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Abstract: A voltage transformer, as voltage signal detection equipment, plays an important role in
a power system. Presently, more and more electric power systems are adopting potential transformer
and capacitance voltage transformers. Transformers are often large in volume and heavyweight,
their insulation design is difficult, and an iron core or multi-grade capacitance voltage division
structure is generally adopted. As a result, the detection accuracy of transformer is reduced,
a huge phase difference exists between detection signal and voltage signal to be measured, and the
detection signal cannot accurately and timely reflect the change of conductor voltage signal to be
measured. By aiming at the current problems of electric transformation, based on electrostatic
induction principle, this paper designed a non-contact voltage sensor and gained detection signal
of the sensor through electrostatic coupling for the electric field generated by electric charges of the
conductor to be measured. The insulation structure design of the sensor is simple and its volume is
small; phase difference of sensor measurement is effectively reduced through optimization design of
the electrode; and voltage division ratio and measurement accuracy are increased. The voltage sensor
was tested on the experimental platform of simulating three-phase transmission line. According to the
result, the designed non-contact voltage sensor can realize accurate and real-time measurement for the
conductor voltage. It can be applied to online monitoring for the voltage of three-phase transmission
line or three-phase distribution network line, which is in accordance with the development direction
of the smart grid.

Keywords: voltage sensor; non-contact measurement; ansoft maxwell; electric field intensity;
three phase transmission lines

1. Introduction

The voltage transformer is an important part of an electric power system and the detection
performance of the transformer can directly influence the reliability of an electric power system
voltage measurement and relay protection device motion as well as the accuracy of electric power
measurement. Presently, voltage transformers extensively applied to electric power system mainly
include potential transformer and capacitance voltage transformer [1-5].

Structure diagram of Capacitance Voltage Transformer (CVT) is shown in Figure 1. The high
voltage terminal is directly connected to electrified body and the other terminal is connected to the
ground; C1 and C2 are adopted for capacitance voltage division, and voltage signal after voltage
division will be transformed into output signal of transformer through potential transformer [6-9].
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Figure 1. Structure diagram of CVT.

Potential transformer is shown in Figure 2, and the high voltage terminal is connected to
electrified body:.

1: primary winding
N g 2: balanced winding
&/ 3: iron core
4-5: signal output

Figure 2. Potential transformer.

2

According to analysis the Figures 1 and 2 the traditional voltage transformers shown in
Figures 1 and 2 the high voltage terminal of currently used voltage transformer has direct electrical
connection with conductor to be measured, and the other terminal of the transformer is connected to
the ground. Therefore, insulation design of the transformer is difficult, and, meanwhile, it involves
a large volume and heavyweight; due to the iron core design and multi-grade capacitance voltage
division of the transformer, serious time delays occur during the detection signal and voltage signal to
be measured in phase position. As a result, detection accuracy of the transformer is reduced and its
application range is restricted. Moreover, three-phase voltage transformer is seldom adopted for the
voltage grade above 35 kV in electric power systems. Therefore, traditional voltage transformers can
no longer satisfy the development of the electric power system [10-12].

In consideration of the above-mentioned problems, this paper designed a non-contact voltage
sensor on the basis of electric field coupling principle, as shown in Figure 3. In Figures 1-3 are
non-contact voltage sensors installed on the three-phase transmission line. Positive and negative
induction electrodes are designed on the sensor, and the electric field produced by electric charges
on the transmission line will generate induced charges on the electrode of voltage sensor by way of
electrostatic induction. The electric charges will distribute on the electrode to form electric potential,
and the potential signal of positive and negative induction electrodes is output signal of the non-contact
voltage sensor.

Compared with traditional voltage transformer, non-contact voltage sensor has no electrical
connection with electrified body. Therefore, the insulation design is simple and the cost is low;
the induction electrode of non-contact voltage sensor is optimized through simulation calculation.
Miniature design of the sensor is realized, the voltage division ratio is increased, and phase error of
sensor detection signal is reduced. An experimental platform that consisted of a 50 kV simulated
three-phase transmission line was established in the laboratory to test the non-contact voltage sensor
designed in this paper. According to the result, the designed voltage sensor can realize real-time
detection for the voltage of three-phase transmission line and accurately measure the voltage and
phase position.
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Figure 3. Application of voltage sensor in transmission line.

Non-contact voltage sensor used at the laboratory test stage adopts closed annular electrode,
and it is mainly applied to detection performance and insulation performance test of the sensor.
In the follow-up study, open-type annular electrode presented in Figure 4 will be designed. The sensor
can be conveniently installed on the line, while the signal detection and processing circuit and wireless
transmission circuit will be designed. In this way, the detection signal can be transferred to the control
terminal in time. In Figure 4, 1 refers to non-contact voltage sensor; 2 is the insulation fixture—rubber
with good insulation performance and toughness is used in the center fixture so that when the fixture
is compressed, the centers of the line and sensor electrode can be maintained in the coaxial position,
owing to the existence of non-conducting rubber; 3 indicates the signal processing circuit, wireless
transmission module and battery; 4 is power transmission line; 5 is the insulator; and 6 denotes the
connection fitting.

Figure 4. Non-contact open-type voltage sensor.

2. Detection Principle

The surface of any metal electrified conductor has electric charges that will generate electric field.
In electric engineering, the power frequency electric field of 50 Hz can be treated as quasi static electric
field. At this time, when metal electrode is introduced into this electric field, induced charges will be
produced on the metal electrode, and the quantity of electric charges will change with the variation of
electric field intensity. Distribution of electric charges on the metal surface will form electric potential
of the metal conductor. When there is potential to ground in this environment, potential difference
between these two is the induced voltage of metal electrode.

A non-contact voltage sensor was designed according to the above electrostatic induction principle.
Different from the traditional sensor that directly measures the voltage of electrified conductor,
this sensor couples electric field produced by electric charges of the conductor to be measured into
voltage sensor, so as to form detection signal. Figure 5 is the schematic diagram for the principle of
sensor measurement.

