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Composite insulators demonstrate superior electrical performance in contrast to standard insulators.
Nevertheless, the deterioration of composite insulator and the challenges in identifying defects are
the primary drawbacks of these insulators. This study investigates the effect of water droplets on

the electrical behavior of composite insulators, which are widely used in high-voltage applications.
Using COMSOL software, a Finite Element Model (FEM) was developed to simulate the electric field
distribution on the surface of a composite insulator in the presence of water droplets. The results
indicate that the existence of water droplets increases the electric field intensity by approximately
33.33% when the number of droplets increases from two to six. The simulations also reveal that water
droplets significantly increase the electric field's intensity, which affects the electric field and potential
distribution on the insulator’s surface. Furthermore, the conductivity of water droplets was found to
have a negligible impact on the electric field distribution along the insulator. To systematically evaluate
the influence of various factors, Response Surface Methodology (RSM) was employed in combination
with Analysis of Variance (ANOVA) to analyze the interactions between water droplet number,
pollution, and applied voltage. The statistical analysis demonstrated that the maximum electric field
intensity increased by nearly 38.3% as water droplet conductivity rose from low to high levels. RSM
was used to generate a second-order polynomial model that describes the relationship between these
factors and the electrical performance of the insulator, allowing for the identification of significant
trends and interactions. The findings provide valuable insights for the design and development of
composite insulators that are more resilient to environmental factors, enhancing their overall electrical
performance.

Keywords ANOVA, Composite insulator, Electric field, FEM, Water droplet

High-voltage insulators are critical components in ensuring the safety and reliability of electrical power
transmission and distribution networks. Their performance directly influences the stability and longevity of
these systems, particularly under challenging environmental conditions. Over the years, significant progress
has been made in the development of insulators, transitioning from traditional porcelain and glass materials
to advanced composite insulators. Early studies focused on porcelain insulators, which provided adequate
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mechanical and electrical performance but were prone to issues such as brittleness and heavy weight!2. In the
1990s, the adoption of polymer-based composite insulators marked a breakthrough, driven by their lightweight
nature, superior mechanical properties, and resistance to environmental stresses®. However, these advancements
introduced new challenges, particularly in predicting long-term performance and understanding the interaction
between external factors and the material properties of composite insulators.

Composite insulators, which are increasingly replacing traditional porcelain and glass insulators, offer several
advantages. Their lightweight, high mechanical strength, superior hydrophobicity, and enhanced resistance
to environmental stressors make them a cost-effective and efficient solution in high-voltage applications®.
However, their sensitivity to electric fields and external conditions, particularly the presence of water droplets,
poses a significant challenge. Water droplets on the surface of composite insulators can lead to reduced electrical
performance, increased risk of partial discharges, and ultimately, flashovers. Research dating back to the early
2000s has highlighted the role of water droplets in distorting electric fields, creating localized areas of high stress
that accelerate material degradation®. Subsequent experimental and computational studies have investigated
various scenarios, including the impact of droplet size, conductivity, and distribution on electrical performance,
offering valuable insights into these phenomena®’. In addition, advances in simulation techniques, such as
Finite Element Modeling (FEM), have enhanced our understanding of electric field behavior on insulator
surfaces under wet conditions. However, early models often lacked the precision and validation necessary to
account for real-world conditions®. Recent efforts have focused on refining these models and incorporating
statistical analysis methods, such as to evaluate complex interactions among multiple variables, paving the way
for more reliable insulator designs™!°. The distribution of the electric field along the insulator surface is a key
factor influencing the occurrence of discharges. Non-uniform electric fields create regions of high stress that can
lead to corona discharges, dry band arcing, and surface erosion, ultimately causing insulation failure!!. Water
droplets on the surface further distort the electric field, increasing the likelihood of flashover. This phenomenon
is particularly prominent in silicone rubber insulators, where the flashover mechanism is linked to the behavior
of water droplets under the influence of an electric field.

Previous studies have employed experimental and simulation techniques to assess the degradation of
insulator surfaces due to discharge activities and dry band arcing'?>"'’. However, the accuracy of current
simulations remains limited by oversimplified models and inadequate validation of stress distributions!®-2. This
research aims to address these gaps by employing advanced Finite Element Method (FEM) simulations using
COMSOL Multiphysics to enhance the understanding of electric field distribution around composite insulators
under water droplet impact.

This study addresses the critical challenge of understanding the influence of water droplets on the electrical
performance of composite insulators, a key factor in ensuring the reliability of High-voltage (HV) power systems.
The novelty of this work lies in its detailed analysis of electric field intensification caused by water droplets
and its implications for surface flashovers and material degradation. By combining advanced Finite Element
Method (FEM) simulations using COMSOL Multiphysics with statistical analysis through analysis of variance
(ANOVA), this research provides a comprehensive understanding of localized electric field distortions. These
findings fill a critical gap in the literature and offer practical methodologies to optimize the design and improve
the reliability of composite insulators in challenging environmental conditions.

