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Abstract

To improve the measurement accuracy of direct current (DC) electric field measurement
devices in ion flow fields, it is necessary to consider the impact of space charges on the
calibration of DC electric field measurements. In this paper, a simulation model of a DC
electric field generation apparatus involving space charges is established based on the
dilute material transfer principle, and the influence of the applied voltage and gap distance
of the apparatus on the calibration results of the DC electric field measurement device is
analyzed. Limitations on the electric field calibration of the generation apparatus in the
presence of high electric intensities are identified and discussed. The electric field intensity
relative error at different gap distances increases as the electric field intensity increases, and
an optimal calibration electric field level and an optimal calibration position are identified,
both of which increase with an increase in the gap distance.

Keywords: DC electric field; space charge; electric field intensity; gap distance; relative error

1. Introduction

The direct current electric field is closely related to the limitations of transmission
line engineering, the working status of transmission lines, the insulation status of key
equipment, and the operating status of key equipment [1-3]. Therefore, it is of great
significance to accurately measure the DC electric field level of important nodes in the
insulation systems of converter stations, enhance the insulation capacity of insulation
systems, and ensure the safe operation of converter stations [4,5]. However, the DC electric
field in the vicinity of high-voltage direct current (HVDC) transmission lines includes
contributions from space charges; thus, when measuring DC electric fields, the influence of
space charges must be taken into account [6].

Many early studies, conducted in different countries, have focused on the measure-
ment of DC electric fields, such as P. S. Maruvada et al., who developed ground-based
DC synthetic electric field measurement equipment and calibration apparatus [7]. With
the construction of ultra-high-voltage direct current transmission projects, electric field
sensors based on ground electric field measurements of transmission lines have also rapidly
developed. For example, R. Parizotto and ] P. Tant et al. designed a field mill as a high-
voltage DC meter [8,9], and J. Zhang and X. Cui et al. developed a field-grinding electric
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field sensor for calibration and measurement applications of the corona discharge of direct
current transmission lines [10,11]. With the development of MEMS technology, Z. Chu
et al. developed a sensitivity drift self-compensating MEMS electric field sensor [12]. An
integrated optical waveguide DC electric field sensor has also been designed to measure
DC electric field [13]. In terms of the calibration of DC electric field measurement devices,
a large number of scholars have conducted calibration experiments and simulation studies
of electrostatic fields [14-16]. For example, the electric field uniform domain of parallel
plate space electric field calibration devices has been analyzed, but this calibration method
cannot consider the influences of space charges [17]. Some scholars have conducted calibra-
tion experiments and theoretical analysis studies in ion flow environments and identified
significant differences compared to environments without space charge [18,19]. Preliminary
analysis of the feasibility of calibrating a spatial DC electric field measurement device using
an ion current generation device with a four-layer metal plate has been conducted, and the
field perturbation introduced by the probe itself has also been analyzed, but the influence
of the structural parameters of the calibration device on the calibration results has not been
analyzed [20]. IEEE standards for the measurement of direct current electric field strength
and ion-related quantities specify the calibration method for sensors that should be used to
measure the ground electric field strength of direct current transmission lines [6]. Most of
the probes used in research on the measurement of composite field strength under direct
current transmission lines are calibrated using this device [9,11,13].

Although studies on measurement methods for DC ground composite electric fields
are becoming increasingly sophisticated, and a calibration method has been achieved for
ground DC composite electric fields, calibration and application methods for measuring DC
spatial composite electric fields still need to be studied. In DC electric field measurement
devices, electrostatic fields are mainly used to calibrate the measurement devices of spatial
electric fields. The existing generation devices for a DC electric field with space charge are
designed for the calibration of ground DC composite fields, and they cannot be directly
applied for the calibration of spatial electric fields.

This article establishes a simulation model for the generation of DC electric fields with
space charge, based on the dilute matter transfer principle. The influence of gap distance
and charge density on the electric field distribution in the calibration area under different
field strengths, and the effects of the DC electric field measurements on the calibration
results are analyzed.

