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Abstract: In the current design and verification processes of insulation structures for high-voltage
oil-immersed capacitors, there is a heavy reliance on electric field simulation calculations using
idealized models that lack empirical validation of spatial electric fields. This study employs the Kerr
electro-optic effect to establish a non-contact optical remote sensing system for measuring the spatial
electric field distribution in the insulating liquid dielectric (benzyltoluene) between the capacitor’s
element and the case under various temperatures and main insulation distances. The findings reveal
that the measured spatial electric field stress can be up to 15% higher than the simulated values.
The electric field stress measured in the Y1 direction (up toward the capacitor top) is comparable
to that measured in the Y2 direction (down toward the capacitor end). Furthermore, when varying
the main insulation distance, the electric field stress consistently shows a negative correlation with
increasing measurement distance. Specifically, at a main insulation distance of 1.5 mm, the electric
field stress is 1.81 times that at 5.5 mm. As the temperature rises, the spatial electric field stress
increases gradually, and the electric field distribution becomes more uneven at higher temperatures.
At 80 °C, the field stress is approximately 1.57 times that at 20 °C, with the measured field stress at
80 °C being 19% higher than the simulated value. Finally, this paper undertakes a comprehensive
theoretical analysis and experimental validation to elucidate the discrepancies between simulated
and measured spatial electric fields. Leveraging these insights, it proposes advanced optimization
strategies for the insulation structures of capacitor elements. The outcomes of this study furnish
substantial technical and theoretical support, significantly enhancing the design, verification, and
optimization processes for insulation in oil-immersed capacitors.

Keywords: oil-immersed capacitor; space electric field measurement; main insulation distance;
temperature effect; insulation optimization strategy

1. Introduction

Capacitors in power systems serve multiple functions including filtering, compensat-
ing for reactive power losses, reducing line losses, improving system power factor, and
lowering investment and operational costs making them widely applicable [1-4]. However,
due to the harmonics present in power systems and the varying external environmental
temperatures, capacitors frequently encounter various types of faults, such as thermal
breakdown, electrical breakdown, fuse failure and bushing faults [5-8], which are greatly
influenced by the internal electric field distribution within the capacitor [9-11]. In conse-
quence, it is urgently necessary to verify the accuracy of the insulation structure design,
specifically the validity of the electric field simulation results, to achieve precise design and
verification of the insulation structure.
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As research on capacitor electric field distribution by scholars has deepened, it has
become evident that the internal insulation structure of capacitors—such as film thick-
ness, compression coefficient, the distance between the capacitor and the casing, and the
winding process—significantly affects their performance. T. Umemura and K. Abe [12,13]
discovered that using a folded-edge structure in all-film power capacitors can improve
the edge electric field. They calculated the field stress along the direction of maximum
field stress and experimentally validated that the partial discharge inception voltage of
capacitors with folded-edge structures is lower. Chenmeng Zhang [14,15] et al. simulated
defects that might be distributed in the arc region of impact capacitors and conducted
a simulation analysis of their electric field, concluding that the maximum field stress is
lower when the defect area is impregnated compared to when it is filled with air. Bing
Wang [16] analyzed the end electric field of all-film capacitors under different impregnation
conditions and compression coefficients, finding that increasing the compression coefficient
can significantly improve the end electric field distribution in impregnated capacitors.
In non-impregnated conditions, the electric field distortion coefficient increases with the
compression coefficient; in impregnated conditions, the coefficient decreases with increas-
ing compression. Zhongyuan Mei [17] performed finite element simulations on the edge
electric field of different high-voltage power capacitor designs, altering parameters such
as plate thickness, polypropylene film thickness between plates, and edge characteristic
thickness. They found that the maximum field stress in all-film capacitors can be obtained
by multiplying the average field stress by the electric field distortion coefficient. Increasing
the total dielectric thickness between plates increases the electric field distortion coefficient
and edge field stress.

Given that actual capacitors are immersed in insulating liquid, measuring the electric
field between the capacitor element and the casing poses significant challenges. Current
simulations of capacitor electric fields rely heavily on models that lack empirical data, par-
ticularly regarding the influence of internal insulation structures on the electric field, which
hinders the ability to objectively reflect the actual electric field distribution characteristics
within capacitors.

