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Electric Field Calculation on Residential Houses
near UHVDC Lines Using 3D Reconstruction
Method

Donglai Wang, Tiebing Lu, Xiang Cui, Li Xie, Luxing Zhao, Yong Ju, and Jiayu Lu

Abstract—Prediction of electric field on residential houses is
required in the design of UHVDC transmission lines. The
calculation of electric field distribution on houses is a 3D problem,
however, the effectiveness of some 2D calculation methods has
been validated by specific reduced-scale experimental models.
The 2D methods are simple in operation and quick in computation
compared with the 3D methods. In this paper, the deviation
ranges of 2D electric field calculation results on the houses are
discussed. Then, a 3D electric field reconstruction method is
proposed to correct the 2D results according to the size and
location of houses. The 3D electric field distribution on the house
can be obtained based on 2D calculation efficiently, and the direct
3D calculation is avoided. Finally, the validity of the calculation
methods are verified by the measurement results of a full-scale
experimental system.

Index Terms—3D reconstruction, corona discharge, electric
field, residential house, UHVDC lines

. INTRODUCTION

ORONA discharge occurs near the surface of operating

ultra-high voltage direct current (UHVDC) transmission
lines. The ions generated by corona drift either toward the
conductor of opposite polarity or toward the ground plane, and
then strengthen the ground-level electric field, which is named
as ion flow field problem [1-4]. The limit values of electric field
strength under UHVDC lines are specified in the
electromagnetic environment standards. However, due to the
limitation of corridor width, the lines close to residential houses
in China may be more common in the future with the
construction of UHVDC projects. The presence of houses will
distort the electric field near the house. Predicting the electric
field on the houses near UHVDC lines accurately and
efficiently is one of the important factors to design transmission
lines, to determine house removal range and to settle disputes
about electromagnetic environment.
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In the past decades, many scholars have made important
contributions on the improvement of electric field and ion
current calculation strategies, and a variety of methods have
been proposed [5-8]. The methods for ground-level electric
field calculation with houses nearby can be divided into 2D
methods and 3D methods. In 2D methods, the length of houses
in the direction that parallel to the lines is considered to be
infinite. In 2010, 2D flux tracing method (FTM) was proposed
by Luo et al to calculate the ground-level electric field with
houses nearby [9]. In FTM, the Deutsch assumption is used to
simplify the calculation. Then, Zhen et al. and Huang et al.
abandoned Deutsch assumption and presented a 2D optimized
finite element method (FEM), respectively [10, 11]. Zhen et al.
also studied the influence of the electrical conductivity of house
on electric field strength by 2D FEM [12].

2D methods are more achievable in engineering practice for
their simple operation. But essentially, the electric field
distribution near the house is a 3D problem, 2D methods always
have certain errors and cannot provide the electric field
variation in the dimension that parallel to the lines. Therefore,
Luo et al. extended the FTM to the 3D situation [13]. Li et al.
calculated the electric field on a human body based on the 3D
FTM [14], and Zhou et al. calculated the shielding effect of 3D
wire mesh under HVDC transmission lines based on the same
theory [15]. The mesh-based methods, such as FEM, are not fit
for dealing with open domain problems, because excessive
computation resources are required. So the hybrid 2D/3D
method was put forward to reduce the computation scale
[16-18]. In hybrid 2D/3D method, the influence of house is
limited to its surroundings, so the 2D calculation result at a
distance from the houses can be used as the boundary
conditions of the 3D calculation domain near the houses. Thus,
3D calculation is confined in a smaller area. Because of the
limitation of computation cost, direct 3D mesh-based methods
only used in the calculation of a reduced-scale house model
[19], or the bundle conductors in the calculation model are
simplified to equivalent single conductors [20, 21].

In conclusion, both 2D and 3D methods have their own
advantages in ion flow field calculation, but the differences
between 2D and 3D methods are still subjected to be
investigated. Besides, all the proposed ion flow field
calculation methods on houses have not been verified by
full-scale experimental models until now. In order to complete
a large number of UHVDC line design work efficiently, it is
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significant to determine the effective range of 2D calculation
methods.

In this paper, the difference of 2D and 3D calculation results
around the houses is presented, and the deviation range of the
2D and 3D methods is given. To make full use of the
advantages of 2D methods, a 3D electric field reconstruction
method is proposed to correct the 2D calculation results. In the
3D reconstruction method, 3D electric field distribution on the
house can be obtained almost without additional calculating
time compared with corresponding 2D method. Relying on the
UHVDC Test Base of China Electric Power Research Institute,
a full-scale electric field experimental system with houses
nearby is built. The engineering practical effectiveness of 3D
Deutsch assumption-based electric field calculation method as
well as the 3D reconstruction method are testified by the
experiment.