2. Mathematical Theory and Simulation Model
2.1. Apparatus and Principle

The design of the calibration apparatus of the measuring devices of the electric field
with space charge is shown in Figure 1 [6,17,20]. The apparatus consists of several metal
wires fixed in parallel on a metal circular frame, which is placed in parallel with the
high-voltage electrode. V1, V,, and V3 are the voltages of the ion flow electrode, control
electrode, and high-voltage electrode, respectively. In order to limit the induced voltage
in the parallel plates, the resistance of Ry and R; should be appropriately selected. R3, Ry,
and Rs are the resistance of the direct-current power source. When a certain high voltage
is applied to the metal wires, the corona discharge can be generated. Through adjusting
the potential of the control electrode, the number and speed of the ions moving towards
the grounded electrode can be changed. The calculation electric field with space charge is
selected between the high-voltage electrode and the ground electrode. Under the action of
the electric field force, space charges migrate at a corresponding speed to form a current.
When the corona discharge is stable, the ion flow field can be assumed to be a steady-state
field, independent of time variables.
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Figure 1. Schematic diagram of the calibration apparatus.

The electric field E between the high-voltage electrode and the ground electrode can
be calculated via the following Formula [17]:

1/2
E= (Eg + 2"2) (1)

where E is the electric field intensity at z = 0, g is the vacuum dielectric constant, J is the
ion current density, k is the ionic mobility, z is the distance away from the high-voltage
electrode. The potentials at z = 0 and z = d, as shown in Figure 1, are V3 and 0, respectively,
and d is the distance between the high-voltage electrode and the ground electrode. The
relationship between E, k, and | can be obtained as follows:

3/2
3IVs _ < > 2]Z> B 2

o\ ke
When the ion current density of the parallel plate electrode area is limited with space

charge, Ey =0, then

2 1/2
e~ () ®
A “
9 ¢ V32

where Js is the saturated ion current density when k is substituted into Equation (3):

o 3V3 Z 1/2
E= ﬁ(ﬁ) )

The space charge density p can be obtained via Formula (6).

304
P~ vz

The electric field at the center of the ground electrode is 1.5V3/d. The value of k
depends on the measurement of J; for a specific V3, and can be obtained via Equation (4).

(6)

2.2. Simulation Model of the Calibration Apparatus

The electric field strength of the ion flow field in the calibration zone can be described
by the Poisson’s formula as follows [20]:

)
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where 1 and n;, are the number densities of positive ions and negative ions, respectively.
The continuity equations for the ion current are [20] as follows:

on

Tf + V- (=V(Dyp - np) + nptty) = —Rnpny (8)
dnp

W‘FV (—V(Dn-nn)—l—nnu,) = —Rﬂpi’ln (9)

where D, =3.8 x 107¢ m?/s and Dy, =4.2 x 10~% m?/s are the positive and negative ion
diffusion coefficients, respectively. R is the positive and negative ion recombination coeffi-
cients of 1.602 x 1072 C, and u,=k.E and u_ = k_E are the positive and negative ion drift
velocities, where k; = 1.5 x 107 m?/(V-s) and k_ = 1.7 x 10~* m?/(Vs) are the positive
and negative ion mobilities, respectively [20]. When there is only a positive or negative
unipolar source in the field, Formulas (8) and (9) can be expanded as Formulas (10) and (11),
and g, and g_ are the positive and negative ion diffusion mass fluxes, respectively.

on kie

p + 2
¥+V'q++u+~Vnp:—§np (10)
aﬁ—kv-q_+u,-Vnn:—Bnnz (11)
ot €0

It is obvious that there is only the divergence of the drift velocity in the field, and
not the recombination of the positive and negative ions. The unipolar source was used to
calibrate the probes in the simulation.

The diagram of the simulation model is shown in Figure 2. The radius of the four-layer
electrode is 0.7 m, the spacing between the ion flow electrodes is 5 cm, the spacing between
the control electrodes is 2.5 cm, the mesh-opening size of the high-voltage electrode is
1.25 cm, and the distance between the ion flow electrode and the control electrode and
the distance between the control electrode and the high-voltage electrode are both 15 cm.
The initial distance between the high-voltage electrode and the ground electrode is 15 cm,
which can be changed. However, the ratio of the gap distance to the radius of the high-
voltage electrode needs to be greater than 0.6 to ensure that there is no influence from
electrode edge effects [6]. Since the calculation model used in this paper is basically
consistent with the calculation model in [20], it can be demonstrated that the correctness
of the simulation model can accurately calculate the distribution characteristics of space
charges in the calibration apparatus. The boundary conditions of the electric field satisfy
the following equation:

¢l =W
VIR 12)
3|3 = V3
4T3 =0

The first three boundary conditions are the potential on the ion current electrode,
control electrode, and high-voltage electrode, respectively. The fourth boundary condition
is the potential on the grounding plate and the outer boundary of the computational space,
which is 0, and the computational space is 4 times the simulation model size. The calibration
is a presented in a cylindrical shape, and in order to reduce the computational complexity, a
centrally symmetric model is constructed, with calculation results of the symmetric model,
which is basically consistent with that of the overall model in [20].
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Figure 2. Diagram of the simulation model of the calibration apparatus.

