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ABSTRACT The non-contact voltage measurement of the transmission line is of importance to the
operation and intellectualization of the electrical power system. Presently, the non-contact measurement
of the transmission line voltage based on the field sensor has been widely studied. The methods of obtaining
the voltage by solving the electric field inverse problem have difficulties in solution and calibration. This
problem can be effectively solved by adopting the numerical integral algorithm of electric field. In this
paper, the voltage measurement by using the Chebyshev piecewise integral algorithm, Gauss-Legendre
integral algorithm and Gauss-Legendre improved algorithm was analyzed and the integral intervals of the
algorithms were optimized. The multi-index comprehensive evaluation model was established for evaluating
the measurement effect, adopting improved subjective weighting method. The finite element simulation
model of the 10-kV transmission line was built with the Maxwell software platform to carry out the
simulation test. The measurement effects of different voltage measurement methods were compared and
it was proposed to apply the Chebyshev piecewise integral algorithm to the voltage measurement system
of the transmission line. Finally, the transmission line voltage measurement test platform based on D-dot
sensor was built and the measurement safety and accuracy of the Chebyshev piecewise integral algorithm
was verified.

INDEX TERMS Algorithms, electric field integral, Gauss-Legendre, non-contact, piecewise Chebyshev,
transmission lines, voltage measurement.

I. INTRODUCTION
The effective and accurate measurement of the transmission
line voltage is of great significance to ensuring the safe
operation of the power grid. Presently, traditional voltage
transformers are becoming more and more difficult to adapt
to the requirements of modern power grid development and
the non-contact voltage measurement method based on field
sensors [1]–[4] has become a research hotspot, which has
been carried out mainly in two directions.

Firstly, the electric field sensor measures the elec-
tric field near the transmission line to be measured
through a certain way of arrangement, and the trans-
mission line voltage is obtained by the inverse problem
of electric field. Inverse problem solving has general-
ized cross-validation method (GCV) [5] , third-order con-
vergence iterative method [6], quasi-Newton method and

two-parameter algorithm, statistical approximation model
(such as radial basis function model) [7]–[10], stochastic
class optimization algorithms (such as simulated annealing
algorithm) and deterministic class search algorithms (such
as gradient class method) [11]. Besides calculation com-
plexity, the method often has no solution, multiple solu-
tions or wrong solutions, resulting in inaccurate measurement
results [12]–[14].

Secondly, according to the theorem of electric field inte-
gral, the electric field sensor measures the electric field
intensities of several nodes, and the transmission line volt-
age is calculated based on the numerical integral algorithm.
At present, the method has many disadvantages, such as
inaccurate measurement results, failure to realize non-contact
measurement and sensor breakdown. In overseas, Nicolas
A.F. Jaeger has designed the optical voltage transformer
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based on the distributed sensing head, and realized the
measurement of line voltage by the numerical integral algo-
rithm. However, it did not realize the non-contact measure-
ment actually [15]. Patrick P. Chavez et al. tested the designed
optical voltage sensor without considering the complex trans-
mission line environment and the insulation situation. The
measurement accuracy met the requirements of IEC Standard
Level 0.2 [16]. Literature [17] applied the Gauss-Legendre
integral algorithm and calculated the voltage of the trans-
mission line through calculation. Literature [18] divided the
integral path into at least two sub-integral intervals, calculated
the integral of each of them by using the Gauss Legendre
integral algorithm, and summed up them to obtain the voltage
of the transmission line. However, it did not propose the
reason of the integral interval division and its optimization
method.

The voltage measure method of the transmission line
based on the electric field integral algorithm is discussed,
and the voltage measurement methods of the transmis-
sion line based on the Chebyshev piecewise integral algo-
rithm, Gauss-Legendre integral algorithm, Gauss-Legendre
improved algorithm are analyzed. The simulation measure-
ment results of three algorithms were compared. The mea-
surement safety and accuracywas taken into account to obtain
the appropriate electric field integral algorithm. The D-dot
electric field sensor [19]–[25], which has high precision, sim-
ple structure and easiness to be distributed in large area, was
selected to set up the transmission line voltage measurement
system and then verify the voltage measurement effect.

