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Abstract: Traditional potential transformers have problems of large volume, difficulty in insulation,
iron core saturation, ferroresonance overvoltage and poor transient response characteristics. The
voltage sensor based on the principle of electric field coupling and differential input structure does
not need to contact the measured object or ground, and can avoid the above problems. However,
it requires a sufficiently high capacitance between the differential electrodes to obtain sufficient
accuracy and a high voltage division ratio. The existing method of using mutual capacitance between
the differential electrodes will cause many problems and fail to meet the practical needs. To solve the
above problems, this paper innovatively uses multi-layer ceramic capacitor to replace the mutual
capacitance and designs a new type of voltage sensor. In addition, by using single bypass small
resistance grounding method to increase the input impedance of the differential signal processing
circuit, error of the sensor is further reduced. The experimental results show that the sensor has
excellent accuracy and great transient response characteristics. The ratio error under power frequency
is within +0.5% and the phase error is within 1°. The ratio error in the range of 500 Hz~30 kHz
is within £5% and the phase error is within 5°. Moreover, it has the advantages of low cost,
miniaturization, flexible shape and easy to adjust the voltage division ratio. These characteristics
indicate that the sensor has good voltage measurement and sensor network potential.

Keywords: electric field coupling; differential input structure; non-contact voltage measurement;
multi-layer ceramic capacitor; transient response

1. Introduction

As an important part of power system, voltage measurement plays a decisive role in
energy measurement|[1-3], relay protection[4-6], overvoltage online monitoring[7,8], and automatic
equipment control[9,10]. Its accuracy, real-time performance, and reliability are the basis for ensuring
the safe operation of the power system. However, the existing voltage measurement equipments in
power system are still dominated by voltage transformers. Among them, the most commonly used are
inductive voltage transformer (IVT) and capacitive voltage transformer (CVT). IVT has the problems
of large volume, difficulty in insulation and price increase with the increase of voltage level[11], and it
is easy to produce ferroresonance overvoltage[12-14] which may cause equipment damage or even
power grid outage[15]. Although CVT has better insulation stability, cheaper price, and it is not easy
to produce ferroresonance overvoltage[16], since it has internal energy storage components such as
capacitors and compensation reactors, these energy needs to be released through the RLC circuit
composed of devices and loads. Therefore, the transient characteristics of CVT are poor, and its output
voltage can not accurately reflect the change of the primary side voltage[17,18]. The non-contact
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voltage measurement method realized by the principle of electric field coupling does not require direct
contact with the measured object and has the advantages of good insulation, simple structure, no
overvoltage, wide bandwidth and fast response, etc[19-21]. Because of its good development prospect,
it has become a hot spot in current researches.

There are mainly two types of sensors which measure voltage through the principle of electric
field coupling: single-ended grounding structure[22,23] and differential input structure[24,25]. The
single-ended grounding structure is equivalent to a traditional capacitive voltage divider. It only
has one electrode. The high voltage arm is the coupling capacitance between the electrode and the
measured object. The low voltage arm is the capacitance between the electrode and the ground,
and its output voltage is the potential of the electrode to the ground[26]. This kind of sensor has
been widely used in the measurement of very fast transient overvoltage (VFTO) in gas insulated
switchgear (GIS)[21,27], but it needs to be coupled to the measured object as well as be grounded,
which greatly limits its application scope. To solve this problem, some scholars have proposed the
differential input structure which uses the coupling capacitances of two electrodes to the ground and
the measured object as the high voltage arm, and the mutual capacitance between the two electrodes
as the low voltage arm, so the sensor is not need to be grounded[28-30]. However, the sensor with
differential input structure requires a large capacitance between the two differential electrodes to meet
the self-integration condition and have a high voltage division ratio[31]. In the existing researches,
methods such as expanding the equivalent area of the electrodes and filling dielectric between the
electrodes are generally used to increase the mutual capacitance between the electrodes[25,31,32].
However, the capacitance obtained by these ways is still small and inaccurate. Besides, these methods
will cause problems such as the sensor becomes larger, the mutual capacitance is easily to be interfered
by temperature and humidity, the voltage division ratio is difficult to adjust and the shape of sensor is
relatively fixed, etc.