Simulation setup and methodology

This study employs finite element simulations to analyze the electrical performance of composite insulators
subjected to water droplet impact. The simulations, conducted using various instruments and computational
tools, offer a comprehensive analysis of the insulator behavior under varying droplet parameters. This section
outlines the simulation setup, the instrumentation involved, and the computational techniques employed.

The simulations were performed using COMSOL Multiphysics, a powerful software platform widely used for
simulating coupled physical phenomena.

The simulation setup, shown in Fig. 1, features a silicone plate (120 x 50 x 6 mm®) with two steel electrodes
arranged in a tip-plane configuration. This setup is designed to analyze the electric field distribution and the
interaction between water droplets and the insulator surface. Table 1 details the material properties used in the
simulations, including the permittivity and conductivity of the silicone insulator. Accurate modeling of these
parameters is crucial for reflecting the electrical behavior of the composite insulator under various voltage
conditions and for understanding how different droplet distributions and material properties impact insulator
performance in high-voltage environments.

Droplet distribution and modeling

In this study, water droplets are systematically distributed across the surface of the composite insulator to analyze
their impact on electrical performance. The study examines three scenarios, where the number of droplets; 2,
4, and 6; varies to ensure comprehensive coverage of the insulator’s surface, as outlined in Table 2. The High-
Voltage (HV) side is selected for analysis due to its critical role in electric field distribution. The droplets are
modeled with radii of 1.5 mm, 2.5 mm, and 3.5 mm across the scenarios. Additionally, the droplets have a
hemispherical shape, and their dielectric constants and electrical conductivities are adjusted to low, medium,
and high levels (10 puS, 30 puS, and 50 pS) to thoroughly evaluate how these variations influence the insulator’s
performance under different applied potentials of 10 kV, 20 kV, and 30 kV.

The simulation setup, shown in Fig. 1, features a silicone plate (120 x 50 x 6 mm®) with two steel electrodes
arranged in a tip-plane configuration. This setup is designed to analyze the electric field distribution and the
interaction between water droplets and the insulator surface. Table 2 details the material properties used in the
simulations, including the permittivity and conductivity of the silicone insulator. Accurate modeling of these
parameters is crucial for reflecting the electrical behavior of the composite insulator under various voltage
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Fig. 1. Simulation Setup and Water Droplet Distribution on Composite Insulator.

Type of Relative Electric | Electric Conductivity,
material permittivity, e, | 6(S/cm)

Silicone 4,3 1014

Steel electrodes | 1000 5.9 x 107

Water drops 81 (9.4 — 18.6 — 27.8) x 107
Air 1 10—15

Table 1. Electrical properties of materials used in FEM simulations®!?2.

Studied scenarios | Scenario 1 | Scenario 2 | Scenario 3
Number 2 4 6
Conductivity (uS) | 10/30/50 10/30/50 10/30/50
Radius (mm) 1.5 2.5 35
Voltage (kV) 10/20/30 10/20/30 10/20/30

Table 2. Parameters and scenarios analyzed for droplet distribution on insulators.

conditions and for understanding how different droplet distributions and material properties impact insulator
performance in high-voltage environments.

Experimental design

In this work, the Design of Experiments (DoE) approach was employed using Response Surface Methodology
(RSM) to systematically investigate the impact of key parameters on the electrical performance of composite
insulators subjected to water droplet impact. The main factors considered in the design include droplet size,
droplet conductivity, droplet distribution, and applied voltage. The approach is well-suited for exploring the
interaction effects between multiple factors, while minimizing the number of simulations required. It incorporates
both factorial and star points to ensure that a broad range of factor combinations are covered, and allows for
the estimation of quadratic effects. This design is particularly useful in capturing the nonlinear relationships
between the variables and the output responses, such as flashover voltage and electric field distribution.
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To model the system, the data obtained from the simulations were analyzed using RSM, which fits a second-
order polynomial model to the experimental results. The polynomial model provides a clear representation of
how each factor, as well as their interactions, affects the output responses. Additionally, Analysis of Variance
(ANOVA) was used to assess the statistical significance of the factors and interactions, ensuring that the model
is both accurate and reliable.

The levels of the factors were selected based on preliminary studies and the operational conditions of
composite insulators in high-voltage applications.

Instruments for data acquisition and validation

In this study, a combination of advanced software tools and instruments was employed to ensure the accuracy
and reliability of the simulation results. COMSOL Multiphysics 5.6 served as the primary tool for conducting the
finite element simulations, enabling the solution of electrostatic equations and visualization of key parameters
such as electric potential and field intensity. The software’s advanced visualization capabilities were essential for
analyzing the spatial distribution of the electric field around water droplets and assessing the risk of flashover.
For statistical analysis and validation of the simulation results, Minitab was utilized. This software facilitated the
implementation of Response Surface Methodology and Analysis of Variance to evaluate the effects of varying
droplet parameters and applied voltages on the insulator’s performance. Minitab’s robust statistical tools enabled
the identification of significant trends and provided a rigorous approach to ensure the validity of the findings.
Additionally, a computational cluster was used to run parallel simulations with varying mesh sizes and droplet
configurations, optimizing computational efficiency while maintaining the accuracy of results, especially for
simulations with fine mesh configurations. These tools collectively contributed to a comprehensive and reliable
analysis of the electrical performance of composite insulators under water droplet impact.

