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Abstract:

With the construction of UHV (Ultra-High Voltage) transmission lines and radar stations, the interference of UHV transmission lines
to air intelligence radar stations has become increasingly prominent. Aiming at the problem that it is difficult to solve the loss of
radar detection range caused by UHV transmission lines, the idea of using RCS (Radar Cross Section) of UHV transmission towers
as an intermediate parameter to solve the radar detection range loss is proposed. In order to solve the problem of accuracy when
using Physical Optics (PO) to solve such electromagnetic scattering problems of complex structures, the traditional PO method needs
to be improved when used in the calculation of the large-size’s scattering field like the UHV tower. It is proposed to use Incremental
Length Diffraction Coefficient (ILDC) to revise the diffraction of the edge of the tower, and to study the coupling conditions with the
PO method, so as to solve the scattering field of the complex structure of the tower. Based on this, 5 UHV transmission towers’
model is  established to simulate the UHV transmission lines,  and the regular  variation of radar detection loss with the distance
between the two systems is studied. These results show that when the distance between the UHV transmission lines and the radar
station is more than 2200 m, the loss can reach within 0.9 dB of the standard, which is in line with the standard for the construction
around the air intelligence radar station.

Introduction:

The issue of electromagnetic interference between UHV transmission lines and radar stations has become increasingly serious, the
specification of guard spacing requires a study of radar detection losses.

Materials and Methods

In  this  study,  RCS was  used  as  an  intermediate  parameter  to  solve  the  radar  detection  loss,  the  PO-ILDC method  was  used  to
improve the accuracy of solving electromagnetic field.

Result and Conclusion:

The RCS-based detection power loss method proposed in this paper saves the resources and the economic cost to a certain extent.
The PO-ILDC method is more accurate to solve the complex structure’s electromagnetic field.

When the UHV construction is adjacent to the radar station, according to the maximum frequency of the interference loss, it should
be away from the radar station at least 2,200 meters.

Keywords: UHV power transmission lines, Air defense surveillance radar station, Electromagnetic interference, RCS, The detector
distance, PO-ILDC.
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1. INTRODUCTION

With the increasing constructions of UHV transmission lines and radar stations [1, 2], the issue of electromagnetic
interference between these two industrial-grade systems has become increasingly serious [3]. However, the standard
Requirement of electromagnetic environment protection for air defense surveillance radar station applied in the current
projects  only  stipulate  the  protecting  distance  between  transmission  lines  and  radar  stations  of  500  kV  and  below
voltage  levels.  However,  as  the  backbone  of  the  power  grid,  the  current  UHV  Lines  are  lack  of  standards  for  the
corresponding constructions.

Although there are no new standards for UHV transmission lines and radar stations, the current standard proposed
the working guidelines for the Air Defense Surveillance Radar Station [4]. There are three requirements in this standard,
which respectively stipulate the maximum permissible interference voltage of the environment around the radar station,
the  maximum  permissible  detection  range  loss  and  the  permissible  duration  of  interference.  For  the  maximum
permissible interference voltage, the minimum value can be easily calculated by the given formula. For the maximum
permissible detection range loss, only the minimum value is given in this regulation, but there is no specific method to
solve it. For the permissible duration, it belongs to non-controlled factors. Therefore, the first step of the key point of
this research on the protection of the UHV power transmission lines against the radar station is to solve the detection
range loss.

At present, there are few studies on the interference between the UHV transmission lines and Air Defense radar
stations either in China or abroad. Some researchers studied the decay effect of UHV transmission lines to the radar
electromagnetic waves by a scale model experiment [5]. The band of the experimental frequency is single, which is
different from the actual environment and cannot truly reflect the actual situation of interference loss. However, there
are many existing research results of the theoretical analysis and numerical solutions in electromagnetic interference [6,
7], For example, PO method is provided as a high-frequency approximation algorithm to solve the electromagnetic
scattering field of large electromagnetic objects, which is widely used by researchers due to its fast calculation’s speed
and less resource consumption [8]. However, PO method neglects the contribution of the edge’s diffraction field of the
target during the calculation so that it results in a poor accuracy when solving such electromagnetic scattering problems
of complex objects like the UHV tower [9]. Therefore, the method for calculating the scattering field of the UHV tower
needs to be improved.