To address the aforementioned issues, this study utilizes the Kerr electro-optic effect
to focus on electric field-concentrated positions, such as the ends of capacitor elements.
We have established a non-contact optical remote sensing system to measure the spatial
electric field distribution between the capacitor element and the case. By selecting capacitor
element models with different main insulation distances and other structural characteristics,
this study conducts empirical research on the spatial electric field distribution in the oil
between the capacitor element and the case in oil-immersed capacitors.

2. Experimental Platform
2.1. Electric Field Measuring Platform
2.1.1. Kerr Electro-Optic Effect

In 1990, the application of the Kerr electro-optic effect method using AC modulation
gradually gained prominence [18-20]. Currently, measuring the electric field in liquid
using the birefringent Kerr effect has been proven to be an effective and reliable method.
The Kerr effect method has several distinct advantages: it can reflect real-time changes in
the electric field without affecting the measured field, and it offers higher accuracy. Various
research institutions have further developed and refined this method. For example, the
authors’ research team have established a non-contact, temperature-controlled platform
for measuring electric fields in oil to study the electric fields in insulating media [21-24],
which can provide a reference for setting up a platform to measure the electric field in
oil-immersed capacitors in this study.

The principle of Kerr electro-optic effect measurement is that under an externally
applied electric field, isotropic transparent dielectric materials exhibit optical anisotropy,
causing refraction. Light perpendicular to the electric field direction and light parallel to
the electric field direction will develop a phase difference due to the electric field and this
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difference is related to the electric field stress. This relationship can be expressed as shown
in Equation (1):
AB = 2nBLE? 1)

where B is the Kerr constant of the liquid in m/V?, L is the length of the uniform electric
field region to be measured in m, E is the AC electric field stress in V/m.

(1) Linearly polarized light generation element: A helium-neon laser. A 632.8 nm
helium-neon laser beam with excellent spot characteristics and stability was selected based
on measurement requirements.

(2) Polarizing element to convert random light into polarized light: Polarizer and ana-
lyzer. The most important parameter is the extinction ratio, for which a Glan-Taylor polarizer
with an extinction ratio greater than 10° was chosen to meet experimental requirements.

(3) Element to convert linearly polarized light into circularly polarized light: Quarter-
wave plate. The critical parameter here is phase retardation accuracy. A quartz zero-order
wave plate with a retardation accuracy of A/300 was selected to ensure precision.

(4) Light intensity processing element: Photodetector.

(5) Electrical signal processing element: Lock-in amplifier. To output the correspond-
ing fundamental and harmonic components, a SynkTek MCL1-40 lock-in amplifier from
SynkTek AB, Switzerland, was utilized.

The entire system is shown in Figure 1, and it employs a single optical path structure.
The helium-neon laser emitter generates linearly polarized light, which, after passing
through a polarizer and a quarter-wave plate, transforms into circularly polarized light.
This circularly polarized light is then directed into the capacitor element-casing electric
field measurement cavity. Within the cavity, the circularly polarized light, carrying electric
field and phase information, becomes elliptically polarized light. Finally, this elliptically
polarized light passes through an analyzer, creating polarized light interference.
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Figure 1. Electric field measurement system based on the Kerr effect method.

Since the direction of the AC electric field is known, it is necessary to set the transmis-
sion directions of the polarizer and analyzer to be orthogonal to each other. Let the analysis
angle be 371/4, and the angle between the optical axis direction of the quarter-wave plate
and the transmission direction of the polarizer be /4. The formula for calculating the
capacitor element-casing electric field is then given as Equation (2).

e (Bo/lac)? @
o nBL

where I 4. denotes the DC light intensity component in V, I, denotes the frequency-doubled
component in 1V. By simultaneously measuring a set of DC light intensity components I3,
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and harmonic components I, using a photodetector and a lock-in amplifier, the externally
applied AC electric field stress can be determined using Equation (2).

2.1.2. Power Supply Unit

Since the impedance of the capacitor is less than 500 (), an applied test voltage of 3.3 kV
results in a current exceeding 7 A; consequently, general power supplies are inadequate
for such high current requirements. Therefore, a test plan has been designed wherein
a high-power transformer, with a capacity of 40 kVA, is connected to the capacitor, as
depicted in Figure 2. This arrangement supports the application of a 7 A current on the
high-voltage side, thereby ensuring that both the voltage and current on the capacitor meet
the specified test requirements.

r

(‘I’J
Test Capacitor

~220V L

Transformer

Figure 2. Schematic diagram of test circuit.

