it has a major
impact on daily life and productivity and it even endangers the national economy and
social security. In electric power systems, a substation is a part of an electrical transmission
and distribution system that can transform (raise or lower) voltage and perform other
important functions. A typical substation structure system includes transformers, bushings,
lightning arresters, switches, circuit breakers, and other devices that may be interconnected
by air-insulated bare conductors strung on support structures. Among them, a high-voltage
(HV) bushing is an outlet device that guides the lead lines of the high-voltage and low-
voltage windings in a transformer to the outside of the fuel tank, and a line entrance
surge arrestor protects substation equipment. In substations, HV bushings and lightning
arrestors are often connected to in-station jumpers by “A”-shaped down lead transmission
lines (DLTLs) (Figure 1). HV bushings and lightning arresters not only insulate DLTLs
against the ground but also immobilize them, so the working performance of HV bushings
and arrestors directly affects the long-term reliable operation of the whole transformer
substation system.

Appl. Sci. 2022,12,1118. https:/ /doi.org/10.3390/app12031118

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12031118
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3796-7736
https://orcid.org/0000-0001-9407-1130
https://doi.org/10.3390/app12031118
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12031118?type=check_update&version=1

Appl. Sci. 2022,12,1118

20f21

Figure 1. HV bushings, lightning arrestors, and DLLs in a certain HV substation.

In practical engineering, HV bushings, lightning arrestors, and the other electric
devices mentioned above feature relatively heavy, high, and large structures and are mostly
made of brittle ceramics, which are easily damaged under the action of earthquakes [2].
In recent years, damage to substation facilities caused by earthquakes has occurred from
time to time [3]. In 2007, the Niigata earthquake in Japan caused a transformer to catch fire
and affected the operation of the nuclear power plant nearby. In 2008, a large amount of
porcelain switchgear equipment was damaged in the Wen Chu earthquake [4]. In 2010,
earthquakes in Mexico and New Zealand caused serious damage to electrical equipment
such as broken insulators. In 2011, the Tohoku earthquake caused a total of 621 electrical
equipment damage events [5,6]. On 20 April 2013, a 7.0-magnitude earthquake occurred in
Lu Shan County, Ya’an City, Sichuan Province, China and caused serious losses, including
damage to a total of 626 substations. It was necessary to shut down 34 substations of 35 kV
and above [7]. On 15 November 2019, an earthquake of magnitude 5.2 occurred in Jing xi
City, Guangxi Province, China, which caused displacements between the porcelain jacket
and flange of a main transformer HV bushing [8]. Oil seepage occurred at the neutral point
of the high- and medium-voltage sides of the bushings [9]. Therefore, earthquake-induced
failure of HV electrical equipment has become a common issue around the world.

Researchers in China and other countries have performed experimental research and
theoretical analyses regarding the dynamic response of HV electrical devices under seismic
loading. Gilani et al. [10] conducted static and seismic simulator tests on two 230 kV,
U-shaped transformer bushings to evaluate the seismic performance of the bushings. The
Pacific Earthquake Engineering Research (PEER) Center, headquartered at the University of
California, Berkeley, evaluated the standard industry procedures for seismic identification
of substation equipment based on seismic simulator analysis and triaxial tests and gave
some suggestions on the suitability of in-service HV transformer bushings. Wilcoski et al.
proposed a Construction Engineering Research Laboratory (CERL) equipment fragility
and protection program, CERL Equipment Fragility and Protection Procedure (CEFAPP),
for large-scale power transformer bushing tests. Ersoy et al. simulated the interactions
between transformers and bushing structures in detail using the finite element (FE) method
and noted the problems warranting attention in practical engineering applications. Bel-
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lorini et al. conducted on-site dynamic tests and a numerical FE analysis on a 160 MVA
230/135 kV power transformer, evaluated the coefficients (K and R) defined by IEC 61463
and calculated the natural frequency and seismic response of the entire transformer under
different seismic loads. Whittaker et al. experimentally studied the seismic performance
of 196, 230, and 550 kV porcelain transformer bushings and noted the difference between
the good performance of HV bushings in the laboratory and the poor performance of
outdoor bushings in service. Filiatrault et al. [11] conducted a study on four transformer
bushing models through a shaking table experiment and an FE simulation and noted that
HV bushings installed on transformer cover plates were more susceptible to seismic loads
than those installed on a rigid foundation. This conclusion is consistent with the conjectures
and research results of many other scholars. Wang et al. [12] used a shaking table and
a group of artificial seismic waves to experimentally study a certain model of a 1100 kV
ultra-high voltage (UHV) gas-insulated switchgear porcelain bushing based and obtained
the acceleration, displacement, and strain responses of key parts of the porcelain bushing.
Sun et al. [13] conducted a shaking table test on a 1100 kV UHV bushing and obtained
the acceleration and stress responses at the most unfavorable position of the casing. Li
et al. [14,15] studied the seismic response of surge arresters by considering the influence of
the interaction of 220, 500, 750, and 1000 kV ceramic surge arresters with steel supporting
structures. Jean-Bernard et al. [16] proposed a simple and practical method for estimating
the expected displacement of the interconnection points of substation equipment under
earthquake action. Ghalibafian H et al. [17] experimentally studied the dynamic character-
istics of flexible conductors and the interactions between conductors and interconnection
equipment using the shaking table test. Ma et al. [18] clarified the importance of dynamic
interactions between high-voltage bushings, turrets, and power transformer tanks through
numerical simulations.

