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+e synthetic electric field of an ultrahigh voltage direct current (UHVDC) transmission tower in a high-altitude area is complex,
which makes it difficult to protect the tower operators. +erefore, it is necessary to study the synthetic electric field. Firstly, this
study establishes a mathematical model of the ion flow field and determines the solution process. Secondly, the relationship
between the synthesis field of the transmission line and the ion mobility, wind speed, and the number of wire splits is analyzed
using finite element simulations. Five typical operation positions are then selected for the simulation calculation of the composite
field. Finally, the field measurement of the composite field is carried out, and the measurement results are compared with the
simulation results. +e accuracy of the simulation and theoretical analysis is verified by comparative analysis.

1. Introduction

At present, most of China’s load centers are concentrated
in developed provinces in the southeast, while energy
centers are located in the east. One of the methods to solve
this problem is to develop UHVDC transmission, which
has the advantages of long distance, large transmission
capacity, and low costs and losses compared with ultra-
high voltage alternating current (UHVAC) [1, 2]. In
addition, with the continuous improvement of the na-
tional economic requirements for power supply reliabil-
ity, the demand for live working on UHVDC transmission
is increasing.

In the process of live working, the safety protection of the
operator cannot be ignored. +rough the efforts of experts
and scholars, there are now standards and technologies in
the safety protection measures of 110–1000 kV AC trans-
mission lines [3–5]. Many studies on the effect of AC electric
fields on human health have been carried out. Based on
research results and the relevant standards of China, the
maximum AC field intensity that live working operators on
AC lines are exposed to should not be larger than 240 kV/m.

For operators in shielding clothes, the maximum intensity
should not be larger than 15 kV/m [6, 7]. Regarding the
effect of the synthetic electric field on the human body in live
work, relevant studies have reported that, under the same
electric field value, the DC effect is smaller than the AC effect
[8]. Since ±800 kV is the highest voltage level of a DC line,
the synthetic field intensity combined by the space ion
electric and electrostatic fields near the UHVDC trans-
mission tower is more complicated than those of AC lines
[9].

+e entry of operators changes the distribution of
synthetic electric and ion flow fields, thus making the
analysis and calculation of body surface electric fields more
difficult. Meanwhile, the high altitudes of the towers also
affect the distribution of the ion flow field. Currently, there is
no relevant research regarding these issues, and direct field
measurements are also difficult to carry out. +erefore,
under the conditions of high altitude, the question of
whether the original safety protection tools and technical
parameters for live working on 1000 kV UHVAC will
continue to be used for live working on UHVDC of ±800 kV
remains unanswered and requires further research. +e
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above problems seriously affect the personal safety of the
operators during live working.

Based on the above research status, it is necessary to
study the synthetic electric fields of UHVDC transmission
towers in high-altitude areas. +is study first establishes a
mathematical model of the ion flow field and then analyzes
its solution process. We also develop human body and
transmission line models and analyze the influence of ion
mobility, wind speed, and split wire on the composite field.
+e synthetic electric field of five typical working positions is
then calculated using simulations. Finally, the field mea-
surement of the synthetic electric field is carried out to verify
the correctness of the simulation analysis.

2. Influence of Ion FlowField onDistribution of
Regional Electric Field

2.1. Mathematical Model of Ion Flow Field. Based on the
physical characteristics of the ion flow field, an appropriate
mathematical model is established and results that meet
engineering accuracy requirements can be obtained through
calculation and analysis. +e solution of the UHVDC ion
flow field is a boundary value problem under fixed boundary
conditions and its governing equations are as follows:
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where E is the electric field strength (V/m); j+ and j− are the
positive and negative ion flow density (A/m2), respectively;
ρ+ and ρ− are the space positive and negative charge density
(C/m3), respectively; ε0 is the dielectric constant of air
(8.85×10−12 F/m); and k+ and k- are the mobility of positive
and negative ions (m2/(V·s)), respectively, which can be
considered as the speed of the ions under the electric field,
i.e., the ratio that the speed of ion movement to the electric
field. Considering the approximate conditions, k is a con-
stant, φ is the potential (V), and Rion is the ion recombi-
nation coefficient.

