The influence of robots on the spatial electric field
measurement for zero value insulator recognition

Pengbo Li!, Xuechun Han?, Hengdong Song?, Linmin Pan®, Ziyang Zhang®

State Grid Jiangsu EHV Company, Jiangsu, Nanjing, 211102, China

3Corresponding author

E-mail: 'lipengbo@js.sgcc.com.cn, *hanxuechun168@163.com, 3songhd1@163.com, *njit_plm@.163.com,
3512466839@qq.com

Received 25 December 2024, accepted 2 June 2025; published online 17 July 2025 W) Check for updates
DOI https.//doi.org/10.21595/jme.2025.24747

Copyright © 2025 Pengbo Li, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. Zero value insulators pose a threat to the safe and stable operation of transmission lines.
By walking with tracked robots, the local electric field distribution of insulator strings can be
quickly detected and measured, thereby identifying zero value pieces. To clarify the influence of
robot architecture on the electric field measurement of insulator strings and propose a fast
identification criterion for zero-value recognition, this paper establishes a true model of 220 kV
insulator strings and an equivalent model of robots. The electric field distribution characteristics
of the robot structure working on insulator strings were analyzed through finite element
simulation, and the influence of factors such as robot material and size on local electric field
distortion characteristics was studied, especially the local electric field variation laws under zero
and non-zero values. The model's validity is confirmed through relevant simulations, ensuring its
reliability for practical applications. Further detailed simulation analysis was conducted on the
local electric field distortion characteristics of the robot architecture at different positions of the
insulator string, and the electric field measurement characteristics of the zero value insulator were
obtained. Based on the simulation results of the 220 kV insulator string, a criterion for measuring
and identifying zero value insulators for 500 kV was proposed and applied to 500 kV. The research
results reveal the influence of electric field detection and measurement robots on local electric
field distortion of zero value insulators, which can provide technical support for intelligent
operation and maintenance of external insulation in power transmission and distribution.

Keywords: robot, electric field measurement, zero value insulator, live detection, zero value
recognition.

1. Introduction

Insulators play a role in insulation support in transmission lines, with large quantities and
complex types. Their operating status has a significant impact on the safety of the power grid
[1-7]. Due to its excellent mechanical performance, ceramic insulators are often used for
high-voltage overhead line tension strings. However, under the influence of long-term
electromagnetic environment corrosion, mechanical stress, and product quality, they are prone to
deterioration and form zero value insulators, greatly reducing insulation margin. When the number
of zero value insulator pieces in a string of insulators reaches a certain level, severe accidents such
as flashover and string dropping will occur. The degradation of insulators poses a potential threat
to the stable operation of the power grid, therefore it is necessary to perform status detection on
them [8-12].

At present, zero value detection technology for insulators can be summarized into two
categories: electrical parameter detection and non electrical parameter detection methods. The non
electric parameter detection method mainly relies on infrared thermal imaging [13-16], which has
been studied earlier and more extensively. For example, reference [9] proposed a non-contact
outdoor ceramic insulator string zero value detection method based on infrared image matching,
mainly proposing an improved SIFT (Scale Invariant Feature Transform) method. The test results
show that this method is effective for detecting the zero resistance value of outdoor insulator

JOURNAL OF MEASUREMENTS IN ENGINEERING 1


https://crossmark.crossref.org/dialog/?doi=10.21595/jme.2025.24747&domain=pdf&date_stamp=2025-07-17

THE INFLUENCE OF ROBOTS ON THE SPATIAL ELECTRIC FIELD MEASUREMENT FOR ZERO VALUE INSULATOR RECOGNITION.
PENGBO LI, XUECHUN HAN, HENGDONG SONG, LINMIN PAN, ZIYANG ZHANG

strings. However, the actual use effect of infrared method is not ideal, and it is greatly affected by
environmental factors. The electrical parameter detection methods mainly include insulation
resistance method, spark gap method, distributed voltage method, and electric field method. The
electric parameter detection method is accurate and not affected by environmental factors, but the
biggest disadvantage is that it requires tower climbing and pole operation, which is inconvenient
for operating ultra-high voltage long strings.