Il. ANALYSIS MODEL WITH HOUSES

The diagram of the analysis model that a flat roof house near
bipolar UHVDC lines is shown in Fig. 1. The house is
simplified as a cuboid. Two sides of the house are vertical to the
lines and other sides are parallel to it. In Fig. 1, a rectangular
coordinate system xyz is established on the ground. D is the
distance between positive and negative polar lines; H is the
height of lines. The centre of house is located on x=0. Dy, is the
minimum distance from the centre of lines to the edge of house;
Ly, W, and H, are the length, width and height of the house,
respectively. To reflect the electric field distribution
characteristics around the house concisely, three paths, marked
as Path I (x=0), Path Il (x=0.4L;) and Path Il (x=Ln/2+H,/2),
respectively, are selected to be the specific calculation paths in
3D calculation. When the paths across the house, the electric
field on the roof is considered. Otherwise, the ground-level
electric field is calculated. P,, P, and Py, are intersection points
of the centreline of house (y=Dyn+W}/2) and the paths.

The governing equations for the ion flow field in calculation
region are given as follows:

V-E=(p,-p.)/a (1)
{V (p+/u+E) = —Rp+p_/€

V- (p.uE)=Rp,p_[e
where E, ¢ are the electric field vector and potential in the ion
flow field, respectively, J is the ion current density, x is the ion
mobility rate, R is the ion recombination coefficient, e is the
charge of the electron, p is the space charge density
(non-negative value), & is the permittivity in the air,. The
subscript “+” is for positive and “-” is for negative.

The boundary conditions are defined as follows [12]:

)

9, =U

=0
& 3
o0 _,

D
]
A 1
]
1
UHVDC lines
1
H I
| A
A Hy|| House
v ‘;_l‘ ¥
O, W,
(@
& 1 +
LDy W
|« < >
< ‘”: > House
| Yo L Ly o | Pahl
( P
X P Path I1
X = 4 LA S (e
U{-]VD.(' lines B F

b
Fig. 1. The position relationship diag(rain that a house near UHVDC lines. (a)
Front view. (b) Plan view
where U, E,, are the voltage and corona onset electric field of
transmission lines, respectively, I is the surface of lines, I is
the surface of ground and houses. The corona onset electric
field E,, can be obtained by Peek’s law in DC form [22].

To simplify the calculation, Deutsch assumption, i.e., the
space charges only affect the magnitude of the electric field
without changing its direction, is adopted. The influence of
towers and the sag of transmission lines are neglected, and the
houses are considered as perfect conductors [12].

Based on Deutsch assumption, the ground-level electric field
and space charge density can be obtained by the integral along
with the electric flux line. And the space-charge-free electric
field is calculated by charge simulation method. 2D and 3D
methods are used to calculate the electric field around the house,
respectively. Infinite length line charges are put into the lines
and the house in 2D method. In the 3D method, the simulation
charges in the house are replaced by point charges.

11l. CoMPARISON BETWEEN 2D AND 3D METHODS

A. Difference of 2D and 3D calculation results

The parameters of two different UHVDC line structures are
listed in Table I. The voltages are +800kV and +1100kV,
respectively. The difference of 2D and 3D methods depends on
the size and location of house. As an example, the parameters of
the house in Fig. 1 are set as L,=12m, W,=6m, H,=4m, D,=30m.
The voltages on the lines are +800kV.
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Fig. 2. Electric field distributions calculated by 2D and 3D methods
TABLE |
PARAMETERS OF THE UHVDC TRANSMISSION LINES
Parameters +800kV +1100kV
Conductor type 6x720mm? 8x1000mm?
Bundle spacing 45cm 40cm
Height 19m 26m
Polar distance 22m 26m

The 2D and 3D electric field calculation results under
different circumstances are shown in Fig. 2. The existence of
house has a shielding effect on the electric field on the ground
near the house. The field strength on the roof is much higher
than ground, especially at the corner area of the roof. When
dealing with the ground-level electric field at the front or rear
area of house, in other words, y<D, or y=Dy+W;, the results
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from the 2D and 3D methods are almost the same. On the roof,
2D and 3D field distribution curves have almost the same shape.
2D results may approach to 3D on Path I, but significantly less
than 3D on Path Il. Furthermore, the results from 2D method
can hardly reflect the ground-level electric field distribution at
the side area of the house, such as on Path IlI.