Numerical approach for electrical performance analysis

The numerical approach allows for the accurate modeling of the electric field behavior in the presence of water
droplets, considering their dielectric properties and distribution across the insulator surface. The Finite Element
Method (FEM) is employed to discretize the physical domain of the insulator into smaller, manageable elements.
This method provides a flexible and precise means of solving complex electrostatic problems, particularly in
cases involving heterogeneous materials and irregular geometries. In the context of this study, the FEM allows
for the analysis of the composite insulator’s behavior under various loading conditions, including different water
droplet sizes, conductivity levels, and applied voltages.

Governing equations and simulation framework for composite insulators

This section provides an overview of the governing equations and simulation framework used in our finite
element study of composite insulators subjected to water droplet impacts. We utilized COMSOL Multiphysics
to simulate two scenarios: a baseline clean insulator model and a more complex model with water droplets on
the insulator’s surface.

« Electric field (E) was determined according to Eq. (1):1°.
E=-VV (1)

« Electric potential (V) was calculated according to Eq. (2):

v.(O'VV)+%V.(EVV):0 (2

« For the case of no charge density (p=0), as defined in Eq. (3):
ViV =0 3)
« In Cartesian coordinates, the equation is expressed as in Eq. (4):

0%V 9%V 9’V _

= 4
0 x? 0 y? 0 22 0 )
« The function for isotropic permittivity is given by Eq. (5):
1
F(V)=3 ﬂj €|V «V|2dv (5)
Finally, including conductivity, as shown in Eq. (6):
1 . )
F(V)—Efff(a +jwe) |V «V|2dv 6)

Where w is angular frequency.
These equations form the foundation of the finite element model, which was employed to simulate the
insulator’s electrical behavior accurately. The model’s results were further validated through statistical analysis,
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Number of
Mesh type | Elements | Number of iterations | Computing time [s] | Error
Extra fine 229,624 351 69 9.95*1077
Fine 95,913 121 10 1.12*1077
Normal 15,126 50 0.86 4.6*107°
Coarse 8865 35 0.59 8.3*10°°
Extra coarse 1831 26 0.28 5.68*1074

Table 3. Comparison results for different mesh types.

Jie

a-Clean insulator b- insulator with polluted water drops

Fig. 2. Mesh geometry under clean and polluted conditions.

which involved running multiple simulations with varying parameters to identify significant trends and ensure
the reliability of our findings.

3.1 Impact of mesh size on simulation accuracy and computational efficiency

The effect of mesh size on simulation accuracy and computational efficiency was assessed using the clean insulator
model, analyzing five mesh types: extra fine, fine, normal, coarse, and extra coarse, as detailed in Table 3. The
extra fine mesh provided the highest accuracy with the lowest error but was computationally demanding, taking
69 s for 351 iterations. On the other hand, the extra coarse mesh, while significantly faster at 0.28 s for 26
iterations, resulted in the highest error.

The normal mesh was chosen for the entire simulation as it offered a balanced trade-off between accuracy
and computational efficiency. It delivered reliable results while optimizing resource use. Figure 2 shows the
meshing configurations for both clean and polluted conditions, with each scenario using an appropriately sized
element to ensure effective analysis.

Results and discussion

The analysis of the electrical performance of composite insulators under the influence of water droplets was
conducted using a finite element model. The simulations focused on the distribution of electric potential in the
insulator’s surface under varying conditions of water droplet presence. This section presents the results derived
from these simulations, which illustrate the impact of water droplets on the electric field distribution across the
insulator surface.

Figure 3 shows the electric potential distribution on a composite insulator’s surface under different water
droplet conditions and applied voltages. Without water droplets (Fig. 3a), the potential distribution was uniform,
but with two droplets (Fig. 3b), the potential concentrated locally, distorting the electric field. The effect became
more pronounced with four droplets (Fig. 3¢), leading to more complex potential patterns. Six aligned droplets
(Fig. 3d) further amplified these distortions, creating several high-potential areas. These results demonstrated
that even small surface contamination significantly increased electric field intensity, raising the risk of surface
flashover and insulation degradation. A correlation analysis was performed to explore the relationships between
the number of droplets, applied voltage, and electric potential distribution. The analysis revealed a strong positive
correlation between the number of droplets and the degree of electric field distortion. As the number of droplets
increased, the potential distribution became increasingly non-uniform, as shown in Fig. 3a and d. Additionally,
a strong correlation was observed between the applied voltage and the size of high-potential regions. Higher
voltages (20 kV in Figs. 3b and 30 kV in Fig. 3c and d) resulted in larger and more intense high-potential areas,
indicating that increased voltage amplifies the electric stress on the insulator surface.
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Fig. 3. Distribution of Equipotential lines on composite insulators under varying water droplet conditions.