In addition, in order to better describe the impact of the calibration device on the
calibration results of the electric field measurement device, the relative error Yg is defined
as Formula (13).

Ye = (El — 1> % 100% (13)
Ep

where Eq is the simulation calculation result and E is the theoretical calculation result.
When Yg > 0, it indicates that the control electrode voltage is too high, resulting in more
ions entering the calibration area than the number of ions required for the high-voltage
plate to reach saturation. When Yg < 0, this indicates that the number of ions entering
the calibration area cannot reach the number of ions required for the high-voltage plate to
reach saturation.

3. Simulation Results and Analysis

One type of DC electric field measurement device is used for ground DC synthetic
electric field measurement and is placed under the grounding electrode plate for calibration,
and the surface on the scene is level with the grounding plate. The other type is a DC electric
field measurement device that is used in space, which needs to be placed in the calibration
area. Therefore, this article mainly analyzes the difference between the simulated values
and the theoretical values of the electric field at z = d/2 and z = d in the calibration area
caused by the calibration device itself, which is the error caused by the calibration device
itself. Because the results of positive and negative polarity are consistent in simulation,
and only differ in polarity, only the negative polarity is simulated and analyzed in this
article. Although this study is based on a one-dimensional model, the research results
are also applicable to three-dimensional sensors. When calibrating a three-dimensional
sensor, the three sensitivities can be calibrated separately, and multiple experiments can
be conducted using the three-dimensional decoupling calibration method to obtain the
calibration coefficients for three-dimensional sensors [21].

3.1. Influences of the Voltage of the Ion Flow Electrode and the Control Electrode

The voltage of the ion flow electrode V1 was changed to the four values of —20 kV,
—30 kV, —40 kV, and —50 kV, respectively, while V, = —15 kV and V3 = —1.5 kV. The
calculation results are shown in Figure 3. The relative errors of E are only significant near
the high-voltage electrode, i.e., near z = 0, where the maximum relative errors are 6%
and 7.8%, respectively. However, it can be seen that the simulation results of the electric
field and space charge density on the centerline of the calibration area at the range of



Energies 2025, 18, 5633

6 of 15

z = 0.04~0.15 m agree well with the theoretical calculation values, with the relative error of
E being less than 0.5%.
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Figure 3. Comparison of the theoretical and simulated values of the electric field under different ion
flow electrode voltages: (a) electric field strength; (b) relative error.

According to Equation (3), if Eg = 0 kV/m, the calculated charge density tends to
infinity, which is inconsistent with reality. Therefore, the electric field strength near z =0
can only approach zero, resulting in a relatively large error in charge density, and the
electric field strength and space charge density at each field point slightly increase with
the increase in the amplitude of the applied voltage. The applied voltage V1 changes the
severity of corona onset, and after corona onset, due to its higher electric field strength, the
movement speed of ions accelerates. In addition, since lateral shielding is not considered
in the simulation, there are ions drifting into the field from both sides, resulting in a slight
increase in electric field strength and space charge density. Overall, after comprehensive
corona onset in the ion flow electrode, there is a little influence of the voltage of the ion
flow electrode on the electric field and charge distribution within the calibration area.