For example, some optical sensors can be used to collect electrical signals such as electric
fields, voltages, currents, etc., achieving stable collection of high-voltage signals under electrical
isolation [17-20]. Some scholars have developed electric field sensors using optical sensing
technology, which obtain the electric field distribution of insulator strings through track type
moving mechanisms and drones, thereby identifying zero value pieces. However, both of these
methods can only be applied to suspension strings and cannot be controlled on tension strings.
Thus, existing robot systems still have some limitations in insulator detection. For example, the
maintenance cost of robots using lightweight rails as mobile carriers and lifting mechanisms is too
high [21, 22]. Wheeled legged robots are difficult to handle offset and incompletely tensioned
horizontal insulator strings and have poor adaptability [23]. In many fields of energy engineering,
robots, Al, and related algorithms are also widely used to solve various problems [24-27].

Therefore, this article designs a lightweight tracked robot suitable for tension string crawling,
which can detect the local electric field of insulators through electric field sensing. Compared to
the existing detection robots mentioned earlier, this robot can be wirelessly controlled and walk
stably, while the detection results are more accurate. And established a true model of the 220 kV
insulator string and a simple model of the tracked robot, studied the electric field distribution
characteristics of the zero value insulator, analyzed the influence of the robot structure on the local
electric field distortion characteristics, and provided a basis for identifying zero value insulators
based on electric field detection.

2. Simulation model of electric field distribution with robot architecture

As shown in Figs. 1-2, Fig. 1 is a physical image of the electric field detection robot when
detecting the zero value of tension insulators. Fig. 2 shows the simulation model of the designed
robot. The total weight of the fiber optic sensing zero value detection robot designed in this paper
is about 2.5kg. It is controlled by the robot controller to move forward and backward, and the zero
value detection robot can transmit detection data to the detection terminal display. The overall
framework of the robot is made of fiberglass and plastic materials, and the walking mechanism is
completed by three track wheels.

The detection device mainly consists of a detection probe, a silicon board, and a housing. The
detection probe is arranged on the detection board, which is made of polyethylene material. Design
the dimensions of the detection device's casing: length 150 mm, width 100 mm, height 40 mm.
Circuit board dimensions: 120 mm in length, 90 mm in width, and 2 mm in height. The detection
board is 150 mm long, 10 mm wide, and 2 mm high, used to fix passive crystal electric field
probes. The size of the detection device is shown in Fig. 3.
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Fig. 2. Equivalent structure model of the electric field detection robot
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Fig. 3. The structure of the electric field detection board

This article takes the 220 kV voltage level scenario as the research object, selects 14 XP-160
insulators as representatives, and obtains the local spatial distortion characteristics after generating
zero value insulators through electrostatic field simulation. The structural parameters of the
insulators are shown in Table 1. Simulate zero value by penetrating steel caps, porcelain parts, and
steel foot. The basic properties of the material are shown in Table 2. The values in Table 2 refer
to the material library parameters provided in reference [28] and COMSOL. According to the
relative dielectric constant and conductivity of different materials in Table 2, the parameter values
of the corresponding materials in the simulation model are set for different regions. In the setting
of boundary conditions, zero charge is applied to the metal fittings in the air domain and low-
voltage end, and a single-phase operating voltage amplitude of 179 kV is applied to the wire and
metal fittings in the high-voltage end. The simulation model is shown in Fig. 5.

This paper considers the modeling details of the track mechanism and simplifies it. Due to the
large computational complexity and difficulty in convergence caused by 3D modeling, the track
is set as two rectangles adjacent to the insulator in this paper. For internal components, due to their
distance from the probe that detects the electric field (the probe is a separate part extending outside
the circuit board) and the significantly larger electric field at the insulator, the impact of internal
components on the electric field detected by the probe is not significant. Therefore, internal
components have been ignored.