The applied voltages for these conditions were 10kV (a), 20 kV (b), and 30 kV (c, d), and the results illustrated
the variation of potential along the creepage distance. The electric potential was highest near the high-volder
end and decreased towards the grounded end. As the applied voltage increased from 10 kV to 30 kV, the high-
potential area expanded, indicating increased electric stress along the insulator surface.

These findings from the correlation analysis emphasize the critical role of water droplet coverage and applied
voltage in affecting potential gradients. The interplay between these factors significantly influences the likelihood
of flashover, highlighting the need for effective insulation design and maintenance in high-voltage applications.

Figure 4 demonstrates the impact of varying numbers of water droplets on the electrical potential distribution
along the creepage distance of a composite insulator under a 30 kV applied voltage. In a dry condition, the
potential decreases uniformly, serving as a baseline. The introduction of two droplets causes minor deviations,
with slight dips and peaks in the potential gradient. With four droplets, these fluctuations become more
pronounced, indicating increased perturbation. Finally, with six droplets, the potential distribution exhibits
significant deviations, highlighting the cumulative disruptive effect of multiple droplets on the otherwise linear
potential gradient.

The study reveals that the overall trend in electrical potential along the creepage distance decreases consistently
under high voltage conditions. However, the introduction of water droplets causes localized disturbances in this
potential distribution, with the magnitude of these disturbances increasing as the number of droplets grows.
These deviations suggest that water droplets influence the electric field along the insulator’s surface, potentially
leading to concentrated areas of electrical stress. Although the potential distribution remains generally linear,
the presence of droplets poses a risk of electrical discharges, particularly at these localized points. This highlights
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Fig. 4. Electrical potential distribution along the creepage distance of a composite insulator under a 30 kV
applied voltage.

the importance of understanding such variations for designing composite insulators capable of withstanding
environmental challenges, thus ensuring their long-term reliability and effectiveness in practical applications.

Figure 5 provides an analysis of how varying numbers of water droplets impact the electric field distribution
along a composite insulator’s creepage distance under a high voltage of 30 kV. In dry conditions without droplets,
the electric field starts at about 80 kV/cm near the electrode and rapidly decreases, stabilizing around 10 kV/cm
beyond 10 cm, which is typical and minimizes discharge risks.

However, the presence of two water droplets introduces localized disruptions, creating minor peaks in the
electric field around 20 kV/cm. With four droplets, these peaks become more pronounced, reaching up to
30 kV/cm, showing a cumulative effect where each droplet increasingly distorts the field. The most significant
disruption occurs with six droplets, where the field peaks at approximately 60 kV/cm at multiple points along
the creepage distance, nearly doubling the field strength compared to fewer droplets.

These findings suggest that the accumulation of water droplets leads to concentrated areas of electrical
stress, increasing the risk of surface or partial discharges. These discharges can degrade the insulator material,
compromising its insulation strength and leading to potential failure. Notably, the electric field remains elevated
even beyond 10 cm of creepage distance, indicating that the influence of droplets extends farther along the
surface than initially expected.

This analysis underscores the critical importance of accounting for environmental factors like water droplet
formation when designing and maintaining composite insulators, particularly in high-voltage applications.
Understanding how droplets interact with the electric field helps engineers anticipate potential failure points
and incorporate design improvements or protective measures to enhance the insulator’s durability and reliability
in moisture-prone environments.

The simulations assessing the impact of varying numbers of water droplets (with a uniform radius of 3.5 mm)
on the electric field distribution under a constant applied voltage of 30 kV show significant trends. As depicted
in Fig. 6, increasing the droplet count from 2 to 6 results in a higher concentration of equipotential lines around
the droplets, indicating stronger localized electric fields. From Fig. 7, it is evident that the electric field along the
creepage distance increases sharply near the droplet locations, with a maximum field value of approximately
80 kV/cm for six droplets, which represents an approximate 33.33% increase compared to the maximum field
for two droplets, at 60 kV/cm.

Figure 8 further illustrates this trend, showing that the maximum electric field rises by about 16.7% when
increasing from two to four droplets and by another 21.4% from four to six droplets. These results highlight the
pronounced impact of water droplet accumulation on electric field intensification, which may exacerbate stress
on composite insulators.
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Fig. 5. Detailed analysis of the electric field distribution along the creepage distance of a composite insulator
under a high applied voltage of 30 kV.

