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Abstract: This study aims to enhance the productivity of high-voltage transmission line insulators
and their operational safety by investigating their failure mechanisms under ultimate load conditions.
Destructive tests were conducted on a specific type of insulator under ultimate load conditions. A
high-speed camera was used to document the insulator’s failure process and collect strain data from
designated points. A simulation model of the insulator was established to predict the effects of
ultimate loads. The simulation results identified a maximum first principal stress of 94.549 MPa in
the porcelain shell, with stress distribution characteristics resembling a cantilever beam subjected
to bending. This implied that the insulator failure occurred when the stress reached the bending
strength of the porcelain shell. To validate the simulation’s accuracy, bending and tensile strength
tests were conducted on the ceramic materials constituting the insulator. The bending strength of the
porcelain shell was 100.52 MPa, showing a 5.6% variation from the simulation results, which indicated
the reliability of the simulation model. Finally, optimization designs on the design parameters P1 and
P2 of the insulator were conducted. The results indicated that setting P1 to 8° and P2 to 90.062 mm
decreased the first principal stress of the porcelain shell by 47.6% and Von Mises stress by 31.6%
under ultimate load conditions, significantly enhancing the load-bearing capacity. This research
contributed to improving the production yield and safety performance of insulators.

Keywords: disc suspension porcelain insulator; bending strength; structural optimization design

1. Introduction

Insulators are crucial insulating components in high-voltage transmission lines. Based
on material, insulators are categorized into three main types: electrical porcelain, glass, and
composite insulators [1,2]. Pollution-resistant disc suspension porcelain insulators share
their primary functions with other types: firstly, ensuring electrical insulation between
high-voltage transmission lines and pylons; secondly, providing mechanical fixation for
the transmission lines to the pylons [3,4]. Regardless of the type, insulators must meet
various electrical and mechanical performance requirements. For instance, under specified
operating voltages, lightning overvoltages, and internal overvoltages, an insulator should
not experience a breakdown or surface flashover. Similarly, under specified long- and
short-term mechanical loads, they should not suffer damage or destruction [5-9]. Damaged
insulators in operation can cause failures in the entire transmission line, affecting the nor-
mal functioning of the power system and posing serious threats to the safety of residents
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and property around the transmission lines. However, effective electrical insulation is
achieved with insulators with relatively complex structures. Similarly, for good mechan-
ical performance, insulators must have significant strength and durability to withstand
adequate dynamic forces in operational conditions. Since complex structures inevitably
cause stress concentrations, conducting structural analysis of the pollution-resistant disk
suspension porcelain insulators and design optimization are essential to enhancing their
safety performance [10-17].

The analysis of insulator electrical insulation performance and the distribution of
surrounding electrical and magnetic fields has long been a focal point in insulator-related
studies [18,19]. However, detailed investigation into the mechanical properties of insula-
tors is relatively sparse. Ehsani et al. reported a comprehensive study on the mechanical,
thermal, dynamic, and electrical properties of insulator materials [20]. Pilan et al. vali-
dated the effectiveness of insulators under actual operating conditions using numerical
simulations and experimental tests [21]. Scholars have also made significant contributions
to non-destructive testing (NDT) of insulators [22]. For example, Kim et al. introduced
the Frequency Response Function (FRF) as a unique non-destructive analysis method for
frequency analysis of insulators. Coupled with 3D computed tomography (3D-CT) for fault
analysis, the method detected the insulator’s voids and cracks. In published reports, vari-
ous non-destructive techniques (NDT) were employed for diagnosing defects in insulator
components [9]. Liu et al. proposed an improved model based on YOLO for detecting
insulator faults in aerial images against complex backgrounds [23]. Some researchers have
also studied the static and dynamic mechanical properties of insulators. For example, Han
utilized ANSYS/NASTRAN software to simulate the mechanical stresses at the interface
between porcelain insulators and cement expansion in overhead transmission lines and
concluded that the volume expansion of cement under load had a significant influence on
the insulators” mechanical failure [24]. De Tourreil investigated the mechanical performance
of insulators under various loading conditions, including static tension, dynamic bending,
pulse tension, and a combination of dynamic bending and static tension. His findings
emphasized the substantial impact of end-fitting design on the insulators’ response to
dynamic loads [25]. Epackachi et al. conducted a series of experiments to study the static
and dynamic mechanical behavior of insulators and developed a computational model.
In addition to impact hammer tests, tensile and cyclic quasi-static tests were conducted
to assess the mechanical performance of insulators under transverse forces at different
stages of damage. The results of impact hammer tests were used to calculate the modal
frequency and corresponding viscous damping ratios for both undamaged and damaged
post-insulators. Based on the mechanical behavior, an analytical model was developed to
simulate the response of undamaged and damaged column insulators and to validate the
experimental findings [26].

Previous studies have extensively examined the properties of insulators from var-
ious perspectives, including electrical and dynamic characteristics [27-33]. However, a
notable research gap exists regarding the investigation of stress distribution within insu-
lator components under ultimate loading conditions. Additionally, limited studies have
focused on the mechanical aspects of insulators, which is crucial for rational optimized
design analyses. By exploring the static mechanics and analyzing the stress distribution of
the insulator’s components under ultimate tensile loading, a quantitative analysis can be
performed through stress—strain contour maps, and subsequently, the insulator’s failure
mechanisms can be quantified. These efforts can pave the way for rational optimization
designs, significantly improving the qualification rate of insulator production and ensuring
the reliability of normal service.

This study investigated the insulators’ behavior subjected to ultimate loading condi-
tions. First, destructive tests were conducted. The entire destruction process was recorded
using high-speed photography, and the strain was collected from specific parts of the insu-
lator, facilitating comparative data for subsequent simulation calculations. Subsequently,
static simulation analysis was performed to yield stress cloud maps of various components
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that accurately identified stress concentration regions. Finally, the simulations provided
precise ultimate stress values. This analysis offered insights into the failure mechanisms of
insulators under ultimate loading conditions. To validate the reliability of the simulation
calculations, experimental tests were conducted on the materials comprising different
insulator components. The reliability of simulation calculations was verified by comparing
experimental results with simulation outcomes. Finally, using the simulation platform, the
insulator’s structural optimization was conducted to derive the optimal design parameters
for insulators.