In this paper, a new type of voltage sensor is designed using multi-layer ceramic capacitor to
replace the mutual capacitance between the two electrodes and using the method of single bypass
small resistance grounding to increase the input impedance of differential signal processing circuit.
The sensor has the advantages of miniaturization, easy to adjust the voltage division ratio, flexible
shape and low cost, which could successfully solve many problems in existing similar sensors.
Moreover, steady-state and transient experiments are carried out to investigate the frequency response
characteristics and accuracy of the sensor.

2. Principle and Design of Sensor

2.1. The Principle of Electric Field Coupling and Differential Input Structure

The voltage sensor, based on electric field coupling principle and differential input structure,
is mainly composed of metal electrode 1, electrode 2 and differential signal processing circuit. The
schematic diagram is shown in Figure 1. C,,;; and C,;p are the coupling capacitances of electrode 1 and
electrode 2 to the measured object respectively. Cs; and Cj; are the coupling capacitances of electrodel
and electrode 2 to the ground respectively. Cy, is the capacitance between electrode 1 and electrode
2. Ry, is the input impedance of the differential signal processing circuit. The transfer function of the
sensor can be expressed as:

V(s) sC1R,

H(s) = 2(5) ~ SOoR, +1 1

Where, V (s) is the potential difference between the two electrodes; ¢(s) is the potential difference

between the measured object and the ground; C; = Ccl"ig:;rccmfi%z ;G = — Jlr — + Cio-
" ° : Cn1+Cs1 ' Cr2+Cs2

Therefore, the amplitude frequency response function of the sensor is:
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Figure 1. Schematic diagram of the sensor
CiR
H(w)| = ———tee 2

Where, w is the equivalent angular frequency of the measured voltage, and w = 27tf, f is the
frequency of the measured voltage.
The phase frequency response function of the sensor is:

/H(w) = arct 3
(w) = arctan Row ©)]
The condition for the sensor in self-integration mode is:
1
CZRn > — (4)
w

When self-integration condition is satisfied, it can be considered that its voltage division ratio is
(%, phase difference |/H(w)| = 0. Therefore, improving the values of C; and R, is the key to make
the sensor meet the self-integration condition and reduce error. Since the values of C,1, Cy2, Cs1, Cs2
are picofarad level, they can be ignored relative to the value of Cy;9 (as will be explained later, its value
is generally nanofarad level), according to the definition of C; in formula (1), it can be considered that:

Cz ~ CmO (5)

Meanwhile, since the input impedance of the differential signal processing circuit will affect the
bias current of the operational amplifier and thus affect the frequency response of the circuit, it has
certain limitations to increase R;,. Therefore, increasing C,,g is the main method to make the sensor
satisfy the self-integration condition and increase the voltage division ratio.

In the existing researches, Cy is the mutual capacitance between the two electrodes, its value is
generally several nanofarads which means the voltage division ratio of the sensor is several thousand
to one[29], which can’t meet the measurement requirements of ultra-high voltage equipments. To
solve this problem, high performance intergrated capacitor is used to replace the traditional mutual
capacitance between the electrodes, and the value of C,,9 can be changed conveniently and accurately.
The multi-layer ceramic capacitor used in this sensor has advantages of small volume, high reliability,
relatively inexpensive[33] and low loss. Its operating temperature range is within -55°C~125 °C, and
the temperature coefficient is only +30 ppm/°C in this range. The influnce of ambient temperature on
the capacitance can be almostly ignored.
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2.2. Differential Signal Processing Circuit

Since the sensor adopts differential input structure, as shown in Figure 1, the potentials of electrode
1 and electrode 2 are both unknown floating potentials. It is necessary to use the differential signal
processing circuit to convert the potential difference between the two electrodes into single-ended
signal relative to the circuit reference ground potential. The differential signal processing circuit used
in this sensor is shown in Figure 2.

+15V

V+
10MQ Rg INA111AU
V-

| Vin-)

50Q
-15V

GND

Figure 2. Structure diagram of differential signal processing circuit.