For unipolar wires, there is no recombination of positive
and negative ions in space, so the governing equation can be
transformed as follows:

−∇ · (∇φ) �
ρ
ε0

, (2)

∇ · (ρ∇φ) � 0. (3)

+e solution variable of Equation (2) is potential φ.
Equation (3) uses either φ as the solution variable or charge
density ρ as the solution variable. Traditional methods
mostly use ρ as the variable to solve the current continuity
equation (Poisson). +e process of solving the potential of
the equation is positive, and the equation for solving the
charge density through the current continuity equation is an
inverse process. Each iteration step carries out two forward
and reverse processes until convergence.

2.2. Solution Steps of Ionic Flow Field. In this study, the
finite element method is used to calculate the ion flow field
of an UHVDC transmission tower. +is method discards
the Deutsch assumption and uses an iterative method to
solve the Poisson and current continuity equations to
obtain the spatial electric field and ion flow distribution.
According to the Kaptzov assumption, the surface field
strength of the transmission line is maintained near the
halo field strength. If the field strength on the surface is
stronger than the halo field strength, a space charge emits
and the amount of space charge generated can be con-
sidered as the sum of the charges generated at each node on
the metal surface.

First, we set the initial value of the charge concentration
of the halo boundary and calculate the electric field distri-
bution in the steady state. We then take the maximum
electric field value of the halo boundary and compare it with
the halo field strength in air. If it is greater than the set
criterion, the wire boundary corrects the charge concen-
tration and continues the calculation. If it is less than the set
criterion, then the calculation is completed and the charge
density of the halo surface is obtained under the steady state.
+e convergence criterion used in the calculation of the
steady state of the ion flow field of the DC transmission line
is as follows:

Emax − E0




E0
� δE < 1%,

ρi(n) − ρi(n − 1)




ρi(n − 1)



� δρ < 1%,

(4)

where Emax is the maximum electric field strength on the
surface of the wire; E0 is the halo field strength of the wire;
ρi(n) and ρi(n − 1) are the charge density at the space node i
at n and n − 1 iterations, respectively; and δE and δρ are the
relative deviations of the electric field intensity on the surface
of the wire and the charge density of the space node,
respectively.

If the calculated electric field intensity on the surface of
the wire and the charge density of each node in the space
cannot meet the convergence criterion simultaneously, the
charge density on the surface of the wire needs correcting.
+is study proposes an iterative correction formula based on
the Newton–Raphson method as follows:
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ρi(n) � ρi(n − 1) +△ρi � ρi(n − 1) − ρi(n − 1) − ρi(n − 2)( 
E0 − Emax n−1

Emax n−2 − Emax n−1
 , (5)

where ρi(n) and ρi(n − 1) are the charge density at node i of
the wire surface at n and n − 1 iterations, respectively, and μ
is the correction factor, which is taken as two here.

In this work, a joint solution method based onMATLAB
and COMSOL is used to calculate the ion flow field. Figure 1
shows the specific solution process.

3. Test and Calculation Model

3.1. Human Body Model. In order to calculate the electric
field intensity on the body surface of live working operators,
in the human body model, the electrical parameters mainly
considered are the conductivity and relative dielectric
constant. According to the research results, the relative
dielectric constant of human living tissue at a frequency of
60Hz is ∼1×105–2×106 [10]. +is study assumes that the
human body is a homogeneous medium. For the size of each
human tissue, reference to the recommended value in
Human Dimensions of Chinese Adults (GB10000-1988)
[11–13] is taken. +erefore, the human body parameters are
set as shown in Table 1.

3.2. ±800 kV UHVDC Transmission Line Model. +is study
takes the Yunnan-Guangdong ±800 kV UHVDC trans-
mission tower as an example and simplifies the DC trans-
mission line to a two-dimensional model for the analysis.
+e Yunnan-Guangdong ±800 k UHVDC transmission
project adopts a single-circuit bipolar operation mode. +e
line parameters used in the calculation are a 6× LGJ-630/45-
type conductor, a subconductor diameter of d� 33.6mm, a
split spacing of dc� 450mm, a conductor height to ground
of H� 18m, and a pole spacing of D� 22m. +e structure is
shown in Figure 2.

