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It is of great significance to accurately provide electric field information for electric power operators and electric power inspection
equipment to ensure the safety of live working robots and electric power workers. In this paper, the principle of parallel plate
charge induction is used to detect electric field signals and the influence of the inherent capacitance of the parallel plate on the
back-end circuit is considered. An equipotential ring is used as the structure of the sensing unit to eliminate the uncertainty
generated by the edge electric field. The parameters of the sensor probe are determined by the principle of differential-
integration, and its structure is analyzed and designed. The consistency of the designed sensor probe was analyzed, and the
results show that the consistency of the sensor is better. We have measured the sensitivity coefficients of the six probes, and
the average absolute deviation reached 0.031556. The fits were all above 0.9995. In addition, a three-dimensional power
frequency electric field measurement system that is easy to manufacture is designed using the hexahedral structure, which
solves the problem of inaccurate electric field measurement caused by the parallel plate probe and the field source being not
perpendicular, and the combined field strength formula of nonuniform electric field was obtained. In the laboratory
environment, the three-dimensional power frequency electric field measurement system produced in this paper is compared
with the electric field simulated by an electric field simulation tool. The test results show that the deviation between the
measurement system and simulation is within ±0.55%, the measurement range is 1 kV/m–200 kV/m, the resolution is ≥1V/m,
and the maximum electric field can be measured at 200 kV/m. The nonlinear error is 2.15%, and the sensitivity coefficient is
19:10mV/ðkV · m−1Þ, which meets the measurement requirements of the power frequency electric field and can be applied to
the actual power frequency electric field measurement.

1. Introduction

Electric field measurement is of great significance in many
fields of scientific research and engineering technology, such
as the measurement of the pulsed electric field of defense
technology nuclear explosion, the real-time monitoring of
lightning transient electric field in the aerospace field, the
field detection of medical equipment in the power medical
industry, and the field of communication near-field measure-
ment of mid-antenna and biological effects of the bioelectric
field [1–5]. The electric field measurement technology gives
strong support for the above fields, especially for the power
systems [6–8].

There are many companies or teams in the world that
have conducted in-depth research on power frequency elec-
tric field sensors. For example, researchers in the United
States were using the linear photoelectric effect of certain
crystals (such as lithium niobate LiNbO3 and lithium tanta-
late LiTaO3) to linearly modulate the refractive index of the
crystal by the external electric field, that is, the Pockels effect,
which causes the optical signal in the product body to
change in phase [9]. According to this principle, using
proton exchange or titanium diffusion technology to form
a stripe optical waveguide with a Mach-Zehnder (MZ) struc-
ture on the crystal surface, thereby converting the phase
change into an easily measured optical power change, to
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achieve the measurement of the electric field [9–11], optical
electric field sensors have wide bandwidth and fast response
but the manufacturing process is complicated and costly. For
some examples, reference [12] adopts an electric field-
sensitive microelectromechanical system (MEMS) to mea-
sure the induced current and realizes the measurement of
the power frequency electric field. Reference [13] based on
a silicon-on-insulator (SOI) technology MEMS resonant
microsensitive structure measures the induced current and
realizes the detection of the electric field. Reference [14] pro-
posed a new atmospheric electric field sensor based on a
high-sensitivity resonant MEMS electric field sensor chip,
which solves the problems of motor wear, high power con-
sumption, and failure rate. However, using MEMS to pro-
duce the electric field sensor is complicated and the
manufacturing cost is relatively high. In reference [15], Feser
and Pfaff of the University of Stuttgart in Germany, etc.,
improved the original spherical sensor and developed a
two-dimensional spherical transient electric field measuring
instrument using optical fiber as data transmission and iso-
lating high voltage. In reference [16], the Swiss company
Haefely also developed a two-dimensional spherical electric
field instrument with a diameter of 8 cm and a measurement
bandwidth of 20MHz. In reference [17], researchers devel-
oped a high-precision two-dimensional spherical electric
field measurement system. The system measures the electric
field strength in the range of 0~100 kV/m, and the measure-
ment uncertainty is within 1%. The system measured the
electric field intensity of the current transformer distributed
on the central axis and achieved very good experimental
results. The University of Stuttgart and Haefely have studied
a three-dimensional electric field measuring instrument
based on a two-dimensional electric field instrument [18].
A large number of calculations and theoretical analyses
have been carried out on the structure of the probe to
improve the measurement accuracy, and the measurement
uncertainty is less than 2.5%. If the power frequency elec-
tric field sensor of the ball probe is used to measure the
electric field, the manufacturing process of the probe is
more demanding and the uncertainty of the probes pro-
duced at different levels is larger, which is unsuitable for
mass production.