The chip used in the circuit is INA111AU instrumentation amplifier[34] produced by Texas
Instruments and powered by +15V. To ensure that the amplifier has a DC operating point and works
in the linear operating region, the two input ends of the amplifier should have DC paths to the reference
ground of the printed circuit board (PCB). Considering that the max bias current of INA111AU is
only 20 pA, large resistance can be appropriately selected to provide DC paths and input impedance.
However, if the resistance is too large, the voltage generated by the bias current flowing through the
resistors will be regarded as part of the input voltage, thus the output voltage has a large DC bias.

In this circuit, a 10 M(Q) resistor is used between the two input ends to provide the input impedance,
and a 50 Q) resistor is grounded to provide the DC paths. The minimum input common-mode voltage
range of the chip is only 10 V. When using large grounding resistance, the common-mode voltage
between the PCB and the electrodes will be too high, which casues the chip not working properly.
The single bypass small resistance grounding method can effectively solve this problem and make
the circuit obtain higher input impedance. Therefore, the single bypass small resistance grounding is
adopted instead of traditional double bypasses large resistance grounding.

2.3. Parameter Selection and Fabrication of the Sensor

Since the method proposed in this paper uses multi-layer ceramic capacitor to replace the mutual
capacitance between the electrodes, there are no special requirements for the size and shape of the
two electrodes. However, if the size of two electrodes are equal, the values of C,,;; and Cy;p, Cs1 and
Cs2 may be similar or even equal, and according to formula (1), the potential difference between the
two electrodes is almost zero, so the size of electrode 1 and electrode 2 should be designed to have
sufficient difference. The physical maps of electrodes designed in this paper are shown in Figure 3. The
two electrodes are respectively located on the front side and the reverse side of the PCB, the thickness
of PCB is 1.2 mm. The size of the front electrode is 30 mm inner diameter and 80 mm outer diameter.
The size of the reverse electrode is 50 mm inner diameter and 80 mm outer diameter.
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(a) (b)

Figure 3. Physical maps of electrodes: (a) Front side; (b) Reverse side.

To select the value of the multi-ceramic capacitor on the sensor, the calculation result of formula
(3) can be used as a reference. In this paper, R,=10 MQ). If Cy is 4.7 nF, the calculation result of phase
error is 3.87° at 50 Hz, and if C,, is 47 nF, the result is 0.388°, which can basically meet the general
measurement requirements. Therefore, without special instructions, the sensor uses a 47 nF capacitor
as Cyo.

When using a capacitor of 47nF as C,,0, the measured voltage division ratio is hundreds of
thousands to one. In the laboratory, the voltage of measured objects is generally several kilovolts
or even lower, and the output voltage of the sensor is only tens of millivolts. Due to the noise of
differential circuit, oscilloscope and other electronic components, too small voltage will lead to the
decrease of signal-to-noise ratio, so it is necessary to provide gain in the differential circuit. In Figure 2,
Rg is the gain adjusting resistor, the relationship between the gain (G) of instrumentation amplifier
and Rg is:

G=1+"—" (6)

According to the datasheet of the amplifier[34], high gain has negative effect on its frequency
response, and ten times of gain has already meet the requirement of the experiments in this paper.
Therefore, a resistor of 5.6k() is used as Rg and the theoretical gain is 9.93. Figure 4 shows the
frequency response of the differential circuit, and in the range of 20 Hz~100 kHz. The differential
circuit has a stable response.

22.0 T MR | ML | T L B | 40

215 L Gain 135
—— Phase

30

Phase(®)

10

0.01 0.1 1 10 100 500
Frequency(kHz)

Figure 4. Frequency response of the differential circuit.
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3. Experiments and Results Analysis

3.1. Power Frequency Steady-State Experiments

The platform of power frequency experiments is shown in Figure 5. The transformer is used to
generate 50 Hz power frequency voltage, and the capacitive voltage divider with a voltage division
ratio of 1000: 1 is used to provide the amplitude and phase reference. The voltage sensor is placed on
the post insulator which is tens of centimeters to several meters away from the high voltage terminal
of the transformer. Both the voltage sensor and the capacitive voltage divider are connected to the Tek
DPO4014B oscilloscope.

1. Transformer 2. Capacitive voltage divider 3. Voltage regulator
4. Oscilloscope 5. Post insulator 6. Volatge sensor
7. Differential electrodes 8. Differential signal processing circuit

(a)

Transformer
Voltage sensor

Post insulator
Oscilloscope

N
J

1 Capacitive voltage
glivider

Figure 5. Power frequency experimental platform: (a) Physical map; (b) Schematic diagram.