In Figure 5, S indicates the external surface boundary of electrified conductor in any shape;
() means the computational domain of the whole electric field; € refers to the electric medium constant
in the area; r signifies the position vector of the calculation site; r’ denotes the position vector of
original point; E(r) is the electric field intensity of any point in the computational domain; F(r’) refers
to the potential distribution on the external surface of electrified conductor; ¢((t) means the electric
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potential of electrified conductor; A indicates the external surface of metal electrode of the voltage
sensor; B is the sensor support (connected to the ground); and R,, denotes the sampling resistance of
voltage sensor.

Figure 5. Principle of sensor measurement.

No free charges exist in the computational domain, i.e., p(") = 0. The computational domain
meets progressive boundary conditions, and any point in the computational domain meets Poisson
equation of Equation (1):

O(r
V2ou) = - EC,) @

Green function is introduced and the following result is gained by solving Equation (1) through
the first boundary condition ¢ |s” = f(r'):

0= i E0) @

In Equation (2), F(r) is decided by the distance of field point from the conductor to be measured.
According to this equation, in the computational domain (), the electric field intensity of any point is in
direct proportion to electric potential of the conductor to be measured, and they have a linear relation.

Suppose that the electric potential change of electrified conductor with time is ¢() and the
frequency is 50 Hz; at this time, the electric field produced by electrified body can be treated as quasi
static field. Under the effect of this electric field, induced charge q will appear on the surface of
metal electrode A due to electrostatic induction principle. Closed Gaussian surface is created on the
electrode surface with the distance of r from the electrified conductor, and the differential element
dA is taken [13-15]. The electric field intensity component at normal direction is E,; and the angular
separation with E(r,t) is 6. The following equation can be gained according to Gauss theorem:

dg _ ngdE(r, Daa 3)

dt dt
A

According to Equation (3), the electric field intensity produced by electric charges on the energized
conductor changes with the time ¢, and the electric field intensity will cause corresponding changes
to the quantity of electric charges on induction electrode A. The induced charges will distribute on
electrode A to form electric potential ¢s(t). Sampling resistance R, is used to connect induction
electrode A and support B, and the voltage Vs(t) at both ends of the sampling resistance is the
detecting voltage:

dE(r,t) eoAr  d
Vilt) = R e = SO0 R, S 0ot @

A
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By organizing Equation (4), the following equation can be gained:

2
w0lt) = i | Ve ©

When the electrified conductor is cylindrical transmission line conductor, #” is the section radius
of the cylinder. At this time:

2
K= eAR,, 1’ ©)
In Equation (6), K is a constant, so:
oolt) = K [ Vi(at %

According to Equation (7), the voltage value of electrified conductor can be calculated by
conducting integral operation for the voltage signal of sampling resistance and multiplying the
result by K; these two have a linear relation. According to the above discussion, a non-contact method
can be found to realize non-contact measurement for the voltage of power frequency high voltage
electrified body:.

3. Design of Non-Contact Voltage Sensor

Figure 6 presents the lumped parameter equivalent circuit model of electric field coupling
sensor based on electrostatic induction. ¢(t) refers to the equivalent voltage of the conductor to
be measured; C; means the equivalent mutual capacitance between the sensor electrode and conductor
to be measured; C,;, indicates the ground equivalent stray capacitance of sensor electrode; R;; signifies
the detecting resistance; and R; and C; constitute integral circuit and the output signal of integral
circuit is V(t), respectively.

C R,

(1
I — o

P
C) Cao= Rul |V, Ci== Vi

Figure 6. Equivalent circuit model.

Through Laplace transformation, transfer Equation (8) of sensor and transfer Equation (9) of
passive integral circuit can be gained:

CaRyys

Hu(s) = e T Cor R ®
Hy(s) = — ?
N(s) = m )

Suppose that wy, and w; are upper limit and lower limit of sensor measurement bandwidth;
the following equations can be gained:

1
wy = — 10
H ™ (Co + Can)Rom (10)
Wy = — (1)

T CiRy
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The characteristic amplitude-frequency response curve of the sensor, integral circuit and the entire
measurement system can be obtained through Equations (8) and (9), as shown in Figure 7.

«— Integral Gain ¥, (s) / v(s)

Pl Transfgﬂner V(s) / qﬁ(s)
Gain !

Gain

20logAv/dB

Measurement V,(s)/ o(s)

w; /Hz

., 0,

3d “h

Differential Mode
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Figure 7. Amplitude-frequency response curve.

As shown in Equation (12), when (C; + Cyg)Ry << 1, the sensor works under differential mode:

Hpy(s) = Z((z)) = CyRys (12)

At this time, in order to meet the measurement requirements, integral circuit should be added,

but integral circuit will cause troubles to signal-to-noise ratio design of sensor. Meanwhile, due to

problems of component parameters in integral circuit, detecting waveform distortion and inaccurate

measurement problems will be caused. Therefore, sensor should work under self-integration mode.

In other words, Equation (13) is gained when (C; + Cy,)R;; >> 1. At this time, the required detection
signal of sensor can be obtained without integral circuit.

Vis) G
@(s) " Ca+ Cun

Hp(s) = (13)

In order to make the sensor work under self-integration mode at the power frequency of

50 Hz, the angular frequency should be wpy < 27 x 50. Therefore, (C; + Can)R;; must meet the
following condition:

(Ca + Can)Ry > 3.18 x 1073 (14)

Non-contact measurement mode is adopted, so the distance between the sensor and conductor
to be measured cannot be short. Thereby, the mutual capacitance C, between the conductor to be
measured and induction electrode cannot be large and the distance between the sensor and ground is
long. Therefore, the ground stray capacitance C,; of the sensor is not large (generally speaking, C, and
Cyn are at the level of pF). In order to meet the condition of Equation (14), the sampling resistance R,
should be at the level of G(), which will cause problems to equivalent internal resistance detection and
impedance matching of the sensor. The small capacitance values of C, and C,;, also restrict the voltage
division ratio of sensor. One terminal of the sampling resistance is connected to the ground, increasing
the difficulty of the insulation design of the sensor. Most existing electric field coupling sensors based
on electrostatic induction adopt the form of adding integral circuit, so as to gain the signal to be
detected. Meanwhile, the sensor electrode often adopts plate or cylindrical design, which might restrict
detection bandwidth, voltage division ratio, detection accuracy, and insulation design of the sensor.