II. TRANSMISSION LINE VOLTAGE CALCULATION MODEL
When measuring the phase voltage of a three-phase transmis-
sion line, factors such as the positional relationship of the
transmission line and the measurement environment affect
the three-phase synthetic electric field in the calculation area,
but the potential of the transmission line is not affected by
the above factors. The phase line voltage can be obtained by
electric field integration.

The theorem of electric field integral to measure voltage
was to take the field strength between the transmission line
and the ground as the calculation area. According to the
integral relation between the electric field strength and the
transmission line voltage, the phase voltage of the transmis-
sion line to be measured can be calculated by the method of
numerical integral.

The transmission line was the power frequency voltage,
and the ground potential was used as the reference potential.
A electric field region was formed between the transmission
line and the ground, which can be regarded as a quasi-static
field. The electric field strength vector EE conformed to
Maxwell’s equation:

∇ × EE ≈ 0 (1)

The above formula showed that the electric field below
the transmission line can be regarded conservative. Due to
the conservative nature of the electric field, the potential

differencewas independent of the integral path. As long as the
projection of the electric field strength in the direction of the
integral path was accurately measured, the integral result was
necessarily the potential of the transmission line. For the sake
of convenience, Integral path perpendicular to the ground
(0 potential reference) was constructed in the calculation area,
and the integral formula is as follows:

Vd =
∫ d

0
E(x)dx (2)

Where Vd was the voltage of the transmission line to be
measured, d was the vertical distance from the transmission
line to the ground, and E(x) was the component of the electric
field intensity vector at the distance x from the ground in the
integral path (the direction pointing to the ground is positive).

Since E(x) was not an explicit function, this definite inte-
gral cannot be calculated using the basic theorem of cal-
culus Newton-Leibnitz formula. With numerical integration
method, the definite integral was constructed by using the
function values of several discrete points. The approximate
formula was as follows:

Vd =
∫ d

0
E(x)dx ≈

n∑
j=0

AjE(xj) (3)

where Aj was the first quadrature coefficient; E(xj) was the
intensity of the electric field along the plumb direction of the
discrete integral point xj on the integral path; m was the total
number of integral points, namely, the total number of used
electric field sensors.

A. VOLTAGE MEASUREMENT ALGORITHM BASED ON THE
CHEBYSHEV PIECEWISE INTEGRAL ALGORITHM
Three kinds of typical structural transmission line simula-
tion models were established by Maxwell software, which
were horizontal arrangement, regular triangle arrangement,
and double-circuit arrangement. Fig. 1 presented the spatial
distribution curve of the electric field on the integral path of A
phase line of horizontally arranged transmission lines under
10kV voltage.

FIGURE 1. Electric field distribution curve below the transmission line.
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The simulation results represent the similar distribution
characteristics that the electric field distribution near the side
of the transmission line showed a fast attenuation state. In the
part with slow change of the electric field, the electric field
values in different positions of the integral path had little
difference, and the information contained was little, so the
excessive distribution of integral nodes in this interval would
cause the waste of resources. Therefore, the integral interval
was divided into the non-mutation integral interval and muta-
tion integral interval of electric field, as shown in Fig. 2. The
integral results of the electric field were V1 and V2, so the
voltage calculation model of the transmission line voltage
was:

Vd = V1 + V2 (4)

FIGURE 2. Integral interval segmentation diagram of the electric field.

1) VOLTAGE CALCULATION MODEL OF THE
NON-MUTATION INTEGRAL INTERVAL OF
THE ELECTRIC FIELD
It was assumed that the integral interval segmentation point
was determined to be at d0 from the ground, and the trans-
mission line to be measured was d from the ground. The
non-mutation interval of the electric field was [0, d0].
In the non-mutation interval of electric field, one integral

node was set up. The electric field integral was calculated by
the rectangle formula. The electric field sensor was set up
at the place d0/2 away from the ground. The electric field
integral formula of the non-mutation interval of the electric
field was as follows:

V1 =
∫ d0

0
E(x)dx ≈ A0E(x0) ≈ d0E(d0/2) (5)

2) VOLTAGE CALCULATION MODEL OF THE MUTATION
INTEGRAL INTERVAL OF THE ELECTRIC FIELD
Chebyshev integral has been widely used in engineering
technology calculation, characterized by fast calculation and
high accuracy. Therefore, Chebyshev algorithm was used to
calculate the integral value of the mutation section of electric
field.