Table 1. Structural parameters of simulation model
Structural height (mm) | Disc diameter (mm) | Steel cap length (mm) | Length of metal fittings (mm)
2170 255 100 90
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Table 2. Basic properties of different materials

Dielectric material | Relative dielectric constant &, | Conductivity (S/m)
Air 1 1x10-13
Porcelain 6 1x101!
Cement 14 1x1011
Gold fittings 1000 5.998x10°
Wire 2000 1x108

3. The influence of robot structure on electric field
3.1. The influence of robot architecture on the distribution of probe electric field

The difference in the overall electric field distribution curve of the normal insulator string
when the fixed robot is located at the low voltage end (12th piece). As shown in Fig. 4, the distance
between the electric field detection board and the edge of the insulator umbrella skirt is taken as
50 mm, represented by d in the figure. The monitoring red line is taken from the value in the air
0.1 mm above the detection board. The dielectric constant of the detection robot is set to 2.5.
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Fig. 4. Schematic diagram of the monitoring line of the electric field detection board

a) Without considering robots b) Consider robots
Fig. 5. Cloud diagram of electric field distribution near the robot and insulator string (V/m)

As shown in Fig. 5, when the robot is in the twelfth position, its presence or absence has little
effect on the overall electric field distribution. Regardless of whether the current insulator piece
(twelfth piece) is zero or not, the presence of the robot architecture will not have a significant
impact on the equipotential surface of the electric field distribution. According to the simulation
results, the electric field distribution curve along the detection line of the electric field detection
board was obtained, as shown in Fig. 6.

As shown in the figure, the presence of the robot only affects the distribution of the entire
electric field at the two ends of its framework. As shown in Fig. 6(a), when the twelfth piece is
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non-zero, the field strength near the end of the robot frame on the detection line decreases and
increases to a certain extent. When the dielectric constant of the robot frame is set to 2.5, the
decrease and increase are about 20-35 %; As shown in Fig. 6(b), when the twelfth piece is zero,
regardless of the presence or absence of a robot, the local electric field distribution at the position
of the second piece changes. Similarly, the decrease and increase in field strength near the end of
the robot frame on the detection line are approximately 30 %.
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b) The twelfth piece is a zero value
Fig. 6. Overall electric field distribution comparison of the insulator string

Comparing the two figures, it can be seen that when the twelfth piece is a zero value insulator,
the local electric field distribution undergoes distortion, changing from a monotonic upward trend
in Fig. 6(a) to a gentle trend in Fig. 6(b). Excluding the electric field at both ends of the robot,
when there is a robot present, the electric field change at the middle position under the zero value
insulator also shows the same trend. It can be seen that the electric field distortion caused by the
robot body structure only affects the detection of zero value insulators at its ends, while the electric
field distribution in the middle can still reflect the local electric field changes caused by zero value
insulators.

Analyze the influence of robot architecture on local electric field distribution, enlarge Fig. 5,
and change the numerical range to obtain the local electric field cloud map as shown in Fig. 7.

As shown in the figure, although the robot has a relatively small impact on the overall electric
field distribution around the insulator, its end effects cannot be ignored. When the dielectric
constant of the robot is 2.5, compared to when it is equivalent to air, the electric field strength
inside the robot decreases to a certain extent, and the field strength at the end decreases near the
high voltage side and rises near the low voltage side. This may be due to the different directions
of the electric field lines at both ends and the uneven dielectric constant.
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a) The dielectric constant of the robot is 2.5 b) The dielectric constant of the robot is 1
Fig. 7. Local electric field cloud map of robot parts (V/m)

3.2. Detecting the influence of the main material of the structure

The electric field detection structure mentioned earlier is made of a material with a dielectric
constant of 2.5. The dielectric constant may vary in actual situations. Change the dielectric
constant of the main material of the robot, taking values of 1, 2.5, 3.5, and 5 respectively, to study
the differences in local electric field distribution curves when the robot is in the twelfth low-
voltage end.
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Fig. 8. Electric field distribution of the fiber-optic electric field detection board surface

The distance between the electric field detection board and the edge of the insulator umbrella
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skirt is taken as 50 mm, and the monitoring red line is taken as the value in the air 0.1 mm above
the detection board. For a more intuitive comparison, only the local electric field distribution curve
of the electric field detection insulator piece area is provided.