To obtain the voltage division ratio and linearity of the voltage sensor, under the case that the
distance between the sensor and the high voltage terminal is 153 cm, the transformer works in no-load
state, the output voltage of the transformer is adjusted through the voltage regulator, and the output
voltage of capacitive voltage divider and voltage sensor are recorded at the same time. Figure 6 shows
the measurement points of this experiment and the fitted first-order curve.

The expression of the fitted curve is y = 0.0237x — 0.0007. The correlation coefficient of the
transformer and the sensor output voltage is 1. The result shows the voltage sensor has excellent
linearity. According to the fitted curve, the rated voltage division ratio of the sensor is 42194.09, and
then the ratio error of the sensor is calculated and shown in Table 1. The definition of the ratio error
(%) is:

Kn uS - uP
P

% = X 100% (7)
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Where, K;, is the rated voltage division ratio of the sensor; U, is the output voltage of the
transformer; Us is the output voltage of the voltage sensor.

0.4

*  Measurement points
Fitted curve

0.35

0.3+ ,

025 1

0.2+ 1

0.15 ,

Sensor output voltage(V)

0.05 - —

0 . . . . . . .
0 2 4 6 8 10 12 14

Transformer output voltage(kV)

Figure 6. Measurement points and fitted curve.

Table 1. Calculation result of ratio error.

Up (kV) Us (V) &%

6.26 0.148 -0.244
7.08 0.168 0.122
8.59 0203  -0.286
9.30 0220 -0.186
10.3 0.243  -0.455
11.5 0272 -0.202
12.2 0.290 0.297

The experimental result shows that the voltage sensor has high voltage division ratio and excellent
accuracy, with the ratio error less than 0.5%.

For phase error, the function of oscilloscope is used to measure the phase difference between two
channels, as shown in Figure 7. Channel 1 is the output voltage of the sensor. Channel 2 is the output

Tek stop

CHl:voltage sensor

CH2:capacitive voltage divider

(1 _4500my & 2 500V & 10.0 10.0kS/s J[ 2 7 soomv]

ms
value Mean Min Max Std Dev ][“ X-OOOOOMSJ [1000 points
9 Jul 2020
01:06:05

1 + 2 Phase 867.7m° 878.2m 845.9m 901.3m_ 21.73m
Figure 7. Power frequency phase error of the sensor.
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voltage of capacitive voltage divider and is used as the reference waveform of the transformer output
voltage.

In addition, to compare the measured phase error with the theoretical phase error and understand
the effect of Cy;,9 value on the phase error, the experiments are also carried out in the cases of C,,0=4.7 nF,
100 nF and 220 nF respectively. The experimental results and the comparison between theory and
experiment are shown in Table 2. It can be seen that the phase error of measuring is close to but slightly
larger than the theoretical error. This is because that the sensor can also couple to the electric field
generated by the other nearly divices, stray parameters of the components and circuits. Moreover, the
capacitive voltage divider also has certain error.

Table 2. Results of phase error.

Cmo (nF)  Theoretical phase error Measured phase error  Extra error

47 3°52' 4°15’ 23
47 23 42’ 19
100 11 28’ 17
220 5 8’ 3

Since the values of coupling capacitances Cy,1, Cy2, Cs1, Csp are all related to the distance between
the sensor and the measured object, it is necessary to investigate the relationship between the distance
and the voltage division ratio of the sensor. For this part of experiment, first, the height of both the
post insulator and the transformer high voltage terminal are measured, and then change the distance
between the post insulator and the transformer, the distance and the voltage division ratio are recorded.
Finally, the voltage division ratios under different distance between the sensor and the high voltage
terminal are calculated. The result is shown in Figure 8. It can be seen that the distance between the
sensor and the measured object has a significant impact on the voltage division ratio. If need to obtain
a fixed voltage division ratio, the position of the sensor should be fixed.

14
5.5><0

Voltage division ratio
@ e
[$)) H~ a1
‘ ‘ ‘
‘ ‘ ‘

w
T
I

g
o
T
.

2 \ \ \ \ \ \ \ \
120 125 130 135 140 145 150 155 160 165

Distance(cm)

Figure 8. Relationship between sensor voltage division ratio and distance.