B. Deviation range of 2D methods

Because of the limitation of construction period or
technological level, in some cases, only 2D calculation
methods are available for engineers. It is important to estimate
the deviation range and relative error of 2D methods. The
relative error of 2D and 3D methods depends on the geometric
parameter of houses. Based on the calculation model in Section
1II. A, the method of control variables is applied to study the
influence of parameter L., W;, H, and Dy on 2D and 3D
calculation results. P, is a point in 2D space. The y and z
coordinate of Py has the same value with P,and Py, in 3D space.
In other words, P(x, y, z) = (0, Dp+Wn/2, Hy), then Py(y, z) =
(Dh+Wil2, Hy). Besides, in the next, when W, is considered as
the independent variable, Pi(x, y, z) is kept at point (0, Dy+3,
Hy).

Comparisons between 2D and 3D calculation results are
shown in Fig. 3. Results from 3D method are always larger than
those from 2D method on the roof. The electric field strength on
P, is the closest value to that on P,. The difference between
field strength on P,, P,; and P, shrinks with the increase of Ly,
Dy, and with the decrease of W, Hy,. Besides, L, and Hj, are two
of the most significant variables that affect the difference of 2D
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Fig. 3. Influence of house model parameters on 2D and 3D calculation results. (a) Varies of L. (b) Varies of W,. (c) Varies of H,. (d) Varies of Dy.
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and 3D calculation results.

IV. 3D ELECTRIC FIELD RECONSTRUCTION METHOD

A. Calculation area division and sample selection

Although there are some limitations in the 2D methods,
however, the influence of conductor structures, corona
discharge status and part of the ground-level electric field
distribution information can be obtained by 2D calculation. To
extend the applicable range of 2D methods, a method that
reconstruct 3D electric field distribution on the house according
to 2D results is presented.

According to the conclusions from the comparison of 2D and
3D calculation results, the area around the house can be divided
into three parts, as shown in Fig. 4. Area 1 is the roof of house,
i.e., xE€ (-Ly/2, Ly/2) and y € (Dy, Dy+W;), z=H,. Area 3 is
x=Ln/2, z=0. The rest area on the ground is Area 2.

In Area 2, 2D calculation results are almost equal to 3D
results. In Area 1, the2D and 3D electric field distribution
curve on the direction perpendicular to lines have similar
shapes. In Area 3, the house always has a shielding effect on
the electric field around itself, so the upper limit of electric
field in this area can be determined by 2D methods
considering the absence of house. The field strength under
the wall is zero. Above all, 3D electric field distribution
around the house can be reconstructed from 2D as follows:

[1+k(x)] Exp (¥) (in Area 1)
Egp (x,¥)=1Exp (¥) (inArea2) (4)
S Exp (). E,(y).x] (inArea3)

where x and y present the coordinate of points on the ground
and roof, k£ and f are the scalar functions, Esp(x, y) is the
reconstructed 3D electric field distribution around the house,
E>p(y) is the 2D calculation result with the existence of
house, and E,(y) is the 2D results with the absence of house.
For each specific calculation sample, the parameters of lines
and house structures are regarded as constant values.

In equation (4), if the function & and f'can be determined
according to 2D calculation results and the geometric
parameter of houses, the ground-level electric field
prediction in the whole area around the house will no further
rely on direct 3D calculation. To summarize this relationship,
the cubic house models with 3360 different parameters are
selected as the samples. The ranges of house parameters are
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Fig. 4. Area division diagram

listed in Table 11. The voltage on the lines is £800kV.

B. 3D Reconstruction Formula in Area 1

The most important step of 3D electric field reconstruction in
Area 1 is determining the function k(x). To make the
consequence more general, k(x) is defined as:

(x) =K, (x) = Rl Ele) -
e Ey (30)

where yo=Dy+W,/3. Then, curve fitting method is used to
discuss the relationship between k(x) and Li, Wy, Hp, Dh.
Among all the independent variables, Ly, is the most significant
factor that affects the value of k(x). So the influence of L, is
discussed separately. Under each given W, H,, Dy, the value of
k(x) on Path I and Path I1, noted as k; and k;,, can be obtained not
only from the direct 2D and 3D calculation by (5), but also from
specific fitting equation, as shown below:

{k, =a,exp(-b L, ) +c,
ky =ay exp(—b,,Lh )+C||

(6)

where ay, by, ¢, ay, by, ¢y are the fitting coefficients related to
Wy, H,, Dy. In each combination of W, H,, Dy, (6) has its
specific fitting coefficients. Let W,=6m, H,=7m, D,=30m, in
this case, a|:l.09, b|:O.28, C|:0.05, a||:2.94, b||:0.31, C||:O.23,
the fitting result of &, &y, and Ly, is shown in Fig. 5. It turns out to
be that the exponential function form like (6) fits the
relationship of &y, &y, and Ly, well.