The structure of the existing electric field sensors, such as
a spherical structure, MEMS [19] or cylindrical structure
electric field sensor, their sensor unit design, and
manufacturing are very complicated, and some of the sensor
structure is very expensive to handle, which is not conducive
to mass production. Besides, the sensor has a large volume
and is difficult to carry. So these sensors cannot be applied
to some newer application scenarios, like when electric
power workers are performing live work, they need to accu-
rately monitor the electric field information of their location,
which is used to set threshold alarms to ensure personal
safety. Another example is when drone inspection of the
high-voltage transmission line is limited by the unmanned
aerial vehicle (UAV) vision system, it is impossible to accu-
rately judge the distance of the drone relative to the line. In
this way, it is necessary to monitor the electric field informa-
tion of the location to correct the relative position of the

high-voltage transmission line, and when the inspection
robot is performing live work, it also needs this information
to get its location. After being processed by certain algo-
rithms, it can achieve accurate positioning. Therefore, an
electric field sensor system with a small size, which is light
weight, and which has low price is developed and the sensor
system can be mounted on different platforms, can provide
specific electric field information for the corresponding
equipment, and can provide electric field strength informa-
tion for the corresponding equipment requirements, so as
to ensure the safety of live working robots and power
workers is of great significance.

In this paper, the principle of parallel plate charge induc-
tion [20, 21] and the principle of differential integration are
used to design the structure of the sensor probe and the
probe is used to produce a three-dimensional power fre-
quency electric field sensor with a simple structure, conve-
nient production, low price, high accuracy, and good
consistency. The sensor can adapt to different platforms. In
a laboratory environment, a measurement system is used
to measure the electric field generated by the power-
frequency high-voltage field source. Through the compari-
son of simulation and measured data, the results show that
the uncertainty of the measurement system does not exceed
±0.55%. It can meet the measurement requirements of the
power frequency electric field [22] and can be applied to
the measurement of the actual power frequency electric field.

The first part of this article introduces the background.
The second part analyzes the measurement principle and
designs the parameters of the differential integration circuit.
The third part analyzes and designs the probe of the one-
dimensional electric field sensor and designs the subsequent
conditioning circuit. In the fourth part, the one-dimensional
electric field sensor is summarized as a three-dimensional
electric field sensor and the one-dimensional to three-
dimensional field strength is introduced. In the last part,
the field measurements are compared with Narda sensors,
and finally, the full results are summarized.

2. Measuring Principle and Signal
Distortion Analysis

2.1. Principle of Electric Field Induction Measurement. The
charge in the conductor will move under the action of the
electric field, thereby generating an internal electric field
inside the conductor. The directions of the internal electric
field and the surrounding electric field are opposite, and
the strength and frequency of the internal electric field are
the same as those of the external electric field [23, 24]. As
shown in Figure 1(a), if the conductor is divided into two
separate parts, such as two hemispheres of a spherical sensor
or two plates of a parallel plate sensor, under the action of an
external electric field E, the two polar plates will induce
charge Q [25–27]; assuming that the areal density of the
induced charge is σ ðtÞ and the dielectric constant of the
medium between the plates is ε, then, the induced charge
of the plate has the following relationship with the measured
external electric field strength:
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Q tð Þ =
ð
σ tð ÞdS = εE tð ÞS, ð1Þ

where QðtÞ is the amount of the induced charge generated
by the electrode plate, EðtÞ is the measured electric field
strength, and S is the effective area of the induced electrode
plate.

The accumulation of the induced charge generated by
the two plates creates a potential difference Ux between the
two plates. The change of the external electric field strength
E will cause the amount of induced charge Q on the elec-
trode plate to change. Since the internal charge cannot
escape the restraint of the external electric field E, it can only
move directionally inside the conductor, so it cannot form a
current. By adding a sampling capacitor C between the two
plates, a voltage will form across the capacitor C. As long
as the voltage across the capacitor C is measured, the exter-
nal electric field strength information can be derived.

Figure 1 shows the equivalent circuit of the induced elec-
tric field sensor probe and its sensor measurement system.
In Figure 1(a), E represents the external electric field, Q is
the surface-induced charge, and C is the sampling capacitor;
in Figure 1(b), UxðtÞ is the equivalent voltage source, Cx is
the inherent capacitance of the probe, C is the sampling
capacitance, and UðtÞ is the output voltage.