According to the results of the power frequency steady-state experiments, it can be seen that
the voltage sensor designed in this paper has excellent linearity and accuracy. The ratio difference is
within 0.5%. Increasing the value of Cy, can increase the voltage division ratio and reduce the phase
error. When Cy, is equal or larger than 47 nF, the phase error can be less than 1°. However, due to the
principal of electric field coupling, the voltage division ratio is very sensitive to the position. If need
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to accurately measure the voltage amplitude, the sensor should be calibrated and placed at a fixed
position.

3.2. High Frequency Steady-state Experiments

To study the amplitude frequency and phase frequency characteristics of the sensor, the high
frequency steady-state experimental platform is built as shown in Figure 9. The high-voltage power
amplifier is Trek Model 30/20A, which has a fixed gain of 3000 V/V, and the small signal bandwidth
can reach 30kHz. The signal generator is RIGOL DG4102 with a bandwidth of 100 MHz, and the
model of high-voltage probe is Tek P6015A with a voltage division ratio of 1000:1 and a bandwidth of
75MHz. The output of amplifier is connected to a load capacitor, the grading ring of the capacitor is
used as a high-voltage terminal, and the voltage sensor is placed 25 cm away from the grading ring.
The high-voltage probe is used to provide the phase and amplitude reference of the amplifier output
voltage.

High-voltage probe

High-voltage Voltage sensor

power amplifier

Signal generator

= Capacitor

Figure 9. Schematic diagram of high frequency experimental platform

In this experiment, the signal generator outputs a sinusoidal signal of 0.1V, and the output voltage
of the amplifier is only about 300 V. Therefore, to obtain higher sensitivity, the sensor uses a 4.7 nF
capacitor as Cy,9. The measurement results at different frequencies are shown in Table 3. The average
voltage division ratio of the sensor is 3569.01, which is regarded as the rated voltage division ratio to
calculate the ratio error.

Table 3. Results of high frequency response.

Output voltage Output voltage

Frequency of the sensor of the probe Phase error Voltage c.11v1510n Ratio error%
(kHz) ratio
(mV) (mV)
0.5 86.1 302.8 49’ 3516.84 -1.46
1 87.8 302.7 25’ 3448.00 -3.39
5 95.4 326.2 -2°6’ 3419.29 -4.20
10 105.8 376.5 -2°54 3557.59 -0.32
20 113.5 4232 -3°54’ 3728.63 447
30 70.8 265.0 -4°42’ 3744.00 4.90

It can been seen that the sensor has a great high frequency response in the range of 500 Hz~30 kHz.
The phase error is within 5°, and the ratio error is within +5%. For the error sources, in addition to the
reasons analyzed in 3.1, it can be seen from Figure 4 that at high frequency, the error of the differential
signal processing circuit itself, especially the phase error, can’t be ignored. Besides, with the increase of
frequency, the dielectric constant will decrease, leading to the value of capacitor decreases, which is
one reason for the increase of the voltage division ratio under high frequency.

Therefore, the accuracy of the sensor can be improved by using components with better frequency
response characteristics, using multiple capacitors paralleled to form a squirrel cage structure and
using twisted pair connection between the electrodes and the differential circuit to reduce inductance.
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3.3. Transient Characteristics Experiments

Power system has strict requirements on the transient characteristics of the voltage sensor.
Whether the transient signal waveform can be quickly and accurately responsed without oscillation
is one of the important performance indicators of the sensor. In view of the sensor has good high
frequency response characteristics, the transient response characteristics of the sensor are tested
through transformer switch operation and cable arc discharge.

The power frequency experimental platform shown in Figure 5 is also used to carry out the
transformer switch operation experiment. The closing operation is carried out after preloading 6.5kV
voltage on the voltage regulator, and the transient response waveforms of the voltage sensor and the
capacitive voltage divider are shown in Figure 10(a). After the transformer operates stably for a period
of time, making the voltage regulator disconnect with the transformer, and the transient response
waveforms are shown in Figure 10(b). According to the measurement results, for the switch operation,
the response waveform of the voltage sensor is consistent with the capacitive voltage divider, and no
oscillation occurs.