By directing at the above problems, the equivalent circuit of non-contact voltage sensor designed
in this paper is given, as shown in Figure 8. The voltage sensor of adopting differential input structure
sets the difference of suspended potentials output by a pair of sensor electrodes working under
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self-integration mode as the output of sensor. In Figure 7, ¢(;) means the equivalent voltage source of
the conductor to be measured; C, and Cj, refer to the equivalent mutual capacitance between induction
electrode and conductor to be measured; C,;;, and Cy,, signify the ground equivalent stray capacitance
of induction electrode; Cj}, indicates the equivalent mutual capacitance between electrodes; Mark 1
denotes the suspended potential of voltage source; Marks 2 and 3 are suspended potentials output by
two electrodes; and R, refers to the detecting resistance [16].

C;_ o =G
P 1
Q) R,
CalT <_V(’) T Clm

Figure 8. Equivalent circuit of voltage sensor.

Transfer function of the system is obtained through Laplace transformation:

H(S) _ (Cacan - Cbcbn)Rms (15)
(CapRs +1)(Cq + Cpy + Can + Cpp) + (Ca + Can)(Cp + Cpp)Rins

According to Figure 8, the non-contact voltage sensor designed in this paper adopts two induction
electrodes and inputs suspended potentials of the two electrodes into the differential amplifier of
signal processing circuit as detection signals. In this method, no terminal of the sensor is connected
to the ground, greatly reducing the insulation design difficulty of the sensor. The signal processing
method of differential type can effectively eliminate the interference of common-mode signal and
increase the measurement accuracy of sensor.

By comparing Equation (8) with Equation (15), after design structure of this paper is introduced,
transfer function of the sensor will not be changed. Only mutual capacitance C,;, between electrodes is
introduced in the electrode point. Compared with the mutual capacitance C, between the induction
electrode and conductor to be measured that cannot be large capacitance, the distance between
induction electrodes can be designed freely and the inter-electrode capacitance C,; can be adjusted
freely. Therefore, such circuit structure can meet the requirement of Equation (14), and the sensor is
able to work under self-integration mode.

The amplitude-frequency characteristic function of sensor designed in this paper can be gained
according to Equation (15):

Cu Cbn + Cbcan
Ca+Cp+Can+Cpy "

el (Ca + Can)(Cp + Cpy) 2 1o
\/R%”[ Caa+ C:n+ Cubn + Ch:n *Cal + 05
Its phase-frequency characteristic function is:
/H(w) = arctan ! (17)

(Ca + Can)(Cp + Cpn)
Cg + Can + Cb + Cbi’l

Ryw] + Cyp]

According to Equation (16), the inter-electrode mutual capacitance C,j; exists in the denominator,
so the transformation ratio of the sensor can be increased by magnifying the mutual capacitance
C,p between electrodes without changing other conditions. In Equation (17), C,; also exists in the
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denominator only, so the phase difference between output signals of the electrified body to be measured
and voltage sensor can be reduced by increasing the inter-electrode capacitance C,;, thus measurement
accuracy and response speed of the sensor can be further enhanced.

Through the above analysis, the sensor is required to work under self-integration mode at the
power frequency of 50 Hz due to the following two reasons:

(1) If the sensor works under differential state, integral circuit should be designed. According to
the analysis of circuit structure, the detection bandwidth upper limit of sensor is restricted by corner
frequency of the sensor at this time, and detection bandwidth lower limit is restricted by corner
frequency of the circuit. Therefore, bandwidth of the entire sensor detector is restricted.

(2) Capacitance and resistance in integral circuit are restricted by factors like temperature
coefficient. As a result, the accuracy of simulating integral circuit can hardly reach the requirement.
Meanwhile, due to stray parameters of components and parts in integral circuit, distortion might
happen to the detection signal.

According to the analysis in this paper, in order to meet the above requirements, the mutual
capacitance between sensors should be increased to the largest extent. This paper shows that the
method of increasing the mutual capacitance between induction electrodes of the sensor is to treat
suspended potential signal of sensor electrode as output signal of the sensor. The purpose of adopting
differential amplifier is to restrain common-mode signal in suspended potential signal of sensor, and
to amplify the differential signal at the same time.

In the future, solar panel will be adopted as power supply of signal processing circuit. The circuit
board adopts the mode of DC +5 V power supply, and the differential amplifier uses the mode of +3 V
and —3 V power supply. Signal processing circuit and solar panel are designed in the box, and installed
in the tower of high-voltage transmission line, so as to realize voltage detection for high-voltage
transmission line.

According to the above analysis, the non-contact voltage sensor designed in this paper is presented
in Figure 9. Figure 9a shows the physical design of sensor. Annular copper electrodes are arranged
on the front and back sides of PCB board (printed-circuit board) as induction electrodes. The sensor
diameter is 70 mm and the pore diameter in the middle is 18 mm; there are 32 electrodes on the front
side and the electrode spacing is 0.3 mm; there are 32 electrodes on the back side and the electrode
spacing is 0.3 mm; and the detection signal is drawn forth by the screened wire. Figure 9b is the
schematic diagram for sensor structure and the electric transmission line passes through the pore in
the middle of the sensor. In order to enhance the mutual capacitance between electrodes and the sensor
electrode ability of holding electric charges to the largest extent, multiple PCB boards are connected;
all electrodes on the front side of each PCB board are connected and all electrodes on the back side of
each PCB board are connected.