In order to suppress corona discharge, UHVDC trans-
mission lines mostly use split conductors to increase the
radius of the conductors equivalently. +e number of splits
of the conductors increases as the voltage level increases.
±800 kV DC transmission lines in China use six-split
conductors, while ±1100 kV DC transmission lines use eight
split conductors. +e model is usually simplified by splitting
the wire into a single wire, as shown in Figure 3.

+e equivalent radius of a single wire is calculated as
follows:

Req � R

��
nr

R

n



, (6)

where Req is the radius of a single wire equivalent to the split
wire (cm), R is the radius of the circle passing through the
center of each subwire of the split wire (cm), n is the number
of splits of the wire, and r is the radius of the split wire (cm).

Considering the entire operating route of a live working
operator from climbing the ladder to riding the suspended
platform to entering the equipotential point, five typical
positions representing different working conditions during
the live working process are selected to measure and cal-
culate the synthetic electric field intensity. Figure 4 shows the
five typical positions. Position 1 is the tower body parallel to
the conductor, position 2 is the cross arm perpendicular to
the conductor, position 3 is 3m away from the conductor,
and positions 4 and 5 are both in the conductor, with po-
sition 5 3m perpendicular to the plane.

4. SimulationofSyntheticElectricField inHigh-
Altitude Area

4.1. Convection and Electric Field Migration. When simul-
taneously considering convective transfer and electric field
migration, the transient control equation of the dilute
substance transfer module is

zρ
zt

+ ∇ · (−D∇ρ − zuFρ∇V) + w · ∇ρ � R,

J � −D∇ρ − zuFρ∇V,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(7)

where z represents the charge number of the tracer, F is the
Faraday constant (96485C/mol), and u represents the
mobility (s·mol/kg).

Its structure is similar to the abovementioned current
continuity equation and the meaning of each parameter is
the same. However, since the electric field transfer char-
acteristics of electric charges are not taken into consider-
ation, it needs to be converted. Taking positive ion as an
example, we can obtain Equation (1) as

zρ+
(t)

zt
+ ∇ · ρ+

−k
+∇φ + w −

D
+∇ρ+

ρ+   � −
Rion

e
 ρ+

(t)ρ−
(t). (8)
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Since k+, w, and D+ are constants, we can simplify
Equation (8) to obtain

zρ+
(t)

zt
+ ∇ · −D

+∇ρ+
− k

+ρ+∇φ + ρ+
w(  � −

Rion

e
 ρ+

(t)ρ−
(t). (9)

By comparing Equations (7) and (9), we can obtain the
tracer charge number z� 1, and by letting u� k/F, the ion
mobility can be determined. For the transmission line model

shown in Figure 2, since the diffusion coefficient of the ions
is relatively small, the effect of diffusion on the results can be
ignored, so D� 0. According to Equation (9), we can

Start

Set the initial surface
charge density of the

fitting to ρ0

Matlab

Comsol
Load solution domain
boundary conditions

Calculate the current
continuity equation

and Poisson equation

Surface electric field
intensity maximum Emax

End

No

Update charge density
ρi (n) = ρi (n – 1) + ∆ρi

δE < 1% & δp < 1%

Yes

Figure 1: Solution process.

D

H

ddc

Figure 2: Simplified structure of the ±800 kV single-circuit bipolar DC transmission line.
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complete the setting of the COMSOL parameters. First, we
iteratively obtain the charge density when the surface of the
transmission line is haloed based on the charge density
solution process shown in Figure 1. Figure 5 shows the
results of the segmentation.

Finally, considering the convection and electric field
migration, the distribution of the electric field strength and
charge density in the field under a halo field strength of
E0� 4.8 kV/cm is shown in Figure 6.

From the above calculation results, when both con-
vection and electric field migration are considered, the
maximum charge concentration in the calculated charge
density in the steady-state field is 3.4×10–8C/m3. Con-
sidering convection and electric field migration, the calcu-
lated electric field strength and charge density distribution in
the field under a halo field strength of E0� 4.2 kV/cm are
shown in Figure 7.

