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Abstract: In order to meet the requirements of partial discharge (PD) detection of electrical equipment in
substation station area, the ultra-high frequency (UHF) antenna with broadband, high gain and horizontal
plane (H-plane) omnidirectional is studied and designed as a PD sensor. By analyzing the characteristic
impedance and structural characteristics of the biconic antenna, it is determined to be an UHF omnidirectional

wideband antenna for detecting PD. The influence of structural parameters such as half-cone angle and
vertebral body height on the antenna performance is simulated. At last, a double cone antenna is made and its
bandwidth, directional pattern, gain and equivalent height are tested.

1Introduction

Substation is an important link of electric energy
transmission between power plant and users, and the
failure of substation equipment seriously threatens the safe
and reliable operation of power system [1-3]. The
experience of power network operation shows that the
main form of insulation failure in the early stage is PD,
which is not only the main cause of insulation
deterioration, but also the characteristic quantity of the
status of insulation. Therefore, PD testing is generally
regarded as an important means to diagnose the insulation
condition of equipment. When PD occurs in power
equipment, the radiated electromagnetic wave signal can
leak into the substation space through the non-metallic
shielding parts, and the electric field intensity is
approximately inversely proportional to the propagation
distance, which can be detected at a distance by the high-
sensitivity UHF antenna. Therefore, the non-contact UHF
is the best method for PD detection in substations [4-7].
In order to realize the omnidirectional PD detection
and localization of substation, the detection antenna is
generally required to have uniform omnidirectional and
wide band performance. Moore et al. developed the
omnidirectional discone antenna, which is composed of a
vertebral body and a grounded disc, and the detection
frequency band is 0.1-1.0GHz. Ye et al. adopted a
spherical structure loaded on the upper part of the
vertebral body and connected the vertebral body and disk
with metal stub columns to enhance the mechanical
properties of the antenna [8]. Liu et al. optimized the size
of the discone antenna through the simulation of return
loss and gain, and developed the discrete processing of the
disc cone antenna, but the size of the antenna was too large
and inconvenient to carry [9]. Based on the theory of
broadband monopole antenna, Ye et al. developed a
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substation local detection antenna with an elliptical
monopole patch structure [10]. The detection frequency
band is 0.3-2.0GHz, and it has advantages of
omnidirectional, broadband and low standing wave ratio.
Omnidirectional antenna has the advantage of
omnidirectional detection, but its gain is generally low,
about 0dBi. Zhou et al. developed Vivaldi antenna for
directional detection, and its maximum gain can reach
7.9dBi [11]. Directional antenna has the advantages of
high detection sensitivity and excellent anti-noise, but
requires rotating antenna array to achieve omnidirectional
local detection, which reduces the efficiency of field
inspection.

In the past, PD detection system is usually only aimed
at a single electrical equipment, and the antenna used is
not omnidirectional. This kind of antenna could not meet
the requirement of PD detection for electrical equipment
in substation. The UHF omni-directional broadband
antenna developed in this paper has the characteristics of
wide working frequency band, omni-directional and high
detection sensitivity in the horizontal plane, which can
effectively detect and locate the PD of electrical
equipment in substations.

Figure 1. Infinite length biconical antenna
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2Analysis and selection of antenna
sensor

2.1Design requirements of antenna sensor

In the design of UHF sensor, the measurement indexes
need to pay attention to are bandwidth, pattern, gain and
equivalent height. Standing wave ratio is used to
characterize the power loss caused by antenna reflection.
When the standing wave ratio is less than 2, the antenna
has good matching characteristics. Si1 represents the input
return loss of the antenna, representing the ratio of

reflected power and incident power at the antenna junction.

The smaller the Si; parameter is, the better the matching
characteristics of the antenna are. When the standing wave
ratio is 2, the corresponding Si; parameter is -9.54dB.
Therefore, in antenna design, the frequency range where
the antenna S;; parameter is less than -10dB also
corresponds to the impedance bandwidth of the antenna.
In engineering, the direction diagram of the antenna is
commonly used to directly represent the direction of the
antenna. Direction diagram is the distribution of radiation
characteristics (directivity coefficient or gain, etc.) of the
antenna far field in space expressed by graphics, which
can be divided into E-plane (vertical plane) direction
diagram, H-plane direction diagram and three-
dimensional direction diagram, etc. The gain of the
antenna represents the ability of the antenna to concentrate
the input power to the main direction. Under the condition
of the same signal strength, the larger the gain of the
antenna, the farther the detection distance will be. The
equivalent height, also known as the antenna sensitivity,
characterizes the antenna's ability to convert the received
electromagnetic energy into a voltage signal. In general,
the wider the working bandwidth of the antenna is, the
greater the equivalent height of the antenna is. For the
same incident electric field, the higher the detection
sensitivity of the antenna is, and the farther the detection
range is.