PCB #1 PCB #2 PCB #N

Top Conductor
Under Conductor

Conductor

Figure 9. Design of non-contact voltage sensor: (a) physical design of the sensor; and (b) schematic
diagram for sensor structure.
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4. Simulation

In this paper, Ansoft software is used to realize optimization for the structure design of non-contact
voltage sensor. Meanwhile, the influence of sensor introduction on measurement and the distortion
situations around the electric field are studied when sensor is applied to voltage detection of
three-phase transmission line.

The parameters of voltage sensor were shown in Table 1, and those parameters were used
in simulation.

Table 1. Parameters of sensor.

Sensor Number of Width of Spacing of Diameter of Innermost
Electrode Electrode (mil) Electrode (mm) Electrode (mm)
Board front 32 6 0.3 28
Board opposite 32 6 0.3

The actual sensor adopts 12 PCB boards. According to the measurement results of Agilent 4294 A
impedance analyzer, electrode mutual capacitance between the output ends of the PCB sensor is 950 pF,
and the maximum fluctuation deviation value within the frequency range from 45 Hz to 2 MHz is 2 pF.

4.1. Optimization Design of Sensor Structure

The simulation experiment model is established according to the electrode structure presented
in Figure 10 where 1 represents the electrode on the front side of PCB board; 2 means the electrode
on the back side of PCB board; R, D and d refer to the radius, width and electrode spacing of
#1 electrode, respectively; and N indicates the number of electrodes. Through post-processing for
the simulation result, equivalent distributed capacitances under different motivations and different
electrode structures can be gained via calculation, as shown in Figure 11. Figure 11a is the relation curve
of equivalent capacitance and electrode radius; Figure 11b presents the relation curve of equivalent
capacitance and electrode width; and Figure 11c shows the relation between equivalent capacitance
and number of electrodes.

#1 #2 #N

Figure 10. Sensor electrode structure.

7.6 SS——— 7
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9 9 <
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64 »® 62
6.2 20
1 6.0l N 1 oo 6 .
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R(mm) R(mm) D(mil) (mil)
(a) (b)

Figure 11. Cont.
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Figure 11. Simulation result of electrode structure optimization. (a) Relation curve of equivalent
capacitance and electrode radius; (b) Relation curve of equivalent capacitance and electrode width;
(c) Relation curve of equivalent capacitance and number of electrodes.

The following conclusions can be gained through the simulation result:

(1) With the increase of the transformer electrode radius R, the mutual capacitance C,; between
electrodes decreases and the ground stray capacitance C; of electrode rises.

(2) With the increase of the transformer electrode width D, the ground stray capacitance C;, of
electrode rises, while the mutual capacitance C,;, between electrodes remains unchanged.

(3) With the increase of the number of electrodes N, the ground stray capacitance C; of electrode
rises, while the mutual capacitance C,;, between electrodes remains unchanged.

Therefore, when the induction electrode of sensor is designed, in order to reduce the measurement
error disturbance caused by the ground stray capacitance C; of sensor, the electrode radius should
be reduced to the largest extent, and meanwhile the width and distance between electrodes must be
decreased. On the premise of comprehensively considering factors like the size of sensor space, more
electrodes should be arranged and the mutual capacitance between electrodes must be increased to
the largest extent. In this way, the voltage division ratio and measurement accuracy of sensor can be
increased, and phase error in measurement will be reduced.

4.2. Insulation Design of Sensor

4.2.1. Insulation Design between Electrodes

In order to increase the mutual capacitance C,;, between electrodes to the largest extent, measures
to reduce the distance between electrodes and decrease the electrode width are taken in electrode
design. These measures have changed the electric field distribution inside the sensor. When the sensor
is put in regions with high electric field intensity, the insulating ability of sensor electrode structure
should be studied [17-19]. Therefore, simulation calculation should be conducted for the electric field
intensity between electrodes, and the simulation result is presented in Figure 12, where 1 represents the
diameter of 10 kV electrified body; 2 refers to the air gap between electrode and sensor; and 3 indicates
the spacing between sensor support and innermost electrode. According to the analysis, the electric
field intensity between electrodes is far lower than the electric field intensity from electrode surface to
the innermost side of sensor. In order to clearly reflect the electric field distribution between electrodes,
the maximum ruler of the calculation result is 200 V/m, but the actual electric field intensity from
electrode surface to the innermost side of sensor is far higher than 200 V/m. Table 2 shows the relative
dielectric constant and critical field intensity of medium involved in the calculation. According to
the distribution of electric field intensity, the maximum electric field intensity appears at the junction
part of the outermost electrode and sensor support (50 V/m) as well as the interface of the sensor
support and air (150 V/m). The electric field intensity between electrodes is quite low, almost equal to
0. Therefore, such structure can meet the insulation design between electrodes.
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Table 2. Medium parameters.

Medium Relative Permittivity Critical Electric Field (kV/cm)
Epoxy (PCB) 3.6 200-300
Air 1 25-30

E[V_per_meter]

2.0800e+002
1.8846€+002
1.7589e+002
1.6333e+002
1.5077€+002
1.3820e+002
1.2564e+002
1.1307€+002
1.0051€+001
8.7946e+001
7.5383¢+001
6.2819¢+001
5.0255e+001

3.7691e+001
2.5128e+001
1.2584e+001
0.0000e+000

Figure 12. Insulation intensity of sensor electrode and simulation calculation.

4.2.2. Insulation Design of Sensor Support

11 of 21

Figure 13 shows the electric field intensity distribution of the electrified body under the voltage
grade of 10 kV in electrified conductor (conductor), conductor and sensor air gap (air), innermost
electrode and support of sensor (epxoy), sensor electrode (electrode), outermost electrode and support
of sensor (epxoy), and sensor and air (air) successively. According to the simulation result, the
maximum value of electric field intensity appears in the sensor support part closest to the electrified
body (epoxy resin) and the electric field intensity is about 8000 V/m. As per Table 1, it is far lower
than the critical field intensity of epoxy resin. Therefore, this structure can meet the insulation design
of sensor support. The electric field intensity between electrodes inside the sensor is quite low, but it is
not equal to 0. The electric field distribution after magnifying the coordinate system is presented in

Figure 14.
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Figure 13. Insulation design simulation result of electrode.
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Figure 14. Internal electric field intensity distribution of sensor electrode.

