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Abstract: Existing electric-field integral inversion methods have limited field application conditions,
and they are difficult to arrange electric-field measurement points on high-span overhead lines. This
paper proposes a non-intrusive voltage measurement method for overhead transmission lines based
on the near-end electric-field integration method. First, the electric-field distribution under 10 kV lines
is calculated by finite element simulation software. The electric-field distribution of the plumb line
and the discrete integral node below the wire are analyzed. Then, based on traditional electric-field
integration, a line-voltage-inversion measurement method based on near-end electric-field integration
is proposed. In addition, a voltage-monitoring system based on near-end electric-field integration is
constructed. Next, the numerical integration types, the number of integration nodes, and the scale
coefficient of the near-end region of the inversion algorithm are optimized with the electric-field
simulation data. Finally, to verify the voltage-inversion method proposed in this paper, a test platform
for overhead-line voltage is constructed using a MEMS electric-field sensor. The results indicate
that the voltage-inversion error is 5.75%. The research results will provide theoretical guidance for
non-intrusive voltage-inversion measurement of overhead lines.

Keywords: overhead line; electric-field integration method; non-intrusive voltage measurement;
voltage-inversion measurement

1. Introduction

A strong and reliable smart grid is the future development trend of the power grid,
and it is significant to improve the holographic sensing ability of power links for the con-
struction of a smart grid [1-3]. Voltage is one of the most important electric parameters
to be monitored in power systems. Obtaining massive voltage data of power systems
safely, accurately, and without interference can guarantee the safety protection and stable
operation of the system [4]. The non-intrusive voltage measurement technique does not
require a direct electrical connection to the line or equipment, and it can accurately measure
voltage and avoid interference with the system to be measured. Non-intrusive voltage mea-
surement technology meets the requirements of sensing technology in smart grids [5-7]. At
present, small- and microelectric-field sensors such as the micro-electro-mechanical system
(MEMS) electric-field sensor [8,9], optical electric-field sensor [10,11], and D-dot electric-
field sensor [12,13] can accurately measure the spatial electric-field distribution around the
conductor. The microelectric-field sensor combined with the voltage-inversion algorithm
can realize the non-intrusive inversion measurement of line voltage. Compared with exist-
ing non-intrusive voltage sensors based on stray capacitance-voltage division [14,15] or
electric-field coupling principle [16,17], it avoids the problem that stray electricity is suscep-
tible to the environment. Microelectric-field sensor technology has developed rapidly in
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recent years [18,19], which provides a reliable device basis for realizing voltage inversion.
Therefore, it has been widely concerned by researchers.

According to the principle of inversion measurement, existing non-intrusive voltage
measurement methods are mainly divided into the electric-field inverse problem-solving
method [20,21] and the electric-field integration method. When the shape of the wire is
known, the voltage of the wire can be easily measured by fixing the electric-field-measuring
point around the wire. This method is commonly used to monitor transient voltage of
wire. This method will cause phase error when measuring steady-state voltage in multi-
conductor environment. The voltage-inversion method based on the inverse problem of
the electric field realizes voltage calculation by establishing an inverse solution model of
the field to the source; however, this voltage-inversion method involves complex matrix
inverse operations, so it is not suitable for real-time voltage measurement. The electric-field
integration method calculates the potential difference between the conductor and the zero-
potential point by the discrete numerical integration method to realize accurate voltage
measurement. The electric-field integration method was first used in distributed optical
voltage transformers [22,23]. Chavez employed a small optical field sensor to measure
three-point electric-field information in a dielectric shielding cavity [24]. The electric-
field integral value of the vertical line between the high-voltage electrode and the ground
electrode is calculated by a numerical integration method. This optical voltage transformer
can non-intrusively measure the busbar voltage. Jingang Wang et al. [25] proposed to apply
the electric-field integration method to the voltage-monitoring of transmission lines. By
placing multiple D-dot electric-field sensors on the plumb line between the transmission
line and the ground, they accurately measured the voltage of the line combined with the
electric-field integration method. Additionally, Jingang Wang [26] also proposed a Gauss
integration algorithm with fixed nodes to optimize the placement of electric-field sensors.
The existing electric-field integration method avoids the complex and ill-conditioned issues
of the inverse problem-solving method; however, it needs to arrange multiple electric-field
sensors on the plumb line below the transmission line. Due to the large height of the actual
overhead line, it is almost impossible to suspend several electric-field sensors directly below
the line. Moreover, the remote arrangement between the electric-field sensors also brings
challenges to the synchronous communication between the sensors. At present, the voltage-
inversion measurement method based on the principle of electric-field integration has been
verified to have high accuracy in 230 kV optical voltage transformer; however, there are
few researches on the application of the electric-field integration method to the voltage
measurement of overhead lines. At present, only the verification test is carried out in the
laboratory, and the highest measured line voltage reaches 20 kV. This method, although
theoretically excellent, has not been applied to other higher voltage levels. The reason is
that the existing methods do not fully consider the difficulty of practical application, and
the actual implementation is difficult.

