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ABSTRACT Non-invasive voltage measurement of transmission lines plays an important role in the process
of power system digitization. Aiming at the phase to phase coupling effect of the field source structure of
the transmission line, the paper proposed a self-decoupling voltage measurement method based on the field
source structure parameters of the measuring point, to achieve the accurate measurement of three-phase
voltage by a single sensor. Voltage measurement is achieved at the measuring point of the sensor by utilizing
a three-dimensional electric field induction probe. The principle of voltage self-decoupling measurement
is introduced in this paper. The measurement model of voltage self-decoupling is analyzed. Simulation
calculations are then performed to calculate and adjust the coefficient of the self-decoupling matrix. Finally,
the voltage measurement and decoupling effect of this method are verified using a three-phase horizontal
distribution transmission line as an example. The results show that the voltage measurement error under
steady-state and transient conditions is less than 2.8% and 2.2% respectively. This method can be used for
voltage measurement of transmission lines.

INDEX TERMS Non-intrusive measurement, vector electric field sensor, phase to phase coupling, electric

field self-decoupling, transient steady state simulation.

I. INTRODUCTION

With the development of electric power equipment states
informatization, non-invasive intelligent sensing technology
has become the trend of digital detection of power sys-
tems [1], [2], [3], [4], [5]. As an important means of
real-time monitoring of equipment running condition, voltage
measurement technology has a wide application prospect
in aerospace, power system, digital twin technology, etc.,
and has been widely studied by scholars at home and
abroad [6], [7], [8], [9], [10].

Voltage measurement of transmission lines is based on
spatial electric fields [11], [12], [13], [14]. Space electric
field consists of three-dimensional electric field compo-
nents [15], [16], [17]. When the transmission line is running,
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different phase voltages produce different electric fields,
which will affect the voltage measurement results [18].
Therefore, the coupling effect between different dimensions
of the electric field must be considered, and the vector sensor
decoupling calculation must be carried out.

When faced with measuring the real-time voltage signals,
the drawbacks are obvious both in contact and contact-
less measurement method, e.g., the contact device inductive
voltage transformers (IVTs) [19] and capacitor voltage trans-
formers (CVTs) [20] are often bulky, large, and expensive.
Meanwhile, the installation location is relatively fixed, which
is inconvenient for large-area distributed applications. The
measurement result is affected by the hysteresis effect
obviously, and the measured signals are distorted in some
frequency ranges [21], [22]. On the other hand, for the con-
tactless voltage measuring method, different measuring point
means independent linear factors, which may cause various
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measurement effects. Meanwhile, there need to be multiple
sensors installed under overhead lines for restoring the orig-
inal overvoltage signal. Without the decoupling method, it is
hard to apply to practical engineering applications.

Currently commonly used decoupling algorithms have
many limitations. In 2014, Wen et al. utilized a three-
dimensional spatial matrix measurement method based on
a coplanar decoupling structure. They positioned three sen-
sors in a coplanar but non-collinear configuration to ensure
the reversibility of the sensitivity matrix. Through inver-
sion, they established the relationship between the actual
three-dimensional electric field strength and the readings
obtained from the sensors. Guifang et al. [24] established a
calibration model containing phase-to-phase coupling and
Angle deviation, and introduced a differential optimization
algorithm to solve the sensitivity coefficient matrix to real-
ize the decoupling and calibration of the three-dimensional
electric field vector sensor. However, when the coefficient
matrix is relatively complex, the equation is easy to fall into
the local optimal solution, and the phenomenon of prema-
ture convergence or search stagnation occurs. Li et al. [25]
proposed a three-dimensional electric field decoupling cal-
ibration method based on genetic algorithm. By setting
fit-ness function and evolution operator, the optimal solution
is searched in the feasible solution space, avoiding the com-
plex matrix inversion operation and possible errors. However,
the calibration system is not perfect and the local search
ability is poor, which affects the real-time performance of the
electric field measurement system.