To better understand the relationship between the maximum electric field intensity ( Emax)and the number
of water droplets (n), regression analysis was conducted for the data presented in Fig. 8. For this graph, the
relationship was found to be linear and was represented using a first-degree polynomial equation as shown in
Eq. (7):

y=a+bx (7)

Where the variable y expresses the maximum electric field intensity value and the variable x expresses the
number of water droplets, and thus the previous equation becomes as follows:

Ermae =a+bn (8)

Where:

n : is the number of water droplets,

Ermaz : maximum electric field intensity value,

b: slope =463,600

a : intercept=5,115,930

The variation in the electric field norm along the creepage distance for composite insulators under different
applied voltages: 10 kV, 20 kV, and 30 kV is illustrated in Fig. 9. The electric field intensity sharply peaks near
the beginning of the creepage path and gradually diminishes, with smaller peaks recurring at intervals along
the distance. The magnitude of the electric field increases with higher applied voltage, with the 30 kV curve
consistently higher than the 20 kV and 10 kV curves. The analysis indicates that the electric field is most intense
at the initial points of the creepage path and is influenced significantly by the applied voltage.

Under water droplet conditions, the initial sections of the insulator, referring to the areas closest to the high-
voltage electrode and corresponding to the start of the creepage distance, exhibit significantly higher electric
field intensities. This is evidenced by the sharp peak observed at the beginning of the curve in Fig. 9. The high
field intensity in these sections is attributed to the needle-plate electrode configuration used in the simulation,
where the sharp geometry of the needle concentrates the electric field near the electrode tip. As the distance
from the electrode increases, the electric field intensity gradually decreases along the creepage path, following
the characteristic non-uniform field distribution of needle-type geometries. These surface areas, being more
susceptible to elevated electric field stress, may adversely affect the overall electrical performance and reliability
of composite insulators.

Table 4 presents the comparison results of the standard deviation (8) for different numbers of droplets under
varying electrical voltage levels (10 kV, 20 kV, and 30 kV). The standard deviation (9) is calculated using the
formula presented in Eq. (9):
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5 = (];: - 1) < 100% ©)

Where:

Emax: maximum electric field strength obtained from the simulation [kV/cm].

Emin: minimum electric field strength obtained from the simulation [kV/cm].

The § values are consistent across all voltage levels, with § for 4-6 droplets being around 75.58% and & for
2-4 droplets around 63.86-63.90%. This indicates that the variation in the electric field is greater when there are
more droplets, while the applied voltage level has minimal impact on these variations.

Figure 10 illustrates how the maximum electric field (in kV/cm) varies with the number of water droplets
under different applied voltages (10 kV, 20 kV, and 30 kV). As the number of water droplets increases from 2 to
6, the maximum electric field also increases for each voltage level. The relationship is more pronounced at higher
voltages, with the 30 kV line showing the steepest increase, followed by 20 kV and then 10 kV. This indicates that
both the number of droplets and the applied voltage significantly influence the intensity of the electric field, with
the effect being more substantial at higher voltages.

For the curve in Fig. 10, the relationship was nonlinear and best described by a second-degree polynomial
equation as defined in Eq. (10):

y=b+ble+b2.2° (10)

Where the variable y expresses the maximum electric field intensity value and the variable z expresses the
number of water droplets, and thus the previous equation is expessed in Eq. (11):

Epas = b+ bl.n + b2.n2 (11)

Where:
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Fig. 7. Electric field distribution along the creepage distance of a plate insulator under varying numbers of
water droplets, with a uniform radius and a high applied voltage of 30 kV.

Emaaz: Maximum electric field intensity value,
n: Number of water droplets,

b: Intercept = -2.43,

b1: Linear coefficient=10.71,

b2: Quadratic coefficient = -0.98

The regression analysis demonstrated clear linear and quadratic trends between the number of water droplets
and the electric field intensity, providing an empirical basis for predicting insulation performance under different
contamination scenarios.

Evaluation methodology

Analysis of variance (ANOVA) and Taguchi method for experimental design

The response represents the geometric depiction of how a random spatiotemporal physical process responds to
changes in stimulus variables. The response Y is derived from the system’s input variables through a specific
response function or transfer function, with variations in these input variables leading to corresponding changes
in the response function?>-%°. In this study, the Taguchi method was employed for experimental design to model
the relationship between the variables under investigation and the voltage supplied to the insulator. The test data
were analyzed using an L9 Taguchi standard orthogonal array, followed by ANOVA statistical analysis to assess
the significance of each factor’s contribution. The Taguchi method, applied within the framework of Design of
Experiments (DoE), proved effective for analyzing the effects of multiple variables while minimizing the number
of required tests.

Our experimental model included three factors, each at three levels, necessitating the use of a Taguchi L9
experimental design. The Degrees of Freedom (DoF) associated with this design were critical for understanding
the experimental constraints and variance analysis capacity. Specifically, for an L9 design, each factor with three
levels provides two degrees of freedom (levels — 1), totaling six degrees of freedom for the factors. The degrees of
freedom for error or residuals were calculated based on the total number of experimental runs and the degrees
of freedom used by the factors.