These studies are of great importance for the seismic analysis and optimal design of
HYV substation structures. However, the existing research has mostly focused separately on
the dynamic characteristics or seismic responses of HV bushings, HV bushing-transformer
systems, and other devices, which means that those studies do not consider the adverse
impacts of coupling vibrations on HV bushings and lightning arresters in whole systems
under seismic loadings. Therefore, even when HV bushings, arresters and other substation
devices meet standards for design and manufacturing, their mechanical characteristics and
fatigue properties may not tolerate actual complex stress states in engineering practice.
However, due to the limits of laboratory test conditions and the structural complexity of
the actual HV bushings, arresters, and DLTL-connection systems, the current shaking table
test studies of the interactions between flexible conductors and interconnection substation
equipment are based on some simple test models that are quite different from actual
structures. To date, there have been very few studies on the specific characteristics and
influence of the coupled vibration responses of HV bushings, lightning arresters, and DLTL
(HVB-LA-DLTL) systems.

To address the topics discussed above, this study takes a 1000 kV UHV substation in
Central China as an engineering example and uses ANSYS software to build an FE model
of the HVB-LA-DLTL system. The time-history responses of the system under different
seismic intensities are analyzed based on two groups of actual seismic records and one set
of artificial earthquake waves. The results for the HVB-LA-DLTL system are compared
with those for the corresponding single bushing and arrester under seismic loads. On
this basis, the influence of the coupling vibration of the upper DLTL on HV bushing and
lightning arrester is discussed. The purpose of this study is to provide technical support
for the optimal design, maintenance, and strengthening of HVB-LA-DLTL systems in UHV
substations.

Targeting the shortcomings of the abovementioned research status, this paper mainly
studies the bearing performance of a certain high-voltage casing lead structure system
under earthquake action. Previously, relevant research was conducted on a high-voltage
casing system under wind loads on the basis of the actual engineering of a 1000 kV UHV
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substation in Central China. This article continues to use the same engineering background
from the literature [19], selects El Centro waves, Taft waves, and artificial standard time—
history waves from the PEER database, applies X, Z one-way and three-way input. The
acceleration response, displacement response, and stress response of the key parts of the
high-voltage casing system under the action of three different peaks of 0.07, 0.2, and 0.4 g,
are used to determine the safety factor and compare the safety factor with the seismic
design code for power facilities GB50260 required in 2013.

2. Establishment and Verification of an FE Model for HVB-LA-DLTL Systems
2.1. Engineering Background

Taking an actual project related to the evaluation of a 1000 kV UHV substation in Cen-
tral China as a background, a complete structural analysis model including HV bushings,
lightning arresters, upper jumpers, down lead transmission lines and connection fittings is
established. The high-voltage bushing lead structure system of the substation is composed
of the upper station jumper, down lead, connecting clamp, connection fittings, high-voltage
bushing terminal, high-voltage bushing, and lightning arrester. The lower ends of the high-
voltage bushing and lightning arrester are connected to the transformer and the lightning
arrester, respectively. Figure 1 shows a schematic diagram of the substation.