In general, environmental stray capacitance can easily interfere with the existing con-
tactless voltage measurement methods by capacitive coupling, and so the actual measure-
ment accuracy is often low; however, the method of calibrating wire voltage by measuring
the electric field of a single point has the defect of phase error in the multi-conductor
environment. The method of voltage inversion by measuring the electric field of multiple
points has high accuracy in theory; however, the existing methods have high requirements
for sensor layout and communication, so it is difficult to measure in practice. Therefore, it is
necessary to study the further modification method of electric-field integration method. If
the line voltage can be inversely measured by placing sensors near the wire, the feasibility
of the field integration method will be further improved.

Based on the traditional electric-field integration method, this paper proposes a line-
voltage inversion measurement method based on near-end electric-field integration. Firstly,
the measurement principle of conventional electric-field integration is analyzed. Then, the
electric-field distribution on the plumb line below the conductor is calculated by finite
element simulation software. The waveforms of electric-field intensity at different positions
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of integral nodes are calculated. In addition, the distribution law of the electric field along
the plumb line and the problem of electric-field coupling interference are analyzed. Based
on these analyses, a voltage inversion calculation method based on near-end electric-field
integration is proposed. Next, according to the near-end integration method, the voltage-
monitoring device and the system scheme of the overhead transmission line are proposed.
Based on the finite simulation data, the scale coefficient of the near-end region, the type of
the integration algorithm, and the number of integration nodes are optimized. Finally, an
experimental platform for voltage-inversion measurement of high-voltage overhead lines
is constructed to test and verify the voltage-inversion method proposed in this paper.

2. The Measurement Principle of the Near-End Electric-Field Integral Method
2.1. Electric-Field Integration Method

The spatial electric field generated by the steady-state voltage of the overhead line is a
quasi-static field, and it has the property of an electrostatic field. According to the definition
of the potential at a point in space in the electrostatic field, the potential at a point is equal
to the work done by the force of the electric field by moving the unit positive charge from
the point to infinity. Thus, the wire potential ¢ can be expressed as:

00— =
Q= E.-dli
p

M

— —
where E is the electric field experienced by a unit charge as it moves. [ is the path of charge

—
movement. The electric-field vector E is positive in the vertical downward direction. The
—

distance vector [ is positive vertically upward. Then, the potential difference Uy, between
any two points in the electrostatic field is the work done by the unit positive charge moving
from point a to point b along any line. The potential difference Uj, can be expressed as:
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Figure 1 shows the voltage measurement model for overhead transmission lines based
on the electric-field integration method. Where the height of the wire is H m. The potential
of the ground is assumed to be 0 V. According to Formula (2), the voltage of the wire U is:

H— —
U=—[ E-dl 3)
JO
Phase-A Phase-B Phase-C
Transmission
_ A .
] : Line
¢ Discrete
Integrating
Node
E
= Y
Integral
Path
r—| Ground ¢=0

Figure 1. The voltage measurement model for overhead transmission lines based on the electric-field
integration method.

To facilitate calculation, the plumb line of traverse and ground is taken as the integral
path. According to the calculation principle of discrete numerical integration, the definite
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integral value on the finite region can be converted to the sum of the product of the function
value at the integral node and the corresponding proportionality coefficient. Therefore, line
voltage U can be calculated by:

U Y axE(x) 4)

n

k=1
where «; is the integral weight, x; is the position of the integrating node, E(x) is the
electric-field intensity on the integrating node, and 7 is the number of integrating nodes.
Note that although the discrete integral method makes line-voltage and wire-height factors

unrelated formally, the integral weight and the electric-field strength are directly related to
the line height.