Antenna sensor should be able to receive
electromagnetic wave signals radiated into the air due to
corona discharge of electrical equipment from a certain
distance [12,13].To facilitate the movement of the antenna
array in the substation with limited space, the antenna
design must meet the following conditions: the directional
pattern on H-plane is omnidirectional, that is, the
directional pattern of the antenna on H-plan is circular
[14].In the detection of PD in substations, the antenna is
required to be able to effectively receive UHF signals of
PD from all horizontal directions and have a large
impedance bandwidth [15].1t is generally believed that the
frequency band of PD UHF signal is 0.3-3GHz[16]. In
order to extract more PD signal information, the
impedance bandwidth of the antenna is required to cover
the frequency band of 0.3-3GHz as far as possible, with a
high sensitivity (equivalent height). The size of the
antenna is as small as possible, the structure is as simple
as possible, the weight is relatively light, easy to transport
and install.

2.2 Theoretical
characteristics

analysis of bicone antenna

As mentioned above, substation detection antennas are
required to be omnidirectional, and the more uniform the
omnidirectional antennas are, the more similar the
antennas receive signals. The bicone antenna has a strict
axisymmetric structure, and its direction pattern is
completely symmetrical around the Z axis, and its gain is
the largest in the horizontal direction, so it is suitable for
PD detection in substations. In order to facilitate the
movement of the antenna array, the distance between the
antennas is generally small, and the antenna size should
not be too large. With smaller diameter, the bicone antenna
is more suitable for the detection and positioning of
substation. Therefore, the biconical antenna is selected as
the UHF sensor.

An ideal biconical antenna consists of two symmetric
infinitely long vertebrae with cone angle a, as shown in
figure 1. The two vertebrae are coaxial, and the feeding
point of the antenna is at the gap between the vertebrae.
When the biconical antenna is used as a receiving antenna,
the electromagnetic wave in space causes the antenna to
generate induced current / on the surface, thus forming
voltage V between the vertebral bodies. For the infinitely
long biconical antenna, the input impedance is equal to the
characteristic impedance, and the performance of the
antenna is independent of the frequency. Therefore, the
biconical antenna has typical broadband characteristics,
and the antenna sensitivity is relatively high. And because
its structure is strictly axisymmetric structure, it also has
good omnidirectional characteristics.

3Simulation design of bicone antenna

3.1Simulation model of biconical antenna

A typical biconical antenna of finite length is shown in
figure 2 (a). The conical structure is symmetrical from top
to bottom. The radius of the bottom of the upper vertebral
body is ri, the radius of the top is 72, the height of the
vertebral body is /, and the distance of the upper and lower
vertebral bodies is d. The half-cone angle of the vertebral
body is expressed in Equation (1).

24 1| Hh—h
— =tan 1
- ( . j )

In order to design a biconical antenna which can meet
the requirement of PD detection in substation, it is
necessary to simulate the influence of the variation of
antenna structure parameters on the antenna performance.
The bicone antenna itself has a very good omnidirectional
and high sensitivity. Therefore, the goal of simulation is to
increase the impedance bandwidth of the antenna in the
range of 0.3-3GHz to ensure that the antenna can
effectively receive all frequency components of the PD
UHF signal. At the same time, the volume of the antenna
should also be considered in the simulation, and the
volume should not be too large. In order to analyze the
influence of the change of structural parameters on the
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impedance performance of the biconical antenna, the
simulation software of UHF electromagnetic wave was
used to model and simulate the biconical antenna. The
simulation model is shown in figure 2 (b). In figure 2 (b),
the upper and lower vertebral bodies of the biconical
antenna model are symmetrical in structure, and both of
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(a) Typical structure of a biconical antenna of finite length

them are ideal electrical conductor materials. Gaps
between vertebral body for the antenna's feed point, with
50 Q coaxial wire feeder. The frequency range of
simulation is 0.3-3GHz, which corresponds to the
frequency range of UHF signal of PD of electrical
equipment.