2. Insulator Tensile Testing

The insulators were subjected to a tensile test using a 100-ton tensile testing ma-
chine(Jinan Tianchen Experimental Machine Manufacturing Co., Ltd., Jinan, China) at a
pulling speed of 0.5 mm/min until failure occurred. To capture the strain signals during
tensile testing, strain gauges were mounted to the ball pin, socket cap, and porcelain shell.
Additionally, the insulators’ failure process was dynamically recorded using a high-speed
camera. The experimental process is shown in Figure 1. In the experiment, the model of
insulator used for experimental test is XSP-550 (Inner Mongolia Jingcheng High Voltage
Insulator Co., Ltd., Inner Mongolia, China). In order to facilitate the clamping of the experi-
mental object, we designed and manufactured the clamping link made of low carbon steel
(Elastic Modulus > 235 GPa). The frequency of the high-speed camera is set to 2000 Hz.
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High Speed Camera
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1
Adhesive(In) 1|
1

1
Porcelain Shell, ‘
Ball Pin : ‘
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Figure 1. Insulator’s tensile testing.

The tensile testing determined the insulator’s ultimate load, leading to its failure, and
also collected strain signals during the insulator’s failure process. This strain data were
used in subsequent simulation calculations.
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2.1. Insulator Tensile Test Results

Three specimens were subjected to tensile tests, resulting in fracture loads of 551.3 KN,
575 KN, and 583 KN, respectively. The strain and loading time curves during the entire
tensile testing are illustrated in Section 4.1. Images of the insulator’s failure captured by
the high-speed camera are shown in Figure 2.

Figure 2. Insulator failure process.

The on-site observations during tensile testing and recording data through a high-
speed camera helped to identify a critical tensile force of approximately 400 KN, causing
brittleness and partially detaching cement at the bottom of the insulator adhesive (In).
This phenomenon occurred due to an adhesive bond failure between the ball pin and the
cement, leading to localized damage. However, despite the localized damage, the overall
structural integrity of the insulator remained unaffected. Since the primary function of
the cement within the insulator was to secure the ball pin to the porcelain shell (situated
in a confined cavity), local brittle fractures did not affect the insulator’s overall load-
bearing capacity. A similar scenario can be observed in compressive testing of cement
blocks, where macroscopic cracks appear at a specific pressure threshold. However, the
structure retains a significant load-bearing capacity without immediate collapse. Once
the localized detachment of the adhesive (In) in the insulator was completed and the
tensile force exceeded 500 KN, a sudden failure occurred with an abrupt bursting of the
porcelain shell, clearly captured by the high-speed camera images. Moreover, the images
revealed a substantial amount of cement debris during the insulator’s failure, indicating
a certain degree of damage to the porcelain shell and the cement at the instant of failure.
The porcelain shell experienced a structural collapse, while the cement suffered localized
fracture damage.

It can be inferred that during the tensile loading, the initial failure of the adhesive
interface occurs between the cement and the ball pin. This results in relative slippage
and localized brittle fracture, causing the detachment of the cement. As the tensile force
increases, a catastrophic failure occurs within the insulator after exceeding the porcelain
shell’s strength.

CT scans were conducted on specimens comprising insulators and porcelain shells to
gain further insights into the insulator’s failure. The results in Figure 3 revealed minuscule
internal pores within the ceramic material, with diameters of less than 3 mm. Furthermore,
a statistical analysis of the porosity indicated a pore volume of 1.4% within the ceramic
specimens. In contrast, larger pores were observed while examining cement specimens,
with the largest being 6 mm x 3 mm. The overall porosity of the cement specimens was
about 4.07%.
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Figure 3. (a) CT scan image of insulator. (b) CT scan image of Porcelain shell. (c) Partial CT scan
image of insulator. (d) CT scan image of Adhesive.

3. Numerical Simulations

It is clear from the earlier experimental findings and analysis that advancements
in ceramic manufacturing and cement pouring processes are essential to enhancing the
insulators’ tensile strength. This requires addressing internal pore defects to enhance the
material’s load-bearing capacity. Additionally, careful consideration of the insulator’s
external geometry is crucial, with a primary focus on optimizing stress distribution across
its components. To tackle this challenge, this study employed a simulation-based approach
to optimize the insulator’s design dimensions (P1 and P2). The study comprehensively
analyzed stress and strain conditions at various locations under ultimate load conditions.
By prioritizing the ultimate stress as the primary optimization objective, simulations were
performed to predict the efficient forces, thereby enhancing the insulator’s tensile strength.

3.1. Pre-Processing

Although insulators occupy three-dimensional (3D) space, their geometric configura-
tions, applied loads, and constraints exhibit inherent axial symmetry. This symmetry results
in uniform displacements, strains, and stresses around the central axis. Consequently, insu-
lators can be simplified into 2D models to enhance the simulations” computational efficiency.
Specialized modeling software was used to develop a 2D model of the insulator. The model
was imported into the simulation software for static analysis.

The insulator comprises four distinct materials, each characterized by specific parame-
ters, as detailed in Table 1.

The model consists of five contact pairs: (A) contact between ball pin and socket cap;
(B) contact between socket cap and adhesive (Out); (C) contact between adhesive (Out)
and porcelain shell; (D) contact between porcelain shell and adhesive (In); and (E) contact
between adhesive (In) and ball pin. When configuring contact conditions, it is crucial to
ensure adherence according to in-service conditions and address simulation convergence
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issues. The mesh refinement in stress concentration areas enhances the accuracy of the
simulation results.