In order to ascertain the influence of the control electrode voltage, we maintained
V1 =-30kV and V3 = —1.5 kV, while varying the control electrode voltage V, to —15kV,
—10kV, =5 kV, =3 kV, and —2 kV. The calculation results are shown in Figure 4. It can be
seen that the voltage of the control electrode has a significant impact. As the voltage of the
control electrode continues to increase, the simulated value of the electric field intensity
at z = 0 gradually decreases. When the applied voltage of the control electrode is lower,
the ion movement speed slows down, with the speed becoming insufficient to make the
electric field intensity of the high-voltage electrode plate approach zero. The charges in
the field are not saturated, which means that they cannot distribute the field according to
the theoretical calculation values. Therefore, a larger value of control electrode voltage
is required so that the field tends to be saturated, thus fitting better with the theoretical
values. When V, = —15 KV, the field calculation results have a small deviation from the
theoretical values. Therefore, the electric field intensity and charge density in the field
deviate significantly from the theoretical values.
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Figure 4. Comparison of the simulated and theoretical values of the electric field and space charge
density under different control electrode voltages: (a) electric field strength; (b) charge density.
3.2. Influence of the Voltage of the High-Voltage Electrode
The V; = —25kV and V; = —15 kV were maintained, and V3 was changed to —0.75 kV,
—1.5kV, =3 kV, and —4.5 kV, respectively. The variations in the electric field and charge
density with the change in the nominal field strength of the calibration gap are shown
in Figure 5; E,, = V3/d represents the nominal field strength in the calibration area. It
can be seen that the difference between the simulated and theoretical values of electric
field strength and charge density increases with the increase in the nominal field strength.
The main reason is that as the nominal field strength increases, the charge density in the
calibration area is insufficient to achieve Ej = 0, leading to a significant discrepancy between
the theoretical and simulated values.
50 T T T T T T T T T B T T m T ) T ) T
a E1 gEn= g llgll;m O  Ei(Ea=5kV/m)
1N n= m — h=
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Figure 5. Comparison of simulated and theoretical values of electric field and space charge density
under different electric field Ey: (a) electric field strength; (b) charge density.

To verify this, a constant AV = V| — V;, was maintained, and the voltage of the control
electrode V, was increased. The relative errors of E in the calibration area at nominal field
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strengths E,, =7.5kV/m and E,, = 30 kV/m as a function of V;, were calculated, and are
shown in Figure 6. From Figure 6a, it can be seen that the relative error of E increases
with the increase in the control electrode voltage and changes from a negative value to a
positive error when E;, = 7.5 kV/m. When the control electrode voltage is too high, it can
lead to oversaturation of the charge density in the calibration area. That is, the simulated
value of E becomes larger than the theoretical value. Therefore, it can be concluded that
the relative error of E can be kept at essentially zero by reasonably adjusting the control
electrode voltage at low field strengths. This conclusion is consistent with the results of
theoretical and measured values presented in the literature [18,19]; therefore, it can also
be concluded that an optimal range exists for electric field calibration in the calibration
device. From Figure 6b, it can be seen that, when E,, = 30 kV/m, the relative error of E also
increases exponentially with the increase in the control electrode voltage, but it does not
cross zero. Exponential fitting was used to fit the two curves in Figure 6b, and the trends
of the relative error of E between the simulated and theoretical values of the electric field
strength as a function of V; are shown in Equations (14) and (15):

Y.—i/2 = —0.02 — 0.054¢ 00732 (14)
Y,_; = —0.077 — 0.284¢0-116%2 (15)
0.04 T T T T T 0 T T T T T
—=— z=d/2 2 -
0.0z E2—_z=d ] ] —— R ereeemeee "
L 1
_ 0.0 -] ]
< 4
5 S :
l s 1 L i
-0.02 = _10: e
12 -
-0.04 1 - Pl = =2
-14j ° z= I
} P Fitting curve (z=d/2)||
-0.06] 1 o [ Fitting curve (z=d)
T T T T T -18 T T T T T
-2 -4 -6 -8 -10 T 10 -15 -20 -25 -30
V2 (kV) V2 (kV)
(a) (b)

Figure 6. The relative errors of simulated values of electric field at z = d and z = d/2 changes with V;:
(a) En =7.5kV/m; (b) En =30 kV/m.

The values of R? are both 1, and the formula indicates that the error of E tends infinitely
towards a stable value less than 0. That is, the charge density entering the calibration area
reaches saturation under high field strength. However, considering the limitations of the
insulation strength between the plates, the control electrode voltage cannot be applied
indefinitely, and because of the ion mobility, tends to be saturated with an increase in the
voltage of the high-voltage electrode. Indeed, when the voltage of V3 is more than 0.5 kV,
the ion mobility of the negative ions is already saturated [17]. Therefore, even though
the charge density reaches saturation under a high field strength, it is impossible to make
Ep=0.