(b) Biconical antenna simulation model

Figure 2. Typical structure diagram and simulation model of the double-cone antenna

3.2Influence of half cone angle on the
performance of bicone antenna

Equation (2) gives the relation between the input
impedance Z;, of the biconical antenna and the cone angle
a. It can be seen that the input impedance of the biconical
antenna of infinite length is determined by the cone angle
o. For a biconical antenna of finite length, although each
structural parameter has an effect on the input impedance,
the most important factor is the half-cone angle of the
vertebral body. The height of the vertebral body was set as

h=8cm, the bottom radius of the upper vertebral body was
set as 71=0.4cm, and the spacing of the vertebral body was
set as d=0.4cm. The half-cone angles were set as 30°, 40°,
50°, 60° and 70°, respectively, and the corresponding top
radius 7, of the upper vertebral body was 5.0cm, 7.1cm,
9.9cm, 14.3cm and 22.3cm, respectively. The simulation
results are shown in figure 3.
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Figure 3. Influence of half cone Angle on antenna impedance performance

figure 3 (a) shows the curve of the amplitude of the
input impedance of the bicone antenna changing with the
half-cone angle. For a biconical antenna of finite length, it
can be seen that the input impedance of the antenna will
vary with the frequency and is not a fixed value. The
amplitude of the antenna input impedance varies greatly
in the range of 0.3-3GHz, but less in the high frequency
range. When the half-cone angle increases, the amplitude
of the antenna input impedance gradually decreases,
which is consistent with Equation (2). figure 3 (b) and (c)
show the curves of the Si; parameters and the standing-
wave ratio of the biconical antenna changing with the half-
cone angle. It can be seen that the half-cone angle has a
great influence on the upper and lower frequencies of the
antenna impedance bandwidth. In the frequency range of

0.3-3GHz, when the half-cone angle is greater than or
equal to 40°, the S; parameter of the bicone antenna is
basically less than -10dB in the high frequency band, and
the standing-wave ratio is basically less than 2 in the high
frequency band. It shows that when the half-cone angle of
the biconical antenna is greater than or equal to 40°, the
upper limit frequency of the impedance bandwidth is
basically greater than 3GHz.When the half-cone angle
increases, the lower frequency decreases and the
impedance bandwidth of the antenna increases.

In the design process of the bicone antenna, in order to
increase the impedance bandwidth, the half-cone angle
should be increased as much as possible. However, when
the height of the antenna is constant, the increase of the
half-cone angle will also lead to the increase of the radius
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of the upper end of the antenna vertebra, which will
increase the volume and weight of the antenna and make
it inconvenient to carry and move. After comprehensive
consideration, it is determined that the antenna cone angle
should be between 50° and 60°, which can ensure that the
antenna volume will not be too large, and the impedance
bandwidth is relatively large, meeting the requirements of
PD detection of substation.

3.3Influence of vertebral height on the
performance of the bicone antenna

In order to study the influence of the height of the upper
vertebral body on the antenna impedance bandwidth, the
bottom radius of the upper vertebral body was set as
r=0.4cm, the spacing of the upper vertebral body
d=0.4cm, the half-cone Angle a/2=60°, the height of the
upper vertebral body h was set as 4cm, 6cm, 8cm, 10cm
and 12cm respectively, and the corresponding top radius
of the upper vertebral body », was set as 7.3cm, 10.8cm,
14.3cm, 17.7cm and 21.08cm respectively. The simulation
results are shown in figure 4.
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Figure 4. Influence of vertebral body height on antenna impedance performance

figure 4 (a) shows the variation of input impedance
amplitude of biconical antenna with vertebral height. The
higher the vertebral body height is, the lower the
frequency point corresponding to the first peak of input
impedance is. The influence of vertebral height on the
input impedance is small in the high frequency band, and
the input impedance of biconical antenna is gradually
stable in the high frequency band. According to formula
(2), when the half cone angle is 60 °, the impedance of the
infinite biconical antenna is 66 Q. It can be seen that the
amplitude of input impedance of antenna with different
vertebral body height also changes around 66 Q with the
increase of frequency, which also shows that the influence
of half cone angle on input impedance is greater than that
of vertebral body height.

figure 4 (b) and (c) show the curves of Si; parameters
and standing wave ratio of biconical antenna varying with
vertebral height. It can be seen that the height of vertebral
body mainly affects the lower limit frequency of antenna
impedance bandwidth. With the increase of vertebral
height, the lower limit frequency of antenna impedance
bandwidth will decrease, and the impedance bandwidth of
antenna in the range of 0.3-3GHz will increase. Similarly,
in the process of antenna design, we also need to consider
the problem of antenna volume increase caused by the
increase of vertebral height. After comprehensive
consideration, the height of antenna vertebral body was
determined as 8cm.