The equivalent voltage source UxðtÞ is related to the sen-
sor’s inherent capacitance value and the amount of induced
charge in the electric field:

Ux tð Þ = Q tð Þ
Cx

=
εE tð ÞS
Cx

: ð2Þ

The upper and lower plates of the sensing unit are con-
nected to the two ends of the sampling capacitor C. The volt-
age signal UðtÞ formed on the sampling capacitor C by the
upper and lower sensing plates of the sensing unit is used
as the output signal. The relationship is

U tð Þ = kUx tð Þ CCx/C + Cxð Þ
C

=
kUx tð ÞCx

Cx + C
=

kQ tð Þ
Cx + C

, ð3Þ

where Cx is the inherent capacitance of the sensing unit, k
is the correction coefficient, and its value is related to the

structure of the sensing unit. The calculation of the inher-
ent capacitance of the parallel plate capacitor can be
expressed as

Cx =
εε0S
d

, ð4Þ

where Cx is the inherent capacitance of the parallel plate
capacitor, d is the spacing between the plates, ε is the
dielectric constant of the medium between the plates, ε0
vacuum dielectric constant is 8:86 × 10−12 F/m, and S is
the induction plate effective area. Bring equations (1)
and (4) into equation (3) for calculation and solution:

U tð Þ = kεεrE tð ÞS
εεrS/dð Þ + C

=
kεεrE tð ÞSd
εεrS + Cd

: ð5Þ

It can be known from equation (5) that as long as the
voltage UðtÞ across the sampling capacitor C is measured,
the electric field intensity E at the measurement position
can be obtained.

2.2. Distortion Analysis of the Power Frequency Electric Field
Signal Measured by the Parallel Plate Probe. During the
design of the power frequency electric field sensor probe,
through a large number of actual measurements and tests,
it was found that the measurement accuracy of the sensor
using a parallel plate and box structure is very close to the
measurement accuracy using a ball sensor. We use a 60Hz
power frequency high-voltage source for the test. For a
parallel plate sensor, under a 18.3 kV/m uniform power
frequency electric field, when the voltage across the two ends
is directly measured with an oscilloscope, the waveform is
distorted as shown in Figure 2. The peak-to-peak value of
this waveform at 60Hz is 113mV.

To analyze the amplitude-frequency response, an FFT of
the waveform is performed, as shown in Figure 3.

From Figure 3, it can be seen that the sensor signal
contains the frequency component in 500Hz~3500Hz. The
fundamental frequency is highest at 60Hz, with the response
reaching 0.1743. These frequencies may be due to the mea-
surement uncertainty of the probe or interference from
other external factors. In order to get rid of them, we need
to design a filter and the filter circuit will be designed below.
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Figure 1: (a) Inductive electric field sensor probe and (b) equivalent circuit of its sensor measuring system.
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For the effective filter design, we first need to analyze the
equivalent circuit; considering the equivalent parallel inter-
nal resistance of the oscilloscope and the inherent capaci-
tance in the sensor probe, the equivalent circuit is shown
in Figure 4, where Cx is the inherent capacitance in the sen-
sor probe and R is the internal equivalent parallel resistance

of the oscilloscope. The inherent capacitance Cx and the
oscilloscope’s internal equivalent parallel resistance R form
a differential circuit. Since the differential circuit outputs a
differential signal, it needs to be recovered by an integrator
and then output to a measuring device to measure the power
frequency electric field. The internal resistance R of the oscil-
loscope is 1M ohm.

3. One-Dimensional Power Frequency Electric
Field Measurement System

3.1. Simulation Design of the Probe Structure of the
Measurement System. According to the capacitance defini-
tion equation (4), the inherent capacitance of the sensor is
related to the size, thickness, and internal filling material of
the plate. And whether the measurement electrode of the
parallel plate probe is parallel to the high-voltage field source
affects the measurement of the electric field strength, the
highest signal will be produced if the electric field is
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perpendicular to the plates, and the lowest signal (zero) will
be produced if the electric field is parallel to the plates. So, it
is necessary to design the structure of the parallel plate probe
and the layout of the probe to form a multidimensional
power frequency electric field measurement system.

The shape of our sensing probe is determined based on
the tip discharge theory. If a conductor placed under a
strong electric field contains a tip or an irregular sharp part,
the electric field will be distorted at the tip position and the
local electric field will increase. It may even cause partial dis-
charge and affect the measurement of power frequency elec-
tric field. Therefore, this paper sets the shape of the parallel
plate probe to be circular.

There are other factors that may interfere with the mea-
surement. Because there is an edge capacitance between the
parallel plate capacitors, the electric field of the edge effect
capacitor is easily interfered by the external electric field.
Under the interference of the external electric field, the
amount of charge accumulation on the edge of the capacitor
is difficult to ensure stability, so the edge effect capacitor is
difficult to maintain a constant, thereby forming an edge
effect [28]. The edge effect capacitance is part of the total
capacitance of the sensor, and its inability to maintain stabil-
ity will cause uncertainty in the measurement of the sensor,
making the output of the sensor unstable, reduced in sensi-
tivity, and nonlinear in the output characteristics. Therefore,
in order to reduce the influence of the edge effect when
designing the electric field induction unit, the structure of
the equipotential ring is adopted to eliminate the edge effect
between the two electrode plates.