There are n integral nodes were set up on the mutation
integral interval [d0, d] of the electric field. The integral

formula of the electric field in this interval was:

V2 =
∫ d

d0
E(x)dx ≈

n∑
j=1

AjE(xj) (6)

It was substituted in the normalization formula t =
2

d−d0
(x − d+d0

2 ) to normalize the integral interval [d0, d] of
the integral formula, as shown in Fig. 3.

FIGURE 3. Integral interval normalization diagram of the integral interval
in the mutation section of the electric field.

The functionE(x) of x was transformed into a functionE(t)
of the temporary variable t . Formula (3) was rewritten as:

V2 =
d − d0

2

∫ 1

−1
E (t)dt (7)

The Chebyshev algorithm was used to calculate the∫ 1
−1 E (t) dt part of formula (7). The integral formula was as
follows: ∫ 1

−1
E(t)dt ≈ Bn

n∑
j=1

E(tj) (8)

where E(t) was the function of the temporary variable t
for the quadrature coefficient of the electric field intensity;
Bn was the second quadrature coefficient of the Chebyshev
algorithm.

RegardE(t) as the polynomial not higher than n, the second
quadrature coefficient Bj and integral points tj meeting the
following constraints:

Bn = 2/n (9)
n∑
1

tj = 0
n∑
1

t2j =
n
3

n∑
1

t3j = 0
n∑
1

t4j =
n
3
· · ·

(10)

The first quadrature coefficient of the mutation interval of
the electric field Aj was obtained according to the definition:

Aj =
d − d0

2
Bn =

d − d0
n

, j = 1, 2, 3, . . . n (11)

The integral points t1, t2, t3, . . . tn were obtained according
to formula (10). When the number of integral points was
1 to 6, the position of Chebyshev integral points was shown
in Table 1.
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TABLE 1. Integral point location of the mutation interval of the electric
field by the chebyshev piecewise integral algorithm.

According to the transformation relation, the integral point
tj was transformed into the electric field measurement posi-
tion xj(j = 1, 2, 3, .., n), which is the distance from the elec-
tric field measurement point to the ground. The electric field
integral of the mutation section V2 was calculated according
to the formula (6).

V2 ≈
n∑
j=1

AjE(xj) (12)

The sum of it and the electric field integral V1 of the non-
mutation integral interval was the voltage of the transmission
line.

According to the electric field distribution simulation result
of horizontally arranged transmission line with different volt-
age levels obtained, the electric field integration results of
different integration intervals were obtained by Matlab pro-
gramming. The voltage measurement accuracy reached a
high value when the integral interval segmentation point was
around 0.7d (under the premise of sensors is not broken
down).

B. VOLTAGE MEASUREMENT ALGORITHM BASED ON THE
GAUSS-LEGENDRE INTEGRAL ALGORITHM
The calculation formula of transmission line voltage based on
Gauss-Legendre integral algorithm [26], [27] was as follows:

Vd =
∫ d

0
E(x)dx ≈

n∑
j=0

AjE(xj) (3)

The formula t = 2
d (x−

d
2 ) was substituted into formula (3)

to normalize the integral interval, as shown in Fig. 4.
The function E(x) of x was transformed into a function

E(t) of t . Therefore, the electric field integral formula (3) was
rewritten as:

Vd =
d
2

∫ 1

−1
f
(
d
2
t +

d
2

)
dt =

d
2

∫ 1

−1
f (t) dt (13)

For the part
∫ 1
−1 E (t) dt in formula (13), the Gauss-

Legendre integral algorithm was used for calculation. The
formula was as follows:∫ 1

−1
E (t)dt ≈

n∑
j=0

CjE
(
tj
)

(14)

FIGURE 4. Integral interval normalization diagram by the Gauss-Legendre
Algorithm.

where Cj was the second quadrature coefficient of the
Gauss-Legendre integral algorithm, meeting the following
constraint:

Cj =
2(

1− t2j
)[ n∏

i=0,i 6=j

(
tj − ti

)]2 (15)

According to the constraint, the position of the integral
point tj and the second quadrature coefficient Cj of the
Gauss-Legendre integral algorithm with the total number of
integral points of 2 to 5 were obtained, as shown in Table 2.

TABLE 2. Integral point location of the mutation interval of the electric
field by the chebyshev piecewise integral algorithm.