Table 1. Material parameters.

Component Name Material Density/(kg/m?3) Poisson Ratio pn Elastic Modulus/MPa
Ball Pin 45Mn2 7800 0.269 210 x 103
Socket Cap QT450 7860 0.3 178 x 103
Adhesive Concrete 3100 0.3 40 x 103
Porcelain Shell Ceramics 3700 0.3 60 x 103

The boundary conditions were established by fixing the upper end of the ball pin. A
load of 551.3 KN (determined as the insulator’s ultimate load-bearing capacity for a specific
model) was applied to the lower end of the ball pin along the length direction (negative
y-axis), as shown in Figure 4. Moreover, after multiple attempts at calculation, the global
grid size was determined to be 5 mm (when the global grid size was 5 mm, the stress at the
monitoring point tended to stabilize as shown in Figure 4).
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Figure 4. Schematic diagram for setting model boundary conditions and determining grid size.

3.2. Simulation Results and Analysis

Figure 5 shows a 3D representation of the first principal stress within the porcelain
shell. The stress analysis reveals moderate stress throughout the porcelain shell, with an
average of approximately 20 MPa. Notably, a distinct maximum stress concentration exists
at the inner wall of the top section of the porcelain shell, reaching a peak of 94.549 MPa.
In contrast, the lowest stress exists on the outer wall of the top section, with a value of
—31.279 MPa.

Figure 6 illustrates the von Mises stress distribution within the porcelain shell. The
figure highlights the maximum stress concentration of about 91.108 MPa along the inner
wall at the apex of the porcelain shell. The stress level on the outer wall of the apex is
60.606 MPa. Additionally, a notable stress concentration is observed along the inner wall of
the neck of the porcelain shell, peaking at 63.133 MPa. Stress magnitudes in other critical
areas are approximately 45 MPa, while the minimum stress (0 MPa) appears at the bottom
of the skirt.
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Figure 5. The first principal stress of Porcelain Shell.
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Figure 6. Mises Stress of Porcelain Shell.

Figure 7 shows the stress distribution map, specifically highlighting the first principal
stress in the adhesive (In). The stress levels within the inner wall of the adhesive (In)
exceed those within the outer wall by about 49.367 MPa. A significant stress concentration
is apparent at the lower end of the adhesive (In), reaching a peak value of 298.32 MPa.
Figure 7 shows a pronounced stress concentration on the inner wall at the adhesive’s
lower end. This concentration is primarily due to the higher plasticity of the ball pin
compared to that of the adhesive (In). Suppose the stress at this specific location exceeds
the ultimate limit of the adhesive (In), it may result in either localized slippage between the
adhesive (In) and the ball pin bonding surface or localized brittle fracture and detachment
of adhesive (In), without causing a comprehensive failure of the insulator. Furthermore, the
prevailing failure mode involves the brittle fracture of the porcelain shell, accompanied by
a minor detachment of the adhesive (In), while the integrity of other components remains
unaffected. Consequently, localized stress overload in adhesive (In) is not the primary
cause of insulator failure.
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Figure 7. The first principal stress distribution of Adhesive (In).

The stress distribution based on the first principal stress contour in Figure 5 reveals a
distinct pattern. The internal region at the apex of the porcelain shell experiences concen-
trated tensile stress, while the outer wall at a comparable height undergoes compressive
stress. This stress distribution resembles the pattern observed in simply supported beams
subjected to bending moments. Therefore, considering the stress distribution characteristics
across different components of the insulator and the material properties of each component,
it can be inferred that the failure of the insulator primarily occurs when the porcelain shell
exceeds its bending capacity.

4. Simulation Validation Experiments
4.1. Verification of Simulated Strain

In Section 2.1, strain data were collected for insulator components during tensile
testing. A comparative analysis was conducted between simulated and experimentally
obtained strains, as shown in Figure 8 and summarized in Table 2. In Figure 8, the Y-axis
denotes the longitudinal direction (tensile direction), while the X-axis corresponds to the
transverse direction (perpendicular to the tensile direction).

: 1000 T T T T T 80 T 3000 T T T T T T |
I —@— Experimental Values Y !
| . 60 F 4 2500 - |
800k —&— Experimental Values X i I
‘ Y ‘Simulation Value Y ol 2000 | 4
| * Simulation Value X =00 :
;E_ 600 1 220 L —Q@— Experimental Values Y | ’g T ili
= = —&— Experimental Values X 21000 - . " :
1.5 400 1€ of ShadationtValno N = —Q— Experimental Values Y ‘
1% g sk Simulation Value X % 500 | —&— Experimental Values X4/
j 20k J Y Simulation Value Y :
200 ] Ul sk Simulation ValueX 7

|
: 40 1 -500F 1
| |
! 0 =60 - 1 —1000 - 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 ;
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Figure 8. Strain data within each component of insulator: (a) strain data for Socket Cap, (b) strain
data for Porcelain Shell, and (c) strain data for Ball Pin.



Materials 2024, 17, 351 9 of 18

Table 2. Strain statistics.