The design of the unit structure of the parallel plate
probe [29] is shown in Figure 5, which consists of three
parts: the upper plate, the lower plate, and the equipotential
ring. The equipotential ring is in the same plane as the upper
pole plate, but there is no electrical connection to the plate.
The equipotential ring, the upper pole plate, and the lower
pole plate are electrically insulated. This structure can make
the field lines at the edge of the upper plate straight, the elec-
tric field of the upper and lower plates is basically uniform,
and the diverging edge electric field occurs around the
periphery of the equipotential ring, so it does not affect the
electric field between the two electrodes of the sensing unit,
so as to ensure sensor measurement accuracy.

The parallel board probe is made of a printed circuit
board (PCB), using a pair of round copper plates as a parallel
board, and the insulating material in the middle is epoxy
resin. Such a manufacturing process is simple, the cost is
low, and the consistency and stability of each unit can be

well guaranteed. In addition, the structure is small in size,
is easy to integrate, and has good portability.

The electric field simulation tool was used to model and
analyze the influence of the structural parameters of the elec-
tric field induction unit on the electric field strength. As
shown in Figure 5, two parallel plates are built, a power fre-
quency voltage with an effective voltage of U is applied on
one parallel plate, the other parallel plate is grounded, and
the distance between the two parallel plates is d. The electric
field intensity generated between the plates is E =U/d.

By changing the radius r and spacing d of the induction
electrode plate of the electric field induction unit to carry out
parametric scanning simulation, the value E′ of the electric
field strength on the induction plate is compared with the
original electric field strength E.

We use the deviation coefficient

γ = E′ − E
� �

/E, ð6Þ

to characterize the effect of this structural parameter on the
original electric field strength. The simulation results are
shown in Figures 6 and 7.

Figure 6 shows the deviation coefficient of the maximum
value of the electric field on the induction plates of different
radii. The trend of the deviation coefficient numerical curve
is generally horiontal, with only a small range of fluctua-
tions. This shows that the change in the area of the induction
plate has a small influence on the distortion degree of the
induced electric field intensity. But for portability, the sensor
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d

Figure 5: Structure diagram of the parallel plate capacitive sensor with the equipotential ring.

0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0
10 20 30 40

D
ev

ia
tio

n 
co

effi
ce

nt
 𝛾

 

Maximum
Radius r/mm

Figure 6: The influence of the radius of the induction plate r on the
deviation coefficient γ.

5Journal of Sensors



unit chooses a smaller sheet. In Figure 7, as the distance
between the induction plates increases, the deviation coef-
ficient of the maximum and average values of the induced
electric field strength also increases linearly. The change in
the distance between the induction plates directly affects
the degree of distortion of the induced electric field
strength. The smaller the thickness, the smaller the dis-
tance between the two plates and the closer the electric
field intensity induced under the power frequency electric
field will be to the electric field intensity at the location
of the sensor probe.

As shown in Figure 8, it is an electric field simulation
tool simulation diagram for determining the equipotential
ring width k of the parallel plate probe.

We use the contour line of the electric field intensity of

E′ = 1 + 6%ð ÞE, ð7Þ

on the induction plate (black line in the figure) and deter-
mine the equipotential ring width k of the sensing unit of a
different radius according to the width of its contour and
the edge of the plate of the sensing unit. As shown in
Figure 8, determining the width of the equipotential ring
can exclude 94% of the distortion electric field.

The parametric scanning simulation is used to calculate
the width k of the equipotential ring of the sensor unit with
different radii. Several typical inductive plates r are selected.
The results for the equipotential ring width k are shown in
Table 1 as follows:

It can be seen in Table 1 that when r of the sensing unit
continues to increase, the width of the equipotential ring k of
the sensing unit first decreases rapidly. After r reaches a cer-
tain size, the width of the equipotential ring k tends to stabi-
lize. After the curve fitted by MATLAB, the relationship
between r of the sensing unit and the width k of its equipo-
tential ring is

k = 8:35r−0:3584: ð8Þ

3.2. The Actual Test of the Probe Structure of the
Measurement System. To reduce the influence of edge effects
on the test results and obtain more accurate test results, the
parallel plate probe is placed in the calibration device shown
in Figure 5. After analyzing the output of the sensing unit
through an oscilloscope, the voltage regulator was adjusted
to adjust the electric field strength of the uniform electric
field and the output voltage value of the AC voltage source
was recorded (as shown in Figure 9); after completing the
voltage regulation, the output value of the sensing unit was
read; after testing one sensing unit, the next one for testing
was replaced.

We used the LCR tester to measure the inherent capaci-
tance of the parallel plate probe. The temperature of the LCR
test instrument is 24°C at the time of measurement, the tem-
perature at the time of measurement is 26°C, and the tem-
perature drift of the capacitor is 33 ppm/°C. The capacity
difference caused by this is Cdiff = ð24 − 26Þ × 33 × 10−6 =
6:6 × 10−5; the impact of this Cdiff reaching 10−5 on the out-
put of this system is negligible.