The electric field E in the calibration zone at different times is shown in Figure 7a; the
electric field strength gradually stabilized after 0.4 s. The variations in Eg with time are
shown in Figure 7b under different electric field intensities. It can be seen that the stable
value of E increases with an increase in the E,,. Even under low field strengths, Eg # 0, and
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it can only approach 0. The increase in the electric field strength leads to a larger relative
error. Furthermore, the simulated and theoretical values of the saturation space charge
density with V3 are shown in Figure 8. It can be seen that the theoretical value of saturated
charge density varies linearly with V3, while the simulated value of the saturation charge
density gradually saturates with an increase in V3. This further explains the reason for the
larger relative error. Therefore, when calibrating an electric field measuring device using
a four-plate ion flow generator, the calibrated electric field range should be set at a lower
electric field intensity.
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Figure 7. The variation in the stable value of Ey with time. (a): E over time; (b) Ey over time.
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Figure 8. The variation in theoretical and simulated values of saturation current density with electric
field intensity.

3.3. Influence of the Distance Between the High-Voltage Electrode and the Ground Electrode

Keeping V1 = —25kV, V, = —15kV, and V3 = —5 kV constant, the gap distance d was
changed to 20 cm, 30 cm, 40 cm, and 50 cm, respectively. The impact of the gap distance on
the electric field and charge density distribution is shown in Figure 9. It can be seen that
the theoretical and simulated values of electric field strength and charge density exhibit a
trend of first decreasing and then increasing with the increase in gap distance. Since the
applied voltage is the same, the electric field strength varies with the gap distance, with
larger gaps having smaller fields. According to the analysis in the previous section, the
greater the electric field strength, the larger the relative error of E.
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Figure 9. Comparison of the simulated and theoretical values of the electric field with different gap
distances at the same voltage.

For further analysis of the influence of the gap distance d, the voltages of the high-
voltage electrode V3 for the gap distances of 20 cm, 30 cm, 40 cm, and 50 cm were set
to —2.5kV, =3.75kV, =5 kV, and —6.25 kV, respectively, and the different gap distances
d maintained a constant nominal field strength of E;, = 12.5 kV/m. The electric field
distribution in the calibration area and the relative error are shown in Figure 10. It can be
seen that the errors under different gaps with E, = 12.5 kV/m are relatively small, and they
can be controlled in less than 3%, with d = 0.15~0.5 m. Therefore, this further confirms that
the electric field strength is the main factor affecting the calibration error.
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Figure 10. Comparison of simulated and theoretical values of the electric field under the same
nominal field and different gap distances: (a) electric field distribution; (b) relative error.

Furthermore, the relative errors of E at z = d and z = d/2 were calculated under
different field intensity levels of 5 kV/m, 10 kV/m, 20 kV/m, and 30 kV/m, and the
calculation results are shown in Tables 1 and 2, respectively. In the tables, positive values
indicate oversaturation of ion density in the calibration area, while negative values indicate
undersaturation of ion charge density. From the table, it can be seen that as the field
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strength increases, the degree of undersaturation of charge density in the calibration area
will increase. This also indicates that it is difficult to reach a saturation state at high field
strengths, resulting in an increase in calibration errors. Conversely, it can be observed from
Tables 1 and 2 that the relative error of electric field intensity at z = d and z = d/2 decreases
with the increase in the electric field intensity. However, the absolute values of the relative
error of electric field intensity at z = d and z = d/2 have a trend of first decreasing and
then increasing as the E, increases. This finding is consistent with the previous conclusion
obtained for 4 = 15 cm, and shows that an optimal electric field intensity with the smallest
relative error exists. The relative error of electric field intensity in the calibration area is
minimal when Ej, is about 10 kV/m. From Table 1, the relative error of E at z = d /2 can be
controlled to less than 4%. From Table 2, the relative error of E at z = d increases with an
increase in the gap distance.

Table 1. The relative error between the simulated and theoretical values of the electric field at z = d/2.

E,(kV/im) Yg(d=15cm) Yg(d=20cm) Yg(@d@=30cm) Yg(d=40cm) Yg(d=50cm) Mean Error (%)
5 2.11% 2.07% 1.50% 0.34% —1.28% 0.95%
10 0.06% —0.20% 0.05% —0.07% —0.29% —0.09%
20 —1.75% —2.47% —1.79% —1.53% —1.04% —1.72%
30 —2.69% —3.77% —3.35% —3.69% —1.66% —3.03%
Table 2. The relative error between the simulated and theoretical values of the electric field at z = d.
Ea(kVim) Yg(d=15cm) Yg(@d=20cm) Yg(d=30cm) Yg(d=40cm) Yg(d=50cm) Mean Error (%)
5 4.02% 2.95% 2.85% 5.65% 13.25% 5.74%
10 —1.04% —1.19% —0.09% 1.10% 2.96% 0.35%
20 —7.67% —7.30% —4.80% —3.57% —3.22% —5.31%
30 —12.64% —12.36% —10.28% —11.66% —6.36% —10.66%

From the above analysis, it can be seen that there is, in fact, an optimal electric field cal-
ibration range for calibration devices with different gap distances, in which the calibration
error caused by the calibration device itself can be controlled within a certain range.