The measure point of the electric field xj can be obtained
with the temporary variable tj.
The conversion relationship between the first quadrature

coefficient Aj and the second quadrature coefficient Cj in the
Gauss-Legendre integral algorithm was as follows:

Aj =
d
2
Cj (16)

The voltage of the transmission line was calculated accord-
ing formula (3):

Vd =
∫ d

0
E(x)dx ≈

n∑
j=0

AjE(xj) (3)
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C. VOLTAGE MEASUREMENT ALGORITHM BASED ON THE
GAUSS-LEGENDRE IMPROVED ALGORITHM
According to the theorem of the Gauss-Legendre inte-
gral algorithm proposed by Literature [18] divides the
integral path into at least two sub-integral intervals. The
Gauss-Legendre algorithm was used to calculate the electric
field integral in each sub-integral interval. The values were
summed up to obtain the voltage of the transmission line.

Considering that it was not economical to construct too
many sub-integral intervals, so three integral interval division
points were set up.

The electric-field integral results of three intervals were
V1’ V2’ and V3’, respectively. The expression of the voltage
of the transmission line was:

Vd = V ′1 + V
′

2 + V
′

3 (17)

It was assumed that a total of m = n′ + 2 electric field
sensors were used for the measurement. With the great elec-
tric field spatial change rate on the integral path V3’, more
integral points were distributed, therefore, n′ sensors were
used to measure the electric field, n′ > 1 . Each of V1’ and
V2’ integral intervals uses one sensor to measure the electric
field.

The integral formula of V1’ and V2’ integral intervals was:

V ′1 =
∫ d ′0

0
E(x)dx ≈ d ′0E(d

′

0/2) (18)

V ′2 =
∫ d ′′0

d ′0

E(x)dx ≈
(
d ′′0 − d

′

0
)
E
(
d ′0 + d

′′

0

2

)
(19)

V
′

3 was substituted into the normalization formula t =
2

d−d ′′ (x −
d+d ′′
2 ) to normalize the integral interval, as shown

in Fig. 5.

FIGURE 5. Integral interval normalization diagram by the Gauss-Legendre
improved algorithm.

The integral formula of V3’ electric field was rewritten as:

V3 =
∫ d

d ′′0

E(x)dx =
2

d − d ′′

∫ 1

−1
E (t) dt (20)

The
∫ 1
−1 E (t) dt part in formula (20) was calculated by

the Gauss-Legendre integral algorithm. The formula was as

follows:

V3 =
2

d − d ′′

∫ 1

−1
E (t)dt ≈

2
d − d ′′

n′−1∑
j=0

CjE
(
tj
)

(21)

According to Table 2, the position tj of the integral point
of V3’ interval and the second quadrature coefficient Cj
were obtained. They were substituted into the formula to
obtain V3’.

The integral results V1’ V2’ and V3 were summed up to
obtain the voltage of the transmission line.

III. MATHEMATICAL METHOD FOR THE VOLTAGE
MEASUREMENT EFFECT
A. MULTI-INDEX COMPREHENSIVE EVALUATION MODEL
OF VOLTAGE MEASUREMENT EFFECT
In order to quantitatively describe the measurement effect of
the above three electric field integral algorithms, an evalu-
ation model was established to determine the electric field
integral algorithm with better measurement effect.

It was relatively easy to evaluate the single measurement
of the voltage measurement effect, and it was difficult to
evaluate the overall measurement effect. Considering the
importance of the measurement accuracy and measurement
safety for valuing the effect of measurement, the multi-index
comprehensive evaluation model [28], [29] was established
as follows:

R = 1− s1L1 − s2L2 (22)

where R was the voltage measurement effect; L1 was the
offset degree of voltage measurement; L2 was the risk degree
of voltage measurement; s1 was the weight coefficient of
the offset degree of voltage measurement; s2 was the weight
coefficient of the risk degree of voltage measurement.

The offset degree of voltage measurement was expressed
by the relative error of voltage measurement:

L1 =
∣∣Vd − Vd,real

∣∣ /Vd,real (23)

where Vd,real was the actual voltage of the transmission line;
Vd was the measured voltage of the transmission line.