This paper presents a self-decoupling voltage measurement
method based on the field source structure of transmission
line measurement points, and established the equivalent coef-
ficient matrix. By calculating the parameters of sensor nodes,
to reduce the information source requirements of the decou-
pling matrix, and realize three phase voltage inversion of
a single sensor. The three-phase voltage measurement test
is carried out to verify the effectiveness of the decoupling
method.

Il. SELF-DECOUPLING NON-INVASIVE MEASUREMENT

A. PRINCIPLE OF VOLTAGE SELF-DECOUPLING
MEASUREMENT

Voltage self-decoupling takes the field source structure of the
transmission line as the object, and the sensor node adopts the
three-dimensional symmetrical structure to realize the accu-
rate restoration of the three-phase voltage of the transmission
line by a single sensor.

The voltage self-decoupling method is aimed at measuring
the electric field of three-phase transmission lines, and is
used to solve the problem of phase to phase coupling in the
measurement. The sensor adopts a three-dimensional spatial
structure. Firstly, calculate the relationship matrix between
electric field and voltage, and then use the Gaussian electric
field intensity formula to derive the output voltage signal of
each group of electrode plates.
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Transmission line voltage has the electromagnetic effect
of the same frequency distribution in space. According to
Maxwell’s equations, electric field strength consists of two
parts [26]. As shown in Equation (1) below:

dA(t)

E(t) = —Vo(t) - 5 = Ec(t) + Eina(1) ey
where, E(t) is the synthetic electric field signal, measured
in the time domain at a fixed measuring point. E.(¢) is the
conservative component of the electric field produced by a
time-varying charge. V() is the potential of the overhead
line. A(t) is the Magnetic dynamic vector. V is the Differential
operator. Equation (2) describes the electric field distribution
under the overhead line. According to the Gauss theorem [18]
of electric field, if the voltage is measured by an electric field
coupling sensor, then:

Vo(t) = &rSeqZmE (1) 2)

where, V,(¢) is the output voltage, which is proportional
to the first derivative of the electric field amplitude with
respect to time t. This is an important basis for voltage
signal detection. &, is the relative permittivity. S.,represents
the equivalent Gaussian integral area, and Z,, represents the
output impedance of the sensor. Considering the discrete
distribution characteristics of electromagnetic field, the elec-
tric field induction from Z direction cannot reflect the real
situation of overvoltage, no matter using optical or electric
sensors. Therefore, the premise of a self-decoupling decou-
pling method is to adopt a three-dimensional electric field
sensor structure, whose structure can be equivalent to the
basic model shown in Figure 1 below.
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FIGURE 1. Equivalent illustration of 3D electric field induction probe.

Considering the three - phase overhead line as the excita-
tion source, the coupling effect of adjacent, interposition and
counter position of electric field sensor should be considered.
In the aspect of plate design, S1-S2, $3-S4, S5-S¢ are respec-
tively composed of x y z direction of the induction electrode.
The sensor is placed under the overhead line to realize the
centralized acquisition of the three-dimensional component
of the electric field signal. Then the relation between electric
field and potential can be summarized as:

Ex kAx ka ka YA
Ey = kAy kBy kCy ¥B 3)
E; kaz kp; kc: Yc
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where matrix [Ey, Ey, E;] is the output electric field of three
points. [@4, ¢B, ¢c] is the three-phase transient overvolt-
age. Coefficient kay-kcx, kay-kcy, kaz-kc; is the directional
component coefficient matrix of each pair of electrodes.
For example, k4, represents the contribution of an A-phase
transmission line to the electric field component in the x
direction, and so on with other definitions. This matrix is
different from the decoupling algorithm proposed in the lit-
erature [27] and [28]. Specifically, the whole matrix is a
three-dimensional vector electric field sensor model and a
three-phase overhead transmission line, so there is no need
to install sensors in each phase of the overhead transmis-
sion line. After sensor parameters and field installation are
determined, the corresponding coefficient matrix will also
be determined, thus realizing the self-adaptation of sensor
position parameters as shown in Figure 2.