From the above calculation results, when convection and
electric field migration are considered simultaneously, the
maximum charge concentration in the calculated field in the
steady state of the charge density is 6.19×10–8C/m3.
According to Figures 6 and 7, the higher the halo field
strength, the lower the charge density around the trans-
mission line. In consideration of convection and electric
field migration, Figure 8 shows the combined ground
electric field under different halo field strengths. +e results
in Figure 8 are also consistent with the actual situation. +e
lower the halo field strength, the greater the ground syn-
thetic electric field strength.

4.2. Effect of Wind Speed. Wind speed has a direct effect on
the diffusion of space charge. Taking the above model as an
example, the synthetic electric field is simulated at wind

r

R Req

Figure 3: Six-split wire and its equivalent model.

Table 1: Human body parameters used in model.

Body part Conductivity (S/m) Relative dielectric constant Shape (cm)
Head 0.1 105 Sphere: r� 10
Neck 0.1 105 Cylinder: r� 8, h� 7
Waist 0.1 105 Cylinder: r� 16, h� 65
Leg 0.1 105 Cylinder: r� 10, h� 80

1

2

3

4

5

Figure 4: Typical positions of live working.
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speeds of 2 and 10m/s, with the results of the electric field
strength and charge density distribution under these wind
speeds, as shown in Figures 9 and 10.

It can be seen from the above calculation results that
when the wind speed increases from 2 to 10m/s, the charge
diffusion range increases significantly with the wind
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Figure 5: Schematic diagram of field segmentation.
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Figure 6: Results for a halo field strength of 4.8 kV/cm: (a) space electric field strength (V/m); (b) space electric field density (C/m3).
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Figure 7: Results for a halo field strength of 4.2 kV/cm: (a) space electric field strength (V/m); (b) space electric field density (C/m3).
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Figure 9: Results for a wind speed of 2m/s: (a) space electric field strength (V/m); (b) space electric field density (C/m3).
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Figure 10: Results for a wind speed of 10m/s: (a) space electric field strength (V/m); (b) space electric field density (C/m3).
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direction. +erefore, when simulating a high wind speed
environment, the influence of wind speed must be fully
considered. According to Figures 9 and 10, the electric field
strength near the wire is maintained near the halo field
strength, which satisfies the Kaptzov assumption. Consid-
ering the wind speed, the halo field strength is 4.8 kV/m and
the ground synthetic electric field under different wind
speeds is shown in Figure 11.

It can be observed from Figure 11 that the solution
calculated in this work is close to the solution obtained in the
literature and basically maintains a consistent distribution
trend. Simultaneously, it can be found that, due to the effect
of wind speed, the maximum value of the ground synthetic
field strength is not directly under the transmission line
conductor but is offset by ∼4–5m. +e simulation result is
the same as the actual measured value. +e results of the
comparison of the ground synthetic and nominal electric
fields with the measured values of this method are shown in
Table 2.

+e ion flow field calculated in this study is significantly
improved in calculation accuracy compared to the nominal
electric field calculated by traditional methods, and the
maximum deviation of the nominal electric field gradually
increases as it moves away from the maximum electric field
point, which is much larger than the electric field deviation
calculated by the method. +e ground synthetic electric field
calculated by this method is 2.4 times the nominal electric
field, and the deviation from the actual maximum measured
value is only 1.02%.+e wind speed in this work is loaded by
the crosswind speed, but the direction of the wind has a
certain transient change during the actual measurement.
+erefore, the calculation results of this method have only a
minor deviation from the actual measured values.

4.3. Effects of Split Wires. In the calculation of the ion flow
field of a DC transmission line, if the research focus is on the
ion flow density and electric field characteristics of the area
near the wire, it is important to consider the area near the
split wire, so the split wire cannot be equivalent to a single
wire as a way to simplify the model. Simultaneously, the
charge in the air also has diffusion characteristics, so the
drift-diffusion equation is introduced. +e diffusion coef-
ficient and mobility are expressed by the Einstein rela-
tionship as

D
+

�
k

+
kbT

e
,

D
−

�
k

−
kbT

e
.