Modern engineering already depends on numerical modeling. Among the various
methods of numerical modeling that can be used in modern engineering, the most com-
mon is the FE method due to its universal nature and the relatively simple preparation
of models [20]. Numerical modeling methods can directly calculate the acceleration, dis-
placement, and stress response of a structure under continuous dynamic loading, and can
also effectively simulate crack growth under dynamic loading conditions in continuous
media in the field of computational fracture mechanics (CEM) [21]. In this paper, ANSYS FE
software was used to establish an FE model of the high-voltage casing lead structure system.
The overall size of the model is determined according to the original design drawings
of a certain substation, and 1:1 scaling is conducted for solid modeling. The jumper and
the down conductor in the station are 4-split conductors, and the single conductor is an
expanded, heat-resistant aluminum alloy conductor of model JLHN58K1600, and linear
density is 4475 kg/m3. According to the principle of equivalent effect and moment of
inertia, the conductor is simplified as equivalent to a round pipe section with an inner
diameter of 50 mm and an outer diameter of 70 mm, as shown in Figure 2.

“—> dia.4.38/aluminum
alloy

dia.4.38/aluminum —> dia.50
alloy

e

— > dia.70

(a) Expanded heat-resistant aluminum alloy conductor (b) Equivalent circular cross-section

Figure 2. Schematic diagram of the equivalent simplified cross-section of a DLTL.

The mass of the high-voltage bushing is approximately 7135 kg, the length is approxi-
mately 13.315 m, and the total weight of the arrester is approximately 9800 kg. It is divided
into four sections with a length of approximately 12 m. The detailed dimensions are shown
in Figure 3.
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Figure 3. Structural dimensions of casing and arrester.

The JLHN58K-1600 expanded-diameter wire used in the high-voltage casing lead
system has greater rigidity than ordinary wires. To accurately simulate the forces applied
by terminals and other components in the structural system, Solid186 solid elements are
used in the modeling in this paper. The transformer box is modeled with a shell unit of
appropriate thickness. For complex structures such as bushings and arresters, the influence
of sheds on the structure is ignored and auxiliary structures such as pressure-equalizing
rings are attached as concentrated masses to the structure. The component grid and overall
model are shown in Figures 4 and 5, and the material properties and element types of each
component are shown in Table 1.
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Figure 4. Finite element model of some components of the HV bushing lead structure system.

Figure 5. Finite element model diagram of the structure system of the HV bushing lead.
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Table 1. Properties of the components of the finite element model.

. Elastic Modulus Poisson’s Mesh Density
Part Name Material (GPa) Ratio Element Type (mm)
Down Conductor System Aluminum 50 0.33 Solid186 50
Clamps on High-Voltage Aluminum 70 033 Solid186 10
Bushing
Terminal Board on .
High-Voltage Bushing Brass 110 0.32 Solid186 10
Connecting Terminal on .
High-Voltage Bushing Red Copper 116 (104) 0.34 Solid186 5
Clamps on Lightning Arrester Aluminum 70 0.33 Solid186 10
Bolt/Steel Bars Stainless Steel 205 0.3 Beam188 -
Spacer Aluminum 70 0.33 Solid186 20
High-Voltage Bushing Ceramics 110 0.3 Solid186 20
(composites)
Lightning Arrester Ceraml.cs 110 0.3 Solid186 20
(composites)
Transformer Tank Q235 steel 200 0.3 Shell181 100
Arrester Support Q235 steel 200 0.3 Solid186 40
2.2. Verification of the FE Modeling
Because the high-voltage casing lead structure system studied in this paper is complex,
there is a lack of reliable test results to verify the correctness of the model; thus, results
from the literature [19] are chosen as the basis for validating this work. For an accurate
comparison with the existing loading method, the same loading method is chosen to
compare the stress values at the same location and the results are shown in Table 2. The
area where the UHV substation is located belongs to Class B terrain, the basic wind pressure
(determined by the 100-year recurrence period) is 0.35 kN/m?, and the design wind speed
at a height of 10 m above the ground is obtained by a logarithmic law as 25.3 m/s, which
corresponds to the equivalent static wind loads at different heights of the “A”-shaped lead
wire model.
Table 2. Comparison of finite element model node stresses with results from the literature.
Component FE Simulation Reference [19] FE Reference [19] Relative Difference
P Results (MPa)  Simulation Result (MPa) Result (MPa)
Clamps on the bushing side 12.88 13.68 13.20 —6.21% —2.42%
Terminal board on the 39.62 36.71 42.68 7.34% —7.7%
bushing side
Terminal board on the 21.06 22.74 ~21.53 ~7.98% ~223%