Taking gap distances of 15 cm and 50 cm as examples, and controlling the relative
error of the electric field to be less than 5%, the optimal calibration range of the electric
field intensity is analyzed. Assuming that calibration is performed at z = d, further analysis
for d = 15 cm and 4 = 50 cm reveals that the relative error of the electric field varies with
the electric field, as shown in Figure 11. It can be seen that when the field strength is
below 10 kV /m, the absolute value of the relative error of d = 15 cm is smaller than that
of d =50 cm. However, when the field strength reaches 30 kV/m, the absolute value of
the calibration error of d = 15 cm is larger than that of d = 50 cm, which is the reverse
as with low field strength. Therefore, an optimal electric field calibration position for
the actual calibration device for different gap distances exists. Exponential fitting was
used to fit the error variation curves, as shown in Figure 11. The fitting formulas for the
relative calibration error with field strength E,, for 4 = 15 cm and d = 50 cm are shown in
Formulas (16) and (17), respectively.

Yy_15em = —22.51 + 32.11¢ 004 (16)

Y, s0em = —7.07 + 35.83¢0-04Ex an
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Figure 11. Relative error of electric field at z = d changes.

The values of R? are both 1. From the fitting formula of the relative error of E, when
the calibration error is controlled to be less than 5% the optimal of calibration electric field
levels are in the range of 4~15 kV and 9~24 kV, respectively., and the optimal calibration
electric field levels are about 8 kV/m and 15 kV/m, respectively. The variation in the
optimal electric field calibration level with the gap distance is shown in Figure 12, which is
the level of the electric field when the error between the simulated and theoretical values
of the electric field intensity at z = d is zero. It can be seen that the optimal electric field
calibration level increases with the increase in gap distance when 4 is more than 20 cm.

10 T T T T T T T T T T T T T T T T

15kV/m

15

=
ML

=y
.

12.5kV/m

Ebvest (kV/m)
Juy
L

)
jury
1

10
9kV/m

8.5kV/m
8_ -

— 7T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55
d (cm)

Figure 12. The optimal electric field calibration changes with gap distance.

In addition, the electric field distribution in the vertical direction of the different gap
centers with E,, = 30 kV/m is shown in Figure 13. It can be seen that there is an intersection
point between the simulated and theoretical values of the electric field, which indicates
that the simulated and theoretical values are identical at this location. Therefore, we can
define this point as the optimal location for electric field calibration, and the variation in
the optimal calibration position with gap distance is shown in Figure 14. It can be seen
that the height of the optimal calibration position increases linearly with an increase in
the gap distance, and the optimal position is always located at a height of 0.4d from the
grounded plate.
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Figure 13. The simulated and theoretical values of the electric field in the vertical direction of the
different gap centers when E,, = 30 kV/m.
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Figure 14. The height of the optimal calibration position varies with gap distance.

4. Conclusions

A simulation model of the generator of a DC electric field with space charge is estab-
lished based on a dilute substance transfer model and an electrostatic field model. It is
used to calculate and analyze the influence of the applied voltages of the ion flow electrode,
control electrode, and high-voltage electrode, as well as the influence of the gap distance in
the calibration area on the electric field calibration results. The simulation results indicate
that the influence of the ion flow electrode voltage on the calibration can be neglected when
the corona wire is fully charged, while the control electrode voltage plays a decisive role in
determining the electric field and charge density. The relative error of the electric field at
z =d and z = d/2 decreases with the increase in the electric field intensity; however, the
absolute values of the calibration errors of electric field intensity at z=d and z = d/2 have a
trend of first decreasing and then increasing as the E, increases. The relative error of the
electric field at z = d/2 can be controlled in less than 4%, and the relative error of the electric
field at z = d increases with the increase in the gap distance. For different gap distances, an
optimal calibration range of electric field and an optimal calibration position exist, both of
which increase with the increase in gap distance, and the optimal calibration position is
located at a distance of 0.4d from the ground electrode.
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