2.2. Analysis of Electric-Field Distribution of Plumb Line below the Line

The electric-field integral inversion method realizes voltage inversion based on the
electric-field distribution of the plumb line below the conductor. To improve the existing
integral inversion method, it is necessary to analyze the spatial electric-field distribution of
overhead lines. In this study, the COMSOL Multiphysics finite element simulation software
is used to calculate the electric-field distribution rule below the line. In the simulation
model, the three-phase lines are arranged horizontally. The wire material is set to aluminum,
and the radius and length of the wire are set to 16 mm and 2 m, respectively. The distance
between the conductor and the ground is 6.5 m, and the distance between the adjacent
phase conductors is 0.65 m. The wire voltage is set to 10 kV three-phase voltage with a
voltage frequency of 50 Hz. The ground boundary voltage is set to 0 V. A line segment
from the ground to the surface of the wire is set directly below the central position of the
line as the observation calculation path. In the finite element simulation, the cross section
is first partitioned using a free triangular mesh. Then the overall 3D model is meshed by
sweeping. The settings of the free triangular mesh division include: the maximum cell size
is set to 0.15 m, the minimum cell is set to 0.02 m, the maximum cell growth rate is 1.08,
and the curvature factor is 0.35. The cross-sectional view of the mesh division is shown in
Figure 2 below.

0

Figure 2. The cross-sectional view of the mesh division.

The electric-field distribution of the plumb line below the three-phase conductor is
calculated. The analysis of the electric field below the A-phase wire is taken as an example.
When t = 0.05 s, the electric-field distribution of the plumb line below the A-phase wire
is shown in Figure 3. Where the vertical coordinate E is the electric-field strength in the
vertical ground direction, the horizontal coordinate h is the vertical height from the ground.
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Figure 3. The electric-field distribution below the A-phase wire.

It can be seen from Figure 3 that the electric-field intensity in the near-end integration
region near the line is strong. As the distance r from the wire increases, the intensity of
the electric field decreases sharply. The electric-field intensity in the far-end region away
from the overhead line is weak, and it decreases very slowly as the distance r from the
wire increases. According to the above electric-field distribution characteristics, the plumb
line below the wire can be divided into the near-end region and the far-end region. The
proportion coefficient of the near-end integral region is denoted as k, and the vertical height
of the line from the ground is denoted as H m. The plumb line below the conductor is
divided according to the height x from the ground. When x € [0, kH), it is a far-end region,
and when x € [kH, H], it is a near-end region. When x = kH m, this point belongs to the
near-end region. According to the definition of potential, the wire voltage can be equivalent
to the area formed by the curve and the horizontal axis in Figure 3. From the electric-field
distribution of the plumb line below the wire in Figure 3, it can be seen that the integral
area of the near-end area is almost close to the integral area of the whole curve.

The choice of integration node is one of the key factors affecting the accuracy of the
electric-field integration method. It is necessary to analyze the electric-field waveform at
different points on the plumb line below the wire. Taking the A-phase wire as an example,
the electric-field intensity at multiple nodes in the near-end and far-end regions below the
10 kV wire is simulated, with the height of the integrating node set to h = 6.3 m, 6.0 m,
5.0 m, 2.0 m, respectively.

Figure 4 shows the electric-field variation curves of integration nodes at different
positions below the A-phase conductor of the 10 kV line. The results indicate that the
amplitude of the electric-field intensity decreases with the decrease in the node height. The
integration nodes at h = 6.3 m and h = 6.0 m belong to the near-end region. Its electric-field
intensity waveform amplitude is strong, and the phase difference between the electric-field
intensity and the wire voltage is small. The integration nodes ath =5.0mand h=2.0m
belong to the far-end region. The amplitude of the electric-field intensity waveform of
the node in the far-end region is small; the phase difference between electric the field
intensity and the wire voltage is large. According to Formula (4), the existence of such
phase difference will directly bring a phase error to the inversion line voltage. Where the
vertical coordinate E is the electric-field strength in the vertical ground direction at the
calculated node. The horizontal coordinate t is the time of the electric-field waveform, and
here two sine periods are chosen.