The safety of the voltage measurement was related to
the minimum distance between the measure point and the
surface of the transmission line. The smaller the distance was,
the greater the probability of the sensor being broken down
was, and the worse the measurement security was. The risk
degree of voltage measurement was defined as follows:

L2 = dmax/d (24)

where dmax was the farthest distance from the measuring
point of the electric field to the ground; d was the distance
from the transmission line to be measured to the ground.

B. WEIGHT COEFFICIENT DETERMINATION
OF VOLTAGE MEASUREMENT EFFECT
An important step in the multi-indicator comprehensive
evaluation of the voltage measurement effect was the
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determination of weight coefficients, the offset degree of volt-
agemeasurement and the risk degree of voltagemeasurement.

Thereweremanymethods for determining theweight coef-
ficient, which can be divided into three categories: subjective
weighting method [30], objective weighting method [31], and
combined weighting method. In this case, the offset degree of
voltage measurement and the risk degree of voltage measure-
ment were determined using a subjective weighting method.

According to the decision maker’s subjective assessment
of the measurement accuracy and safety of the voltage mea-
surement application environment and its own knowledge and
experience, the offset degree of voltage measurement and
the risk degree of voltage measurement weight coefficient
can be reasonably determined and be flexibly changed as the
situation changes.

Since the general subjective weighting method had the
disadvantage of being subjective, it usually required multi-
ple decision makers to participate in the determination of
weights, so the improved subjective weighting method was
adopted.

The improved subjective weighting method was based on
the subjective weightingmethod. Firstly, each decisionmaker
made a judgment on the weight coefficient, and the decision
level weights of each decision maker were assigned using
the entropy value theorem [32], [33]. The weights given by
the decision makers were multiplied by the decision maker’s
decision level weights, and the arithmetic mean was obtained,
and the combined weights of the offset degree of voltage
measurement and the risk degree of voltage measurement
were obtained as the final weight coefficients.

The formula for calculating the weight of the offset degree
of voltage measurement s1 was as follows:

s1 =

q∑
i=1

(
s1,i · w1,i

)
q

(25)

where qwas the total number of decisionmakers participating
in the determination of the offset degree of voltage measure-
ment and the risk degree of voltagemeasurement, and s1,i was
the i-th decision maker’s weight determination for the offset
degree of voltage measurement, and w1,i was the decision
level weight of the decision maker’s evaluation of the voltage
measurement offset.

Similarly, the composite weight of the risk degree of volt-
age measurement s2 is:

s2 =

q∑
i=1

(
s2,i · w2,i

)
q

(26)

where s2,i was the i-th decision maker’s weight determination
for the risk degree of voltage measurement, and w2,i was the
decision level weight of the decision maker’s evaluation of
the voltage measurement risk.

The combined weight of the offset degree and the risk
degree of voltage measurement was used as the final weight
coefficients of the decision, which were used to indicate

the importance of measurement accuracy and safety. They
were determined according to the actual voltagemeasurement
application requirements.

IV. SIMULATION TEST OF VOLTAGE MEASUREMENT BY
DIFFERENT ELECTRIC FIELD INTEGRAL ALGORITHMS
In order to compare the voltage measurement methods based
on the theorem of electric field integral under different
weight coefficients of voltage measurement offset degree
and risk degree, the simulation measurement test of the
voltage of the transmission line was carry out, Chebyshev
piecewise integral algorithm, Gauss-Legendre integral algo-
rithm and Gauss-Legendre improved algorithm were tested
respectively.

To compare the measurement effect of three kinds of
voltage measurement methods, the A phase voltage peak
measurement was carried out. Maxwell electromagnetic field
simulation software was used to obtain the electric field
distribution data on the integral path. The parameters of the
10kV transmission line were shown in Table 3.

TABLE 3. Parameters of the simulation model of 10kV transmission line.

The sag problem of the wire was ignored. Its local straight
line was used to simulate the situation of actual transmis-
sion lime. The three-dimensional finite element model of the
three-phase transmission in the way of horizontal arrange-
ment was established by using Maxwell software, as shown
in Fig. 6.

FIGURE 6. Simulation model of the test transmission line.