Socket Cap Porcelain Shell Ball Pin
Y (Max) XMax) YMax) XMax) Y (Max) X (Max)
Experimental
Values 927.8 e 322pue  —569pe 7196 pe 24904 pne  —859.8 pe
Simulation
Values 8463 e 283pe  —513ue  635pe 21063 pe 7326 pe
Error 8.7% 12.1% 9.8% 11.7% 15.4% 14.8%

Figure 8 shows distinct strain curves for the socket cap, ball pin, and porcelain shell.
The socket cap and ball pin demonstrate notable linearity, attributed to the exceptional
material’s plasticity and coordination of its effective deformation. In contrast, the strain
curve of the porcelain shell exhibits slight fluctuations due to the inherent high stiffness
and low plasticity of ceramic materials, causing increased sensitivity to applied loads.
The observed fluctuations in the strain curve of the porcelain shell anticipate minor oc-
currences of material instability during the insulator’s tensile process, such as potential
relative slippage between the ball pin and adhesive and a localized brittle fracture in the
adhesive. For instance, in Figure 8c, the ball pin demonstrates longitudinal elongation and
transverse contraction, consistent with the expected results. In contrast, Figure 8a shows
longitudinal and slight transverse extension in the socket cap due to the convex-concave
shape at the apex of the porcelain shell. During the tensile process, the socket cap tends
to deform positively in the Y-axis direction relative to the porcelain shell, necessitating
some extension in the X-axis direction for overall coordination. Furthermore, as shown in
Figure 8b, the porcelain shell experiences longitudinal contraction and transverse extension
at the specified test point. This behavior is attributed to the inclined surface present at
the measurement location. A notable difference between the simulated and experimental
strains can be observed in Table 2. This difference is due to methodological variations:
experimental measurements involve cumulative strain data throughout the entire tensile
process, inducing a cumulative strain effect. In contrast, the simulation employed a static
approach, instantaneously applying force to the model without accounting for the cumu-
lative strain effect. Overall, the observed variance in strain between the simulation and
experiment remains within an acceptable margin of less than 15%.

4.2. Verification of Simulation Stress

Experimental objective: The experiment was conducted to determine the capacity of
the porcelain shell to withstand bending forces that can reach the strength limit followed by
insulator failure. This was accomplished by conducting a comprehensive simulation study.
Subsequently, experiments were performed to evaluate the tensile and bending strengths
of the porcelain shell, aiming to validate the accuracy of the simulated stress results.

Principle of bending strength experiment: The bending strength experiment focused
on assessing the insulator’s porcelain shell material, which was shaped into designated
ceramic cylindrical specimens. These specimens were affixed to the testing platform, and a
controlled force was applied by a top-loaded pressure load. The objective of the experiment
was to measure the stress values at the fracture. This procedure was crucial in verifying the
accuracy of the simulated stress outcomes.

The bending strength o of the material is expressed as follows:

M
= 1
Tw @
where M is the maximum moment produced by the fracture load P, and W is the flexural

section modulus of the specimen.
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For specimens with a circular cross-section:
1
M = -PL 2)
4
d3
W= — 3
o 3)

F

Indenter 1

Holder

where P is the load at the fracture point of the specimen (N), L is the support span (mm), and
d is the radius of the circular cross-section of the specimen (mm). Therefore, for specimens
with a circular cross-section, the bending strength can be formulated as:

8PL
0= d3 4)

The experimental principle is illustrated in Figure 8.

The experimental results indicate that the ceramic’s tensile strength is below 3 MPa,
slightly lower when compared to typical ceramics (The experimental process is shown in
Figure 9. In the figure, "SA4” represents the fourth specimen of white glazed ceramics. The
experimental data is shown in Table 3). This difference can be due to the non-standard
dimensions of the ceramic specimens used in this study. Non-standard dimensions can
induce localized stress concentration, which may result in a lower measured strength. In
contrast, simulation results show a stress in ceramics exceeding 90 MPa. Despite possible
simulation errors, the occurrence of such a significant disparity is unlikely. While consid-
ering the reliability of the simulation model, it can be implied that the ceramics’ tensile
strength may not be a decisive factor in constraining the insulators’ strength. Regarding
bending strength, the glazed ceramics exhibit an ultimate bending strength of 100.52 MPa
(The experimental data is shown in Table 4). In comparison, simulation calculations for
the insulator, subjected to a maximum load of 550 KN, show a peak value of the first
principal stress in the porcelain shell section at 94.549 MPa, differing by 5.49%. Notably,
ceramics, being inherently brittle with limited plasticity, exhibit a bending strength that is
times higher than the benchmark strength [34-38], which results from a trade-off between
the bending strength and fracture toughness [39,40]. Therefore, it can be inferred that the
insulator’s failure occurs when the ceramic material exceeds its bending strength limit. The
simulation results show a close correlation with the in-service conditions, demonstrating
an error margin of 5.49%.

Specimen

-

Positioner

Support

Displacement Sensor

1

F 1 Fixture

Figure 9. Test schematic.
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Table 3. Experimental results of tensile strength.

Sample Number 1 2 3 4 Mean Value
White glazed ceramics 2.71 MPa 2.90 MPa 3.02 MPa 3.14 MPa 2.94 MPa
Yellow glazed ceramics 2.23 MPa 2.58 MPa 2.63 MPa 3.46 MPa 2.73 MPa

Table 4. Tensile strength results.

Sample Number 1 2 3 4 Mean Value
White glazed ceramics 105.03 MPa 104.95 MPa 92.16 MPa 99.95 MPa 100.52 MPa
Yellow glazed ceramics 94.38 MPa 94.67 MPa 95.46 MPa 104.66 MPa 97.29 MPa

5. Simulation Validation Experiments

In the previous section, a thorough analysis was conducted to explore the causes of
insulator failure under ultimate tensile stress. The findings in this study revealed that an
insulator fractures when the applied forces cause the failure stress that exceeds the ceramic
bending strength. In the following section, simulation methods are employed to study the
computation of two key design variables associated with insulators, aiming to enhance the
insulator’s load-bearing capacity.

5.1. Introduction to Design Optimization

Optimization refers to maximizing or minimizing the design objectives under a set of
given constraints. Design optimization focuses on achieving a solution that meets all design
requirements while minimizing associated costs. Design optimization commonly employs
two primary analytical approaches. Analytical methods involve solving differentials and
extreme values to identify the optimal solution. The numerical methods use computational
tools and finite elements to iteratively find the optimal solution. Analytical methods are
typically employed in theoretical research, while structural optimization algorithms are
frequently utilized to address complex engineering challenges [41-45].

The explanation of the design optimization process is shown in Figure 10.