According to the simulation results, increasing the half
cone angle and vertebral body height of the biconical
antenna can effectively reduce the lower limit frequency
of the antenna, thus increasing the impedance bandwidth
of the antenna in the range of 0.3-3GHz, but also
increasing the volume of the antenna. Considering that the
antenna will move in the substation during the experiment,

the size of the antenna is determined as follows: the
vertebral body height is 8cm, the radius of the top of the
upper vertebral body is 10cm, the radius of the bottom of
the upper vertebral body is 0.2cm, the cone angle is 52.5 °©
and the distance between the vertebral bodies is 0.2cm.

4 Development and performance test of
bicone antenna

4.1Development of bicone antenna

According to the size of biconical antenna determined by
simulation optimization, the biconical antenna is made,
and the structure diagram is shown in figure 5. The
antenna comprises a shell and upper and lower vertebral
bodies in the shell, and the cone angles of the two vertebral
bodies are relatively connected together. The vertebral
body material of the antenna is aluminum alloy, and the
shell material is glass fiber. The shell is mainly used to fix
the vertebral body and protect the antenna, which will not
affect the receiving performance of the antenna. The two
cones of the antenna are connected together by a special
N-shaped connector. The N-shaped connector consists of
a central guide rod, a polytetrafluoroethylene dielectric
layer and an outer shielding connector with an impedance
of 50 Q; the central guide rod is threaded through the
middle hole of the antenna upper vertebral body and fixed
with the upper vertebral body by nuts; the outer shielding
connector is threaded and connected with the antenna
lower vertebral body and the feed coaxial line.
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Figure 5. Structure diagram of double-cone antenna

4.2Performance test of bicone antenna

Firstly, the standing wave ratio of the biconical antenna
was tested by using a vector network analyzer. The result
is shown in figure 6. It can be seen that the measured
standing-wave ratio is close to the simulation results,
indicating that the antenna performance has reached the
expectation after optimization. The standing-wave ratio of
the antenna is generally less than 2 in the range of 0.3-
2.5GHz. At the frequency of 0.8-1GHz, the standing wave
exceeds 2, and the maximum value is about 2.35, which is
in good agreement with the simulation results. When the
standing-wave ratio is 2.35, the energy transmission
efficiency of the antenna is about 83.8%, which is reduced
by 5% compared with 88.9% when the standing-wave
ratio is 2. The impedance matching characteristics of the

(c) 1200MHz

antenna are also good. The test results show that the

bicone antenna has good impedance matching
performance in the frequency band of 0.3-2.5GHz.
6
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Figure 6. Standing-wave ratio measurement results of the
double-cone antenna

figure 7 shows the H-plane pattern given by the third-
party testing institutions. It can be seen that the pattern
distribution is consistent with the simulation results. In the
range of 400-2000MHz, the -3dB lobe width of the
horizontal H-plane pattern is 360°, which shows that the
biconical antenna meets the requirements of all items of
detection. figure 8 shows the detection gain of biconical
antenna at different frequencies. It can be seen that the
gain is -1.5 ~ 1.5dBi in the frequency range of 400-
2000MHz, and the average value is about 0dBi.

T

(bh) 800MHz

(d) 1600MHz

Figure 7. Direction diagram of horizontal Plane H
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Figure 8. Gain curve of experimental biconical antenna

The equivalent height curve of the biconical antenna
was tested in the GTEM chamber, and the test results are
shown in figure 9. It can be seen that in the range of 0.1-
2GHz, the equivalent height of the biconical antenna is
basically greater than 8mm, and the average equivalent
height is about 13.3mm. At present, there is no general
standard for equivalent height of UHF sensor in PD
detection system of substation, but the state grid has
equivalent height as GIS PD UHF sensor performance
criterion, specified in the standard: GIS PD UHF sensor in
300 MHz to 1500 MHz bandwidth should be not less than
8 mm, the average effective and least effective height
should not be less than 3 mm. Compared with this standard,
the equivalent height of the bicone antenna in this system
is much higher than 8mm. The test results also show that
the bicone antenna has high sensitivity when receiving PD
UHF signals.
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Figure 9. Equivalent height measurement results of the double-
cone antenna

5Conclusion

(1) According to the performance requirements of UHF
antenna for PD detection in substations, the bicone
antenna with better performance is selected as the UHF
sensor. The influence of the structural parameters of the
biconical antenna on the impedance bandwidth of the
antenna is simulated. Aiming at the impedance bandwidth
of the antenna within 0.3-3GHz, the structure parameters
of the antenna are optimized, and the antenna volume is

not too large. A bicone antenna with good performance is
designed.

(2) According to the design results, the bicone antenna
is made, and the performance parameters such as the
standing wave ratio and equivalent height of the antenna
are tested. The test results show that the bicone antenna
meets the requirements of PD detection and positioning of
the substation, and the antenna has a good PD detection
capability.
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