Comparing Figs. 7-8, it can be seen that amplifying the local electric field distribution does
indeed result in distortion of the electric field at both ends of the robot frame, and the distortion
pattern is not affected by the dielectric constant, that is, it decreases on the side closer to the high
voltage end and increases on the side closer to the low voltage end; However, as the dielectric
constant increases, the degree of distortion becomes more severe, and the decrease and increase
in the end are greater.

Comparing the surface electric field distribution of the fiber optic electric field detection board
under zero and non-zero values, taking the dielectric constant of 2.5 as an example, when the
twelfth piece is zero, the trend of electric field intensity changes from 50-58 kV/m under non-zero
values to 48-50 kV/m. It can be seen that the presence of zero value pieces makes the trend of
electric field distribution change smoother. When the dielectric constant is 3.5 and 5, this variation
pattern still applies. Therefore, the influence of the dielectric constant of the robot frame material
on zero value detection can be ignored.

3.3. The influence of robot architecture dimensions

The dielectric constant of the main material of the robot frame is fixed at 3.5, and the robot is
located at the fourth insulator position. Change the size of the robot frame so that the surface of
the fiber optic electric field detection board is 20 mm away from the edge of the insulator umbrella
skirt, while keeping other parameters unchanged. Compare the differences in local electric field
distribution values on the monitoring red line under different robot frame sizes.
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Fig. 9. Electric field distribution of the board surface under different robot size

JOURNAL OF MEASUREMENTS IN ENGINEERING 7



THE INFLUENCE OF ROBOTS ON THE SPATIAL ELECTRIC FIELD MEASUREMENT FOR ZERO VALUE INSULATOR RECOGNITION.
PENGBO LI, XUECHUN HAN, HENGDONG SONG, LINMIN PAN, ZIYANG ZHANG

As shown in the Fig. 9, when the detection distance is 50 mm, as mentioned earlier, in the case
of zero value, the surface electric field change trend of the fiber optic electric field detection board
slows down and flattens, especially in the upper half of the detection board area, as shown in the
red box. For a detection distance of 20 mm and a zero value, the electric field curve in the upper
half of the detection insulator piece areca shows obvious depressions and protrusions, which are
significantly different from the non-zero value situation. From this, it can be seen that the
recognition criteria for zero value detection will vary for robot architectures of different sizes. The
different sizes of robots change the detection distance, thereby altering the trend of local electric
field changes and affecting the characteristics of electric field distribution at zero values.

4. Characteristic electric field analysis of detection location

Due to the presence of zero value insulators, the radial component plays a dominant role in the
trend of electric field strength variation. Therefore, the following analysis only considers the radial
component. Study the difference in local electric field distribution between zero and non-zero
value insulator strings when the robot is in the high-voltage end (4th piece) position, that is, take
a section of the detection red line in Fig. 4 corresponding to the robot position for local analysis.
There are two situations where the distance between the detection board and the edge of the
insulator umbrella skirt is 20 mm and 50 mm, respectively.

Divided into three detection positions for comparison, they are the robot facing the umbrella
skirt (as shown in Fig. 4), facing the steel cap, and facing the steel foot (as shown in Fig. 10). The
simulation results are shown in Fig. 11.

AN =

&

| = I

L | ] \ =

PN
Fig. 10. Schematic diagram of different detection positions

i

In Fig. 11(a), the highlighted area represents the length range of the detection board, and it can
be seen from the figure that the 80 mm detection feature area is located exactly in the middle of
the detection board section. In the characteristic region, whether d is 20 mm or 50 mm, there is a
significant change in the radial electric field component under zero values. For Fig. 11(a), when
d =20 mm, at zero value, the radial electric field in the characteristic region first decreases and
then increases, with a variation range of 55.2-64.7 kV/m; Under non-zero values, the radial electric
field in the characteristic region also shows a certain trend of first decreasing and then increasing,
but the magnitude of the change is relatively large compared to zero values, ranging from
55.3-68.4 kV/m. When d = 50 mm, at zero value, the radial electric field variation amplitude in
the characteristic area is very small, between 54.7-58.3 kV/m; At non-zero values, the radial
electric field in the characteristic region decreases monotonically, with a decrease range of
69.1-49.7 kV/m.