GNDi
i

FIGURE 2. Diagram of self-decoupling method for y-o-z plane.

B. SELF-DECOUPLING CALCULATION MODEL

For most overhead transmission lines, the conventional
decoupling method based on input and output relationship
is difficult to realize in practice because of the need for a
large number of sensors to carry out complex repeated tests.
In contrast, it presents self-decoupling method which can
simplify decoupling matrix by combining position parameter
of multiple measuring points. In the Figure 2, R, d, and h are
used to refer to the radius, distance and height of the wire
respectively. ra-rcare used to refer to the distance between
the three-phase overhead line and the measuring point. Ay,
+Az is used to indicate the displacement of the sensor in
the y-o-z plane. ¢j, (0; represent different distributions of
overhead lines, which are simulated by the relative positions
and heights of central phase lines, such as triangular, parallel,
inverted triangle arrangement. Because of the highly sym-
metrical distribution of measuring points, some coefficients
in the decoupling matrix can be equal. Use the following
equivalent: kg = kcy = k1, kay = kex = ko, ka; = ke, = k3,
kpx = kpy = k4, kg, = ks. Therefore, the component
coefficient matrix is nonsingular, and the decoupling matrix
can be reduced to the form of the inverse matrix K !, namely:

@A ki ks ko7 T Ex
o | = | k2 k4 Ky Ey @
@c k3 ks k3 E;
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where ki-ks represents the equivalent coefficient of matrix.
Theoretically, in order to ensure the effectiveness of
Equation (4), the three-dimensional electric field sensor is
installed in a symmetrical position. According to Gauss the-
ory [26], the electric field intensity E, at the center of the
three-dimensional sensor is:
£ - o-a
°" 2meoln (r?/R)

where o is the simulated charge density of three-phase con-
ductor, ris distance between the measuring point and the
conductor, R is the radius of conductor, « is the Gaussian
integral surface. g is the Vacuum dielectric constant. By inte-
grating the electric field signal on the center path of the
plate [29], the output voltage signal of each group of plates
can be expressed as:

&)

B “

Uy = xAX = S 8

32 2megIn LHE)
7

Uy = ya&y = 292 8
—g/2 2nsolnw

u;= [ Edz= (©6)
where g is the distance between the center of each electrode.
Uy, Uy, u; are the induced output voltage signals in the three
pairs of electrodes. In view of o0 o ¢ and the proportional
relation proposed in Equation (2), the decoupling coefficient
in Equation (3) is:

A

k]=k2=k3= (h2+d2)g
R

2mepln

A

ks =ks = )

2mepln % §
where A is correction coefficient. When measuring point
is determined in the same system, the output voltage A of
different groups can be regarded as equal. The coefficient is
related to electrode thickness, wire height and other parame-
ters, which can be calibrated several times by standard electric
field measuring equipment. Sensor is placed in symmetrical
positions along the y and z axes, which is the default con-
dition of the above self-decoupling matrix. But if the sensor
generates Ay = y, Az = Iz, along the y-o-z plane, then the
basic condition is not true. When the sensor size is ignored,
kax = kay = k1, kcx = kcy = ko, d, h should be replaced by
d=xly and h=tlz respectively. When the measuring points are
asymmetrical, there is:

A
ki = g
2 2
2meoln (h£l,) -;(d:l:ly)
k A
2 = ) 2 g
2mepIn (il +H(dFly)” J;(d:Fly )
ks =kys =ks = 8
N (T ®)
0 R
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where, Ay = ly, Az = Iz represent the offset displace-
ment away from the center line. From equations (7) to (8),
it can be seen that the self-decoupling coefficient matrix
varies under different transmission lines. The number of
sensors required by the traditional decoupling method can
be reduced by the self-decoupling method, and the adaptive
matrix coefficients can be adjusted by placing the position
parameters. According to the self-decoupling method, not
only it can reduce the number of sensors required by tradi-
tional decoupling methods, but also it can realize adaptive
matrix coefficient adjustment by placing positional parame-
ters. It should be emphasized that the above self-decoupling
matrix is valid when the size of the sensor is negligible
compared to the conductor, but not vice versa. The pro-
posed decoupled overvoltage measurement method combines
the principle of multi-dimensional electric field coupling,
so the coefficient matrix can be effectively simplified. Only
one three-dimensional electric field sensor can obtain the
three-phase overvoltage information, and there is no need to
install three sensors under each phase, greatly reducing the
difficulty of understanding the coupling.