Tek Prevu

/CHl:voltage sensor
H2:capacitive voltage divider

/;
IS A

4/w

G|

(0 4735mv_& 2 500V & J(10.0ms 10.0ks/s 2 X -5.40V
+v19.90000ms | | 1000 points.
9 Jul 2020
00:08:03

(a)

Tek Prevu

»-CH1:voltage sensor
A H2:capacitive voltage divider

VALV «

14735mV_% 2 5.00V % )[m.o 10.0kS/s J[ 2 7 fS.GOV]

ms
B+v20.00000ms J 1000 points
9 Jul 2020
00:02:26

o)

(b)

Figure 10. Waveforms of transformer switch operation: (a) Waveforms of transformer closing operation;
(b) Waveforms of transformer opening operation.

The experimental platform shown in Figure 11 is used for the measurement of cable arc discharge.
There is an air gap between cable 1 and cable 2, when the output voltage of the transformer is increased
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to a certain value, an arc discharge will occur in the gap. The voltage sensor is placed on the post
insulator about 50 cm away from the air gap.

High-voltage probe

Transformer
m Oscilloscope
g H i Cablel  Cable2 i) : ]
Voltage sensor :

Post insulator

Figure 11. Schematic diagram of cable arc discharge experimental platform.

The cable arc discharge waveforms measured according to this experimental platform are shown
in Figure 12. The output voltage waveforms of high-voltage probe and the voltage sensor are basically
the same.

Tek Stop

CH2:high-voltage probe T/
I

N

CH1:voltage sensor

(1 _4200mv_ & 2 200V & ) (4-00ms | (25.0ks/s 1 5 000V
T+v—4.960000m: | 1000 points
18 Jul 2020
08:28:00

Figure 12. Waveforms of cable arc discharge.

The results of transient characteristics experiments show that the voltage sensor designed in the
paper has great transient response characteristics, which can quickly and accurately respond to the
transient signal without oscillation.

4. Discussion

Based on the experimental results and the advantages of the designed sensor, for the practical
application of the sensor, the following situations are given:

1. Used to measure voltage waveform and amplitude: When the sensor is placed in a fixed position
near the measured object and calibrated, as long as the environment does not change significantly,
it has a fixed voltage division ratio and can accurately measure the waveform and amplitude.

2. Used to improve the transient response characteristics of the existing voltage transformers: When
used together with the voltage transformer, the sensor can be calibrated in real time and when
overvoltage occurs, the response signal of the sensor can be used to replace the response signal
of the voltage transformer. In this case, the sensor does not need a fixed position and is not
vulnerable to the external environment change, so it has higher accuracy.
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3. Used to measure the voltage phase: For the measurement of leakage current and partial discharge,
the voltage phase of the measured object is one of the important information. The sensor can
measure the voltage phase conveniently and accurately without calibration. Therefore, it has
broad application prospects in the above aspects.

4.  Used for partial discharge measurement: If the parameters of the sensor are changed appropriately,
the power frequency voltage can be filtered out and only the high frequency voltage information
can be measured. It is a promising research direction for on-line partial discharge monitoring.

5. Used for sensor network: In view of the advantages of small size, low power consumption,
flexible shape and low cost, the sensor has application prospects in sensor network.

5. Conclusions

This paper proposes a new type of non-contact voltage sensor and describes its structural design
in detail. Based on the principal of electric field coupling and the differntial input structure, the sensor
innovatively uses multi-layer ceramic capacitor to replace the mutual capacitance between the two
differential electrodes, and uses single bypass small resistance grounding method to increase the input
impedance of the differential circuit, thus solving many problems of previous similar sensors.

Steady-state and transient characteristics experiments of the sensor are carried out and show that
the sensor has excellent accuracy and great transient response characteristics. The ratio error under
power frequency is within +0.5% and the phase error is within 1°. The ratio error in the range of
500 Hz~30 kHz is within +5% and the phase error is within 5°. Meanwhile, the experimental results
also show that the sensor has the problem of error increase at high frequency. In future research, it is
possible to reduce the error and increase its bandwidth by using components with better frequency
response characteristics and optimizing the structure of the sensor.

In summary, the sensor designed in this paper has excellent characteristics. These characteristics
demonstrate the research and application potential of voltage measurement and sensor network from
this sensor.
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