For Fig. 11(b), when the robot position moves to the vicinity of the steel cap, the position of
the feature area changes. Compared with the umbrella skirt position, the radial electric field
changes significantly under zero and non-zero values. When d = 20 mm, under non-zero values,
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the radial electric field in the characteristic region monotonically decreases, with a variation
amplitude of 40.4-68.5 kV/m; At zero value, the radial electric field in the characteristic region
shows a clear trend of first increasing and then decreasing, rising from 66.2 kV/m to 72.5 kV/m,
and then decreasing to about 60 kV/m. When d = 50 mm, at zero value, the radial electric field in
the characteristic region monotonically decreases, with a variation amplitude between
49.4-61.7 kV/m; Under non-zero values, the monotonic decrease of radial electric field in the
characteristic region is greater, ranging from 61.6-41.3 kV/m.

In Fig. 11(c), within the feature region, the radial electric field distribution exhibits only a
numerical difference between the zero and non-zero states, and its variation trend is consistently
monotonically decreasing. Compared with the other two cases, there are no obvious
distinguishable features.
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Fig. 11. Local electric field variation trend of zero value insulator located at the high voltage end
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5. Discussions

Assuming the total length of the detection point is L, the number of probes is N, and the
minimum arrangement spacing is [, as shown in Fig. 12. In order to facilitate detection and reduce
circuit redundancy, it is desirable for N to be as small as possible, while L cannot be too small,
otherwise it will not reflect the trend of changes within the feature area, resulting in misjudgment.

According to the simulation results mentioned earlier, L can be taken as 8 cm, while the width
of the electric field probe itself is approximately 1.5 cm, so N can be taken as 3. Obtain the radial
electric field values on the detection line of the feature area under 3 probes, and calculate their
standard deviation as the identification criterion for the change trend. The results are shown in
Tables 3-5.

/\\_
\

E, E, E;
| L |
I |

Fig. 12. Schematic diagram of point selection for electric field strength values

Table 3. Numerical values of electric field strength with d = 50 mm (kV/m)
Electric field Ei E> Es3
Zero value 52.1 | 544 | 53.7
Non zero value | 48.6 | 43.4 | 39.9
Zero value 459 | 427 | 424
Non zero value | 51.4 | 41.6 | 36.3
Zero value 183 | 19.3 | 19.2
Non zero value | 149 | 11.8 | 10.3
Zero value 132 | 12.1 | 124
Non zero value | 154 | 10.6 | 7.7
Zero value 8.7 6.6 7.9
Non zero value | 13.0 | 13.1 | 14.8
Zero value 144 | 139 | 15.0
Non zero value | 20.8 | 209 | 22.2

High voltage end umbrella skirt

High voltage end steel foot

Medium voltage end umbrella skirt

Medium voltage end steel foot

Low voltage end umbrella skirt

Low voltage end steel foot

Table 4. Electric field strength values at d = 100 mm (kV/m)
Electric field Ei E> Es3
Zero value 51.7 | 49.3 | 43.9
Non zero value | 47.2 | 40.2 | 31.9
Zero value 45.1 | 43.8 | 43.1
Non zero value | 46.2 | 41.0 | 37.2
Zero value 17.7 | 15.2 | 12.0
Non zero value | 152 | 10.1 | 54
Zero value 134 | 12.6 | 12.1
Non zero value | 13.6 | 11.0 | 8.7
Zero value 16.1 | 18.3 | 20.2
Non zero value | 17.3 | 22.6 | 26.1
Zero value 19.5 | 20.7 | 21.9
Non zero value | 17.7 | 21.3 | 24.6

High voltage end umbrella skirt

High voltage end steel foot

Medium voltage end umbrella skirt

Medium voltage end steel foot

Low voltage end umbrella skirt

Low voltage end steel foot
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Table 5. Summary of standard deviation