4.3. Influence of Sensor Introduction on Measurement

When non-contact method is adopted to measure the voltage of electrified conductor, the use of
sensor will inevitably influence electric field around the conductor and cause electric field distortion.
Therefore, the distortion degree of electric field caused by the introduction of sensor should be
studied [20-22].

Figure 15 shows the simulation result of electric field intensity in the cross section direction
under horizontal arrangement of three-phase conducting wire. Sectional area of the wire is 35 mm?,
the wire spacing is 1.38 m, and the vertical height from the ground is 1.8 m. Its size and structure are
consistent with the test platform actually established. During the simulation, the voltage frequency
of three-phase conducting wire is 50 Hz and the voltage amplitude is 12 kV. In Figure 15, A-phase,
B-phase and C-phase wires are presented from the left side successively, and the initial phases are 0°,
—120° and —240°, respectively. It can be seen that when no sensor is added, electric field distribution
around the three-phase conducting wire is uniform. Figure 16 shows electric field distribution around
the three-phase conducting wire after sensor is installed on the line. According to the comparison,
the introduction of sensor causes distortion to electric field distribution. The electric field intensity
between phase and phase decreases obviously. As for the reason, the electric field line sent out by electric
charges of the conductor ends in the electrode of voltage sensor. Figure 17a,b are diagrams for local
electric field distribution of A-phase wire before and after sensor is used, respectively. The application
of sensor changes the electric field distribution. However, according to Figure 17b, electric field
distribution between the electrified conductor and voltage sensor is uniform, and no obvious electric
field mutation is seen. In this section, the interphase electric field intensity is reduced by using the
sensor, but no obvious electric field mutation is seen. The electric field distribution is still uniform.

EIV_per_meter]

3.0124e+004
. 2.7385e+004
2.5560e+004

2.3734e+004
2.1908e+004
2.0083e+004
1.8257e+004
1.6431e+004
1.4606e+004
1.2780e+004
1.0954e+004

9.1285e+003
7.3028e+003
5.4771e+003,
3.6514e+003
1.8257e+003
0.0000e+000|

Figure 15. Electric field distribution without sensor.
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E[V_per_meter]
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7.3128e+001

6.8168e+001
6.2924e+001
5.7681e+001
5.2437e+001
4.7193e+001
4.1950e+001
3.6706e+001
3.1462e+001
2.6218e+001
2.0975e+001
1.5731e+001
1.0487e+001
5.2437e+000
0.0000e+000

Figure 16. Electric field distribution after introducing sensor.
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Figure 17. Influence of sensor on electric field. (a) A-phase electric field distribution without sensor;
and (b) A-phase electric field distribution after introducing sensor.

Measurement points a and b are put 5 and 45 mm away from the left side of B-phase wire.
Electric field intensity at the above two points is calculated at the same moment with the interval of
1 kV (the phase spacing of three phases is 120°) when the line voltage is within the range of 1-12 kV.
Table 3 shows the electric field intensity when sensor is not used, and Table 4 presents the electric field
intensity after sensor is used.

Table 3. Electric field intensity at A and B when sensor is not used.

Voltage Phase =35  Electric Field Intensity Electric Field Intensity

[deg] (kV) of Point A (kV/m) of Point B (kV/m)
1 2.10 0.15
2 420 0.30
3 6.30 0.48
4 8.39 0.60
5 10.49 0.75
6 12.59 0.90
7 14.69 1.04
8 16.79 1.19
9 18.89 1.34

10 20.99 1.49
11 23.089 1.64
12 25.189 1.79
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Table 4. Electric field intensity at A and B when sensor is introduced.

Voltage Phase =35  Electric Field Intensity Electric Field Intensity

[deg] (kV) of Point A (kV/m) of Point B (kV/m)
1 13.35 0.008
2 25.86 0.012
3 39.00 0.016
4 52.00 0.019
5 65.00 0.023
6 78.00 0.028
7 90.99 0.032
8 103.99 0.035
9 116.99 0.040
10 129.98 0.045
11 132.15 0.058
12 155.99 0.062

The linearity fitting curve graph shown in Figure 18 is drawn according to the results in
Tables 2 and 3.

PR 10 ’
1.8+ w——©vithout using sensor
: == using sensor
~ 1.6
£ 14
z
= 1.2r .
i using sensor
2
§ 0.8
= 0.6 without using sensor
0.4
0.2
0 e Y I 1 I I I | I I ]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
Voltage (kV)
(a)
2000 T T
—&—without using sensor(v/m)
E 1750+ —w—sing sensor(v/em) o A /
£ 1500 i 3
o i
E 1250 without using sensor /
2 1000 T /"'/
3
E 750 ! usirg sensor
250 {._.—/—-4—"_" i — i i ]
0 1 i I I I
0 1000 2000 3000 4000 35000 6000 7000 8000 9000 10000 11000 12000
Voltage (kV)

Figure 18. Fitting curve of electric field intensity and voltage grade: (a) phase A; and (b) phase B.

Least-square fitting is conducted for electric field intensity data at A and B acquired before and
after sensor is introduced, and Equations (18) and (19) are obtained, where x means electric field
intensity of A and B before using the sensor, and y means electric field intensity of A and B after using
the sensor. In the equation the constant term is generated under the combined action of boundary
condition setting and fitting method when simulation model is established.

y = 6.0291x + 1.06 (18)

= 0.0317x + 0.7024 (19)
y
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According to the above simulation result, a linear relation is presented between electric field
intensity around the circuit and line voltage when sensor is not used. When voltage sensor designed in
this paper is used, a linear relation is still presented between electric field intensity around the circuit
and line voltage. Therefore, though the use of voltage sensor will influence the electric field to be
measured, electric field distribution is still uniform, and electric field intensity and line voltage present
linear changes.