lightning arrestor

According to the above comparison results, the maximum error of 7.98% between
the simulation results and the test results of the model in this paper occurs at the high-
voltage bushing side wire clamp. The error is caused by the bending and the distortion of
the finite element mesh. The remaining stresses are in agreement with the experimental
and simulation results from the literature, and the model can be considered to have high
accuracy, which provides the basis for further analysis.

2.3. Modal Analysis

Modes are the inherent vibration characteristics of a structure and the specific inherent
frequency, damping ratio, and modal vibration pattern of each mode can be obtained by
calculation or experiment. The vibrator experiment is a common method for structural
modal analysis [22]. Building up a database of the real forcing functions applied by a
vibrodyne plays a key role when conducting dynamical tests on a composite structure.
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Modal analysis is the basic method for studying the dynamic properties (vibration pattern,
frequency, etc.) of a structure and is also the basis for other dynamic analyses such as
time-distance analysis. Through modal analysis, the vibration response of the system can
be predicted when it is subjected to an applied dynamic excitation. To further analyze the
influence of the force on the performance of the high-voltage casing lead structure system,
the “A”-shaped lead structure system is used as an example, and the effects of the lower
electrical and the specific modal vibration characteristics are shown in Tables 3 and 4.

Table 3. Comparison of natural frequencies of vibration and characteristics of the first 6 modes.

Mod The Natural Frequency of Vibration (Hz) Characteristics of the Mode of Vibration
ode
Reference [23] Result Reference [19] Result Reference [23] Result Reference [19] Result
1 1.0877 1.7885 The HV bushlrllg bendsf The upper jumper ben(%s
along the negative Z-axis along the positive Z-axis
. The lower “A”-shaped
2 1.2227 2.7206 The HV b“s}@g bend§ structure bends along the
along the positive Z-axis L .
positive Z-axis
3 17711 3.8658 The upper jumper bend's The upper jumper W1sts
along the negative Z-axis along the Z-axis
The upper jumper twists
4 20776 3.8845 The arreste'r‘bend:? along Z ”alnong the Y-axis the lower
positive axis A”-shaped structure twists
along the Z-axis
The upper jumper twists
5 22564 41287 The arrester bends. along Z ) fllOl’lg Y-axis the lower
negative axis A”-shaped structure bends
along the X-axis
A The lower “A”-shaped
6 2.7331 4.1368 The lower” A -shapef:l structure twists along the
bends along the Z-axis .
Y-axis
Table 4. Natural frequencies of vibration and characteristics of the first 6 modes of the FE model for
the HVB-LA-DLTL systems.
Mode The Natural Frequency of Vibration (Hz) Characteristics of the Mode of Vibration
1 1.2827 The upper jumper bends along the negative Z-axis
2 1.4931 The arrester bends along X positive axis
3 1.5538 The arrester bends along Z negative axis
4 1.8996 The upper jumper twists along the X-axis
5 2.4006 The HV bushing bends along the positive X-axis
6 2.4715 The HV bushing bends along the positive Z-axis

According to the modal analysis results above, the natural frequencies of vibration
of the HVB-LA-DLTL systems in this paper are lower than those in the literature. The
model in the literature [19] contains only the upper span line, lead wire, and connection
gold specific system. Given that the upper span line and lead wire are considered fixed
ends, the overall stiffness of the system is high. The model in this paper is closer to actual
engineering applications. Compared with the literature, [23] shows that HVB-LA-DLTL
systems and substation boxes have a large impact on the overall system stiffness. Thus, the
overall stiffness of the system decreases, the natural frequencies of vibration become lower,
and the dynamic effect of the system under dynamic load is greater, which is consistent
with the characteristics of the lead structure system in the actual substation. Due to space
limitations, Figure 6 shows the first six orders of the vibration pattern of the model modal
analysis in this paper.
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Figure 6. The first six modes of the structure.