In order to obtain the loss of detection range, this paper proposed an idea that uses RCS as the intermediate quantity
to build the relatedness between the interference from UHV transmission lines and the radar’s detection loss. Therefore,
in  order  to  deal  with  RCS,  based  on  PO method,  the  conditions  of  the  coupling  method  PO-ILDC for  solving  the
scattering field of the UHV tower are analyzed from the characteristic of the radar’s electromagnetic wave and the
tower’s model. As a result, we use this method to deal with the radar detection loss and provide suggestions for the
future UHV construction projects.

2.  ANALYSIS  OF THE INTERFERENCE ON AIR DEFENSE SURVEILLANCE RADAR STATION AND
PROTECTION GUIDELINE

2.1. Interference Mechanism of UHV Transmission Lines to the Radar Station

UHV transmission lines can be embodied as a kind of electromagnetic strong scattering of great size object under
the  excitation  of  electromagnetic  wave [10].  As  shown in  Fig.  (1),  when the  transmission lines  approach the  radar
station, the lines and towers will scatter the incident wave of the radar, resulting in the change of amplitude and phase of
the original radar electromagnetic wave, which causes interference.

Due  to  the  perpendicularity  of  the  tower  to  the  ground  and  the  lines  parallel  to  the  ground  under  the  vertical
polarization of the incident wave, recent researches have shown [11] that the main source of interference is the tower.
Therefore, the interference caused by the lines is usually neglected. Based on this, the UHV tower is regarded as the
main object for research.
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Fig. (1). The interference of transmission tower to radar.

2.2. The Protection Guideline

The National standard Requirement of electromagnetic environment protection for air defense surveillance radar
station clearly puts forward three principles for the radar working: (1) If active interference is inevitable, the detection
range loss cannot exceed 5%;(2) The impact of an obstacle to the radar detection range loss cannot exceed 5%; (3) The
continuous interference time cannot exceed 10 seconds.

For the principle (1), the interference voltage can be calculated by using the given formula,

(1)

 is the maximum permissible interference voltage RMS (Root Mean Square) of the input of the radar receiver;
C is the maximum permissible interference voltage increment factor relative to white noise, which is taken 3 here; Unf is
RMS of the system noise’s voltage, which is equivalent to the receiver’s input and taken 0.77 here.

The permissible voltage can be calculated from (1) for 1.1(µV).

For  the  permissible  interference  duration,  it  belongs  to  the  uncontrollable  factors  that  appear  in  an  engineering
practice, which is not the main point of our discussion. For the permissible detection range loss, it is the focus of this
paper.

3. ANALYSIS AND SOLUTION OF RADAR DETECTION RANGE LOSS

3.1. Assessment of Detection Range Loss

Assuming that the radar transmits constant power, the loss of 5% of the detection range can be equivalent to the
reduction of 0.9dB to the radar detection power [12].

Assuming that the radar transmits power Pt , the transmit antenna gain is Gt, the receive antenna gain isGr, and λ is
the radar wavelength. If the distance between the radar station and the target is R, the radar’s receiving power Pr can be
expressed as [13]:

(2)

σ is the RCS of the target, L is the system propagation loss.

When studying the radar power, it is usually described in decibels, and its corresponding formula is 101g(A/B).A
and B are the two values to be compared. Therefore, the radar detection power loss can be expressed as:

(3)

After combining (2) and (3), we can know that the main variable that affects the power loss of radar detection is σ,
all the other parameters depend on the radar's own properties. Therefore, σ will be used as an important intermediate
parameter in solving the power loss of the transmission tower to the radar detection . The solution of RCS becomes the
key point to solve the radar detection loss.
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3.2. The Method for Solving RCS

The expression of RCS under the far-field condition is shown as [14]:

(4)

Es is the scattering field of the transmission tower, Ei is the electric field incident wave.

In order to solve the scattering field of the transmission tower, a mathematical model of the tower is established as
shown in Fig.  (2).  There are two coordinate systems in Fig.  (2):  the Cartesian (x,y,z)  and the spherical  coordinates
(r,θ,φ). The induced current density at any point r' on the surface of the angle steel of the tower is J(r'). At any position
of the field point r, the intensity of the scattering from the tower is E's.

Fig. (2). The mathematical model of steel pylons’ RCS.