Parametric modeling Simulation calculation

Extracting design
variables

Extract objective function

Generate sample points

Optimize calculations

Obtain the optimal design
point

Refactoring models

Obtain optimized models

Figure 10. Optimize the design process.
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5.2. Optimization Process and Analysis of Results

Variable P1 is the inclination angle of the neck at the inner wall of the porcelain shell,
ranging from 8 to 14 degrees, as shown in Figure 11.

Figure 11. Design variable.

Variable P2 is the pouring height of the adhesive (In), ranging from 75 to 95 mm, as
shown in Figure 11.

The porcelain shell is the most susceptible component among all insulator components;
this study focused on minimizing the stress on the porcelain shell. The objective function
is defined by two key parameters. P3 is the principal stress of the porcelain shell, and
P4 indicates the von Mises stress of the porcelain shell. Ten sets of design samples were
produced, incorporating specific variables and adhering to the defined objective function,
as outlined in Table 5.

Table 5. Design sample points.

Name Update Order P1/° P2/mm P3/MPa P4/MPa
1 4 11 85 63.224 52.091
2 2 8 85 66.921 55.455
3 6 14 85 68.696 53.173
4 3 11 75 72.981 61.666
5 7 11 95 77.969 56.952
6 1 8 75 72.576 60.827
7 5 14 75 71.715 60.021
8 8 8 95 60.547 48.078
9 9 14 95 103.78 74.333

Subsequently, response surfaces and goodness-of-fit tables were constructed consider-
ing the sample points. These are presented in Table 6.

The response surface fitting for sample points P3 and P4 is given in Table 6 (The
"star" in the table represents good data indicators), resulting in an R-squared value of 1,
which indicates an exceptional level of fitting. However, it is important to acknowledge that
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goodness-of-fit measures the alignment between the response surface and the sample points

and may not necessarily reflect its fidelity to the actual situation. One should carefully
differentiate between these two aspects.

Table 6. Goodness-of-fit table.

1 Name P3 P4
2 Goodness of Fit
3 Coefficient of Determination (Best Value = 1) < ,,;\;A‘\/‘ r 1 < ,\; ;/4 =
4 Maximum Relative Residual (Best Value = 0%) 4 '\,'A\/‘/ 0 4 ,\j‘{‘/ 0
5 Root Mean Square Error (Best Value = 0) 145 x 1077 9.24 x 10~8
6 Relative Root Mean Square Error (Best Value = 0%) 4 ;;A‘\/k ' 0 E ‘\;A‘\i r 0
7 Relative Maximum Absolute Error (Best Value = 0%) . ,\fi; r 0 < ,\/‘A\i " 0
8 Relative Average Absolute Error (Best Value = 0%) 4 '\/'A\/‘ ' 0 e '\;A‘\i &

Figure 12 shows the 3D response surface generated by the system, where the proximity
to the blue-shaded region indicates higher confidence levels. Meanwhile, Figure 13 (The
pink dashed line in the figure is the boundary between P3 and P4) shows that the sensitivity
of the target function P3 to parameter P2 is more pronounced. Specifically, modifying the

pouring height of the adhesive (In) significantly impacts the first principal stress of the
porcelain shell.
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Figure 13. Parameter sensitivity analysis chart.
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Utilizing diverse evaluation criteria, the simulation system directs the generation of
three optimal candidate points, as outlined in Table 7.

Table 7. Information table of optimal candidate points.

N P1 - P3/MPa P4/MPa
ame Parameter Variation from Parameter Variation from
Value Reference Value Reference
Candidate Point1 A —1.27% A —0.05%
andildate I'omn 8 926 \/‘_\/\/‘_\/59.1 \/‘_\/\/‘_\/48.3
Point1 (verified) .1 14.82% . 18.53%
W W 68.7 W W573
Candidate Point2 A, 0.00% . 0.00%
andidate Fomn 8 90.6 W W59.8 WW 48,3
Point? (verified) o 3.64% oX, 2.41%
620 K495
Candidate Point3 A 5.37% A 2.31%
ancidate fom 8.81 88.9 W W 63.1 W 49.4
Point3 (verified) . 3.88% . 3.18%
R W 62.4 WA 499

Candidate point 1 is the result of system optimization. The fourth row is designated
as candidate point 1 (verified), representing the candidate point validated through static
calculations. This validation process is equally applicable to the remaining candidate points.
In Table 7 (The ”star” in the table represents good data indicators), columns P3 and P4
indicate the percentage deviation of the objective function values from the corresponding
values of the selected target point.

Candidate point 1 was discarded due to notable deviations in its validation values.
Regarding candidate point 3, parameters P1 and P2 suffered alternations compared to the
original model and incurred substantial engineering expenses, causing their exclusion from
further consideration. Candidate point 2 exhibits superior performance across diverse
metrics, maintaining consistency in parameter P1 and incurring minimal engineering
expenditures. Thus, candidate point 2 was selected as the ultimate optimization outline
(named the preferred point).

Subsequently, the data from the preferred point were transferred to the simulation
model for reconstruction and a complete rerun of the simulation computation. Upon
completion, the results of the static analysis for the optimized model were obtained.

A comparison between Figures 14 and 15 reveals minimal shifts in the concentrated
distribution of principal stresses within the porcelain shell. However, the maximum stress
decreases significantly from the original value of 94.549 MPa to 49.481 MPa, indicating
a substantial reduction of 47.6%. In contrast, stress in other critical regions increases. In
summary, the stress distribution within the porcelain shell becomes more uniform, resulting
in a notable improvement in material utilization. Furthermore, a comparison between
Figures 6 and 15 reveals a clear reduction in the maximum von Mises stress within the
porcelain shell, decreasing from 91.108 MPa to 61.997 MPa, indicating a reduction of 31.9%.
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Figure 14. Optimizing the first principal stress of the model.
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Figure 15. Optimizing Model Mises Stress.

6. Conclusions

1.