The reason for the phase difference is that other phase conductors will produce an
interference electric field below the conductor to be measured. Since the integration nodes
in the near-end region are very close to the conductor to be measured, their electric-field
intensity mainly comes from the strong electric field of the conductor to be measured.
Additionally, according to the electric-field distribution law in Figure 4, the electric field of
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the coupling interference generated by other phase conductors will attenuate very little
due to the existence of large phase spacing. As the height of the integration node decreases,
the electric field from the conductor under test will be significantly attenuated, and the
phase difference increases gradually due to the interference electric field of the adjacent
phase conductor. Based on the above analysis, it is obvious that selecting the integration
node in the near-end region not only facilitates the layout of sensors but also effectively
reduces the interference generated by adjacent phase conductors.
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Figure 4. The electric-field variation curves of the integration nodes at different positions below the
A-phase conductor of the 10 kV line.

2.3. The Principle of the Near-End Electric-Field Integral Method

Because the electric field around the wire is concentrated around the wire, the area
formed by the near-end region and the horizontal axis is much larger than that formed
by the far-end region and the horizontal axis. So, if the near-end region coefficient k
is selected reasonably, the transmission-line voltage can be accurately calculated by the
electric-field integration method. Meanwhile, the integral node is near the wire when
integral inversion is carried out for the near-end area. This means that the field sensors need
to be only placed near the wires. With this method, the difficulty of sensor installation in
the traditional electric-field integration method is effectively overcome, and the accuracy of
voltage calculation can be also guaranteed. According to the above analysis, the calculation
formula of transmission-line voltage U based on the near-end electric-field integration
method can be expressed as:

kH H H N

u= / E(x)dx —|—/ E(x)dx ~ / E(x)dx =Y a;E(x;) + R[f] = Y wE(x;) (5
0 kH kH = =

where a; and x; are the integral weight and the position of the integration node in the
near-end area, respectively. E(x;) is the electric-field intensity at the integrating node in
the near-end region. N is the number of integrating nodes. R|[f] is the error remainder
brought by the discrete numerical integration method, and it is related to the type of the
numerical integration method, the number of integrating nodes, the proportion coefficient
of the near-end region, and other factors.

In Formula (5), the electric-field integral x; and the integral weight «; need to be
calculated by the numerical integration method. The Gauss-type integral method is a
numerical integration method with an algebraic precision of 2n + 1, and it has been proven
to have good accuracy in the traditional voltage inversion algorithm based on electric-field
integration. In this study, two integral methods, Gauss-Legendre integral and Gauss—
Chebyshev integral, are adopted to calculate the integral node x; and the integral weight «;.
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(1) Gauss-Legendre integral

When the weighted function p(x) = 1 and the integration interval are normalized, the
zero point of the Legendre polynomial is the Gaussian integral node x;, where the position
of the integral node satisfies:

P = g [ -] =12 ,m) ©

where P; (x) is the jth legendre polynomial, and 7 is the number of integrating nodes.
According to the definition of algebraic precision of the integral formula, when the integral
formula holds for any f(x) = x™, (m=0,1,2, ..., 2n + 1), it has an algebraic precision of
2n + 1. The integral weight ay (k=0, 1, ... , n) can be obtained by substituting the position
of the integral node x4 (k =0, 1, ..., n) into Formula (4):

0 0 0 b 1
*o Xpooo Xy X fabx dx
x5 xpo X, a1 [ x?dx
=" ()
2n+1 2n+1 . 2n+1 b .
X0 X7 X &n fa x"dx

(2) Gauss—Chebyshev integral

When the weighted function p(x) =1/(1 — x2)1/2 and the interval are normalized, the
zero point of the Chebyshev polynomial is the Gaussian point x;, where the position of the
integral node satisfies:

2i+1
X; = COs |:27'[(T[—i—1):| (8)
wherei=1,2 ... n, and n is the number of integrating nodes.
The integral weight calculation formula is:
1-k)H
= L20H ©)

where k is the scale coefficient of the near-end integral region, and H is the vertical height
of the line from the ground.