lll. SELF-DECOUPLING SIMULATION CALCULATION

A. ESTABLISHMENT OF SELF-DECOUPLING MODEL

As shown in Formula (7), when the sensor is symmetrically
distributed about the x, y, and z axes and placed directly below
phase B of the transmission line, the coefficient matrix is
singular and there are infinite sets of solutions. Therefore, this
installation method cannot achieve decoupling calculation.
If the sensor undergoes a certain displacement in the y-o-z
plane Ay=ly, Az=lz, s shown in Formula (8), its decoupling
coefficient matrix is invertible matrix, and coefficient solu-
tion can be realized.

The multi-physical field coupling simulation software
was used to realize the simulation calculation of the
self-decoupling matrix coefficient of the transmission lines.
The three-phase AC transmission lines A, B and C were
designed with the line spacing of Im. As the influence of
the height above ground on the measurement results in the
near-source region is relatively small and is subject to the
limitations of experimental conditions, the simulated distance
to ground is also selected as 2.5m based on the principle
of consistency with the experiment. The ground position
directly below the center of the B-phase wire was set as
the origin and the coordinate was (Om, Om, Om). The sen-
sor installation position is (0, -0.1m, 2m), and the radius
of vector electric field sensor is 2.5cm. Considering that
the working condition of the transmission line is relatively
complex, there are not only steady-state voltage signals but
also transient voltage signals. Therefore, the wire excitation
source is set as steady-state and transient state respectively
during the simulation calculation, and the synthetic electric
field and potential distribution around the transmission line
are observed according to different excitation sources. The
decoupling simulation model is shown in Figure 3.
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FIGURE 3. Decoupling simulation model.

In the simulation setting of steady-state electric field, the
effective value of the working voltage of the three-phase
transmission line is set as 10kV, the voltage frequency as
50Hz, and the voltage phase of the wire as 120°, respectively.
The steady-state potential and electric field distribution dia-
gram at the sensor as shown in Figure 4 and the superimposed
steady-state electric field change curve in each direction as
shown in Figure 5 can be obtained.
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FIGURE 4. Transient potential and electric field distribution (a) Transient
potential distribution diagram. (b) Transient electric field distribution
diagram.
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FIGURE 5. Variation curve of electric field in each direction of measuring
point.

Then, the parameters of the transient electric field were set
on the simulation model of the steady-state electric field, and
the peak transient voltage on the three-phase transmission line
was set as 10kV, whose function expression was as follows:

U = 10% x (¢7205x10% _ ,=5.64x10%1 )

Considering the short duration of the transient signal,
the simulation duration is designed to be 0.002s, and the
steady-state potential and electric field distribution diagram
at the sensor as shown in Figure 6 and the superimposed
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FIGURE 6. Transient potential and electric field distribution (a) Transient
potential distribution diagram. (b) Transient electric field distribution
diagram.
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FIGURE 7. Variation curve of electric field in each direction of measuring
point.

transient electric field change curve in each direction as
shown in Figure 7 can be obtained.

B. ANALYSIS OF SIMULATION RESULTS

By analyzing the variation law of the electric field intensity
at the spatial field point where the sensor is located and
combining with the voltage variation of the transmission
line, the electric field decoupling coefficient matrix A can be
obtained at a certain time. In this scenario, the parameters of
the decoupling coefficient matrix and the relation matrix are
shown in Table 1.

TABLE 1. Decoupling matrix parameters 1.