The duration of the simulation was set to 20 ms, and
the time step was set to 0.25 ms. The plumb electric field
on the integral path were extracted by the field calculator
within Maxwell software. It is assumed that there were no
special requirements for measurement safety or measurement
accuracy.
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The integration interval was determined as 0.7d , when
the measurement simulation test was carried out by using
the Chebyshev piecewise integral algorithm. As for the
Gauss-Legendre improved algorithm, literature [18] does not
propose the interval division standard, the first and second
segmentation points of the intervals were set to be at d0’’ =
7d /8 and d0’ = d /2 from the ground in the test, respectively.
Combined with the mathematical model of voltage mea-

surement offset degree and voltage measurement risk,
the simulation results were shown in Table 4 below.

TABLE 4. Comparison of the simulation results of voltage measurement.

TABLE 5. Voltage test results measured by the chebyshev piecewise
integral algorithm.

The following conclusions could be drawn:
1) When the number of integral points was 2 and 3,

the offset degrees of the transmission line voltages measured
by three measurement methods were all larger than 50%,
therefore, the application value was small.

2) Using the Chebyshev piecewise integral algorithm,
a small number of sensors could achieve both high calculation
accuracy and high measurement safety.

3) For some measuring environments where measurement
safety was particularly important, if the weight coefficient of
the voltage measurement risk degree was more than 70 times
of that of the voltage measurement offset degree, it was pro-
posed to adopt the Gauss-Legendre integral algorithm based
on 5 points.

Similar results were obtained by repeating the volt-
age measurement tests of the transmission lines of other
grades of voltage and other typical structural transmission
line.

FIGURE 7. Diagram of the voltage measurement system of the test
transmission line.

V. VOLTAGE MEASUREMENT TEST BY USING THE
Chebyshev piecewise integral ALGORITHM
According to the simulation results of the transmission line
voltage measurement, method based on the Chebyshev algo-
rithm the effect can achieve better measurement effort. The
10 kV voltage measurement system was designed and built
by adopting the D-dot sensor as the electric field measure-
ment device. The voltage measurement method based on the
Chebyshev piecewise integral algorithm was used to measure
the line voltage, so as to verify the voltage measurement
effect.

The built voltage measurement system of the transmission
line was shown in Fig. 7. The platform devices included volt-
age regulator, transformer, analog transmission conductor,
high voltage probe and oscilloscope.

The electric field sensor array was placed below the A
phase transmission line through an insulated support rod. The
output signal of the sensor was sent to the LabVIEW software
of the computer to obtain the integral results, which is the
measured voltage of the transmission line, Vtest .
The peak voltage of the transmission line was obtained

by the high voltage probe through the oscilloscope, which
is considered to be the actual voltage of the transmission
line, Vreal .

The results of voltage measurement were as follows:
The offset degree of the peak voltage measurement results

were less than 0.02, indicating that the voltage measurement
method based on the Chebyshev piecewise integral algorithm
had high accuracy. The minimum distance between the mea-
sure point and the surface of the transmission line was around
10 cm, where the possibility of sensor breakdown is small.

VI. CONCLUSION
The electromagnetic field simulation and voltage measure-
ment test were carried out with the 10kV transmission line
as the object. The voltage measurement effect of different
integral algorithms was analyzed by combining the voltage
measurement offset degree, voltage measurement security
and other factors. According to the analysis, the 4-point
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Chebyshev piecewise integral algorithm was more suitable
for the integral algorithm of the D-dot electric field sensor
voltage measurement system. The research work provided an
idea for the selection of the integral algorithm of the trans-
mission line voltage measurement and the integral interval
optimization based on the electric field integral. It also pro-
vided the algorithm basis for the non-contact measurement of
the transmission line voltage.

REFERENCES
[1] Y. Cui, H. Yuan, X. Song, L. Zhao, Y. Liu, and L. Lin, ‘‘Model, design,

and testing of field mill sensors for measuring electric fields under high-
voltage direct-current power lines,’’ IEEE Trans. Ind. Electron., vol. 65,
no. 1, pp. 608–615, Jan. 2017.

[2] Y. Cui, Q. Wang, H. Yuan, X. Song, X. Hu, and L. Zhao, ‘‘Relative
localization in wireless sensor networks for measurement of electric fields
under HVDC transmission lines,’’ Sensors, vol. 15, no. 2, pp. 3540–3564,
2015.

[3] F. Yang, ‘‘Design, experiments and simulation of voltage transformers on
the basis of a differential input D-dot sensor,’’ Ph.D. dissertation, Dept.
Elect. Eng., Chongqing Univ., Chongqing, China, 2008.