2.1.3. Experimental Cavity

Capacitors need to withstand complex temperature environments under actual work-
ing conditions, and the test can accommodate electric field measurements at temperatures
ranging from 20 °C to 80 °C. The temperature measurement module is primarily composed
of three materials: a stainless steel cavity, a silicone heating sheet, and a rubber insulation
layer. It is equipped with a temperature controller, which allows for rapid heating within
30 min.

The capacitor casing and the inner cavity of the capacitor cavity are made of stainless
steel. A polytetrafluoroethylene (PTFE) sheath is placed on the outside of the symmetrical
brass guide rod. A dynamic seal is located at the connection with the guide rod to ensure
air tightness. Additionally, a groove-filled sealing ring is positioned at the connection with
the cavity for sealing purposes. Quartz glass is used for the laser entrance and exit window.
The schematic diagram and actual picture of the test cavity are shown in Figure 3.
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Figure 3. Test cavity model: (a) Schematic diagram of the cavity; (b) Actual picture of test cavity.

The key components of the cavity include:
(1) Stainless Steel Cavity: The inner cavity and outer casing of the capacitor’s electric
field measurement cavity are made of stainless steel.
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(2) Stainless Steel Casing: Simulates the casing of the capacitor under actual operat-
ing conditions.

(3) Brass Guide Rods: Composed of two rods, with one connected to high voltage and
the other grounded during the experiment.

(4) Polypropylene Sheath: PTFE sheaths are placed on the outside of the brass guide
rods to ensure the rods do not directly contact the casing.

(5) Gaskets: Serve to insulate and elevate the capacitor.

(6) Quartz Glass: Since the experiment requires testing the electric field at different
temperatures, quartz glass was chosen for its high transmittance (>99%) and minimal
deformation across varying temperatures, using anti-reflective coated quartz windows.

The rated voltage of the applied high-voltage all-film capacitors is 3.3 kV. Therefore, an
electric field simulation with an external voltage of 3.3 kV was conducted on the capacitor
element-casing electric field distribution measurement cavity. The resulting electric field
distribution within the cavity is illustrated in Figure 4. The maximum field stress in the
PTFE sheath is located at the bottom of the sheath near the screw, reaching 1.404 kV/mm.
Meanwhile, the maximum field stress in the cavity is at the contact point between the
sheath and the cavity casing, with a peak field stress of 4.90 kV/mm. In the electric field
simulation of the cavity external voltage, it can be seen that the highest electric field stress
is located at the bottom of the sheath near the screws. The maximum that field stress of the
PTEFE sheath used in the cavity can withstand is higher than 20 kV/mm. When the external
voltage is 10 kV, the maximum field stress of the cavity sheath is 15.2 kV/mm, taking into
account 20% of the insulation margin, which can satisfy the insulation stress of the PTFE
sheath. Considering a 20% insulation margin, the insulation stress of the PTFE sheath can
be satisfied, so the cavity can theoretically withstand the maximum voltage of 10 kV.

max:4.90

:

Figure 4. Electric field simulation results for the experimental cavity.

To ensure the accuracy of the experimental data, the sensitivity of the electric field
measurement system needs to be calibrated before the experiment. The sensitivity calibra-
tion experiment uses a 10 mm flat element calibration method. By comparing the actual
measured value with the theoretical value, the sensitivity of the measurement system is
determined. The frequency of the external AC voltage is 50 Hz, and the external voltage is
gradually varied to 500 V, 1000 V, 2000 V, and 3000 V, which corresponds to electric field
stress of 0.05 kV/mm, 0.10 kV/mm, 0.20 kV/mm, 0.30 kV/mm, respectively. After fitting,
the linearity reaches 0.9997, indicating that the system has high accuracy and is suitable for
conducting measurements, and the fitting results are shown in Figure 5.
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Figure 5. Electric field sensitivity calibration.