The analysis of the results is shown in Table 2 as follows:
It can be seen in Table 2 that as the sensing area of the

sensing unit increases, the sensitivity of the sensing units 1
to 4 continues to increase, while the sensitivity of the sensing
units 5 and 6 decreases, in which the sensitivity is close; the
reason is still under investigation.

Combining Tables 1 and 2 and the above analysis, the fol-
lowing parameters r = 16mm, k = 3:05mm, and d = 1:6mm
were chosen for the parallel plate probe. Therefore, the inher-
ent capacitance of the probe is Cx = ε0εrS/d ≈ 18:7026 pF.

3.3. Parameter Design of the Differential Integration Circuit.
According to the waveform characteristics of the parallel
plate probe output, we only need to extract the power fre-
quency signal to ensure the integrity of the power frequency
signal and the high-frequency response and low-frequency
response must be less than the power frequency response
and the high-frequency characteristic of the measurement
system is determined by the differential part and the low-
frequency characteristic is determined by the integral part
[30, 31]. The overall circuit diagram with the added integral
part is shown in Figure 10.

where Cx and R form the differential unit and Ci and Ri
form the passive first-order integration unit. In this system,
when R is small, in the differential circuit part, the voltage
across R is

UR ≈ R∙Cx
dU in tð Þ

dt
: ð9Þ

Input UR into the integrator, and choose the integral
circuit parameters reasonably; you can get the UoutðtÞ that
meets the measurement accuracy requirements and reflects
the measured voltage U inðtÞ.

The relationship between input U in and output Uout is

Uout tð Þ =
1

RiCi

ðt
0
UR τð Þdτ = RCx

RiCi
U in tð Þ: ð10Þ
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We can get the transfer function of this circuit’s voltage:

G sð Þ = R
R + 1/Cxsð Þ ×

1
RiCis + 1

: ð11Þ

In the actual measurement, due to the complex electro-
magnetic environment where the power frequency electric
field is located, many uncertain factors make the components
of the integral and differential parts nonideal. These factors
will affect the measurement system, and the parameters of
the differentiator and integrator need to be considered in
order to eliminate the distortion of the measured electric field
waveform caused by higher harmonics and make the power
frequency signal output smoothly.

First, design the differential part. The basic structure of
the tested system is shown in Figure 9. The front end is a

sensor probe, and the integrator is directly connected to
the probe and then passes through the differentiator and
connected to the oscilloscope through the coaxial cable.
The front-end sensor measures a uniform frequency electric
field signal generated by two large flat plates.

In order to study the amplitude-frequency response
characteristics of GðsÞ, according to equation (4), it can be
known that a printed circuit board (PCB) is used to make
its parallel plate probe, the probe is filled with epoxy resin
in the middle, and the material is FR-4, a composite material
made by Tera-Function epoxy resin plus filler and glass fiber;
its dielectric constant relative to air usually has an range value
of 4.2–4.7, the average value εr = 4:5, and ε0 is the vacuum
dielectric constant; the value is 8:86 × 10−12 F/m. Assuming
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Table 1: Relationship between the radius r of the induction plate
and the width k of the equipotential ring.

Numbering 1 2 3 4 5 6

Radius r 10 12 14 16 18 20

Width k 3.8 3.4 3.2 3.05 2.95 2.9

AC

Upper parallel plate

Lower parallel plate

E

The sensing unit CH1 CH2

Differential-integration
circuit

Figure 9: Wiring diagram of measuring the power frequency
electric field with a parallel plate probe.

Table 2: Fitting results of measured values of each sensor unit.

Unit
number

Inherent capacitance
Cd (pF)

Linearity
Sensitivity
(V/kV∙m−1)

1 3.01 1.81% 0.216

2 5.79 2.88% 0.241

3 9.12 3.09% 0.241

4 13.02 1.60% 0.248

5 17.84 1.61% 0.116

6 22.88 1.64% 0.121

AC R

RiCx

CiUR Uout (t)Uin (t)

Figure 10: Equivalent calculus circuit diagram.
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the inherent capacitance of the parallel plate probe Cx = 10 pF,
R = 100Ω, as shown in Figure 11(a).

It can be seen from this that its response at high frequen-
cies is high, which inevitably causes distortion of the output
signal, and therefore, the high frequency response needs to
be weakened. According to equation (9), it is only necessary
to increase the size of R × Cx to achieve this effect. Assuming
that the inherent capacitance Cx of the parallel plate probe is
unchanged, it is only necessary to increase the resistance of R
. However, blindly increasing the size of R has little effect on
the power frequency response after R is in the megohm level,

so set R = 1MΩ, and its amplitude-frequency response char-
acteristics are shown in Figure 11(b).