Standard deviation ¢ d =50 mm (E2\E3) | d =100 mm (E1\E2\E3)
High voltage end umbrella skirt Nozne;(;r\(])a\lgl:ue gg ‘7H6)
High voltage end steel foot N(ile;(;r\(l)a\lzlﬁu o 126:57 41;(5)
Medium voltage end umbrella skirt Noznerzzr\;alﬁue (1)} ig
Medium voltage end steel foot Nc)zrle;(;r\(])a\lgl:ue 22 (2)2
Low voltage end umbrella skirt N(ile;(;r\(])a\lzlzue (l)g 421(5)
Low voltage end steel foot Noznerz(z:r\(,)al/l::l:u o 83 éi

The use of different probes and distances (E2/E3 for d =50 mm and E1/E2/E3 for
d =100 mm) is due to the different positions of the probes from the insulator, resulting in different
changes in the characteristics of the electric field. Through simulation results and comparative
calculations, it was found that using E2/E3 at d =50 mm and E1/E2/E3 at d = 100 mm for
characterization yields the best results.

Obviously, when the standard deviation of the electric field values detected by the three probes
is less than 1.3, or the standard deviation of E2 and E3 is less than 1.0, it can be considered that
the insulator at the current detection position is a zero value piece.

The limitations of the model established in this article are discussed as follows. The robot
model established in this article is an equivalent model, and some complex structures and details
of the robot may not be fully presented. There may be various electromagnetic interference sources
in the actual transmission line environment, such as nearby power equipment, communication
equipment, etc. The electromagnetic fields generated by these electromagnetic interference
sources may couple with the electric field of the insulator, interfering with the robot’s detection
of the zero value electric field of the insulator. However, the existence of these external
electromagnetic interference sources was not considered in the simulation process, resulting in a
relatively idealized electric field environment in the simulation.

6. Conclusions

This article establishes a true model of a 220 kV insulator string and an equivalent model of a
robot. The electric field distribution characteristics of the robot structure working on insulator
strings were simulated and analyzed using finite element method. The following conclusions were
drawn from the study:

1) The presence of robots has a certain impact on the overall electric field distribution of
insulators. However, the electric field distortion caused by the robot body structure only affects
the detection of zero value insulators at its ends, while the electric field distribution in the middle
can still reflect the local electric field changes caused by zero value insulators.

2) With the increase of the dielectric constant of robot materials, the degree of electric field
distortion becomes more severe, and the decrease and increase in the end are greater. However,
the influence of the dielectric constant of the robot frame material on zero value detection can be
ignored. The different sizes of robots change the detection distance, thereby altering the trend of
local electric field changes and affecting the characteristics of electric field distribution at zero
values.

3) The amplitude of the radial component of the spatial electric field can be used as a
characteristic electric field for zero value recognition. The characteristic area is located within a
range of about 8 cm in the middle of the robot detection board, and the feature detection position
is directly facing the steel cap or umbrella skirt. Taking into account the two detection distances
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of far and near (d =20 mm, 50 mm), when the detection robot faces the steel cap, the
characteristic electric field for zero — value recognition on the detection insulator piece has a
non-monotonic distribution. In contrast, when facing the umbrella skirt, the electric field
distribution trend of along the insulator piece becomes flat.

4) In the case analysis of the expanded 500 kV insulator, it was found that zero value insulators
can be identified through the following electric field quantification features: when d = 50 mm,
the standard deviation of the measured electric field amplitude by the drone at the position facing
the umbrella skirt is less than 1.3, and when d = 100 mm, the standard deviation of the measured
electric field amplitude facing steel foot is less than 1.

5) The robot system is highly feasible for large-scale operation. The lightweight tracked robot
can adapt to different voltage levels, especially for UHV transmission lines. It precisely measures
local electric fields without manual tower climbing, reducing risks and labor intensity. Though
initial costs are relatively high, the system saves expenses by preventing fault-related losses. It
can also integrate with existing monitoring systems like optical fiber temperature measurement
and video surveillance, sharing data on intelligent operation and maintenance platforms for
real-time monitoring. Furthermore, its customizability and upgradeability enhance applicability.
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