[4] A. H. A. Bakar, ‘‘Analysis of lightning-caused ferroresonance in capacitor
voltage transformer (CVT),’’ Int. J. Elect. Power Energy Syst., vol. 33,
no. 9, pp. 1536–1541, 2011.

[5] G. H. Golub andU. vonMatt, ‘‘Generalized cross-validation for large-scale
problems,’’ J. Comput. Graph. Statist., vol. 6, no. 1, pp. 1–34, 1997.

[6] A. Helgeson, and M. Zahn, ‘‘Kerr electro-optic measurements of space
charge effects in HV pulsed propylene carbonate,’’ IEEE Trans. Dielectrics
Elect. Insul., vol. 9, no. 2, pp. 838–844, Oct. 2002.

[7] P. C. Hansen, ‘‘An adaptive pruning algorithm for the discrete L-curve
criterion,’’ J. Comput. Appl. Math., vol. 198, no. 2, pp. 483–492, 2007.

[8] U. Hämarik and T. Raus, ‘‘On the choice of the regularization parameter in
ill-posed problemswith approximately given noise level of data,’’ J. Inverse
Ill-Posed Problems, vol. 14, no. 3, pp. 251–266, 2006.

[9] Y.-F. Wang and T.-Y. Xiao, ‘‘Fast realization algorithms for determining
regularization parameters in linear inverse problems,’’ Inverse Problems,
vol. 17, no. 2, p. 281, 2001.

[10] K. Kunisch, ‘‘Iterative choices of regularization parameters in linear
inverse problems,’’ Inverse Problems, vol. 14, no. 5, p. 1247, 1998.

[11] U. Hämarik and T. Raus, ‘‘About the balancing principle for choice of the
regularization parameter,’’ Numer. Funct. Anal. Optim., vol. 30, nos. 9–10,
pp. 951–970, 2009.

[12] F. Yang, ‘‘Study on the electric-field inverse problem in the environmen-
tal evaluation of HV transmission lines,’’ Proc. CSEE, vol. 29, no. 25,
pp. 98–1009, Sep. 2006.

[13] R. Luo, ‘‘The research and design of voltage measurement device based
on the theorem of electric field coupling,’’ M.S. thesis, Dept. Elect. Eng.,
Chongqing Univ., Chongqing, China, 2014.

[14] K. Jiang, ‘‘Study on electrical parameter inversion method of ac transmis-
sion line based on electromagnetic field inverse problem,’’ M.S. thesis,
Dept. Elect. Eng., Chongqing Univ., Chongqing, China, 2016.

[15] P. P. Chavez, F. Rahmatian, and N. A. F. Jaeger, ‘‘230 kV optical voltage
transducer using a distributed optical electric field sensor system,’’ in
Proc. IEEE/PES Transmiss. Distrib. Conf. Exposit. , vol. 1, Nov. 2001,
pp. 131–135.

[16] P. P. Chavez, N. A. F. Jaeger, and F. Rahmatian, ‘‘Accurate voltage mea-
surement by the quadrature method,’’ IEEE Trans. Power Del., vol. 18,
no. 1, pp. 14–19, Jan. 2003.

[17] X. F. Fu, ‘‘Novel optic high-voltage transduser without voltage dividing,’’
M.S. thesis, Dept. Elect. Eng., North China Electr. Power Univ., Beijing,
China, 2010.

[18] X. Q. Fu, ‘‘Voltage measurement method for transmission line based on
electric field integral method,’’ M.S. thesis, Dept. Elect. Eng., Chongqing
Univ., Chongqing, China, 2017.

[19] J. Wang, S. Ban, and Y. Yang, ‘‘A differential self-integration D-dot volt-
age sensor and experimental research,’’ IEEE Sensors J., vol. 15, no. 7,
pp. 3846–3852, Jul. 2015.

[20] I. A. Metwally, ‘‘Comparative measurement of surge arrester residual
voltages by D-dot probes and dividers,’’ Electr. Power Syst. Res., vol. 15,
no. 7, pp. 3846–3852, 2015.

[21] Y. Bai, ‘‘Research and experiments on a unipolar capacitive voltage sen-
sor,’’ Sensors, vol. 15, pp. 23640–23652, 2015.