2.2. Electric Field Measuring Area and Measuring Points

This test primarily investigates the electric field distribution between the capacitor
element and the casing. Therefore, the measurement area is selected as the external liquid
domain between the capacitor element and the casing, as shown in Figure 6. Eleven
measurement paths were taken within the liquid domain to measure the electric field stress.
Since the capacitor model is completely symmetrical in the simulation, only eight points in
the upper half need to be considered.
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Figure 6. Electric field measurement platform and measurement point selection.

The dimensions of the capacitor casing are 388 x 179 x 480 mm. If the fixed capacitor is
located at the center of the casing, the edge of the capacitor is 5.5 mm from the vertical edge
of the casing and 25 mm from the upper edge. Therefore, eight symmetrical measurement
points are set up and down, as illustrated in Figure 7. In Figure 7, five electric field
measurement points are set in the X direction, with a spacing of 1 mm, labeled as 1, 2, 3,
4, and 5. Additionally, nine electric field measurement points are set on both Y1 and Y2
directions, with a spacing of 1 mm. The central point is labeled as point 1, and the points
along the positive directions of Y1 and Y2 are labeled as points 2, 3, 4, and 5, respectively.
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Figure 7. Schematic diagram of measurement area and points.

It is now generally accepted that the edge region of the capacitor element is a point of
electric field concentration with weak insulation [25]. Therefore, the maximum field stress
of an oil-immersed capacitor occurs at the edge of the plate. For the spatial electric field
in the element-casing liquid, there is a slightly uneven electric field near the end of the
element, with an electric field unevenness coefficient not exceeding 1.1. The simulation
results of the electric field unevenness at each measurement point are shown in Table 1.
When the electric field unevenness does not exceed 1.1, the Kerr effect phase difference
can be controlled within 1.5% and the electric field measurement error can be controlled at
around 1.3% [26,27].

Table 1. Inhomogeneity of the capacitor element-casing electric field at each measurement point.

1 2 3 4 5
X direction inhomogeneity 1.093 1.084 1.052 1.021 1.011
Y direction inhomogeneity 1.093 1.079 1.045 1.016 none

2.3. Calibration of Kerr's Constant

When conducting Kerr constant measurements, flat plate electrodes are used with a
fixed spacing of 10 mm. The upper electrode is subjected to an alternating current voltage,
ranging from 0.5 kV to 3 kV, while the lower electrode is grounded. Under these conditions,
the electric field stress within the liquid medium is a known quantity. Therefore, based
on the principle of the Kerr electro-optic effect, the Kerr constant of benzyltoluene can be
deduced by utilizing the electrode length, known electric field stress, and the measured
direct current component (I4.) and double-frequency component (I,), in conjunction with
the following Equation (2). Additionally, by applying different temperatures to the test
chamber, specifically at 20 °C, 40 °C, 60 °C, and 80 °C, the Kerr constant of the liquid
medium at various temperatures can be determined, as detailed in Table 2.

Table 2. Kerr constant calibration measurement results.

Temperature (°C) B (m/V?)
20 423 x 10715
40 2.71 x 10715
60 2.00 x 10715

80 1.84 x 10715
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3. Spatial Electric Field Distribution Characteristics
3.1. Simulation Model

The capacitor core comprises multiple stacked capacitor elements, each wound from
two layers of aluminum foil and three layers of film. This study investigates a single
capacitor element, where the multilayer winding structure is converted into a single-layer
configuration. The capacitor simulation model, depicted in Figure 8, primarily includes
benzyltoluene, polypropylene film, inner electrodes, outer electrodes, and a casing.

@ N \i, { @

! |
Polypropylene Inner electrode  Outer electrode

— === Width = =)W Height
|

Figure 8. Capacitor element simulation model.

The materials and parameters for each part are shown in Table 3. In the simulation
model, the inner and outer electrodes are made of aluminum, the casing material is stainless
steel, and the film and impregnating agent are polypropylene and benzyltoluene, respec-
tively. Their conductivities and relative permittivity are provided by measured parameters.

Table 3. Simulation parameters of each unit material at room temperature.