Name Value Unit Name Value Unit
E. 1703.615 v/m Ady 0.413 m’!
E, 1597.991 v/m ABy 0.427 m’!
E. 1085.203 v/m Acy 0.394 m’!
/1,4,( 0.394 m! /1,42 0.427 m!
ABx 0.427 m’! AB: 0.427 m’!
Ace 0.413 m’! Acs 0.427 m’!

Table 1 shows the decoupling matrix parameters obtained
when the sensor is in-stalled at coordinates (Om, -0.1m, 2m).
Taking transient test as an example, the voltage peak of the
transmission line is adjusted to 5kV, and the voltage reduction
of the three-phase transmission line is calculated by mea-
suring the electric field components in each direction of the
sensor. The A-phase error is 1.35%, and the B-phase error
is 1.94%. The C-phase error is 1.68%, and the maximum
measurement error is less than 2%.

VOLUME 11, 2023

The voltage decoupling matrix of the transmission line at
different heights can be obtained by adjusting the distance
from the ground of the sensor. When the coordinate position
of the sensor is set to (Om, 0.5m, 1.5m), the same transient
and steady-state excitation as the previous one is applied
respectively to observe the electric field changes. Figure 8(a)
shows the steady-state excitation of the wire. The changes of
each component of electric field are synthesized by super-
position of three-phase AC transmission lines at the sensor;
Figure 8(b) shows the variation diagram of each component
of electric field synthesized by superposition of three-phase
AC transmission lines at the sensor under transient excitation
applied to wires.

Table 2 shows the decoupling matrix parameters
obtained at the sensor installation position coordinate
(Om, 0.21m, 1.7m). The voltage peak value of the transmis-
sion line was adjusted to 5kV, and the voltage reduction of the
three-phase transmission line was calculated by measuring
the electric field components in each direction of the sensor.
The A-phase error was 13.45%, B-phase error 17.82%, and
C-phase error 15.93%.

TABLE 2. Decoupling matrix parameters 2.

Name Value Unit Name Value Unit
E,. 1246.607 v/m Lay 0.489 m’!
E, 1193.003 v/m Mgy 0.516 m!
E. 926.23 v/m Acy 0.754 m!
Aux 0.754 m’! Az 0.516 m!
by 0.516 m’! Ap: 0.516 m’!
Acx 0.489 m’! Ace 0.516 m’!

It can be seen from Table 1 and Table 2 that under the
simulation example, when the spatial position of the sensor
changes, the parameters of the decoupling matrix will change
to different degrees. Further, the measurement points are
selected in the space region below phase B for testing, and
Table 3 is obtained.

It is known that when the sensor is located in the vertically
symmetric region below phase B and the approaching wire is
directly below, the voltage self-decoupling calculation error
of the transmission line is smaller. When the sensor is closer
to the wire, the voltage error of self-decoupling calculation
of the transmission line is smaller. Therefore, in the actual
non-intrusive voltage measurement test, it is necessary to
first determine the appropriate sensor location to avoid the
phenomenon of singular matrix or excessive error in calcula-
tion, and then carry out the decoupling coefficient calibration
work to improve the accuracy of voltage self-decoupling
calculation of transmission line.

IV. TEST VERIFICATION OF SELF-DECOUPLING METHOD
A. TEST PLATFORM AND METHOD

The validity of the self-decoupling algorithm is verified
by three-phase transient and steady-state tests. The test
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TABLE 3. Decoupling matrix parameters 3.