The error source of the voltage-inversion algorithm based on the near-end electric-field
integral is denoted as the error residual term R[f]. The size of the error residual term is
related to the numerical integration method, the number of numerical integration nodes,
and the scale coefficient k of the near-end region. The following optimization is conducted
for the factors affecting the accuracy of these algorithms.

The flow chart of the line-voltage inversion algorithm based on the near-end electric-
field integration method is shown in the Figure 5. After determining the parameters such
as the alignment shape and height of the conductor, the algorithm parameters such as
the scale factor of the near-end region, the number of integration nodes, and the type of
numerical integration are optimally selected. Then the integration node positions and the
integration weights are calculated according to the determined algorithm parameters. The
device is designed to install the MEMS electric-field sensor at the corresponding position
according to the above algorithm solution results. Then, the voltage of the wire is accurately
calculated by the electric-field measurement data and the voltage-inversion algorithm. It
should be noted that we performed simulated calculations when optimizing the parameters
of the algorithm. The electric-field data used in the simulated calculations were obtained
by finite element simulation. In the validation tests, the electric-field data were obtained by
MEMS electric-field sensor measurements.
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Figure 5. The flow chart of the line-voltage inversion algorithm.

2.4. Scheme of the Measurement System

The online monitoring of transmission-line voltage can be realized by combining the
near-end electric-field integration method and the MEMS electric field. The overhead-
line-voltage monitoring system based on the near-end electric-field integration method
is shown in Figure 6. The system consists of a non-intrusive voltage-measuring device
and an upper monitoring computer. The non-intrusive voltage-measuring devices are
designed according to the near-end electric-field integration theory. Inside the device are
multiple arrays of microelectric-field sensors. The electric-field sensor array can accurately
measure the electric-field intensity at the desired integration node. The voltage-measuring
device includes a high-speed data acquisition unit (DAU), a narrowband internet of things
(NBIOT) module, and a microcontrol unit (MCU). The DAU and MCU can collect the
electric-field data of each node and calculate the wire voltage internally. Meanwhile, the
NBIOT module sends the voltage-monitoring data to the upper computer. This scheme
effectively addresses the issue that the existing electric-field integration method is difficult
to apply to the transmission line.

Non-intrusive Voltage
Measuring Devices

If 1
MEMS } Code 1 E(a) :i }i 3 i i )
Electric Field | T 1: e I Wireless
Sensor Array I i: i :Commumcatlon
" 1l
Electric Field 555 s > i I P2
Integral Path Built-in Module i i | Upper
" MCU i Computer

Ground

Figure 6. The overhead-line-voltage monitoring system based on the near-end electric-field integra-
tion method.

The near-end electric-field integration method calculates voltage through the electric-
field data of the discrete integration node. Therefore, it is crucial to accurately measure the
electric-field intensity at the integration node. Due to the limited space inside the device,
the size and power consumption of the sensor need to be low enough; however, the existing
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advanced microelectric-field sensor technology provides a solution to this problem. In this
paper, a MEMS electric-field sensor is exploited to measure the electric field at the node.
The image of the MEMS electric-field sensor used in this study and the microstructure
of the internal MEMS chip are shown in Figure 7, where the yellow one is the packaged
MEMS electric-field sensor and the part pointed by the white arrow is the microstructure
of the internal MEMS chip. Encapsulated MEMS electric-field sensors are insensitive to
meteorological and environmental factors and have been used for atmospheric electric-field
measurements at high altitudes [27]. The sensor adopts a MEMS chip of field grinding
electric-field sensor, which is encapsulated by ceramic material. The measurement range of
the MEMS is higher than £100 kV /m, the resolution is up to 15 V/m, and the accuracy is
higher than 2%. The sensor is powered by a -5 V DC power supply.

Figure 7. The MEMS electric-field sensor and the internal MEMS-chip microstructure.