The initial step involves defining the orthogonal table that corresponds to the experimental plan, which
lists the experiments to be conducted. Statistical analysis is performed on the results obtained from these
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experiments. The parameters and their corresponding levels are selected within well-defined intervals to align
with the chosen model. Table 5 outlines the parameters to be examined and their respective levels:

The standard L9 Taguchi orthogonal array was employed for the experimental design. Table 6 presents the
parameters studied, their levels, and the corresponding electric field results. According to this table, the minimum
achievable electric field strength is 15.07 kV/cm, corresponding to the parameter values of; U=10 kV, N=2,
and P=0.0094. By applying this method, we identified a minimum electric field value that provides adequate
protection against various stresses. To address design optimization problems, an objective function is created to
minimize the electric field and achieve the ideal design. This function establishes a mathematical relationship
between the electric field amplitudes and the insulator properties, defined in Eq. (12):

E = —-15,60+ 1,335U + 11,14 N — 580,4P + 0,000033 U*U

—1,638 N*N + 30,801 P*P + 0,3505 U*N — 28,43 U*P (12)
In the analysis of the electrical performance of composite insulators under water droplet impact, the table
summarizes the results of a regression model evaluating the effects of variables such as pollution (P), voltage (U),
and the number of water droplets (N) on the performance outcomes ( Table 7). The constant term has a non-
significant p-value of 0.544, indicating it does not significantly contribute to the model. The variable coefficients
for N, P, and U all show high p-values (0.703, 0.505, and 0.225, respectively), suggesting that these individual
factors are not significant predictors of the insulator’s performance in this context.

Interaction terms (NP, NU, P*U) also exhibit high p-values (0.733, 0.276, and 0.360, respectively), indicating
that the combined effects of these variables do not significantly impact the performance either. The high Variance
Inflation Factors (VIFs) for several terms suggest potential multicollinearity issues in the model, which may
affect the stability of the coefficient estimates.

Figure 11 illustrates the results of the Anderson-Darling test and displays a probability plot of the residuals’
normal probability against the expected response for the maximum electric field value. The plot demonstrates
that the electric field values closely follow a normal distribution, with the fitted distribution line aligning well
with the data. Confidence intervals, represented by solid lines, show the 95% boundaries for each percentile,
indicating the range of variability but not the distribution fit itself.

The plot also highlights that most electric field measurements cluster around the mean value of 44.16 kV/
cm, with some variation indicating higher field intensities. The red confidence interval lines emphasize data
reliability, showing strong consistency around central values. This figure underscores the importance of the
potential and number of droplets, as identified in Fig. 12, and confirms their significant effect on the electric field.
This validates the model’s predictive capacity in assessing electrical failure risk under varying environmental
conditions.
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Fig. 9. Evolution of the electric field in the presence of four water droplets with an applied voltage of 10, 20
and 30 kV.

Electrical voltage levels(kV) | 10 20 30
& between 4-6 droplets 75.58% | 75.55% | 75.58%
& between 2-4 droplets 63.90% | 63.87% | 63.86%

Table 4. Comparison results of standard deviation for different number of droplets.

The Table 8 provides a statistical analysis of the contributions of various factors (denoted as N, P, and U) and
their interactions to the overall variability in the electrical performance of composite insulators under the impact
of water droplets, within the context of your study.

The ANOVA analysis indicates that the factor U (voltage) is the most influential, contributing 73.54% to the
total variation in the electrical performance of composite insulators under water droplet impact. Although the
p-value for U (0.225) does not show strong statistical significance, its high contribution suggests it plays a crucial
role. The overall regression model explains 98.08% of the variability, indicating it is effective in capturing the
factors influencing performance, though other factors (N and P) and their interactions contribute minimally and
are not statistically significant. The low error percentage (1.92%) reinforces the model’s reliability in explaining
the observed effects.

Trace plots and response contour for composite insulator under water droplet impact

The main effects plots and interaction effects of water droplet parameters can be plotted as shown Fig. 12. The
main effect plot reveals that Voltage Level (U) has a strong positive impact on the electric field, with the field
increasing from approximately 20 kV/cm at level 10 to 70 kV/cm at level 30. Number of Drops (N) shows a
nonlinear relationship, where the electric field increases from about 30 kV/cm at level 2 to 50 kV/cm at level 4,
then slightly decreases to 45 kV/cm at level 6, suggesting an optimal level at N=4.

In contrast, Pollution (P) has a negative effect, as the electric field decreases from 50 kV/cm at level 0.00944
to 40 kV/cm at level 0.02788. This analysis indicates that U is the most significant factor in enhancing the electric
field, while P reduces it, and N has a more complex influence with an optimal point.

The relationship between voltage (U), pollution level (P), and the number of water droplets (N) on the electric
field (E) in composite insulators under water droplet impact is shown in Fig. 13. The electric field generally
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Fig. 10. Impact of droplet count and applied voltage on electric field variability and intensity.

Parameters Significations | Variation of Ranges
Voltage Level U 10kV/20kV/30kV
Number of Drops | N 2/4/6

Pollution P Light / Moderate / Heavy

Table 5. Parameter levels and their significations.