Measuring point position

(m) L, (v 2,) EV/m) Ey(V/m) EL(V/m) M X do=he=hs (exs &3 2%
L,(-0.843,0.375) 3.45%10?% 3.27x10? 2.55%10% 0.401 0.427 0.394 (94.35;90.27;93.41)
L,(-0.757,0.375) 3.57x10% 3.64x10% 2.78x10? 0.398 0.421 0.405 (91.50;88.63;90.27)
L5(-0.692,0.526) 5.35x10? 5.40%10? 4.58x10? 0.402 0.430 0.435 (86.28;81.53;75.38)
L4(-0.692,0.635) 5.84x10? 5.73x10? 4.92x10? 0.415 0.432 0.451 (82.83;80.79;72.89)
L5(0.571,0.854) 7.14x10? 6.92x10? 6.39%x10? 0.457 0.430 0.497 (79.78;71.19;72.67)
L6(0.471,0.854) 7.26%x10% 6.81x10? 6.21x10? 0.489 0.432 0.511 (79.91;71.25;79.73)
L,(0.385,1.173) 9.55%x10? 9.68%10? 9.02x10 0.541 0.415 0.508 (45.77;35.08;39.73)
Lg(0.385,1.358) 9.76x10? 9.47x10? 8.96x10? 0.659 0.407 0.493 (34.46;37.91;31.04)
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FIGURE 8. Steady-state and transient electric field variation curves.
(a) steady-state electric field component. (b) transient electric field
component.

platform of three-phase transmission line is shown in
Figure 9. The three-phase voltage regulator, rated power
of 3kVA, output voltage range of 0-520V, three-phase high
voltage test transformer, rated power of 3kVA, voltage range
of 0-20kV, its combination can output 0-20kV three-phase
power frequency voltage for steady-state test of the system;
The high voltage probe, oscilloscope and impulse high volt-
age generator are the same as those used in single phase test.
During the construction of the platform, three copper columns
3m in length and lcm in diameter were used as three-phase
transmission wires, which were set up on wooden supports
and were respectively set as phases A, B and C. The wires
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FIGURE 9. Three-phase transmission line test platform.

were 2.5m from the ground and the line spacing was 1m. The
vector electric field sensor is placed 50cm vertically below
the B phase center of the three-phase transmission line and
10cm away from the A phase. It is connected with the system
prototype through coaxial cable. After sampling and data
processing, the data is sent to the upper computer for display
and storage through the wireless module.

Optimize and select the design parameters of the elec-
tric field sensor by reducing the sensor radius, reducing
the spacing between adjacent electrode plates, and adjusting
and increasing the electrode plate thickness. Finally, set the
electrode plate thickness to Smm, the radius to 2.5cm, and
the spacing between adjacent electrode plates to 2mm. The
physical and 3D design drawings of the sensor are shown
in Figure 10.

B. STEADY-STATE VOLTAGE DECOUPLING MEASUREMENT
The three-phase voltage regulator and transformer are used
to realize the three-way power frequency voltage output with
different amplitudes. The line standard voltage output by the
high voltage probe of P6015A is displayed by the oscillo-
scope respectively, and the voltage signal output by the signal
conditioning is compared. The oscilloscope CH4 displays
the voltage waveform of the high voltage probe, and CHI,

VOLUME 11, 2023
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(b)

FIGURE 10. (a) Sensor model diagram. (b) Sensor physical diagram.
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FIGURE 11. Steady-state test output signal waveform.

CH2 and CH3 are the output voltage waveform of the signal
conditioning circuit respectively. When the effective value of
line voltage is 6.57kV, the measurement results are shown
in Figure 11.

From the comparison of the voltage waveform in Figure 11,
it can be seen that the output power frequency voltage signal
of the signal conditioning circuit is basically consistent with
the measured signal of the high voltage probe, indicating that
the steady-state response of the signal conditioning circuit is
good, and the output signal of the sensor does not appear
distortion in the conditioning process. Considering that the
plate induced voltage is formed by the synthetic electric field
under the three-phase transmission line, therefore, there is
a certain difference between the output signal and the line
voltage.

Matrix coefficients of the voltage self-decoupling
algorithm are set respectively on the upper computer interface
for data receiving processing and calculation analysis. The
display results of the upper computer of the monitoring
system are shown in Figure 12.