Component Material Conductivity (S/m) Relative Dielectric Constant
Film Polypropylene 5.85 x 10717 2.27
Impregnant liquid Benzyltoluene 6.17 x 10713 2.78

3.2. The Variation of Electric Field Distribution with Different Sampling Directions

Taking the electric field stress measurements at 20 °C for measurement points 1, 3,
and 5 in the X direction as an example, the variation of spatial electric field stress at
different positions over time is shown in Figure 9. During the tests, due to the brief
pressurization process (10-15 s), changes in the electric field during this period are omitted
from the data recording in this study. Once the externally applied voltage reaches the
preset value and stabilizes, the recording of the electric field dynamics begins. As the
applied voltage is alternating current, the electric field distribution strictly adheres to
the RC (resistance—capacitance) model, rapidly achieving a steady state. Only interfacial
polarization charges are present, with no generation of other forms of charges, such as
ionization or injected charges, resulting in no significant changes in electric field stress as the
voltage application time extends. Therefore, in the subsequent analysis, this paper uses the
average spatial electric field stress over a 900 s measurement period as the analysis subject.
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Figure 9. The variation of electric field stress with voltage application time.

The internal structure of the 12 um capacitor consists of 12 + 13 + 12 pum film wound
together. As shown in Figure 7, the measurement points are divided into two groups: five
points in the X direction and four points each in the Y1 and Y2 directions. The comparisons
result for the electric field in the X and Y directions are shown in Figure 10.
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Figure 10. Characteristics of field stress distribution of capacitor: (a) X direction; (b) Y1 and Y2
directions; (c) Along the whole Y direction.

In both the X and Y directions, the electric field distribution exhibits a negative decay
trend as the distance from the sampling points to the capacitor element increases. In the Y
direction, the measured values at the upper Y1 points are basically consistent to those at
the lower Y2 points.

Comparing the simulated and measured data for the element-casing electric field of
the capacitor, the measured electric field values are higher than the simulated values in
both the X and Y directions. The measured value at point 5 in the X direction is 19% higher
than the simulated value, while the measured value at point 3 in the Y direction is 23%
higher than the simulated value. On average, the measured values are 15% higher than
the simulated values. Additionally, as the distance between the measurement point and
the capacitor element increases, the closer the measurement point is to the casing, and the
smaller the difference between the simulated and measured values becomes.

3.3. The Variation of Electric Field Distribution with Different Distances of Main Insulation

During transportation and installation, capacitor elements may not remain centered
within the casing, which can alter the main insulation distance between the edges of the
capacitor elements and the casing. To simulate these variations, both experimental and sim-
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ulation setups were designed to account for five different main insulation distances: 5.5 mm,
4.5 mm, 3.5 mm, 2.5 mm, and 1.5 mm. This approach allowed for a detailed analysis of
how the element-casing electric field stress changes when the capacitor elements shift, and
the characteristics of the capacitor field stresses at different main insulation distances are
shown in Figure 11.
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Figure 11. Characteristics of capacitor field stress at different main insulation distances: (a) X direction;
(b) Y1 direction; (c) Y2 direction.

As the main insulation distance varies, the electric field stress at each measurement
point continues to exhibit a negative correlation with increasing insulation distance. The
reduction in electric field stress is more pronounced at shorter insulation distances. At
these shorter distances, the field stress decreases rapidly with increasing measurement
distance. Conversely, as the measurement distance increases, the impact of the main
insulation distance on the field stress at each point diminishes gradually. For instance, at
measurement point 1, the field stress at a main insulation distance of 4.5 mm is 1.1 times
that at 5.5 mm. When the distance is reduced to 3.5 mm, the field stress becomes 1.14 times
that at 5.5 mm. Further reduction to 2.5 mm results in a field stress 1.31 times that at 5.5 mm,
and at 1.5 mm, it reaches 1.81 times that at 5.5 mm.