5. Experiment

The working performance of non-contact voltage sensor should be verified by experiment.
The experiment is composed of sensor linearity test and sensor measurement accuracy test.

The experimental platform is shown in Figure 19. In Figure 19a, 1 refers to the voltage sensor
and this sensor is installed on all three-phase lines. Through design of the voltage sensor, its voltage
division ratio is set as 1500:1. 2 represents the high-voltage probe of P60514, its voltage division
ratio is set as 1000:1. 3 indicates the wiring terminal of three-phase line. 4 denotes the transformer,
its rated capacity is 50 kVA, and the output voltage of transformer can be adjusted through the control
cabinet. 5 is the standard voltage transformer. 6 signifies the oscilloscope. 7 means the high-precision
digital multimeter. In Figure 19b, 1 refers to the load part composed of resistive load and capacitive
load, and the load part is equipped with a large number of fans for heat dissipation and 2 represents
the control cabinet which can control the transformation ratio of transformer. Stepless adjustment
can be realized for the voltage within the range of 0-35 kV. Meanwhile, the control cabinet can also
switch the load, and the line current can change within the range of 0-200 A through the matching
relation between voltage and load. Thus voltage and current of three-phase changes can coexist in the
line and the purpose of simulating actual three-phase transmission line will be realized. Moreover,
the control cabinet can realize real-time display for voltage, current and power factor of different
phases. Sectional area of the wire is 35 mm?, the distance from the wire to the ground is 1.8 m, and the
spacing between phase and phase is 1.38 m.

Figure 19. Experimental platform structure: (a) experimental platform structure 1; and (b) experimental
platform structure 2.

5.1. Sensor Linearity Test

Sensor linearity test aims to study whether the detection value of sensor and the voltage
of conductor to be measured still present linear changes when the use of sensor causes electric
field distortion.

The schematic diagram for experimental platform is shown in Figure 20. The high-voltage probe
is connected to A-phase, B-phase and C-phase wires, respectively; meanwhile, lines of the three phases
all pass through the non-contact voltage sensor. Output connection to oscilloscope is realized between
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the high-voltage probe and sensor, the voltage of control cabinet is adjusted, and waveform and phase
difference data are recorded every 1 kV within the range of 1-12 kV.

> Vo‘ltage’Sensor

Phase A
7y High-Voltage Probe
Phase B o A ; 1
U |
Phase C d :/ ] I
L T
/ ]I |
. Voltage
Tl ansiormer
Regulator Power Load
J__ _| | Oscilloscope |__L |Oscilloscope|—_L —_l_

Figure 20. Schematic diagram for the structure of linearity test platform.

Figure 21a shows the line voltage waveform detected by high-voltage probe under the voltage
grade of 8 kV, and Figure 21b shows the detection signal waveform of voltage sensor under the voltage
grade of 8 kV. According to Figure 21, detection signal of the designed voltage transformer has the
same waveform with the actual line voltage signal detected by high-voltage probe, and the voltage
division ratio of voltage transformer is 1500:1.

Besides resistive load, capacitive and inductive loads also exist in the part of experimental
platform design and platform load implementation, so there are some errors between phase and phase
in the three lines. Therefore, the difference is not exactly 120°.

v

_Phase A _Phase B Phase C-_

Figure 21. Waveform figure: (a) Signal of high-voltage probe under 8 kV; and (b) signal of voltage
sensor under 8 kV.

Figure 22a shows the output waveform of A-phase line high-voltage probe and non-contact
voltage sensor under the voltage grade of 4 kV, and Figure 22b shows the output waveform of A-phase
line high-voltage probe and non-contact voltage sensor under the voltage grade of 6 kV.
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Figure 22. Comparison figure of high-voltage probe and voltage sensor: (a) signals comparison under
4 kV; and (b) signals comparison under 6 kV.

The phase error of the three-phase line between these two under different voltage grades is gained,
as shown in Table 5. In the table, ¢s indicates the output voltage phase of voltage sensor and ¢y
signifies the output voltage phase of high-voltage probe. According to Table 5, voltage sensor works
under self-integration mode. According to Table 4, the maximum phase error of voltage sensor and
high-voltage probe is 33.9’ and the average error is 27.925’. The phase detection accuracy of voltage
sensor under steady state meets the accuracy class of 0.5-level voltage sensors.

Table 5. Phase error.

Voltage (kV) @95 ()
1 33.2
2 30.7
3 254
4 239
5 25.7
6 223
7 31.7
8 32.6
9 254
10 22.8
11 33.9
12 27.5

5.2. Sensor Measurement Accuracy Test

Sensor measurement accuracy test aims to verify the measurement accuracy grade of voltage
sensor, and it is the important index for the working performance of voltage sensor.

The experimental platform of simulating three-phase transmission line shown in Figure 19 is
still adopted, but the verification test is conducted by adopting the method of phase measurement.
Figure 23 is the schematic diagram for the structure of sensor measurement accuracy test platform.
The standard voltage transformer adopts EVT1-20 electronic voltage transformer. The rated voltage of
primary side is 20 kV, the working frequency is 50 Hz, the rated phase shift is 0, the rated output of
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secondary side is 0—4 V(AC), and the accuracy class is 0.2. 34410A high-performance digital multimeter
of Keysight Truevolt series is adopted as high-precision digital multimeter, and the measurement
accuracy of measuring the alternating voltage of 50 Hz and 0-50 V is 0.006%. Therefore, the above
experimental equipment can guarantee the accuracy of the test conclusion.

Electronic Voltage

,Y oltage Sensor Transformers

Phase A n- 7/ , J L 4
7 7 1
Phase B Y / / | \
U7 / I |
Phase C | N / ] 1
T Y |
Voltage I I
Transformer Regulator Power

Load

L

Figure 23. Schematic diagram for the structure of accuracy test platform.