(10)

+e line parameters used in the calculation are 6× LGJ-
630/45-type conductors, a subconductor diameter of
d� 33.6mm, a split spacing of dc� 450mm, a conductor
height to ground ofH� 18m, and a pole spacing ofD� 22m.
+e height of the lightning conductor to the ground is 33m.
+e results of the split are shown in Figure 12. +e final
results of the electric potential and field intensity distribu-
tion are shown in Figure 13.

+e advantage of the finite element method is not only
that it can solve the ion flow field problem of complex
structural models but also can deal with the influence of
wind speed on the spatial ion flow field. For the above-
mentioned bipolar DC test line with a conductor of ±800 kV,
we consider the effect of wind speed, calculate the synthetic
electric field near the ground, and analyze the relationship
between the synthetic electric field strength near the ground
and the wind speed. +e wind speed in the positive direction
of x is applied and is 0 and 2m/s, respectively. +e results of
the ground synthetic electric field strength calculation are
shown in Figure 14.

Research shows that the DC synthetic field strength is
greatly affected by the wind speed. +e synthetic field
strength on the upwind side decreases with increasing wind
speed, and the synthetic field strength on the downwind side
increases with increasing wind speed. +e research results
show that the maximum point of the ground synthetic
electric field is shifted in the presence of wind. Moreover,
when calculating the ground synthetic electric field, the
results of calculating the equivalent single and split wires are
basically the same.

4.4. Synthetic Electric Field Simulation of Typical Working
Positions. Based on the above analysis, the synthetic electric
field simulation of the typical operating positions was carried
out under the conditions of a wind speed of 2m/s, positive
and negative ion mobilities of 1.5 and 1.7×10–4m2/(V·s),
respectively, and six-split conductors of the transmission
line.

+e synthetic electric field intensity combined by the
space charge electric field and electrostatic field near the
±800 kV UHVDC transmission line and the current char-
acteristics during potential transfer are more complicated
than those of an AC line. In this study, the simulation
calculation of the synthetic electric field for five typical
working positions is carried out by the finite element
method. +rough simulations, the characteristics chart of
the electric field intensity distribution around the ±800 kV
UHVDC line after considering the tower is obtained. +e
calculation results of the synthetic electric field at the two
positions representing the typical working conditions on the
tower are shown in Table 3.

Based on the characteristics of the electric field intensity
distribution around the line, the electric field intensity on the
operator’s body surface at three typical positions repre-
senting different working conditions in the air is obtained.
+e calculation results of the synthetic electric field at dif-
ferent positions are shown in Table 4.

5. Field Measurements of Synthetic
Electric Fields

5.1. Typical Field Measurements of Synthetic Electric Fields.
In the measurement process, the operator wears shielding
clothes to climb the tower and arrives at each typical position
on the tower to measure the synthetic electric field intensity.
+e field measurement is shown in Figure 15. When
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Figure 11: Results for ground synthetic electric field under different wind speeds.

Table 2: Comparison between this study and the deviation of the nominal electric field and the measured value.

Maximum electric field strength Maximum electric field deviation (%) Maximum deviation (%)
+is article method 33.94 1.02 21.6
Nominal electric field 14.16 58.8 81.1
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Figure 13: ±800 kV UHVDC line result diagram: (a) space electric field strength; (b) space charge density.
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Figure 12: Schematic diagram of two-dimensional model field segmentation.
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measuring the electric field intensity on the human body
surface, the environmental parameters of the test site are
shown in Table 5.

+e field measurement results of the synthetic electric
field are shown in Table 6 and are compared with the
simulation results.

By comparing the simulation and field measurement
results, it can be seen that the calculated and measured
values at the positions with lower electric field intensity are
in good agreement with each other, while the calculated and
measured values at the positions with higher electric field
intensity are greatly different, with the calculated values
obviously greater than the measured values. +is is because
the use of instruments with metal parts in the field mea-
surement makes the measured values smaller than the true
values, while in the simulation calculation, the influence of

the corona phenomenon on the electrostatic field is not
considered. +erefore, the calculated values are larger than
the true values. Meanwhile, the distortion of the electric
field caused by the corona phenomenon is not obvious in
the place with a small electric field intensity but more re-
markable in the place with a large electric field intensity.