Next, multiple regression analysis is used to calculate the
fitting relationship between W,, Hy, Dy and the coefficients a,
by, c1, an, by, iy in (6). The flow chart of this step is shown in Fig.
6, and the result can be written as:

B =A X, (7
TABLE Il
SIZE AND LOCATION OF THE HOUSE MODELS
Minimum Maximum Interval Sample
(m) (m) (m) quantity
Length (Ly) 3 30 3 10
Width (W) 3 18 3 6
Height (H,) 3 10 1 8
Distance (Dy) 20 50 5 7
Total 3360
14 'I\ ' ' ' M k. calculation
1.2 \ ® Jy;, calculation
“ \ f. fitting
g ! \ ==~ Iy, fitting
Zos \
;;0.6 H
E‘E
204
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Fig. 5. The effect of exponential function fitting when &, k;, varies with
respect to Ly.
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where T
B, :[al’bl’cll a, bll’cll]

X, =[1, W, H,,D,]"

[184.1 353 825 3.0 |
3296 -12 50 -03
, |-348 19 90 05
A =107 x
11834 450 1839 6.2
3473 -22 -19 -01
|-11.9 79 241 10 |

Matrix A; is a constant matrix that can be applied in various
line structures and voltages, for the influence of these factors
are included in 2D calculation results.

The value of k(x) for each x on the roof is:

2
X

k(x) =k +(ky =k )(WJ C))
where x € [0, Ly/2). After obtaining the parameters in matrix A,
the curve fitting method is not required in the 3D reconstructed
calculation any more, and the direct 3D calculation is also
avoided. In the practical application, the 3D electric field on
Area 1 can be reconstructed by performing the simple algebraic
operations according to the equation (7), (6), (8) and (4)
successively.

C. 3D Reconstruction Formula in Area 3

The transformation relation of 2D and 3D calculation results
in Area 3 is represented by the scalar function f. The electric
field distribution regularity on the direction perpendicular to
lines in this area cannot be obtained directly just like that in
Area 1. Therefore, the electric field on Path 11l is selected to

describe the shielding degree of house at first. The function s(y),

named as shielding factor, is defined as:

_ E, (J’)—Em (Y) 2

S(J’)—W—am exp[ I (ys—c“,) J 9)
where y, =(|¥]- Dy )/W, =Y/2, Ey(y) is the electric field on
Path 11I. In (9), when LZ|||:0.53, b|||:1.06 and C|||:0.05, the

comparison between direct 2D and 3D calculation and
exponential fitting results of s(y) is shown in Fig. 7. The result

| Input dependent variables |
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'

Fit the coefficient by using
multiple regression analysis

Remove the least
correlated independent
variable

v
T Check the value of
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data by T test

| Save the fitting coefficients |
Fig. 6. Flow chart of multiple regression analysis.

indicates that the former direct 2D and 3D calculation in (9) can
be replaced by the later fitting equation.

The coefficients ay, by and ¢y are also calculated by
multiple regression analysis according to Fig. 6. The fitting
result can be written as:

B, = A X, (10)
where B; = [a,“, by ¢y ]T

Xy =[L W, i, 2]

4210 333 -226 -11
A, =10%x|427.2 1610 -875 -53
510 -16.0 195 0.7

Aj is also a constant matrix that can be applied in different
line structures and voltages. The electric field on Path Il is
calculated by:

||| [1 s )]Ea(y) (11)

The 3D reconstructed equation on Area 3 is presented as
follow:

E3D X, y f[EZD y 'Ea y)l ]

(
= £, (y)-[£. ()= En ()]
.{Ea(y)_Em()’)}

O

12)

A 8

Lh
%)
E, (y)_Ezo (y)

Above all, the 3D reconstruction work in Area 3 is
calculating (10), (9), (11) and (12) successively according to
2D results and the structure of house.

When dealing with a 12mx6mx4m house, in direct 3D
calculation method, 1382 simulation charges are put in the
house model, and electric field calculation time of 100 points
on the ground is 337.7 seconds. However, in 2D calculation, the
number of simulation charges in the house is 54, and the time
cost is 4.2 seconds. In addition, the time cost of 3D
reconstruction work is less than 0.01 second.

V. VERIFICATION OF CALCULATION METHODS

A. Experimental setup

b
T

o
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—Fitting

o
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Fig. 7. Fitting effect of shielding factor s(y) on Path 111
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To testify the different calculation methods utilized and
proposed in this paper, a full-scale test site is established, as
shown in Fig. 8(a). The test span is located in the middle of the
whole test transmission lines, and the length of which is 300m.