The output ends of standard electronic voltage transformer and non-contact voltage sensor are
connected to digital multimeter, the three-phase voltage is adjusted, and the output results of A-phase,
B-phase and C-phase standard voltage transformer as well as the output results of non-contact voltage
sensor designed in this paper are recorded every 1 kV within the range of 1-12 kV. The ratio error £%
between sensor signal and actual voltage signal is gained according to the provisions in IEC60044-7
standard, and its definition is as follows:

KUs — MUy

£%= MUH

x 100% (20)
where K refers to the voltage division ratio of voltage sensor designed in this paper and the rated
transformation ratio after calibration is 1500:1; Us means the detection signal of voltage sensor; M
signifies the standard electronic voltage transformer and the transformation ratio is 5000:1; and Uy
denotes the output voltage of standard electronic voltage transformer. The experimental results are
shown in Tables 6-8.

Table 6. Results of Phase A.

Voltage (kV) Us (kV) Uy kV) &%
1 0.6582 0.1967 0.37
2 1.3245 0.3961 0.31
3 1.9763 0.5912 0.28
4 2.6496 0.7929 0.24
5 3.4023 1.0231 0.21
6 4.0518 1.2138 0.14
7 4.6164 1.3834 -0.11
8 5.3271 1.6010 -0.17
9 6.0846 1.8301 -0.21
10 6.6743 2.0079 -0.23
11 7.3257 2.2027 -0.27
12 8.0710 2.4293 -0.33
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Table 7. Results of Phase B.

Voltage (kV) Us (kV) Uy (kV) &%
1 0.6732 0.2011 0.41
2 1.3411 0.4008 0.37
3 2.0177 0.6030 0.39
4 2.6714 0.7994 0.25
5 3.3376 0.9987 0.26
6 4.0365 1.2088 0.18
7 4.6585 1.3943 0.23
8 5.3436 1.6014 0.17
9 6.0094 1.7990 0.21
10 6.6832 2.0106 —0.28
11 7.3431 2.2080 —-0.23
12 7.9763 24018 —-0.37

Table 8. Results of Phase C.

Voltage (kV) Us (kV) Uy (kV) &%
1 0.6641 0.1998 —0.31
2 1.3276 0.3994 —0.27
3 1.9883 0.5985 —0.33
4 2.6475 0.7958 —0.21
5 3.3416 1.0062 —0.31
6 4.0117 1.2010 0.21
7 4.6774 1.3992 0.27
8 5.3169 1.5901 0.31
9 6.0712 1.8154 0.33
10 6.6573 1.9918 0.27
11 7.3448 2.1955 0.36
12 7.9659 2.3829 0.29

According to the above two tests, some errors exist in detection signals of the non-contact voltage
sensor designed in this paper and standard electronic voltage transformer, and the errors mainly
come from two sources. On the one hand, though the sensor is specially designed, the position of
its electrode arrangement has inevitable errors due to the restriction of craftsmanship. As a result,
errors between transformer phase position and actual voltage phase are caused. However, such errors
can be ignored in actual use. On the other hand, complete coaxial arrangement cannot be realized
between the voltage sensor and line, so the electric field lines passing through sensor electrode are
imbalanced and the measurement accuracy will be affected. However, such errors can be ignored in
actual use. The voltage ratio error of the non-contact voltage sensor designed in this paper within the
voltage range of 0-12 kV is €% < 0.5%, and the phase difference is ¢ < 35’. Therefore, the measurement
accuracy of such non-contact voltage sensor can meet the actual measurement requirement during
steady state measurement.

6. Conclusions and Prospect
According to this paper, the following conclusions can be gained:

(1) When non-contact voltage sensor is applied to steady state voltage measurement within 12 kV,
the phase error is smaller than 35’, which meets the phase detection accuracy class of 0.5-level voltage
transformer used for measurement.

(2) When non-contact voltage sensor is applied to steady state voltage measurement within 12 kV,
the ratio error €% is <0.5%, so the accuracy of steady state measurement meets the accuracy class of
0.5-level voltage transformer used for measurement.



Sensors 2016, 16, 40 20 of 21

(3) Through simulation and experiment, structure design of sensor is optimized, voltage division
ratio of voltage sensor is increased, insulation design difficulty of sensor is reduced, and the sensor is
able to work under self-integration mode.

In the future, in-depth studies will be made into the aspects of standardization, anti-interference
and signal processing circuit of non-contact voltage sensor. In order to meet the electrified installation
requirement of sensor, open-type design should be conducted for the sensor electrode; in order to
solve the coaxial arrangement problem of sensor and line, a corresponding fixture should be designed.

Acknowledgments: This work was supported by the Funding Program from State Grid Chonggqing Electric
Power Co. Electric Power Research Institute (SGCQDKO00]JZ]S1400018).

Author Contributions: Wei He is the head of the research group that conducted this study. He contributed to
the research through his general guidance and advice. All authors contributed to the writing and revision of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. John-Paul, HK. Cheri, W. An Innovative Approach to Smart Automation Testing at National Grid.
In Proceedings of the 2012 IEEE PES Transmission and Distribution Conference and Exposition (T&D),
Orlando, FL, USA, 7-10 May 2012; pp. 1-8.

2. Liu, GY,; Kang, L.; Peng, WN. On-Line Monitoring System for Transformer Partial Discharge.
Appl. Mech. Mater. 2013, 303, 464—467. [CrossRef]

3. Sarkar, B.; Koley, C.; Roy, N.K.; Kumbhakar, P. Condition monitoring of high voltage transformers using
Fiber Bragg Grating Sensor. Measurement 2015, 74, 255-267. [CrossRef]

4. Kaveri, B; Saibal, C. Electric stresses on transformer winding insulation under standard and non-standard
impulse voltages. Electr. Power Syst. Res. 2015, 123, 40-47.

5. Zhao, S.P; Li, H.Y,; Peter, C.; Forooz, G. Test and Analysis of Harmonic Responses of High Voltage Instrument
Voltage Transformers. IET 2014, 3, 1-6.