For the integration circuit, first assume that Ri = 50Ω,
Ci = 50 pF; its amplitude-frequency response characteristics
are shown in Figure 12(a).

Similarly, according to Figure 12(a), it is necessary to
weaken the high-frequency response. According to equation
(11), consider increasing Ri or increasing Ci. For this system,
we consider increasing Ci to weaken the high-frequency
response. Therefore, set Ci = 40 nF. The amplitude-frequency
response characteristics are shown in Figure 12(b).
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Figure 11: Amplitude-frequency response characteristics of different resistances. (a) Amplitude-frequency response characteristics of the
sensor when R = 100Ω and (b) amplitude-frequency response characteristics of the sensor when R = 1MΩ.
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Figure 12: Amplitude-frequency response characteristics under different capacitor sizes. (a) Amplitude-frequency response characteristics
of the sensor when Ci = 50 pF and (b) amplitude-frequency response characteristics of the sensor when Ci = 40 nF.
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3.4. Circuit Design of Measurement System. At the back end
of the single-channel parallel plate probe, the signal passes
through a differential integration circuit, then through a
voltage follower to increase the output impedance, and then
use a differential circuit to differentiate the signal. After
sending the signal to the full-wave rectifier circuit, we use
two capacitors with a large capacitance to output a DC
voltage.

The measurement system conditioning circuit principles
are shown in Figure 13, and the parallel plate probe and
back-end circuit physical diagram are shown in Figure 14.

3.5. Calibration of Flat Capacitive Sensors. For a single-plate
capacitive sensor, we need to calibrate it [31] to measure the
relationship between input field strength and output voltage
under different uniform electric fields.
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Figure 13: Measuring system conditioning circuit principle.

Figure 14: Physical diagram of the parallel plate probe and back-end circuit.
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The basic structure used in the calibration system is
shown in Figure 9. Two large flat plates produce a uniform
electric field signal at power frequency. The power frequency
electric field test was conducted on a 100 kV anticorona test
transformer. The actual test platform is shown in Figure 15.
And the analysis of the experiments result is shown in
Figure 16.

The actual test results of the sensor in the high-voltage
experimental platform are as shown in Table 3 as follows:

By fitting the curve, the linear relationship between the
voltage value UðtÞ output by each electric field sensor and
the uniform electric field E can be obtained. It can also be
seen in Table 4 as follows:

The sensitivity coefficients of the sensors designed in
this paper are close, the consistency is good, the sensors
also have higher linearity, and the linearity fit is up to
0.9998. However, it can also be seen from the experimen-
tal data that the sensors made using the PCB process
cannot achieve complete consistency. On the one hand,
sensors calibrated under the same environment can estab-
lish a linear relationship between the output voltage of the
sensor and the field strength of the measurement point to
obtain the calibration coefficient; on the other hand, the
calibration coefficient of each sensor can be used to ensure
the accuracy of the sensor when it is measured
individually.

4. Research on the Three-Dimensional Electric
Field Measurement System

4.1. Probe Research of the Three-Dimensional Electric Field
Measurement System. Due to the directionality of the electric
field, the sensor needs to be able to effectively detect the
amount of electric field in different directions. However, a
single-plate capacitive sensor can only measure the electric
field in one direction. The electric field is a vector, and the
electric field value of a single probe cannot accurately reflect

the magnitude of the combined electric field. Therefore,
capacitive plates were placed on six surfaces of the hexahe-
dron to form six sets of capacitive sensors, so that the electric
field strength in different directions could be measured. The
probe structure of the electric field measurement system is
shown in Figure 17 as follows:.

The multiprobe three-dimensional layout hexahedron
method is used to eliminate the electric field measurement
uncertainty introduced by the parallel plate without a direct
field source. The hexahedron is made of ABS material,
which has good electrical insulation and is hardly affected
by temperature, humidity, and frequency, and can be used
in most environments. The six probes contain conditioning
circuits and the smallest single-chip microcomputer system
including A/D sampling circuits, which can convert analog
signals into digital signals for output. As shown in
Figure 18, at a distance of 1.5m from the transmission line
and parallel to the height of the transmission line, the
three-dimensional probe rotates up and down around the
x-axis. In this paper, we ignore the mutual influence
between the probes and assume that the field source is per-
pendicular to the x-axis, where the relationship between
sensor 4 probe electric field value E4, sensor 5 probe electric
field value E5, and real electric field Er, as shown in equa-
tion (12) as follows:

Ey = E4 = Ez × cos θ,

Ez = E5 = Ez × sin θ,

Er =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
y + E2

z

q
:

ð12Þ

Generalize the 2D plane to the three-dimensional space,
assuming that the vertical rotation angle is θ and the hori-
zontal rotation angle is δ (θ is the angle between the yz
plane and δ is the angle between the xy plane), the relation-
ship between the combined electric field E and the electric