From the monitoring interface of the upper computer, it can
be seen that the peak-to-peak voltage of the A and C phase
lines is 18.6kV, and the peak-to-peak voltage of the B phase
lines is 18.5kV. There is no phase error of A phase, the phase
error of B phase is 1.2°, and the phase error of C phase
is 1.6°, which is due to the time difference between different
acquisition modules caused by the operation sequence of the
microcontroller during A/D conversion. The data result of
voltage self-decoupling calculation in the upper computer
was downloaded and compared with the voltage measured by

VOLUME 11, 2023

] [comctonpon] [[Somsas | [Sopdmm] [ o | [Domoaioa |

ol o 3] o = ]

Result

= Jise
#° Comwies w
[(Bphasephare ] 121.2
4] || [ CpuaseVPP_]18.6 kv
[Copasephase | 241.6

o
s [0 oxE]
o] [ 0.1 H

Dovoad progress

FIGURE 12. Steady-state test diagram.

the high voltage probe in the oscilloscope. The relative error
between the self-decoupling calculation result of the moni-
toring system and the actual voltage of the line was analyzed.
Taking phase B of the three-phase transmission line as an
example, the effective value of the self-decoupling calcula-
tion voltage is Uj, the voltage measured by the high-voltage
probe is Uy, and the error is &. Conduct 20 experimental
measurements and take the average. The experimental data
obtained under the test conditions of power frequency voltage
with different amplitudes are shown in Table 4.

TABLE 4. Steady-state test B-phase test data.

Line voltage Standard instrument
UkV) voltage Uy(kV) UikV) &%)
5 5.30 5.21 1.8%
6 6.10 6.04 1.2%
7 7.00 6.94 0.7%
8 8.10 8.21 1.4%
9 9.40 9.14 2.7%
10 10.00 1.016 1.6%

It can be seen from the test data in Table 4 that the error
between the calculation result of voltage self-decoupling and
the steady-state voltage of the line is less than 2.8%, which
proves that the performance of the monitoring system is stable
under the condition of steady-state voltage of power fre-
quency, and the feasibility of voltage self-decoupling method
in power frequency voltage measurement of transmission
lines can be verified.

C. MEASUREMENT OF TRANSIENT VOLTAGE DECOUPLING
The output terminal of the impulse high-voltage generator is
connected to the three-phase transmission line to simulate the
occurrence of lightning strikes on the three-phase transmis-
sion line. The transient performance of the monitoring system
is tested through the impulse voltage testing. The oscillo-
scope displays and compares the standard voltage measured
by the P6015A high-voltage probe and the voltage signal
output by the signal conditioning circuit. The waveform of
the high-voltage probe output voltage is displayed on CH4
of the oscilloscope, while CH1, CH2, and CH3 display the
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waveform of the voltage output from the signal conditioning
circuit, as shown in Figure 13.
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FIGURE 13. Output signal of transient test conditioning circuit.

It can be seen from the comparison of the voltage wave-
form in Figure 13 that the output transient voltage signal
of the signal conditioning circuit is basically consistent with
the measured signal of the high voltage probe. The transient
response of the signal conditioning circuit is relatively fast,
which can realize the processing of the high-frequency tran-
sient signal. The display result of upper computer in transient
test is shown in Figure 14.
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FIGURE 14. Transient test diagram.

The relative errors between the self-decoupling calculation
results and the actual voltage of the line were analyzed. Phase
B in the three-phase transmission line was again taken as
an example, where the peak value of the transient voltage
calculated by the self-decoupling monitoring system was Uy,
the peak value of the voltage measured by the high-voltage
probe was Uy, and the error was ¢. Conduct 20 experimental
measurements and take the average. Table 5 can be obtained
under the transient voltage test conditions of different ampli-
tudes.

It can be seen from the test data in Table 5 that the error
between the calculation result of voltage self-decoupling and
the line transient voltage is less than 2.2%, which verifies the
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TABLE 5. Transient test B-phase test data.

Line voltage Standard instrument

U(kV) voltage Uy(kV) Ui(kV) &%)
5 5.00 493 5%
6 6.40 6.32 1.2%
7 7.10 7.17 0.9%
8 8.30 847 2.1%
9 9.00 8.94 0.7%
10 10.10 9.97 1.8%

feasibility of the self-decoupling algorithm in the measure-
ment of transient overvoltage of transmission lines.