3. Seismic Waveform Selection and Working Condition Setting
3.1. Seismic Waveform Selection

The time-history response of the structure is quite different due to the input of various
seismic acceleration waveforms. Thus, when designing and selecting the acceleration time—
history curve, the influential factors should be comprehensively considered. Therefore,
in this paper, strong earthquake records, such as EL Centro waves and Taft waves [24,25],
are selected according to the IEEE 693 standard for seismic inspection and verification
and a set of artificial seismic waves are used for time-history analysis. The acceleration
time-history of the EL Centro waves were recorded at the EL Centro station in the Imperial
Valley earthquake (M7.1) in the United States on 18 May 1940. It is a classic seismic record
widely used in structural testing and seismic response analysis. The Taft seismic wave was
recorded in 1952. The earthquake that occurred in Kern County, California on 21 July 2005
was recorded at Taft Lincoln School. The artificial standard time-history wave was fitted
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according to the artificial standard response spectrum. Figures 6-8 show the time-history
curves of the three waves with a peak value of 0.1 g.
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Figure 7. Time-history of EL Centro wave acceleration.
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Figure 8. Time-history of Taft wave acceleration.

3.2. Working Condition Setting

To fully study the response characteristics of the high-voltage casing lead structure
system under different peak ground accelerations, this section considers six working
conditions of PGA: 0.035, 0.07,0.1,0.2,0.22,and 0.4 g.

Given the complexity of the structural system and an irregular spatial structure system,
the analysis in this chapter is carried out with one-way input of seismic waves from the
X-direction and Z-direction, and then three-way seismic wave input is performed on the
structure, as shown in Figure 9. According to the building anti-seismic design code, when
considering the three-way earthquake input, the proportional relationship of the input
three-way acceleration peak value is X:Z:Y = 1:0.85:0.65 and the three-way input schematic
is shown in Figure 10. Due to the low tensile bearing capacity of the ceramic components
of the casing and the arrester, the analysis focused on the stress response of the root
of the high-voltage casing while taking into account the acceleration and displacement
response of the casing and the top of the arrester. To facilitate comparison, this chapter
defines the ratio of casing and arrester top acceleration to ground PGA as the acceleration
amplification factor [26], and defines the ratio of high-voltage casing ceramic material
strength (45 MPa) to casing root stress as a safety factor. The code for seismic design of
power facilities GB50260-2013 requires that the safety factor during seismic design should
be greater than 1.67.
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Figure 9. Time-history diagram of artificial wave acceleration.

Figure 10. Three-way input schematic.

4. Response Analysis of a High-Voltage Casing Lead Structure System under Different
Seismic Acceleration Peaks

4.1. Vibration Response Analysis of the Lead System under Different PGAs
4.1.1. Analysis of the Top Displacement of the Lead System

Figures 11 and 12 are diagrams showing the variation in the maximum displacement
of the top of the high-voltage casing side and the arrester side with the peak seismic
acceleration in the high-voltage casing lead system. According to Figures 11 and 12,
the maximum top displacement of the high-voltage bushing side and the arrester side
under different PGAs both increase with increasing PGA. The lead system has different
responses to various input directions of seismic waves. For seismic waves input from the
X- and Z-directions, the top displacement of the structure is considerably larger than the
Y-direction displacement response when the seismic waves are input in three directions.
The displacement response of X-direction is slightly larger than the displacement response
of Y-direction and Z-direction when seismic waves are input in three directions. Under the
action of the same PGA but different types of seismic waves, the displacement response of
the structure is largest for the EL wave, followed by the artificial wave, and the Taft wave
has the smallest influence.
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4.1.2. Top Acceleration Analysis of Lead System

Figures 13 and 14 are diagrams showing the variation in the maximum acceleration
at the top and the arrester side, respectively, of the high-voltage casing lead system with
the peak value of seismic acceleration. The maximum top accelerations of the high-voltage
casing side and the arrester side under different PGAs all increase with increasing PGA.

The overall top acceleration of the structure varies with PGA, seismic wave input mode,
and seismic wave type.