6.  Cecati, C; Citro, C.; Siano, P. Combined Operations of Renewable Energy Systems and Responsive Demand
in a Smart Grid. IEEE Trans. Sust. Energy 2011, 2, 468—476. [CrossRef]

7. Browning, C.A.; Vinci, S.J.; Zhu, J.; Hull, D.M.; Noras, M.A. An evaluation of electric-field sensors for
projectile detection. In Proceedings of the 2013 IEEE SENSORS, Baltimore, MD, USA, 3—6 November 2013;
pp- 1-4.

8. Farhangi, H. The path of the smart grid. IEEE Power Energy Mag. 2010, 8, 18-28. [CrossRef]

9. Pan, F; Xiao, X.; Xu, Y.; Ren, Y. An optical AC voltage sensor based on the transverse pockels effect. Sensors
2011, 11, 6593-6602. [CrossRef] [PubMed]

10. Metwally, LA. Comparative measurement of surge arrester residual voltages by D-dot probes and dividers.
Electr. Power Syst. Res. 2011, 81, 1274-1282. [CrossRef]

11. Metwally, I.A. D-dot probe before fast-front voltage measurement. IEEE Trans. Instrum. Meas. 2010, 59,
2211-2219. [CrossRef]

12.  Harun, T.; Seddik, B.; Daniel, C.; Ahmad, H. Low-Voltage Loss-of-Life Assessments for a High Penetration
of Plug-In Hybrid Electric Vehicles. IEEE Trans. Power Deliv. 2012, 27, 1323-1331.

13. Wang, Y.A,; Xiao, D.M. Prototype design for a high-voltage high-frequency rectifier transformer for high
power use. IET Power Electron. 2011, 4, 615-623. [CrossRef]

14. Metwally, I.A. Coaxial D-dot probe: Design and testing. In Proceedings of the 1995 Annual Report Conference
on Electrical Insulation and Dielectric Phenomena, Virginia Beach, VA, USA, 22-25 October 1995; pp. 298-301.

15. Barker, P.P; Mancao, R.T,; Kvaltine, D.J.; Parrish, D.E. Characteristics of lightning surges measured at metal
oxide distribution arresters. IEEE Trans. Power Deliv. 1993, 8, 301-310. [CrossRef]

16. Zhou, Q.; He, W.; Li, S.N.; Hou, X.Z. Research and Experiment of a Unipolar Capacitive Voltage Sensor.
Sensors 2015, 15, 20678-20697. [CrossRef] [PubMed]


http://dx.doi.org/10.4028/www.scientific.net/AMM.303-306.464
http://dx.doi.org/10.1016/j.measurement.2015.07.014
http://dx.doi.org/10.1109/TSTE.2011.2161624
http://dx.doi.org/10.1109/MPE.2009.934876
http://dx.doi.org/10.3390/s110706593
http://www.ncbi.nlm.nih.gov/pubmed/22163974
http://dx.doi.org/10.1016/j.epsr.2011.01.015
http://dx.doi.org/10.1109/TIM.2009.2030928
http://dx.doi.org/10.1049/iet-pel.2009.0284
http://dx.doi.org/10.1109/61.180350
http://dx.doi.org/10.3390/s150820678
http://www.ncbi.nlm.nih.gov/pubmed/26307992

Sensors 2016, 16, 40 21 of 21

17.

18.

19.

20.

21.

22.

Kubo, T.; Furukawa, T.; Itoh, H.; Hisao, W.; Wakuya, H. Numerical electric field analysis of power status
sensor observing power distribution system taking into account measurement circuit and apparatus.
In Proceedings of the 2011 IEEE SICE Annual Conference (SICE), Tokyo, Japan, 13-18 September 2011;
pp. 2741-2746.

Koziy, K.; Bei, G.; Aslakson, J. A low-cost power quality meter with series arc-fault detection capability for
smart grid. IEEE Trans. Power Deliv. 2013, 18, 1584-1591. [CrossRef]

Bayer, C.E; Baer, E.; Waltrich, U.; Malipaard, D.; Schletz, A. Simulation of the electric field strength in the
vicinity of metallization edges on dielectric substrates. IEEE Trans. Dielectr. Electr. Insul. 2015, 22, 257-265.
[CrossRef]

Kubo, T.; Furukawa, T.; Fukumoto, H.; Ohchi, M. Numerical estimation of characteristics of voltage-current
sensor of resin molded type for 22 kV power distribution systems. In Proceedings of the ICCAS-SICE 2009,
Fukuoka, Japan, 18-21 August 2009; pp. 5050-5054.

Richard, C.J.; Michael, W.; Shi, G.Y. Efficient DC Fault Simulation of Nonlinear Analog Circuits: One-Step
Relaxation and Adaptive Simulation Continuation. IEEE Trans. Comput. 2006, 25, 1392-1400.

Wang, D.; Zhang, Y.R.; Wang, YH.; Lee, Y.S; Lu, PJ.; Wang, Y. Cutting on Triangle Mesh: Local Model-Based
Haptic Display for Dental Preparation Surgery Simulation. IEEE Trans. Vis. Comput. Graph. 2005, 11, 671-683.
[CrossRef] [PubMed]

@ © 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ \ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TPWRD.2013.2251753
http://dx.doi.org/10.1109/TDEI.2014.004285
http://dx.doi.org/10.1109/TVCG.2005.97
http://www.ncbi.nlm.nih.gov/pubmed/16270860

	Introduction 
	Detection Principle 
	Design of Non-Contact Voltage Sensor 
	Simulation 
	Optimization Design of Sensor Structure 
	Insulation Design of Sensor 
	Insulation Design between Electrodes 
	Insulation Design of Sensor Support 

	Influence of Sensor Introduction on Measurement 

	Experiment 
	Sensor Linearity Test 
	Sensor Measurement Accuracy Test 

	Conclusions and Prospect 