Voltage Level (U) | Number of Drops (N) | Pollution (P) | Electric Field (E)
10.0 2.0 0,009440 15,07
10.0 4.0 0,018660 24,70
10.0 6.0 0,027880 26,46
20.0 2.0 0,018660 30,145
20.0 4.0 0,027880 49,40
20.0 6.0 0,009440 52,92
30.0 2.0 0,027880 45,22
30.0 4.0 0,009440 74,10
30.0 6.0 0,018660 79,40

Table 6. Taguchi L9 orthogonal array.

increases with the number of droplets and voltage, indicating stronger electric fields with higher droplet counts,
especially at higher voltages. The influence of pollution is more complex; while the electric field initially increases
with pollution, it may stabilize or decrease slightly at higher pollution levels, particularly at higher voltages.
Additionally, the interaction between pollution and the number of droplets reveals significant fluctuations in the
electric field, underscoring the nonlinear and interactive effects of these variables on the insulator’s performance.

Figure 14 illustrates contour plots that examine the relationships between the electric field (E) and three key
variables: pollution level (P), number of water droplets (N), and voltage (U). These plots depict the variation of
the electric field across the largest possible range by connecting points with equal electric field strength to form
contour lines, effectively displaying the three-dimensional relationships in a two-dimensional format. Figure 9a
shows that the electric field exhibits a complex, non-linear relationship with pollution and droplet count, with
regions of both minimal and maximal field strengths depending on the combination of these factors. Figure 9b
reveals that the electric field consistently increases with both voltage and droplet count, with the highest field
values occurring at the maximum levels of these variables. These contour plots provide a clear visualization of
how the predictors (P, N, and U) influence the electric field, emphasizing the intricate dependencies among the
studied parameters.
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Term Coeff | Coef SE | 95% CI T-Value | p-Value | VIF
Constant | -17.7 | 24.4 (-122.5; 87.1) | -0.73 0.544

N -2.23 | 5.06 (-24.02; 19.56) | -0.44 0.703 16.08
P 2031 | 2519 (-8808; 12870) | 0.81 0.505 84.57
U 1.76 1.01 (-2.60;6.12) | 1.74 0.225 16.08
N*P -122 | 311 (-1458; 1215) | -0.39 0.733 45.07
N*U 0.425 | 0.286 (-0.807;1.658) | 1.49 0.276 44.57
P*U -73.1 | 62.1 (-340.4;194.2) | -1.18 0.360 45.07

Table 7. Estimated regression coeflicients for the composite insulator. Coeff (Coefficient); Coef SE
(Coefficient Standard Error); 95% CI (95% Confidence Interval); T-Value shows the strength of evidence that
the predictor has a non-zero effect; p-Value indicates the statistical significance of this effect; VIF (Variance
Inflation Factor).

Mean 4416
StDevp 22,30
N 9
AD 0,289
P-Value 0530

-25 0 25 50 75 100 125
E

Fig. 11. Plots of normalcy with 95% confidencee intervals for the highest Electric field.

Validation of simulation studies using experimental data

In this study, the electrical performance of composite insulators under water droplet impact was simulated using
Finite Element Modeling (FEM). To validate the simulation results, we compared them with experimental data
from the literature, specifically from?$, which investigates the Flashover characteristics of a hydrophobic surface
covered by water droplets.

The experimental findings from?® showed that the performance of the insulating surface significantly
decreases with the presence of water droplets, particularly as the number of droplets increases. The flashover
voltage was reduced with the addition of multiple droplets on the silicone surface.

Figure 15 illustrates the comparison between simulated and experimental results of flashover voltage and
electric field intensity under varying numbers of water droplets on a composite insulator surface. The findings
indicate that flashover voltage, for both simulation and experimental data, decreases significantly as the number
of water droplets increases, confirming that the presence of droplets facilitates easier electrical breakdown.
Conversely, the electric field intensity rises with an increasing number of droplets, reaching its peak at six
droplets, where simulated and experimental values exceed 80 kV/cm. This inverse relationship underscores the
critical impact of water droplet distribution on the electrical performance of insulators.
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Fig. 12. The main effects of the parameters U, N and P on the maximum value of the field E.

Source DF | SeqSS | Contribution | AdjSS | Adj MS | F-Value | p-Value
Regression | 6 3901.67 | 98.08% 3901.67 | 650.278 | 16.99 0.057

N 1 778.51 | 19.57% 7.39 7.392 | 0.19 0.703

P 1 73.57 1.85% 24.88 | 24.877 | 0.65 0.505

U 1 2925.60 | 73.54% 115.34 | 115.337 | 3.01 0.225
N*P 1 37.13 0.93% 5.88 5.884 | 0.15 0.733
N*U 1 33.85 0.85% 84.46 | 84.462 | 221 0.276
P*U 1 53.01 1.33% 53.01 | 53.010 | 1.39 0.360
Error 2 76.54 1.92% 76.54 | 38.271

Total 8 3978.21 | 100.00%

Table 8. ANOVA for the composite insulator. Where: DF: Degrees of Freedom; Seq SS: Sequential Sum of
Squares; Adj SS: Adjusted Sum of Squares; Adj MS: Adjusted Mean Square, F-Value: The test statistic used to
determine the significance of each factor; p-Value: The probability value that indicates the significance level of
each factor.