A tensile strength test conducted on a specific insulator model reveals the highest ten-
sile force of 551 KN. The failure images indicate complete detachment of the porcelain
shell, while the other components remain largely intact. These findings suggest that
the porcelain shell acts as the weakest link among the insulator components.
Simulation results reveal that under an ultimate load of 551 KN, various components
of the insulator exhibit notable stress concentrations. Specifically, the porcelain shell
experiences the maximum first principal stress of 94.549 MPa and the maximum von
Mises stress of 91.108 MPa.

The simulation results highlight a stress distribution in the neck of the porcelain
shell closely resembling that of a beam subjected to bending moments under the
ultimate load. The insulator’s failure can occur when the porcelain shell exceeds its
bending capacity.

A comparison between experimental and simulation results reveals a ceramic bending
strength of 100.52 MPa, while the maximum simulated first principal stress in the
porcelain shell is 94.549 MPa, with a negligible error of only 5.49%. This confirms that
insulator failure occurs when the porcelain shell exceeds its bending capacity, but also
highlights the significant agreement between simulation and practical situations.
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5. Leveraging the design optimization feature of simulation software, the optimal so-
lution is derived from numerous design alternatives. This leads to a substantial
enhancement of insulator strength, reducing the maximum stress in the porcelain
shell from 94.549 MPa to 49.481 MPa, a decrease of 47.6%. Additionally, the Mises
stress decreases from 91.108 MPa to 61.997 MPa, signifying a reduction of 31.9%. The
optimization significantly enhanced the overall strength of the insulator.

Author Contributions: Conceptualization, Z.L.; Data curation, X.L. and H.J.; Formal analysis, P.C.
and H.J.; Investigation, HW., L.T. and T.Z.; Methodology, Y.J.; Resources, Z.L.; Software, L.T. and T.Z.;
Supervision P.C.; Validation, X.J.; Visualization, X.].; Writing—original draft, Y.J.; writing—review and
editing, X.L. and H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hackam, R. Outdoor HV composite polymeric insulators. IEEE Trans. Dielectr. Electr. Insul. 1999, 6, 557-585. [CrossRef]

2. Akbar, M.; Mehmood, B. Global experience of HVDC composite insulators in outdoor and indoor environment. Rev. Adv. Mater.
Sci. 2020, 59, 606-618. [CrossRef]

3.  Bonhote, P.; Gmiir, T.; Botsis, J.; Papailiou, K.O. Stress and damage analysis of composite—aluminium joints used in electrical
insulators subject to traction and bending. Compos. Struct. 2004, 64, 359-367. [CrossRef]

4.  Kliiss, J.; Rostaghi-Chalaki, M.; Whittington, W.; Rhee, H.; Whittington, S.; Yadollahi, A. Porcelain insulation—Defining the
underlying mechanism of failure. High Volt. 2019, 4, 81-88. [CrossRef]

5. Li, S.; Tsang, H.-H.; Cheng, Y.; Lu, Z. Seismic testing and modeling of cylindrical electrical equipment with GFRP composite
insulators. Compos. Struct. 2018, 194, 454-467. [CrossRef]

6. Bansal, A.; Schubert, A.; Balakrishnan, M.V.; Kumosa, M. Finite element analysis of substation composite insulators. Compos. Sci.
Technol. 1995, 55, 375-389. [CrossRef]

7. Han, G.; He, M.;; Zhao, F; Xu, Z.; Zhang, M.; Qin, L. Insulator detection and damage identification based on improved lightweight
YOLOvV4 network. Energy Rep. 2021, 7, 187-197. [CrossRef]

8.  Akbari, M.; Shayegani-Akmal, A.A. Experimental investigation on the accelerated aging of silicone rubber insulators based on
thermal stress. Int. J. Electr. Power Energy Syst. 2023, 149, 109049. [CrossRef]

9.  Kim, T;; Sanyal, S.; Rabelo, M.; Choi, L.-H.; Geun Yoon, Y.; Oh, TK; Yi, ]. Non-destructive analysis of power insulators by frequency
response function and three dimensional-computed tomography. Mech. Syst. Signal Process. 2022, 177,109310. [CrossRef]

10. Qiu, Z.; Zhu, X,; Liao, C.; Shi, D.; Qu, W. Detection of Transmission Line Insulator Defects Based on an Improved Lightweight
YOLOv4 Model. Appl. Sci. 2022, 12, 1207. [CrossRef]

11.  Prenleloup, A.; Gmtir, T; Botsis, J.; Papailiou, K.O.; Obrist, K. Stress and failure analysis of crimped metal-composite joints used
in electrical insulators subjected to bending. Compos. Part A Appl. Sci. Manuf. 2009, 40, 644—652. [CrossRef]

12.  Pahl, R.J.; Shannon, M. A. Design of a cylindrical high-voltage high-temperature vacuum insulator. IEEE Trans. Dielectr. Electr.
Insul. 2003, 10, 240-244. [CrossRef]

13.  Seman, L.O,; Stefenon, S.F; Mariani, V.C.; Coelho, L.d.S. Ensemble learning methods using the Hodrick-Prescott filter for fault
forecasting in insulators of the electrical power grids. Int. J. Electr. Power Energy Syst. 2023, 152, 109269. [CrossRef]

14. Shanmugam, M.; Sivakumar, G.; Arunkumar, A.; Rajaraman, D.; Indhira, M. Fabrication and assessment of reinforced ceramic
electrical insulator from bamboo leaf ash waste. J. Alloys Compd. 2020, 824, 153703. [CrossRef]

15. Lanteigne, J.; Lalonde, S.; De Tourreil, C. Optimization of Stresses in the End-Fittings of Composite Insulators for Distribution
and Transmission Lines. J. Reinf. Plast. Compos. 1996, 15, 467-478. [CrossRef]