PO  method  is  widely  used  in  high-frequency  electromagnetic  scattering  problems  [15],  which  is  based  on  the
Stratton-Chu equation. According to the principle of PO method, the integration equation of the tower’s scattering field
can be obtained as:

(5)

S is the integral field of the tower surface; n is the normal direction of the tower surface; E and H are the electric
field and magnetic field vector of the tower surface respectively; r is the position vector of the field point, ŝ is the unit
vector of the scattering direction, k is the wave number, Z is the space wave impedance.

According to the applicable conditions of PO method, the angle steel will be divided into the lighting zone and the
shadow zone, and the following conditions must be satisfied when solving the integral of the induced current on the
tower surface:

(1)The  curvature  radius  of  the  tower  surface  is  much  longer  than  the  electromagnetic  wave  length.  (2)  The
induced current exists on the ‘lighting zone’, but the current on the ‘shadow zone’ is approximately zero. (3)
The  induced  current  characteristic  on  the  surface  of  the  ‘lighting  zone’  is  the  same  as  the  induced  current
characteristic on the infinite surface tangent to the incident point surface.

Due to the “∟” type structure of the tower angle, the incident wave will form a large dark area at the notch of the
angle steel. As shown in Fig. (3), the angle steel is divided into the lighting zone, the shadow zone and the transition
zone of the edge of the angle steel. PO method integrates the induced current in the lighting zone of the angle steel, but
ignores the contribution of the diffraction field around the edge of the angle steel so that the induced current in ‘shadow
zone’ is approximately zero. Based on this, ILDC method is introduced in this paper to correct the diffraction field of
the angle steel and improve the precision.
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Fig. (3). The scattered field of the angle steel.

4. USING PO-ILDC TO SOLVE RCS AND RADAR DETECTION LOSS

4.1. The Application of PO Method in ‘Lighting Area’

(6)

In this formula, the coefficient δi is to consider the effect of occlusion effect [17], when the observation point is

located in ‘shadow zone’, δi = 0; while in ‘lighting zone’, 

PO method essentially represents the scattering field of the tower as a function integration of the induced current on
the surface of the tower, so the induced current is the only unknown quantity of this equation. Therefore, the scattering
field can be obtained by calculating the integration of the induced current on the surface of the angle steel. In order to
solve the integration of induced current, it is necessary to split angle steel surface as Fig. (4).

Fig. (4). A pair of triangle surface element on the angle steel.

(7)

 is  RWG  (Rao-Wilton Glisson) basis function [18]; N is the total number of edges of the triangular facets on
the common side; γn is the scalar coefficient to be solved.

In Fig. (4), in order to solve γn, assume that the unit  vector  at  the midpoint of the common side of the

two triangular  bin  and  ,  the  relationship  between  RWG  basis  function  and  the  unit  vector  can  be
described as:
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(8)

Multiply  at both ends of Equation. (7) and combine it with Equation. (6):

(9)

Finally, combining Eq. (5)~(9) can give the scattering field E's.

4.2. The Application of ILDC Method to Solve the Edge Diffraction Field of Angle Steel.

Based on the Theory of Physical Diffraction (PTD), ILDC method revised the coefficients of PTD method and gave
the diffraction point of the observation point in any direction. Mitzner considered that the fringe scattering field of any
shape can be obtained by integrating the fraction of its radiation and concentrating the result in an incremental form
[19]. Therefore, the contribution of the diffraction of the edge of the tower can be expressed as:

(10)

dt represents the tower’s edge element; EL is the tower edge’s diffraction field;  and   are the unit vectors of
incidence and scattering directions; ê is the unit vector along the polarization direction of the incident electric field, and
R' is the distance from the edge to the field point. Therefore, the diffraction field of the tower can be regarded as the
sum of the integration of each edge of the tower.

Diffraction coefficient can be expressed as:

(11)

When using ILDC method for calculation, the coupling with PO method at the edge of the angle steel needs to be

considered, as shown in Fig. (5) when the incident wave is irradiated on the steel with different angles,  and , as
the angles between the transverse component and the steel, are the incident and diffracted waves’ direction respectively;
n is the normalized outer wedge angle to . In order to avoid overlap calculation of scattering field caused by repeated
calculation. A step function is introduced in the diffraction coefficient expansion term:

Fig. (5). The angles of the incident wave and angle steel.
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of the radar irradiates a splitting surface, the physical optics should be added and the other splitting surface should be
removed. At the same time, at the edge of the target, ILDC method also adds a correction of the diffraction coefficient
to improve the accuracy [20].