204 —=—EL Wve
—<— Taft Wave

—=—EL Wave
—<— Taft Wave

Artificial wav

~ 15 15 Artificial wave
% %
g g
~Z 10 ~Z10
H ]
£ £
= N

00 01 02 03 04 00 01
PGA (g)
(a) X input

[N]
=]

—=— EL Wave
—— Taft Wave

n
(=)

—=— EL Wave
—<— Taft Wave

Artificial wav

—
o

Artificial wave

—
o

o
o

X direction for three-way input ( m/s*
=
o

o2
o

0.2 03 0.4
PGA (g)

(b) Z input

[N]
=]

—=— EL Wave
—+— Taft Wave
+— Artificial wave

—_
a

S}

01 02 03 04

Z direction for three-way input ( m/s?)
o
S

00 0.1 02 03

PGA (g) PGA (g)

|

Y direction for three-way input ( m/s?)
o
S

0.4

e
o

0.1 0.2 0.3 0.4
PGA (g)

(c) Three-way input
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4.1.3. The Root Stress Analysis of the Lead System

Figures 15 and 16 show the variation in the root stress of the high-voltage bushing side
and arrester side with the peak value of seismic acceleration in the high-voltage bushing
lead system. The results show that the response relationships for the root stress of the
high-voltage bushing side and arrester side under different PGAs, seismic wave input
directions, and seismic wave types are consistent with the former two. The response of the
structure under the three-way seismic wave input is larger than that under the one-way
seismic wave input. From Figures 11-16, when the system is in a specific condition, the
vibration response of the high-voltage bushing side is smaller than that of the arrester,

which is mainly because the lower bracket of the arrester is less stiff than that of the bottom
of the bushing.
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Figure 15. The stress on the side root of the high-voltage bushing.
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Figure 16. Root stress of arrester side.

4.1.4. Safety Factor Analysis of Lead System

Figures 17 and 18 are regular diagrams of the safety factors of the high-voltage casing
side and the arrester side in the high-voltage casing lead system in the peak value of
seismic acceleration. The safety factor is the ratio of the material strength (45 MPa) of
the high-pressure casing ceramic specified in GB50260-2013 to the stress at the root of the
casing. The safety factor should be greater than 1.67 during seismic design. It can be seen
from Figures 17 and 18 that only when the PGA of the structure is 0.4 g, the safety factors
of the casing and the arrester are both less than 1.67 and the rest are consistent with the
requirements of GB50260-2013.
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5. The Influence of the down Conductor on the Lower Electrical Equipment

The high-voltage bushing and the arrester are connected by down conductors. Under
the action of strong earthquakes, the soft bus bars may be connected to pull, push, and
pull to generate dynamic interactions [17]. As the voltage level increases, the size of
the related electrical equipment increases. The flexible bus bars used to connect UHV
electrical equipment often have larger diameters and are smaller in pitch, so these kinds
of flexible bus bars can resist bending and compression. During an earthquake, they
may have a great impact on the seismic performance of the equipment. This section
separately extracts models of high-voltage bushings and arresters and conducts a dynamic
analysis on them under seismic loads to understand the impact of down conductors on
the seismic performance of the lower electrical equipment. According to the analysis
in the previous section, the structure is in its most unfavorable state when it undergoes
three-way seismic action. Therefore, this section uses three-way input when studying the
influence of the upper down conductor on the lower arrester and high-voltage casing. The
selection of seismic waves and amplitude modulation are the same as those in the previous
section. Figure 19 is the finite element model diagram of the lower electrical equipment
monomer model.
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(a) Lightning arrester model (b) High-voltage casing model

Figure 19. A single model of lower electrical equipment.

5.1. Mechanical Properties of a Soft Bus
5.1.1. Soft Bus Bars with Different Slack

The slackness k is defined as the ratio of the length s of the generatrix to the length
p in the chord direction. Previous Studies [27] have shown that the slopes of the internal
force curves of soft buses with different relaxation ratios (Figure 20) are almost all close to 0
at the initial stage. However, the inflection point of the internal force curve is very different
for various relaxation ratios. The larger the relaxation ratio is, the later the inflection point
of the internal force curve appears. After the inflection point appears, the slopes of the
internal force curves of the soft bus bars with different relaxation degrees are very similar
(as shown in Figure 21). Therefore, the greater the degree of slack, the more the position
of the inflection point can be delayed to prevent insufficient bus redundancy due to the
relative displacement between the equipment under the action of the earthquake, and then
they can pull each other to amplify their respective dynamic responses. However, when
the inflection point appears, the difference in the growth rate of the internal force of the
soft bus with different slack is not large.