Figure 12 compares the simulated and measured values of the element-casing electric
field at main insulation distances of 5.5 mm and 3.5 mm. It is observed that the measured
electric field values are consistently higher than the simulated ones. Moreover, the discrep-
ancy between the simulated and measured values increases as the main insulation distance
decreases. Specifically, at a main insulation distance of 5.5 mm, the measured electric field
value is 15% higher than the simulated value. This discrepancy grows to 17% when the
main insulation distance is reduced to 3.5 mm.
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Figure 12. Comparison of simulation and experimental results of electric field distribution at different

main insulation distances.
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3.4. The Variation of Electric Field Distribution with Temperature

Four temperature gradients, ranging from 20 °C to 80 °C, were established, and the
electric field stress at each measurement point was recorded at each temperature. The
measured results for the capacitor in the X and Y directions are displayed in Figure 13, while
Figure 14 illustrates the spatial distribution of the electric field in the whole measuring area
at various temperatures.
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Figure 13. Variation of field stress distribution with temperature: (a) X direction; (b) Y1 direction;
(c) Y2 direction.
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Figure 14. Spatial electric field distribution at different temperatures: (a) 20 °C; (b) 40 °C; (c) 60 °C;
(d) 80 °C.

In both the X and Y directions, the variation trend of each measurement point at
different temperatures follows a consistent negative pattern. As the temperature increases,
so does the field stress. For measurement point 1, the field stress at 40 °C is 1.05 times that
at20 °C, at 60 °C itis 1.27 times that at 20 °C, and at 80 °C it reaches 1.57 times that at 20 °C.
The influence of temperature on each measurement point decreases as the measurement
distance increases. Specifically, along the X direction, the field stress at measurement point
1 at 80 °C is 1.57 times that at 20 °C, while at measurement point 3 it is 1.36 times that at
20 °C, and at measurement point 5 it reaches 1.07 times that at 20 °C.

Figure 15 compares the simulated and measured values of the element-casing electric
field at temperatures of 20 °C and 60 °C. The measured electric field values are consistently
higher than the simulated values, and the difference between them increases with tempera-
ture. At 20 °C, the measured electric field value is 15% higher than the simulated value,
while at 60 °C, the measured value is 19% higher.
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Figure 15. Comparison of simulation and experimental results of electric field distribution at differ-
ent temperatures.

4. Discussion and Analysis

Comparing the measured and simulated values of the element-casing electric field
in capacitors reveals that the measured values are slightly higher than the simulated
ones. This discrepancy arises from defects present in actual capacitor production that
are not accounted for in simulations. These defects include edge burrs, internal micro-
impurities, tiny bubbles, small impurities in the insulating liquid, and overlapping dielectric
materials, all of which are difficult to discern with the naked eye. During production
and transportation, the edges of the capacitor’s aluminum foil may form wrinkles, as
shown in Figure 16a. Additionally, the actual edges of the capacitor are not the smooth
arcs constructed in the simulation model but rather rough curves resembling a series of
connected straight lines, as depicted in Figure 16b.

Capacitor edge

(b)

Figure 16. Irregularity of capacitor element edge irregularity: (a) Film fold; (b) Element with
folded edges.

To better reflect the actual construction of capacitors and simulate the worst-case
scenario, the capacitor’s irregular edges were modeled as composed of five segments of
straight lines, as shown in Figure 17a. For comparison, Figure 17b illustrates the simulation
model of the capacitor with smooth edges.
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Figure 17. Capacitor edge simulation model: (a) Capacitor with irregular edges; (b) Capacitor with
regular edges.

Using a 12 um capacitor as an example, we simulated the element-casing electric field
stress for capacitors with regular and irregular edges. The comparison of the simulation
and measurement results is shown in Figure 18.

11f

—#— Regular Edge Simulation Results
1.0 - —&— Irregular Edge Simulation Results
—&— Experimental Results

0.9

0.7 +
0.6

05

Electric Field Stress (kV/mm)

0.3

Measuring Point

Figure 18. Comparison of edge irregularity simulation and measured results.

As illustrated, when the edges are composed of irregular line segments, the electric
field distribution still follows a negative exponential trend with increasing distance. The
field stress for a capacitor element with irregular edges is 11.1% higher than the simulated
value for those with regular edges and 9.1% lower than the measured value, indicating that
the field stress distribution for a capacitor element with irregular edges aligns more closely
with the measured values. Consequently, it is essential to avoid irregular edge lines and
ensure smooth, regular edges during capacitor production and installation.