D. COMPARISON OF MEASUREMENT EFFECTS
Decoupling methods for 3D space electric field measure-
ment include differential evolution algorithm and genetic
algorithm. Differential evolution algorithm is based on the
calibration model of phase coupling and angle deviation to
solve the sensitivity coefficient matrix. Genetic algorithm
is to obtain the optimal decoupling calibration matrix by
setting fitness function and genetic operator. Compared with
self-decoupling, both methods have a large amount of com-
putation, which is difficult to meet the real-time requirements
of electric field measurement. Taking genetic algorithm as
an example, Conduct comparative experiments on decoupling
effects.

Apply electric fields along the negative direction of the
Z-axis, with field strengths of OkV/m, 10kV/m, 15kV/m,
20kV/m, and 25kV/m, respectively. The test platform is
shown in Figure 15 below.

Three-phase
A transformer

FIGURE 15. Measurement effect comparison test platform.

According to Equation (8), by introducing the parame-
ters, the decoupling coefficient matrix Cyyy obtained from
the inverse operation of the self-decoupling method can be
obtained as:

3.6211 —0.1585 0.2389
—0.1885 3.1714 —0.3506 (10)
—0.4021 —0.0007 3.2120

Cur =

For the genetic algorithm, first set the parameters as shown
in Table 6, bring the sampled data into the algorithm for
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TABLE 6. Genetic algorithm parameter settings.

Parameter Meaning Set value
n Number of chromosome genes 9
Population size 1000
G Maximum genetic algebra 2000

TABLE 7. Comparison of relative errors between two methods.

Self-decoupling Genetic algorithm
. algorithm
Electric : ;
Maximum  Average Maximum  Average
field(kV/m) . ) . )
relative relative relative relative
error error error error
E, 3.21 0.92 438 2.9
E, 5.77 1.22 9.85 1.84
E. 8 1.77 10.46 4.41
E 1.9 0.59 4.39 1.51

operation, and solve to obtain the decoupling coefficient
matrix is Cg4 .

3.5355 —0.1610 0.2400
—0.1960 3.1800 —0.3428 an
—0.4003 —0.0100 3.4000

Cea =

Comparing the measurement results of two decoupling cal-
ibration matrices, Table 7 shows the relative error relationship
between the calculated and theoretical values of electric field
intensity obtained by the two decoupling calibration methods.

From Table 7, it can be seen that the maximum relative
error and average relative error of the calculated and theoreti-
cal electric field values obtained based on the self-decoupling
algorithm are smaller than those obtained using the genetic
algorithm based decoupling method. Compared with genetic
algorithm, the use of self-decoupling method reduces the
maximum relative error from 4.39% to 1.90%, and the aver-
age relative error from 1.51% to 0.59%. This indicates that
the self-decoupling algorithm can effectively eliminate cou-
pling interference of electric field components, improve the
calibration accuracy of electric field sensors, and achieve
accurate measurement of spatial three-dimensional electric
fields.

V. CONCLUSION

In this paper, an electric field self-decoupling voltage reduc-
tion algorithm based on three-dimensional vector electric
field sensor and measuring point field source structure is
introduced. The voltage self-decoupling calculation model is
established and analyzed, the sensor simulation calculation
under a three-dimensional electric field is carried out, the
test platform is built, and the transient steady-state voltage
decoupling capability test is carried out to verify the effec-
tiveness of the method. Experiments show that this method
can better solve the problem of phase-to-phase coupling of
transmission lines and realize the accurate measurement of

VOLUME 11, 2023

the voltage of transmission lines. It can be used in fault mon-
itoring, operation, and maintenance of transmission line with
different voltage, etc., and has a good application prospect.
When applied to transmission lines with higher voltage levels,
it is necessary to modify the sensor position. However, tower
and lightning arresters are not considered at present, and it
will be further improved in the following studies.
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