4.3. Solution of RCS and Detection Power Loss

E's  and  EL  can  be  calculated  by  combining  the  formula  (5)~(12),  and  then  the  total  scattering  field  ES  can  be
calculated by the following expression:

(13)

4.4. Simple Models for Verification

MoM (Moment) method is used as a benchmark to verify the accuracy of the PO-ILDC method with a simple model
of  the  UHV  tower’s  angle  steel.MoM  is  a  numerical  method  of  discrete  integral  equations,  which  has  high
computational  accuracy.  However,  it  takes  too  much  resource  to  calculate  the  high-frequency’s  scattering  field  of
complex targets. Therefore, only a simple model is established for verification.

According to the UHV engineering practices, the specification L200 of the angle steel is used to establish the angle
steel model and the 1-tower model as shown in Figs. (6a and 6b). The angle steel’s width of the model is 0.2 m. The
radar excitation source is implanted with a vertical polarized plane wave. The electric field intensity is 1V / m. The
incident frequency is changed from 80 MHz to 300 MHz. 101 frequency points are set here and the PO-ILDC method is
compared with PO method and MoM method.

Fig. (7) is based on MoM method which is regarded as a benchmark in the comparison of three algorithms. As can
be seen from the  Fig.  (7),  when PO method is  used to  calculate  the  RCS of  the  angle  steel,  the  induced current  is
neglected in the shadow zone of the angle steel by PO method, and the calculation result greatly deviated from MoM
method, which resulted in a low result. In contrast, the results of using PO-ILDC method and MoM method basically
match with each other.

Fig. (6). The simulation model of the angel steel and tower.

Fig. (7). The comparison of PO , PO-ILDC and MoM for steel.
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In order to ensure the accuracy of the algorithm used in the calculation of a complex target, as shown in Figs. (5b ,
1)- tower model which is similar to the actual UHV tower is established. The model has a total height of 65 m and a
cross-arm width of 35 m.

As can be seen from Fig. (8), the RCS result of using the PO method is obviously lower than that of MoM method
and PO-ILDC method. Compared with PO method, the result of PO-ILDC method indicates that the relative error is
smaller.

Fig. (8). Result by PO and PO-ILDC for the tower.

5. SIMULATION CALCULATION OF RADAR DETECTION POWER LOSS

In  the  UHV transmission  lines’  interference  studies,  5-based  towers  are  often  used  as  research  objects  [21].  In
addition, MoM method is no longer applicable. The combined algorithm of PO-ILDC is used to solve the variation of
the power loss of the 5-based tower with the guard spacing at 80 MHz, 200 MHz and 300 MHz respectively, as shown
in Fig. (9).

Fig. (9). The radar detector power loss.

It can be seen from Fig. (9) that the power loss caused by the tower under the three different excitation frequencies
is within 2.6 dB; the amplitude of the loss increases with these frequencies rising up; at the same time, as the distance
changes, the loss under different frequencies all drops within 0.9 dB after 2.2 km. The dashed line in Fig. (9) shows the
limit of 0.9 dB in the standard. As shown in the figure, when the radar’s incident frequency is 80 MHz, the maximum
loss  is  about  1.5  dB.  As  the  distance  is  increased  to  1.6  km,  the  loss  is  reduced  to  the  prescribed  limit.  When  the
incident frequency is 200 MHz, the maximum loss is about 2 dB, and when the pitch reached 2.1 km, the loss drops to
0.9 dB; Finally, when the frequency is increased to 300 MHz, the guard spacing needs to reach 2.3 km before it meets
the standards.

CONCLUSION

This paper proposed an idea to use RCS of the UHV tower as the intermediate quantity to obtain the loss of radar
detection range. Therefore, in order to solve RCS of the complex structure of the UHV tower, based on the PO method,
the conditions of the coupling method PO-ILDC for solving the scattering field of the UHV tower are analyzed from the
characteristic of the radar’s electromagnetic wave and the tower’s model. As a result, we use this method to deal with
the radar detection loss and provide a suggestion in the future UHV construction projects.

According to the recent standard and results, the interference voltage should not exceed 1.1 µV in the vicinity of the
radar station. When the interference occurs, the duration of continuous interference should be controlled within 10 s.
When the UHV construction is adjacent to the radar station, according to the maximum frequency of the interference
loss, it should be away from the radar station at least 2,200 meters.
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