16. Ogbonna, V.E.; Popoola, A.PI; Popoola, O.M.; Adeosun, S.O. A review on corrosion, mechanical, and electrical properties of glass
fiber-reinforced epoxy composites for high-voltage insulator core rod applications: Challenges and recommendations. Polym.
Bull. 2022, 79, 6857-6884. [CrossRef]

17. Ribeiro, A.C.; Soares, B.G.; Furtado, ].G.M,; Silva, A.A.; Couto, N.S.S.E. Superhydrophobic nanocomposite coatings based on

different polysiloxane matrices designed for electrical insulators. Prog. Org. Coat. 2022, 168, 106867. [CrossRef]


https://doi.org/10.1109/TDEI.1999.9286745
https://doi.org/10.1515/rams-2020-0050
https://doi.org/10.1016/j.compstruct.2003.09.005
https://doi.org/10.1049/hve.2019.0004
https://doi.org/10.1016/j.compstruct.2018.02.036
https://doi.org/10.1016/0266-3538(95)00120-4
https://doi.org/10.1016/j.egyr.2021.10.039
https://doi.org/10.1016/j.ijepes.2023.109049
https://doi.org/10.1016/j.ymssp.2022.109310
https://doi.org/10.3390/app12031207
https://doi.org/10.1016/j.compositesa.2009.02.020
https://doi.org/10.1109/TDEI.2003.1194105
https://doi.org/10.1016/j.ijepes.2023.109269
https://doi.org/10.1016/j.jallcom.2020.153703
https://doi.org/10.1177/073168449601500502
https://doi.org/10.1007/s00289-021-03846-z
https://doi.org/10.1016/j.porgcoat.2022.106867

Materials 2024, 17, 351 17 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

Shrimathi, H.P.; Mondal, M.; Mishra, P. Simulation based electric stress estimation on silicone rubber polymeric insulators under
multi-environmental conditions. Electr. Power Syst. Res. 2023, 214, 108840. [CrossRef]

Ahmed Salem, A.; Abd-rahman, R.; Abdul-Malek, Z.; Yiew Lau, K.; Ashida Salim, N. Controlling electrical stress of polymeric
insulators using zinc oxide microvaristor. Mater. Lett. 2023, 352, 135202. [CrossRef]

Ehsani, M.; Borsi, H.; Gockenbach, E.; Morshedian, J.; Bakhshandeh, G.R. An investigation of dynamic mechanical, thermal, and
electrical properties of housing materials for outdoor polymeric insulators. Eur. Polym. ]. 2004, 40, 2495-2503. [CrossRef]

Pilan, N.; Marcuzzi, D.; Rizzolo, A.; Grando, L.; Gambetta, G.; Rosa, S.D.; Kraemer, V.; Quirmbach, T.; Chitarin, G.; Gobbo, R.;
et al. Electrical and structural R&D activities on high voltage dc solid insulator in vacuum. Fusion Eng. Des. 2015, 96-97, 563-567.
[CrossRef]

Liu, J.; Hu, M.; Dong, J.; Lu, X. Summary of insulator defect detection based on deep learning. Electr. Power Syst. Res. 2023, 224,
109688. [CrossRef]

Liu, C; Wu, Y;; Liu, J.; Sun, Z.; Xu, H. Insulator Faults Detection in Aerial Images from High-Voltage Transmission Lines Based on
Deep Learning Model. Appl. Sci. 2021, 11, 4647. [CrossRef]

Han, S.W.; Cho, H.G.; Woo, B.C.; Han, D.H.; Lee, D.I,; Choi, LH.; Shin, T.W. Simulation on interface mechanical stress in porcelain
insulators for transmission line by cement growth using ANSYS/NASTRAN program. In Proceedings of the 7th International
Conference on Properties and Applications of Dielectric Materials (Cat. No. 03CH37417), Nagoya, Japan, 1-5 June 2003;
Volume 411, pp. 411-414.

Tourreil, C.H.d. Response of composite insulators to dynamic mechanical loads. IEEE Trans. Power Deliv. 1990, 5, 379-383.
[CrossRef]

Epackachi, S.; Dolatshahi, K.M.; Oliveto, N.D.; Reinhorn, A.M. Mechanical behavior of electrical hollow composite post insulators:
Experimental and analytical study. Eng. Struct. 2015, 93, 129-141. [CrossRef]

Kumosa, M.; Armentrout, D.; Kumosa, L.; Han, Y.; Carpenter, S.H. Analyses of composite insulators with crimped end-fittings:
Part II—Suitable crimping conditions. Compos. Sci. Technol. 2002, 62, 1209-1221. [CrossRef]

Fallah-Arani, H.; Tehrani, F.S.; Koohani, H.; ElImdoust, B.; Nodoushan, N.]J.; Shafiei, Z. Optimization of resin content to improve
electrical and mechanical properties of polymer-concrete line-post insulators used in electrical distribution networks. Electr.
Power Syst. Res. 2023, 220, 109357. [CrossRef]

Hussain, M.K.; Alshadeedi, B.M. Optimal design of high voltage composite insulators with grading rings in different configura-
tions. Electr. Power Syst. Res. 2023, 221, 109493. [CrossRef]

Kim, T.; Jeon, S.; Lee, Y.J.; Yi, J.; Choi, .H.; Son, J.A.; Choi, C.W. Three-dimensional computed tomography and composition
analysis of porcelain insulators for 154 kV power transmission lines. IEEE Trans. Dielectr. Electr. Insul. 2019, 26, 115-119.
[CrossRef]

Rabelo, M.; Kim, T.; Sanyal, S.; Kim, K.; Seok, C.-S.; Choi, I.-H.; Yi, ]. The impact of cap orientation on mechanical strength of high
voltage devices and a novel design for improvement. J. Braz. Soc. Mech. Sci. Eng. 2022, 44, 65. [CrossRef]