3. Optimization of Near-End Electric-Field Integration Algorithm
3.1. Numerical Integration Type and Node Number Optimization

Firstly, the scale coefficient of the near-end integral interval is temporarily set to 0.9.
The different numerical integration method is used to calculate the location of the integra-
tion node in the near-end region. In finite element simulation, the electric-field information
of each point on the plumb line below the three-phase line is extracted and substituted into
the near-end integral inversion algorithm. The relative errors of inversion three-phase volt-
age’s amplitude obtained by the inversion of the two integration algorithms and different
numbers of nodes in the near-end interval are shown in Table 1. The calculation formula
for relative errors of inversion three-phase voltage’s amplitude is as follows:

Srfx — uinveer — uactuale (X — A,B,C) (10)
Uactual—x

where ¢, 5, &g and &,.c are relative errors of A-, B- and C-phase inversion voltage’s ampli-
tude respectively. Ujnyer-x is amplitude of inversion voltage for phase A, B or C. U,ctyal-x is
amplitude of actual voltage for phase A, B or C.

The results in Table 1 indicate that for the same integration method, the relative errors
of inversion voltage’s amplitude decrease gradually with the increase in the number of
integration nodes. In addition, the Gauss—Chebyshev integral method is more accurate than
Gauss-Legendre integral method. When the number of integrating nodes is 2 to 5, the rela-
tive errors of the Gauss—Chebyshev integral method are all less than 10%, while the relative
errors of the Gauss-Legendre integral method are all more than 10%. Furthermore, it can
be seen from the table that the Gauss—Chebyshev integral method converges faster than the
Gauss-Legendre integral method. The former can achieve higher precision inversion with
fewer integration nodes. The fewer the number of integration nodes, the fewer the number
of sensors placed near the line, the simpler the internal layout of the measurement system,
and the lower the cost. Therefore, as few integral nodes should be selected as possible on
the premise of ensuring measurement accuracy. According to the calculation results of the
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Gauss—Chebyshev integral method with different numbers of integrating nodes, when the
number of nodes is three, the relative errors of inversion three-phase voltage’s amplitude
is small. Therefore, this study finally chooses the three-point Gauss-Chebyshev integral
method as the best scheme for the near-end voltage inversion of 10 kV lines.

Table 1. The relative error of inversion voltage’s amplitude with different numerical integration
methods and numbers of nodes.

The Number of

Integral Method Integration Nodes N frA ér-B érC
2 —43.21% —41.33% —43.47%
Gauss—-Legendre 3 —37.17% —34.10% —37.37%
Integral 4 —24.17% —20.56% —24.33%
5 —17.32% —13.28% —17.51%
2 —9.11% —2.68% —9.47%
Gauss—Chebyshev 3 —2.25% 2.56% —2.55%
Integral 4 —2.09% 2.89% —2.22%
5 —2.01% 3.78% —1.97%

3.2. Optimization of the Near-End Region Coefficient k

The near-end electric-field integral method mainly calculates the electric-field integral
value in the near-end area of the wire. Therefore, it is crucial to select the proportional
coefficient of the near-end integral region reasonably to improve the measurement accuracy.
According to the optimization results in Section 3.1, three integration nodes are selected in
the near-end region and calculated by the Gauss—Chebyshev integral method. Considering
that the scale coefficient of the near-end region falls within [0.75, 0.95], the inversion voltage
under different k values is calculated.

Figure 8 shows the variation law of maximum relative error of the three-phase voltage’s
amplitude ermax With respect to the k value. The calculation formula for &rmax is as follows:

Ermax = max{|er_,4|, ‘8r7B|/ |€r—C‘} (11)

0.20

=

—_

Q1
T

Maximum Relative Error of Voltage
= =
o —_
a1 o
T T

000 1 1 1 1 1
0.75 0.80 0.85 0.90 0.95

Near-end Region Coefficient k

Figure 8. The influence law of the near-end integral region coefficient on the maximum relative error
of the inversion voltage.