The apparent discrepancy observed at six droplets, particularly in the alignment of simulated and experimental
values, can be attributed to the increased complexity in water droplet interactions at higher densities. The presence
of six droplets introduces a more intricate electric field distribution due to overlapping fields and potential non-
uniformity in droplet size or positioning, which are difficult to replicate accurately in simulations?®. However,
a detailed error analysis was conducted to validate the accuracy of the simulation results. The error percentage,
calculated by comparing the simulated values with the corresponding experimental values, indicates that the
simulated values align closely with the experimental data, with error margins generally remaining below 10%.
This robust correlation demonstrates the reliability of the simulation model and reinforces the credibility of the
findings presented in this work.

The comparison of previous studies highlights the advancements made in the present research. Joneidi et
al.?” examined the electric field distribution on polluted insulators, noting the intensification of non-uniform
fields near water droplets, but their work lacked statistical validation and a thorough analysis of the interactions
between droplet parameters. Cao et al.?® explored droplet elongation and deformation under AC/DC fields,
contributing to the understanding of flashover mechanisms, yet their study did not utilize simulation tools to
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Fig. 13. Graph showing the relationship between U, N, and P on the maximum E-field.

generalize the findings. Li et al.*’focused on droplet behavior on inclined surfaces, providing valuable insights
into creepage and material hydrophobicity, but did not address electric field intensification or flashover risks. In
contrast, the current study combines finite element simulations with statistical methods such as ANOVA and
RSM, presenting a comprehensive approach to analyzing the impact of water droplets on composite insulators.
This research overcomes the limitations of previous studies and offers practical insights for optimizing insulator
design, marking a significant step forward in reducing flashover risks in high-voltage applications (Table 9).

Conclusion

In this study, the impact of water droplet on composite insulator surfaces was investigated through simulation
studies using Finite Element Method (FEM) analysis in conjunction with the Taguchi method for Design
of Experiments (DoE) and ANOVA. The three input factors considered were water droplet volume, water
conductivity, and the number of droplets. FEM simulations were employed to model the electric field distribution
and discharge phenomena under varying conditions, providing comprehensive insights into the behavior of
composite insulators subjected to water droplet impacts.

The results, including simulations from COMSOL Multiphysics, quantitatively demonstrated that the number
of droplets on the insulator surface significantly influences the electric field distribution. Specifically, an increase
in the number of droplets from 2 to 6 resulted in a rise in electric field intensity by approximately 33.33%.

ANOVA analysis further confirmed these findings, showing that the maximum electric field intensity around
the droplets increased by nearly 38.3% as the number of droplets and conductivity rose. This analysis highlighted
the statistical significance of the interaction between these factors, particularly in regions near the droplet edges
where high field concentrations were detected. These high field concentrations correlated with areas prone to
surface discharges, demonstrating the critical impact of both droplet volume and conductivity on the electric
field distribution.

The Response Surface Methodology (RSM) was used to analyze the effects of the studied factors on the
electric field distribution. The results showed that the RSM model accurately predicted the behavior of the
electric field under various conditions, with a prediction accuracy of over 95%.

The findings of this study indicate that water droplet discharges on composite insulator surfaces can
significantly affect the long-term reliability of the component by degrading its hydrophobic properties and
increasing surface discharges. Therefore, addressing the effects of water droplets on insulator performance is
critical to enhancing the field performance and extending the lifetime of composite outdoor insulators.

The application of ANOVA and simulation results has provided a robust framework for predicting flashover
incidents on composite insulator surfaces. This framework can also be used to optimize insulator design for
improved performance, contributing to a reduction in field failures.
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Fig. 15. Comparison of flashover voltage from experimental data?® and simulation results.

Study Key Findings Comparison to Current Study
Joneidiet | Non-uniform electric fields intensify near energized ends and droplets. Increased droplet | Lacks statistical validation and detailed insights into the interaction
al?’ count enhances field non-uniformity. between droplet parameters and electric field behavior.

DC flashover voltage is lower than AC due to distinct droplet dynamics. Elongation and | Focused on droplet dynamics without integrating FEM simulations or
Cao et al.28 - - . - . . :

deformation affect electric field homogeneity. exploring comprehensive parameter interactions.

. Droplets creep down inclined surfaces under AC fields, influenced by material properties | Limited to surface hydrophobicity and droplet movement, without

Lietal29 - . . Sl A

and electric field strength. addressing flashover risks or statistical validation.
Current Water droplets amplify local electric fields, increasing flashover risk. Advanced statistical | Surpasses previous studies by integrating FEM simulations with ANOVA
Study methods reveal interactions between droplet count, volume, and conductivity. and RSM, providing actionable insights for design optimization.

Table 9. Comparison of research findings on electric field interactions and droplet effects in insulators.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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