Choi, I.-H.; Kim, T.-K,; Yoon, Y.-B.; Kim, T.; Nguyen, H.T.T,; Yi, J. A Study on the Life-Time Assessment Ways and Various Failure
Types of 154 kV Porcelain Insulators Installed in South Korea. Trans. Electr. Electron. Mater. 2018, 19, 188-194. [CrossRef]
Moustafa, M.A.; Mosalam, K.M. Finite element modeling and assessment of seismic response of electrical substations porcelain
post insulators. Soil Dyn. Earthq. Eng. 2021, 150, 106895. [CrossRef]

Qu, X,; Deng, S.; Ma, Z; Xiao, Y.; Li, Q.; Dai, Z.; He, G; Liu, K.; Chen, X.; Wu, Y,; et al. Enhanced bending strength and microwave
dielectric properties of Li2MgTi308 ceramics by adding Si3N4 reinforcing phase. Ceram. Int. 2022, 48, 29614-29619. [CrossRef]
Zhang, M.; Zhao, L.; Guan, J.; Hao, Y. Fracture model of meso-ceramics based on relative size and prediction of fracture toughness
and bending strength. Ceram. Int. 2023, 49, 35135-35144. [CrossRef]

Bogomol, I.; Nishimura, T.; Nesterenko, Y.; Vasylkiv, O.; Sakka, Y.; Loboda, P. The bending strength temperature dependence of
the directionally solidified eutectic LaB6-ZrB2 composite. J. Alloys Compd. 2011, 509, 6123-6129. [CrossRef]

Muramoto, M.; Tatami, J.; Iijima, M.; Matsui, K.; Yahagi, T.; Takahashi, T.; Nakano, H.; Ohji, T. Deformation behavior and bending
strength of single crystal 8 mol% yttria-stabilized zirconia at microscopic scale. J. Eur. Ceram. Soc. 2024, 44, 1061-1069. [CrossRef]
Kim, H.S.; Kim, M.K,; Kang, S.B.; Ahn, S.H.; Nam, K.W. Bending strength and crack-healing behavior of A1203/SiC composites
ceramics. Mater. Sci. Eng. A 2008, 483-484, 672-675. [CrossRef]

Romaniv, O.M.; Vasyliv, B.D. Some features of formation of the structural strength of ceramic materials. Mater. Sci. 1998, 34,
149-161. [CrossRef]

Ritchie, R.O. Mechanisms of fatigue-crack propagation in ductile and brittle solids. Int. J. Fract. 1999, 100, 55-83. [CrossRef]
Azevédo, A.S.d.C.; Ranjbarzadeh, S.; Gioria, R.d.S.; Carlos Nelli Silva, E.; Picelli, R. On the multi-objective perspective of discrete
topology optimization in fluid-structure interaction problems. Appl. Math. Model. 2024, 127, 1-17. [CrossRef]

Du, Z.; Guo, Y;; Liu, C.; Zhang, W.; Xue, R.; Guo, Y,; Tang, S.; Guo, X. Structural topology optimization of three-dimensional
multi-material composite structures with finite deformation. Compos. Struct. 2024, 328, 117692. [CrossRef]

Alfouneh, M.; Keshtegar, B. STO-DAMYV: Sequential topology optimization and dynamical accelerated mean value for reliability-
based topology optimization of continuous structures. Comput. Methods Appl. Mech. Eng. 2023, 417, 116429. [CrossRef]


https://doi.org/10.1016/j.epsr.2022.108840
https://doi.org/10.1016/j.matlet.2023.135202
https://doi.org/10.1016/j.eurpolymj.2004.03.014
https://doi.org/10.1016/j.fusengdes.2015.05.057
https://doi.org/10.1016/j.epsr.2023.109688
https://doi.org/10.3390/app11104647
https://doi.org/10.1109/61.107301
https://doi.org/10.1016/j.engstruct.2015.03.013
https://doi.org/10.1016/S0266-3538(02)00067-2
https://doi.org/10.1016/j.epsr.2023.109357
https://doi.org/10.1016/j.epsr.2023.109493
https://doi.org/10.1109/TDEI.2018.007553
https://doi.org/10.1007/s40430-022-03364-7
https://doi.org/10.1007/s42341-018-0027-7
https://doi.org/10.1016/j.soildyn.2021.106895
https://doi.org/10.1016/j.ceramint.2022.06.215
https://doi.org/10.1016/j.ceramint.2023.08.186
https://doi.org/10.1016/j.jallcom.2011.02.176
https://doi.org/10.1016/j.jeurceramsoc.2023.09.042
https://doi.org/10.1016/j.msea.2006.09.169
https://doi.org/10.1007/BF02355530
https://doi.org/10.1023/A:1018655917051
https://doi.org/10.1016/j.apm.2023.11.024
https://doi.org/10.1016/j.compstruct.2023.117692
https://doi.org/10.1016/j.cma.2023.116429

Materials 2024, 17, 351 18 of 18

44. Liu, Y; Gao, R; Li, Y;; Fang, D. EMSFEM based concurrent topology optimization method for hierarchical structure with multiple
substructures. Comput. Methods Appl. Mech. Eng. 2024, 418, 116549. [CrossRef]

45. Wang, Y,; Yan, C.; Mei, D; Li, Y,; Sheng, K.; Wang, J.; Wang, L.; Zhu, S.; Guan, S. Optimized structure design of asymmetrical Mg
alloy cerebrovascular stent with high flexibility. Smart Mater. Manuf. 2024, 2, 100040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cma.2023.116549
https://doi.org/10.1016/j.smmf.2023.100040

	Introduction 
	Insulator Tensile Testing 
	Insulator Tensile Test Results 

	Numerical Simulations 
	Pre-Processing 
	Simulation Results and Analysis 

	Simulation Validation Experiments 
	Verification of Simulated Strain 
	Verification of Simulation Stress 

	Simulation Validation Experiments 
	Introduction to Design Optimization 
	Optimization Process and Analysis of Results 

	Conclusions 
	References