The results in Figure 8 indicate that when the k value starts to decrease, the relative
error of the maximum value of the inversion three-phase voltage decreases rapidly; then,
it stops decreasing and rises slightly around k = 0.9; finally, it continues to decline slowly
after k = 0.86 and reaches the minimum value at k = 0.9. When k € [0.9, 0.95], the near-end
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region is too small, and a large remaining integral area is ignored, resulting in a large
error. As k decreases, the near-end integral region expands. The remaining integral area
to be ignored decreases, so the error decreases. When k € [0.86, 0.9), the near-end region
is almost close to the whole integral of the curve; however, since the integral node is far
away from the conductor, the proportion of interference components generated by adjacent
phase conductors increases, so the error increases slowly. When k € [0.75, 0.86), because
the integration nodes are far away from the conductor, the interference proportion of other
phases do not change significantly; however, as the near-end integral area continues to
expand, the measurement error decreases slowly as the near-end integral area increases.

When selecting the near-end integration region coefficient, it should be ensured that
the near-end integration area is large and the integration node can be close to the charged
conductor. Although the inversion error is smaller when k < 0.75, the unlimited reduction
of k will inevitably bring about the decline of the integral node position. In this case,
the near-end integration method will lose its meaning, and the problem of sensor layout
will reappear. Therefore, k = 0.9 is finally selected in this study as the best near-end
integral region coefficient of the three-point Gaussian-Chebyshev integral method for 10 kV
transmission lines. According to the scheme, the three-phase voltage waveform obtained
by the inversion is shown in Figure 9. The vertical coordinate U is the actual applied
voltage or the inverse-calculated voltage of transmission line. The horizontal coordinate
t is the time of the voltage waveform, and here two sine periods are chosen. The results
indicate that the near-end integral inversion method proposed in this paper can achieve
high-precision inversion calculation of overhead lines. The amplitude error and phase error
of the three-phase voltage are small.
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Figure 9. The results of three-point Gaussian-Chebyshev proximal integral inversion at k = 0.9.

4. Experimental Testing and Analysis

To verify the accuracy and feasibility of the voltage-inversion measurement method
proposed in this paper, a non-intrusive voltage-inversion-measurement test platform for
high-voltage overhead lines was built. The electric-field distribution below the wire was
measured by a MEMS electric-field sensor. Meanwhile, a voltage-inversion algorithm is
adopted to calculate the wire voltage and compare it with the actual voltage.

4.1. Construction of Experimental Platform

The non-intrusive voltage-measurement test platform of an overhead line was built, as
shown in Figure 10. Power frequency AC signals are generated by an arbitrary waveform
generator. The high-voltage amplifier amplifies the signal to produce a high-voltage
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amplitude of 1 x 10* V onto the metal rod conductor. The diameter of the metal rod
conductor is 16 mm, and the length is 3 m. The metal bar is supported to a certain height by
two retractable insulating supports. The MEMS electric-field sensor is attached below the
wire by a graduated plexiglass pillar, and it is used to measure the electric-field intensity
below the wire. The height of the MEMS electric-field sensor is changed by adjusting the
fixture. The actual voltage of the line is obtained by the capacitive voltage divider (the
partial voltage ratio is 371:1) for comparison with the inversion voltage. Before the test, the
position of the integration node of the corresponding proximal integral method has been
calculated. The electric-field sensor is fixed at the corresponding position according to the
calculated integral node position. Then, the voltage-inversion algorithm proposed in this
paper is adopted to calculate wire voltage.

L

Wire - = <Capacitive .
“x Grad ] Voltage Arbitrary
| raduated . . .o Waveform
Pillar 1 Generator
Retractable = :
Insulation : P &m.,
Support 1 Oscilloscope
s%= o , ——
MEMS Electric
Field Sensor High Voltage
Amplifier

Figure 10. The non-intrusive voltage-measurement test platform for overhead lines.

4.2. Analysis of Experimental Results

Because the height of the actual overhead transmission line is 6 m~7 m, which is not
suitable for laboratory testing, this paper measured the voltage of the wire with a height
of 2m. Since the height used in the test is lower than the actual one, the integral area
proportion of the near-end area will decrease. Therefore, the scaling coefficient of the
proximal region was set to 0.7, and the three-point Gauss Chebyshev integral method was
used at the near end. The positions of each electric-field-measuring point are shown in
Table 2, where x1, xp and x3 are the heights of the three integrating nodes.

Table 2. The positions of the electric-field integral nodes during the test.