[22] Q. Zhou,W. He, S. Li, and X. Hou, ‘‘Research and experiments on a unipo-
lar capacitive voltage sensor,’’ Sensors, vol. 15, no. 8, pp. 20678–20697,
2015.

[23] Q. Zhou, W. He, D. Xiao, S. Li, and K. Zhou, ‘‘Study and experiment
on non-contact voltage sensor suitable for three-phase transmission line,’’
Sensors, vol. 16, no. 1, p. 40, 2016.

[24] I. A. Metwally, ‘‘D-dot probe for fast-front high-voltage measurement,’’
IEEE Trans. Instrum. Meas., vol. 59, no. 8, pp. 2211–2219, Aug. 2010.

[25] X. Hu, J. Wang, G. Wei, and X. Deng, ‘‘Decomposition of composite
electric field in a three-phase D-dot voltage transducer measuring system,’’
Sensors, vol. 16, no. 10, p. 1683, 2016.

[26] E. Babolian, M. MasjedJamei, and M. R. Eslahchi, ‘‘On numerical
improvement of Gauss–Legendre quadrature rules,’’ Appl. Math. Comput.,
vol. 160, no. 3, pp. 779–789, 2005.

[27] E. Sermutlu, ‘‘Comparison of newton-cotes and Gaussian methods of
quadrature,’’ Appl. Math. Comput., vol. 171, no. 2, pp. 1048–1057, 2005.

[28] N. Bryson, ‘‘An action learning evaluation procedure for multiple criteria
decision making problems,’’ Eur. J. Oper. Res., vol. 96, no. 2, pp. 379–386,
1996.

[29] S. L. Riedel and G. F. Pitz, ‘‘Utilization-oriented evaluation of deci-
sion support systems,’’ IEEE Trans. Syst., Man, Cybern., vol. 16, no. 6,
pp. 980–996, Nov. 1986.

[30] M. Peters, ‘‘Pitfalls in the application of analytic hierarchy process
to performance measurement,’’ Manage. Decision, vol. 46, no. 7,
pp. 1039–1051, 2008.

[31] J. Ma, ‘‘A subjective and objective integrated approach to determine
attribute weights,’’ Eur. J. Oper. Res., vol. 112, no. 2, pp. 397–404, 1999.

[32] S. A. Smith, ‘‘A derivation of entropy and the maximum entropy criterion
in the context of decision problems,’’ IEEE Trans. Syst., Man, Cybern.,
vol. SMC-4, no. 2, pp. 157–165, Mar. 1974.

[33] A. Shamilov, ‘‘A development of entropy optimization methods,’’ WSEAS
Trans. Math., vol. 5, no. 5, pp. 568–575, 2006.

Authors’ photographs and biographies not available at the time of
publication.

VOLUME 6, 2018 72773


	INTRODUCTION
	TRANSMISSION LINE VOLTAGE CALCULATION MODEL
	VOLTAGE MEASUREMENT ALGORITHM BASED ON THE CHEBYSHEV PIECEWISE INTEGRAL ALGORITHM
	VOLTAGE CALCULATION MODEL OF THE NON-MUTATION INTEGRAL INTERVAL OF THE ELECTRIC FIELD
	VOLTAGE CALCULATION MODEL OF THE MUTATION INTEGRAL INTERVAL OF THE ELECTRIC FIELD

	VOLTAGE MEASUREMENT ALGORITHM BASED ON THE GAUSS-LEGENDRE INTEGRAL ALGORITHM
	VOLTAGE MEASUREMENT ALGORITHM BASED ON THE GAUSS-LEGENDRE IMPROVED ALGORITHM

	MATHEMATICAL METHOD FOR THE VOLTAGE MEASUREMENT EFFECT
	MULTI-INDEX COMPREHENSIVE EVALUATION MODEL OF VOLTAGE MEASUREMENT EFFECT
	WEIGHT COEFFICIENT DETERMINATION OF VOLTAGE MEASUREMENT EFFECT

	SIMULATION TEST OF VOLTAGE MEASUREMENT BY DIFFERENT ELECTRIC FIELD INTEGRAL ALGORITHMS
	VOLTAGE MEASUREMENT TEST BY USING THE Chebyshev piecewise integral ALGORITHM
	CONCLUSION
	REFERENCES
	Biographies
	Authors'