+rough the above analysis, it can be concluded that the
true value will be between the calculated and measured
values so that the true value can be effectively estimated.

5.2. Analysis of Synthetic Electric Field Characteristics.
+rough the simulations and analysis of the field mea-
surement results, the characteristics of the electric field
intensity distribution on the body surface of live working
operators of the ±800KV UHVDC line were determined:

E 
(k

V
/m

)

0–50 50 100–100
x (m)

0

10

20

30

40

Equivalent single synthetic
electric field
Nominal field

Synthetic electric 
field of split wire
Split wire w = 2m/s

Figure 14: Ground synthetic electric field result graph.

Table 3: Calculation results of synthetic l electric field around the tower.

Measuring position Simulation result (kV/m)

Position 1 Inside the tower 9.1
Outside the tower 54.1

Position 2 Inside the tower 13.6
Outside the tower 27.3

Table 4: Calculation results of synthetic electric field on human body surface.

Measuring position Simulation result (kV/m)

Position 3

Top of the head 162.4
Chest 44.6
Hand 52.9
Toes 184.2

Position 4

Top of the head 1710
Chest 24.8
Hand 1650
Foot 406

Position 5

Top of the head 1690
Chest 24.5
Hand 1640
Foot 661
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(1) When the operator is at ground potential, the electric
field intensity on his or her body surface is smaller
than the warning value of 240 kV/m.

(2) After the operator enters the equipotential position
and is at the equipotential position, the electric field
intensity on some body parts is greater than 500 kV/m,
thereby exceeding the warning value. Hence, protec-
tion should be focused on these parts.

By comparing the above field measurement data for the
electric field intensity on the body surface of equipotential
operators (at positions 4 and 5 with previous data of op-
erators working on UHVAC transmission lines), it is found
that the electric field intensity on top of the head and at the

hands of the equipotential operators on the ±800 kV
UHVDC lines is less than 650 kV/m (inclusive) and that of
equipotential operators on 1000 kV UHVAC lines is
∼1800–2500 kV/m. It is also found through comparison of
the data at other positions that the electric field intensity on
the body surface of the equipotential operators on ±800 kV
UHVDC lines is significantly smaller than that on the
1000 kV UHVAC lines.

6. Conclusion

(1) We use a new method of ion flow field calculation
and show that the higher the halo field strength, the
lower the charge density around the transmission

Figure 15: Field measurement of electric field.

Table 5: Environmental parameters of test site.

Environmental indicators Numerical value
Altitude 2100m
Temperature 23.6°C
Relative humidity 49.5%
Air pressure 79.3 kPa
Wind speed 2m/s

Table 6: Field measurement results of synthetic electric field.

Measuring position Simulation result (kV/m) Measurement result (kV/m)

Position 1 Inside the tower 9.1 4.0
Outside the tower 54.1 26.0

Position 2 Inside the tower 13.6 6.0
Outside the tower 27.3 48.4

Position 3

Top of the head 162.4 132.0
Chest 44.6 96.2
Hand 52.9 241.5
Toes 184.2 150.0

Position 4

Top of the head 1710 404.2
Chest 24.8 39.1
Hand 1650 529.0
Foot 406 145.3

Position 5

Top of the head 1690 400.6
Chest 24.5 37.7
Hand 1640 560.5
Foot 661 250.4
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line. In consideration of convection and electric field
migration, the lower the halo field strength, the
greater the ground synthetic electric field strength.

(2) +e synthetic field strength under the DC trans-
mission line is greatly affected by wind speed. +e
synthetic field strength on the upwind side decreases
with increasing wind speed, and the synthetic field
strength on the downwind side increases with in-
creasing wind speed. In the presence of wind, there is
a shift in the maximum point of the ground synthetic
electric field. Moreover, when calculating the ground
synthetic electric field, the results of calculating the
equivalent single and split wires are basically the
same.

(3) +e maximum value of the electric field intensity on
the body surface of an operator at ground potential
during live working on ±800 kV DC transmission
lines is 50–60 kV/m. Protective measures should be
taken in the process of entering the equipotential and
at this time, the electric field intensity on the body
surface of equipotential operator exceeds 240 kV/m.
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