Upper parallel plate

Lower parallel plate

Copper conductor Anti-corona test transformer

Ground Protect resistor

The oscilloscope

Sensor probe

Anti-corona
coupling capacitor 

Figure 15: 100 kV anticorona test transformer power frequency test platform.
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fields E1, E4, and E5 of probes 1, probe 4, and probe 5,
respectively, as shown in equation (13) as follows:

EX = E1 = E sin θ cos δ,

Ey = E4 = E cos θ cos δ,

Ez = E5 = E sin δ:

ð13Þ

And then, the value of combined electric field E can be
calculated as follows:

E =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
x + E2

y + E2
z

q
: ð14Þ

In equation (14), it can be seen that the combined elec-
tric field E is not affected by the rotation angles θ and δ. In
the same way, in the eight corners of the cube, each corner
has three adjacent sides, so that eight data can be calcu-
lated. According to the principle of maximizing, among
the eight data, the largest data is the electric field intensity
at the location of the sensor. As long as the electric field
values in the three directions of x, y, and z are obtained,
the size of the combined field can be obtained.

4.2. Axial Sensitivity. We use the test platform shown in
Figure 15 to test the three-dimensional electric field mea-
surement system. In order to eliminate all other interference,
we moved the system to an open place and used lithium
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Figure 16: Fitting result of probe calibration data of measurement system. (a) Sensor 1 output, (b) sensor 2 output, (c) sensor 3 output, (d)
sensor 4 output, (e) sensor 5 output, and (f) sensor 6 output.
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batteries for the power supply. When testing the system, the
data shown in the following table is obtained.

After testing, according to Table 5, we can clearly find
that the data measured in the y-axis and z-axis directions
is obviously close to 0 when the x-axis face 1 is facing
upward. The combined field strength obtained in its three
directions conforms to the preset field strength. The same
results are obtained for the y-axis and the z-axis.

5. Field Measurement

In working conditions, the electric field environment is com-
plex and changeable and the distortion of the electric field in
the sensor cannot be measured. Therefore, the mathematical
relationship obtained through theoretical analysis may devi-
ate in working conditions. In order to ensure the normal
operation of the electric field sensor in the environment with

Table 3: Sensor consistency test and calibration data.

Input voltage
(kV)

Electric field
strength (kV/m)

Sensor 1
output (mV)

Sensor 2
output (mV)

Sensor 3
output (mV)

Sensor 4
output (mV)

Sensor 5
output (mV)

Sensor 6
output (mV)

0.1 0.33 30 21 44 35 38 46

5 16.67 332 308 355 338 340 343

10.5 35 700 723 711 695 688 703

15.4 51.33 1020 1025 1013 1036 1037 1041

20.3 67.67 1340 1311 1322 1369 1323 1322

25.2 84 1640 1634 1611 1665 1618 1641

29.6 98.67 1920 1894 1890 1929 1918 1925

35.1 117 2260 2289 2265 2251 2249 2232

40 133.33 2550 2540 2572 2543 2517 2600

44.9 149.67 2850 2880 2860 2808 2897 2829

50.5 168.33 3170 3143 3189 3128 3175 3133

60.1 200.33 3802 3828 3784 3810 3817 3773

Analysis of the above experimental results.

Table 4: Linear relationship between the voltage value output by the electric field sensor and the uniform electric field.

Sensor Linear relationship Sensitivity coefficient, mV/ kV · m−1� �
Degree of fit

Sensor 1 y = 19:118x 19.118 0.9998

Sensor 2 y = 19:138x 19.138 0.9997

Sensor 3 y = 19:108x 19.108 0.9998

Sensor 4 y = 19:064x 19.064 0.9995

Sensor 5 y = 19:136x 19.136 0.9998

Sensor 6 y = 19:044x 19.044 0.9996

Average value — 19.101 0.9997

Mean absolute deviation — 0.031556 0.0001
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45
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Figure 17: (a) Probe structure diagram of the electric field measurement system. (b) Physical image of the three-dimensional electric field
sensor.
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large electric field stress, the designed electric field sensor
was tested for stability, sensitivity, and linearity. Therefore,
a comparative test experiment is carried out in the same
environment using the electric field measurement equip-
ment with higher accuracy and better sensitivity. The
NBM-550 broadband field strength meter and the support-
ing EHP-50F of Narda Company in Germany are the elec-
tromagnetic field measuring instruments with higher
recognition in the industry. The performance of the electric
field sensor such as measurement range, resolution, sensitiv-
ity, and linearity is tested by using the calibration platform
NBM-550. The performance test table is shown in Table 6.