The voltage of DC source is adjustable, and the maximum
output voltage is £1200kV. Two houses with the same size are
put symmetrical about the centre of the transmission lines. The
material of houses are brick-concrete composite structure. Dy,
Ly, Wy, and H;, are 30m, 12m, 6m and 4m, respectively.

The field mills, as shown in Fig. 8(b), are used to measure
electric field. Measurement data with relative humidity of
50%-70% are recorded, and the average values of measurement
results are taken as the actual ground-level electric field
strength.

B. Validity of electric field calculation

In the experiment, the voltages applied on the transmission
lines are £800kV and £1100kV, respectively. Both the 3D
Deutsch assumption-based method and the 3D reconstruction
method are used to calculate the distribution of electric field
around the house.

Comparisons between measurement and calculation results
are shown in Fig. 9 and Fig. 10. Measurement results, the
results from the direct 3D calculation method and those from
the 3D reconstruction method are indicated by points, solid
lines and dotted lines, respectively. Electric fields under
+800KkV lines are shown in Fig. 9(a) and Fig. 9(b), respectively.
Electric fields under £1100kV lines are shown in Fig. 10(a) and
Fig. 10(b), respectively. Electric field distribution at the
positive and negative side of transmission lines are shown by
the colour of red and blue, respectively.

Because of the complexity of corona discharge effect and the
impact of environment, the randomness of measurement results

with large-scale transmission lines are always strong [1, 11, 22].

The electric field measurement probes are calibrated by parallel
plate electrodes. When the probes are put on the roof or the
ground that adjacent to the wall, the edges of house may also
impact the precision of the measurement results. In general, the
calculation and measurement results are in good agreement,
especially on the ground. As for the electric field on the roof,

Field mill probe
E_ 3

Data processor

(b)
Fig. 8. Full-scale experiment. (a) Transmission lines and houses. (b) Electric
field measuring equipment.

3D reconstruction results are almost the same with the direct
3D calculation in the centre area, but smaller at the marginal
area of roof.

The parameters in 3D reconstruction method are extracted
according to the £800kV lines. To verify the generality of this
method, electric field on the whole 3360 model house
structures under £1100kV lines are calculated as well. The
values of kj, ky; and £y, from both direct 3D calculation and 3D
reconstruction method are compared. The maximum relative
error is 7.4%. Besides, in Fig. 10, the shapes of solid and dotted
electric field distribution curves also reflect the good
consistency of the two methods. Therefore, 3D reconstruction
method has wide applications.
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Fig. 9. Verification of calculation methods under +800kV lines. (a)
Calculation paths perpendicular to the lines. (b) Calculation paths parallel to
the lines.

The global ground-level electric fields around the house

calculated by direct 3D method and 3D reconstruction method
near £800kV lines are shown in Fig. 11(a) and Fig. 11(b),
respectively. The 3D reconstruction method can reflect the
shielding effect of the house precisely. Meanwhile, the
reconstructed electric field strength on the roof can also satisfy
the practical demand in engineering.

VI.

The difference between 2D and 3D space charge electric
field calculation method under UHVDC lines with houses
nearby is discussed. A 3D electric field reconstruction method
is proposed to make full use of the simple and efficient
characteristics of 2D methods. The following conclusions may
be drawn:

1) 2D calculation methods are simple and effective, but they
cannot reflect the 3D electric field distribution around the
house directly. 3D calculation results on the roof that
perpendicular to the transmission lines are always larger
than 2D results. However, the difference shrinks with the
increase of the length of house, and decrease of width,
height of house as well as the distance between
transmission lines and the house.

3D electric field distribution is reconstructed from 2D
calculation results according to the geometry structure of
houses by four steps of algebraic operation. The time cost

CONCLUSIONS
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Verification of calculation methods under +1100kV lines. (a)

Calculation paths perpendicular to the lines. (b) Calculation paths parallel to

the lines.
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Fig. 11. Global electric field distribution near £800kV lines (k\V/m). (a) Direct
3D calculation. (b) 3D reconstruction method
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of 3D reconstruction work is less than 0.01 second when
dealing with a common house model. Therefore, the
efficiency of 3D electric field distribution analysis around
the house is improved obviously.

A full-scale experimental system is built to measure the
electric field. The validity of calculation methods in this
paper are verified by the measurement data. 3D Deutsch
assumption-based calculation results are consistent with
the experiment under the voltage of both +800kV and
+1100kV. Electric field calculated by 3D reconstruction
method agreed well with direct 3D calculation on the
ground and centre area of roof, but smaller at the marginal
area of roof.
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