(a) Relaxation ratio 1.4

/o

—

(a) C1

(b) Relaxation ratio 1.3 (c) Relaxation ratio 1.2 (d) Relaxation ratio 1.1

Figure 20. Soft bus model with different relaxation ratios.

N\~ ST

(b) C2 (c)C3 (d)C4

Figure 21. Flexible bus bars of different connection forms.
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5.1.2. Flexible Bus Bars with Different Connection Forms

EEE 1527 proposes four types of soft bus connections: reverse parabolic connection
C1, hyperbolic connection C2, overhanging connection C3, and three-curve connection
C4. Different flexible bus connection forms have their own characteristics. The C1-type
connection is more suitable for connecting equipment with a large relative displacement;
however, because it is easily affected by external loads such as icing during use and becomes
unstable and deforms into a C3-type connection, it is not suitable for a large connection
span. The C2 connection is very suitable for the situation where one end connection must
be horizontal. This type of connection is not affected by the span but may have a large
overhang, which affects the safety clearance. The C3 connection is the simplest form of
the four methods, and the disadvantage is also obvious; that is, it does not easily meet
the requirement for a safe clear distance between the equipment and the bus bar, and the
bus bar and the ground. The safety clearance problem is easier to meet with the C4-type
connection, and the slack is greater than that of the C3-type connection when the drape is
the same.

Studies [27] have shown that when the degree of relaxation is the same for the four
types of soft bus bars, then the end force of the C4 connection increases the fastest, while
the end force of the C3 connection increases the slowest.

5.1.3. Analysis of the Response of a High-Voltage Casing and a Single Structure Lightning
Arrester under Different Seismic Peak Accelerations

To study the influence of down conductors on lower electrical equipment, seismic
wave input is now performed on the high-voltage bushing and the single structure of the
arrester. According to the previous chapter, the vertical vibration response of the lead
system is very small compared to other directions regardless of the working condition of
the lead system, and the vibration response of the structure is slightly larger when the
seismic wave is input from three directions rather than one direction. Considering that the
main purpose of this chapter is to study the influence of down conductors on the system,
the vertical input is ignored when the seismic wave input is performed for the high-voltage
bushing and arrester unit, only three-way input is used, and the vibration response of
the unit is the same as the PGA. The following lead systems are compared (as shown in
Tables 5 and 6).

Table 5. Comparison of the seismic dynamic response of the single high-voltage casing and the
overall model.

PGA X-Direction Displacement Z-Direction Displacement Stress Increase
Increase the Percentage Increase the Percentage Percentage

0.035g 0.38 0.15 0.20
0lg 1.63 0.81 0.86
022¢g 5.38 2.62 2.81
EL wave 0.07 g 0.90 0.45 0.48
02g 4.46 2.25 2.35
04g 28.13 8.11 13.02
0.035g 0.35 0.13 0.18
0lg 141 0.41 0.42
022¢g 4.76 2.45 2.52
Taft wave 0.07 g 0.79 0.75 0.76
02g 3.92 2.05 2.08
04g 24.03 7.53 11.11
0.035g 0.37 0.15 0.19
0lg 1.48 0.79 0.80
s 022g 5.02 2.51 2.63
Artificial wave 0.07 g 0.88 0.44 0.46
02g 412 2.15 2.20
04g 27.16 7.53 12.49
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Table 6. Comparison of the seismic dynamic response of a single arrester and the overall model.