During the experiment, the EHP-50F and the three-
dimensional power frequency electric field measurement
system were simultaneously separated from the field source
by 2.5m. As shown in Figure 18, the nonpartial discharge
transformer is set to 35 kV and the EHP-50F approaches
the field source at 0.2m steps at a time and records the dis-
tance and the corresponding electric field value. Then, let the
three-dimensional power frequency electric field measure-
ment system step in the same way to approach the field
source at the same position every 0.2m and record the cor-
responding data at the same time. We use the electric field
simulation tool to simulate the scene shown in Figure 18
and obtain the field strength value of the corresponding
position. The result is shown in Table 7.

Compare the measurement results of both Narda electric
field measuring instrument and the designed electric field
sensor and according to the following equation:

Deviation = sensormeasurementð Þ − simulationð Þ
simulationð Þ : ð15Þ

After analysis, compared with Narda’s EHP-50F and
simulation, the highest uncertainty of the three-
dimensional electric field measurement system developed
in this paper is within ±0.55%. As shown in Table 7, the
measurement range is 1 kV/m–200 kV/m, the resolution is
≥1V/m, and the maximum electric field can be measured
at 200 kV/m. The nonlinear error is 2.15%, and the sensitiv-
ity coefficient is 19:10mV/ðkV · m−1Þ. Limited by the size of
Ci, the greater the Ci, the greater the limit of the entire out-
put signal, which can reach up to 200 kV/m. Meet the
requirements of engineering applications.
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Figure 18: Schematic diagram of the deflection angle.

Table 5: Axial sensitivity test.

Field strength is 1000V/m Face 1: x-axis (V/m) Face 2: y-axis (V/m) Face 3: z-axis (V/m) Field strength (V/m)

Face 1 facing up 999.5 0.5 0.2 999.5

Face 2 facing up 0.4 1000.3 0.1 1000.3

Face 3 facing up 0.5 0.3 1000.3 1000.3

Table 6: Performance test form.

Measuring field strength Range

Measuring range 1 kV/m–200 kV/m

Minimum resolution ≥1V/m
Overload limit 200 kV/m

Table 7: Comparison between EHP-50F and 3D power frequency
electric field measurement system as function of the distance.

Distance
(m)

Simulation
(V/m)

EHP_
50F
(V/
m)

Three-dimensional
electric field

measurement system
(V/m)

Deviation
(%)

0.1 24708.55 24709 24689 -0.08%

0.3 8235.66 8236 8271 0.43%

0.5 4941.28 4942 4954 0.26%

0.7 3529.37 3530 3513 -0.46%

0.9 2745.66 2745 2750 0.16%

1.1 2246.5 2246 2239 -0.33%

1.3 1899.56 1901 1896 -0.19%

1.5 1647.94 1647 1639 -0.54%

1.7 1453.57 1454 1453 -0.04%

1.9 1300.62 1301 1295 -0.43%

2.1 1176.39 1177 1180 0.31%

2.3 1073.86 1074 1069 -0.45%

2.5 988.55 989 988 -0.06%
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6. Conclusions

We designed and optimized a three-dimensional power fre-
quency electric field measurement system, which consists of
a sensor probe, a differential integration circuit, an adjust-
ment circuit, and a back-end processing system. The system
satisfies the measurement of a three-dimensional power fre-
quency electric field and has a simple structure, convenient
manufacture, and high precision. The research results of this
article are summarized as follows:

(1) When the parallel plate is used as the probe of the
industrial frequency electric field sensor, a differen-
tial integration circuit needs to be added to the out-
put of the parallel plate to ensure that the
waveform output by the probe is not distorted

(2) In the process of probe design, the use of the
equipotential ring can reduce the influence of the
edge electric field on the measurement; the relation-
ship between the radius r of the sensing unit and the
width k of the equipotential ring satisfies k = 8:35
R−0:3584

(3) When designing the sensor in three dimensions, it is
proposed to use the vector sum of field strength
equation E =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ex + Ey + Ez

p
and design the sensor

probe with a hexahedral structure. This solves the
problem of the inaccurate measurement electric field
caused by the parallel plate probe and the field
source not being perpendicular

(4) The system can be applied to some newer platforms,
such as power helmets, drones, and substation
ground inspection robots, to provide them with elec-
tric field information accurately, thereby ensuring
the safety of live working robots and power workers

(5) It is tested in a laboratory environment and com-
pared with simulation. The uncertainty of the
three-dimensional power frequency electric field
measurement system is within ±0.55%, the measure-
ment range is 1 kV/m–200 kV/m, the resolution is
≥1V/m, and the maximum electric field can be mea-
sured at 200 kV/m. The nonlinear error is 2.15%, and
the sensitivity coefficient is 19:10mV/ðkV · m−1Þ,
which meets the power frequency electric field mea-
surement requirements and can be applied to the
actual power frequency electric field measurement
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