Region (m) Node Position (m)
x 1.957
x) 1.786
X3 1.614

According to the calculated height information, the MEMS electric-field sensor is
accurately arranged in the proximal integration area right below the wire, and it directly
faces the wire so that the electric-field measured by the wire is in the plumb field direction.
The electric-field waveform measured at three points near the end and calculated at the
remote auxiliary node is shown in Figure 11. The vertical coordinate E is the electric-
field intensity in vertical ground direction measured by MEMS electric-field sensor. The
horizontal coordinates t are the time of the electric-field waveform, where two sine periods
are recorded. The results indicate that the electric-field intensity of the measuring point on
the plumb line decreases with the decrease in height.
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Figure 11. The electric-field waveform of three integral nodes measured by the MEMS electric-
field sensor.

Then, the electric-field data measured above are substituted into the voltage-inversion
algorithm to calculate the voltage of the line. Figure 12 presents the comparison between
the voltage waveform calculated by the voltage-inversion algorithm and the actual line-
voltage waveform. Where, U, is the actual voltage of the wire, and U is the voltage
obtained by inversion measurement. The comparison results indicate that the voltage
waveform calculated by the voltage-inversion algorithm is almost consistent with the
actual line-voltage waveform, and the amplitude error of the inversion voltage and the
applied voltage is 5.75%. The analysis of the causes of error indicates that there are some
errors in the MEMS electric-field sensor, the actual positioning position, and the theoretical
height of the sensor. In addition, the electric-field sensor is secured by plexiglass pillars. The
relative dielectric constant of plexiglass is about 2.3. Although the permittivity of plexiglass
material is relatively small, it will distort the electric-field distribution in a small range. This
is another reason for the discrepancy between measured and calculated values. The results
of many tests show that the influence of the above error sources on the inversion is within
an acceptable range. Since the height used in the experiment is much smaller than that of
the actual overhead line, on the plumb line below the wire, the concentrated distribution of
electric-field intensity in the near-end region is weakened. Therefore, if the measurement is
made at a larger height, the error of the near-end integral method will be further reduced
to close to the simulation calculation value. Finally, the experimental results verify the
accuracy and feasibility of the proximal integral inversion method proposed in this paper.
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|
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Time #(s)

Figure 12. The inversion calculation of the line-voltage waveform and the actual voltage comparison.
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5. Conclusions

Drawing on the traditional voltage measurement method, this paper proposes a
voltage inversion method based on near-end electric-field integration:

(1) The theoretical model of voltage inversion calculated by the electric-field integral
method is established. The COMSOL Multiphysics finite element simulation software
is employed to calculate the electric-field distribution under the 10 kV three-phase
overhead line and the electric-field intensity waveform at different positions. The
calculation results indicate that the electric-field intensity on the plumb line below
the conductor is concentrated in the near-end region of the conductor, and the in-
tegration node in the near-end region is less affected by the electric-field crosstalk
of the adjacent phase conductor. Then, a voltage-inversion algorithm based on the
near-end electric-field integration method is proposed in this paper. Meanwhile, an
overhead-line-voltage monitoring system is proposed based on the near-end electric-
field integration method.

(2) The voltage-inversion calculation is conducted by using the data of a finite simulated
electric field, and the integration type, the number of integration nodes, the proportion
coefficient of the proximal integration region, and the remote auxiliary nodes of the
voltage-inversion algorithm are optimized. The results indicate that when k = 0.9,
the three-point Gauss—Chebyshev integral method can realize accurate inversion of
three-phase voltage, and the maximum error is 2.55%.

(3) A test platform is built for voltage-inversion measurement of high-voltage overhead
lines, and the electric-field waveform at each integral node below the line is measured
through the MEMS electric-field sensor. The results indicate that when the ratio
coefficient of the proximal region is k = 0.7, the error of voltage inversion by using the
three-point Gauss—Chebyshev integral method and introducing a remote auxiliary
node is 5.75%.

This paper provides a feasible method for voltage inversion in the line field; however,
due to the interference of meteorological factors, this non-intrusive voltage measurement
method has limitations in practical direct use. Therefore, it is also necessary to study
the calibration method of humidity factor or the overall sealing protection of the mea-
suring device. In future work, a non-intrusive line-voltage-measuring device can be
developed by integrating a power module and a communication module with advanced
micro-sensor technology.
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