PGA X-Direction Displacement Z-Direction Displacement Stress Increase
Increase the Percentage Increase the Percentage Percentage

0.035 g 0.30 0.11 0.15
0l1lg 1.03 0.72 0.60
022¢g 3.38 2.51 2.00
EL wave 0.07 g 0.65 0.39 0.36
02g 2.90 2.15 1.72
04g 15.05 7.53 7.80
0.035 g 0.29 0.10 0.14
01lg 0.94 0.73 0.56
Taf 022¢g 3.20 2.34 1.89
aft wave 0.07 g 0.58 0.36 0.32
02g 2.73 1.98 1.60
04g 13.52 6.38 6.91
0.035¢g 0.27 0.11 0.13
01lg 0.98 0.72 0.58
o 022¢g 3.26 2.47 1.94
Artificial wave 0.07 g 0.60 0.38 0.34
02g 2.82 2.07 1.66
04g 13.49 6.95 7.22

The comparison charts of the stress and the displacement amplification ratio of the
high-voltage bushing and the lightning arrester are shown in Figures 22 and 23. When
the PGA is small, the down-lead redundancy is sufficient and it has little impact on the
lower electrical equipment. With increasing PGA, the structural displacement increases,
the redundancy of the down conductor is insufficient, and the lower high-voltage bushing
and the arrester pull against each other, resulting in a rapid increase in the influence of the
down conductor on the lower electrical equipment. The influence of down conductors on
lower electrical equipment exhibits nonlinear growth. Comparing the stress increase of the
high-voltage casing and the arrester shows that although the displacement and stress of
the high-voltage casing are smaller than that of the arrester, the power amplification effect
of the down conductor on the high-voltage casing is much greater than that of the arrester.

[
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—
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Figure 22. Stress amplification under different seismic waves.



Appl. Sci. 2022,12,1118 19 of 21

W
(=]

W
(=

—— Xdisplacement —=— X displacement —*— Xdisplacement
—— Z displacement —— Z displacement —<— Z displacement

20+

n
=3
]
(=]
T

10+

—_
=
—_
(=]
T

- "

Percentage increase in displacement

e

Percentage increase in displacement
Percentage increase in displacement

B E—F 03 04 0001 02 03 04 %0 0.1 02 03 04
PGA(g) PGA(g) PGA(g)
(a) EL Wave (b) Taft Wave (c) Artificial wave

Figure 23. Displacement amplification under different seismic waves.

6. Conclusions

HVB-LA-DLTL systems are complex coupling systems. The coupling effect between
the HV bushings, lightning arresters, and DLTL under seismic loadings has a great influence
on the force applied on the HV bushings and lightning arresters. However, the existing
studies do not consider the adverse impacts of coupling vibrations on HV bushings and
lightning arresters in whole systems under seismic loadings.

This paper analyzes the bearing performance of a certain high-voltage casing lead
structure system and single structure electrical equipment under seismic loads. El Centro
waves, Taft waves, and artificial standard time-history waves were selected for one-way
and three-way input tests. The PGA is obtained from the response of the structure under
six working conditions: 0.035, 0.1, 0.22, 0.07, 0.2, and 0.4 g. The following conclusions are
drawn regarding the load-bearing performance:

(1) Under the action of earthquake loading, the down conductor of the upper part of
the structural system has a very strong adverse effect on the lower electrical equipment.
As the seismic intensity increases, the structural displacement increases, and a lack of
redundancy of the down conductor causes the high-voltage casing and the arrester to
pull against each other and quickly amplifies their respective dynamic responses in a
nonlinear form;

(2) The down conductor has a greater impact on the high-voltage casing than on
the arrester. When the structure is under the influence of the PGA = 0.4 g earthquake,
the maximum stress at the root of the high-voltage casing in the system increases by
approximately 13.02% compared to that of the single body. The maximum stress at the
root of the arrester increases by approximately 7.80%. The down line has a considerably
greater effect on the magnification of the structure in the X-direction than in the Z-direction.
Sufficient redundancy during the design of the down conductor is recommended;

(3) When the PGA is 0.4 g, the safety factor of the root stress of the high-voltage
casing under horizontal input is less than the 1.67 specification required by the standard
GB50260-2013. According to the particular features of the high-voltage casing lead system
and local seismic fortification requirements, the adoption of appropriate dampers and other
shock-absorbing equipment are recommended;

(4) In response to the application of one-way and three-way seismic inputs in the X-
and Z-directions, the most vulnerable location in the structure under earthquake action is
at the root of the high-pressure casing. Comparing the three-way and the one-way inputs
shows that the response of the structure greatly increases under three-way input, and
the structure deforms substantially. In the design process, three-way and one-way inputs
should be calculated separately for envelope design.
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