Section 3.3 of this paper demonstrates the influence of the main insulation distance on
the electric field distribution characteristics. As the main insulation distance changes, the
capacitor’s electric field distribution consistently exhibits a negative exponential trend. For
the same measurement point, the element-casing electric field stress increases as the main
insulation distance decreases. Additionally, the closer the capacitor element is to the casing,
the more uneven the electric field distribution becomes. Using the electric field stress at
measurement point 1 with a main insulation distance of 5.5 mm as a reference, Figure 19
illustrates the multiples by which the field stress at this point exceeds the reference value
as the main insulation distance changes. As the main insulation distance decreases, the
unevenness of the field distribution increases, and the impact of tiny defects in the capacitor
elements and insulating liquid on the field distribution becomes more significant, widening
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the gap between the simulated and measured values. Table 4 presents the percentage
by which the simulated values are lower than the measured values for different main
insulation distances, both with and without defects.
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Figure 19. Effect of primary insulation distance on electric field distribution characteristics.

Table 4. Percentage of simulated values lower than measured results.

Models Insulation Distance 5.5 mm Insulation Distance 3.5 mm
Regular edge simulation model 15% 17%
Irregular edge simulation model 9% 12%

Even small variations in the distance between the capacitor elements and the casing
can cause significant changes in field stress, posing challenges to the capacitor’s insulation.
Therefore, during production, it is crucial to secure the distance between the capacitor
elements and the casing firmly to prevent the main insulation distance from becoming too
small during transportation and installation, which could lead to element breakdown.

Section 3.4 of this paper demonstrates the influence of temperature on the electric
field distribution characteristics. Higher temperatures result in more pronounced changes
in field stress, with the field stress rapidly decaying with increasing measurement dis-
tance at elevated temperatures. The variation of field stress with temperature at the same
measurement point in the X direction is illustrated in Figure 20. The unevenness of the
element-casing electric field increases with temperature, and the impact of tiny defects in
the capacitor elements and insulating liquid on the field distribution also grows, widening
the gap between the simulated and measured values. Table 5 shows the percentage by
which the simulated values are lower than the measured values at different temperatures,
both with and without defects. Therefore, during the actual operation of capacitors, it is im-
portant to monitor the internal temperature, ensure adequate cooling and heat dissipation,
and avoid excessively high temperatures or local hotspots.

Table 5. Percentage of simulated values lower than measured values.

Models 20 °C 80 °C

Regular edge simulation model 15% 19%
Irregular edge simulation model 9% 14%
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Figure 20. Field stress at the same measuring point at different temperatures.

5. Conclusions

This study measured the spatial electric field distribution between the capacitor ele-
ment and the casing in oil-immersed capacitors using a built non-contact optical remote
sensing system based on the Kerr electro-optic effect. The experimental results consistently
showed higher measured electric field stress compared to simulation values, with signifi-
cant variations depending on insulation distance, temperature, and measurement direction.
Specific conclusions are as follows:

(1) Electric Field Stress Differences: The measured spatial electric field stress in the
liquid is 15% higher than the simulated data. The electric field stress in the Y1 direction is
close to that along in the Y2 direction.

(2) Impact of Main Insulation Distance: The electric field stress negatively correlates
with increasing insulation distance. At a main insulation distance of 1.5 mm, the electric
field stress is 1.81 times that at 5.5 mm.

(3) Impact of Temperature: As temperature rises, the spatial electric field stress gradu-
ally increases, and the electric field distribution becomes more uneven at higher tempera-
tures. At 80 °C, the field stress is approximately 1.57 times that at 20 °C, and the measured
field at 80 °C is 19% higher than the simulated value.

(4) The measured electric field values are higher than the simulated values, primarily
due to defects present in actual capacitor production, such as edge burrs, internal micro-
impurities, tiny bubbles, and small impurities in the insulating liquid. During production
and transportation, the edges of the capacitor’s aluminum foil may form wrinkles, increas-
ing electric field stress unevenness. To optimize the insulation structure of capacitors, it is
crucial to avoid irregular edge lines and ensure smooth, regular edges during production
and installation. Additionally, the distance between capacitor elements and the casing
should be firmly fixed to prevent small insulation distances that could lead to element
breakdown during transportation and installation.

The results of this study provide technical and theoretical support for the design
verification and optimization of insulation in oil-immersed capacitors, offering significant
engineering application value. By analyzing and experimentally validating the discrep-
ancies between simulated and measured electric field distributions, the study proposes
strategies for optimizing capacitor insulation structures, enhancing the reliability and
performance of capacitors.
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