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Abstract: Ultra high frequency (UHF) partial discharge (PD) detection approaches take advantages of strong
anti-interference ability, and have been considered as a promising technology for online monitoring PD signals.
This paper presents a meander antenna with wide frequency band and small size for UHF PD detection in power
transformers. The optimal geometric parameters of the meander antenna were obtained through the parametric
investigation. A prototype of the proposed antenna was fabricated. Actual PD experiments were carried out
for typical artificial insulation defect models while the antenna was used for PD measurements.
The experimental results show that the proposed meander antenna is suitable and effective for UHF online
monitoring of PDs in transformers. Copyright © 2014 IFSA Publishing, S. L.
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1. Introduction

Power transformers play very important roles
in power systems. The faults of oil-paper insulation
were the main cause of power transformers failures,
which often start with partial discharges (PDs). By
receiving the electromagnetic emissions of PD
generate in a power transformer, the ultra-high
frequency (UHF) detection technology can inspect
insulation defects and identify potential faults
in power transformer [1-5]. Compared with
traditional detection methods, UHF technology has
the advantage of strong anti-interference, which
makes it immune to the radio frequency interferences
(RFIs) from power line communication and corona
discharges on high voltage terminals near
transformers [6, 7]. UHF antenna is core component
in the PD online detection systems because the
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performance of antenna will affect the extraction and
post-processing of PD signals.

Different from the antennas in communication
applications, the impedance bandwidth of UHF PD
antennas are required to fall into the range between
300 MHz and 1 GHz. For this reason, the UHF
antennas in PD detection usually have a much larger
size. At present, the UHF antennas used in PD
detection can be divided into two kinds according
to the installation location, which are external
antennas and internal antennas. The external antennas
include two-wire Archimedean planar spiral antenna
[8], circular plate antennas [9] and a circular ring
[10], etc. Those antennas can meet the demand
for PD detection in transformers, but their diameters
are too large, usually more than 20 c¢m, to be installed
in transformers. The internal antennas have
advantages such as strong anti-interference and high
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sensitivity. But it requests the internal antennas have
small size and good performance. The internal
antennas were reported widely include Hilbert fractal
antenna [11], Peano fractal antenna [12], disc sensor
[13] and probe antenna [14], etc. However, those
antennas have some shortages, such as narrow
bandwidth and low gain etc. For an example, the
impedance bandwidth of Hilbert fractal antenna [7]
with side length of 100 mm is only a few hundred
MHz between 300 MHz and 1 GHz, which would
cause some loss of PDs information during PD
detection. This motivates us to investigate an optimal
antenna for UHF online monitoring of PDs
with wider impedance bandwidth between 300 MHz
and 1 GHz and even smaller dimensions.

The meander-line method was confirmed
effective way for size reduction and wideband
performance of the antenna. In recent years, as
a simplified form of fractal antenna, meander-line
antenna has been very hot in antenna design field.
This paper presents a meander antenna for online
monitoring of PDs in transformers which stems
from the meander line wearable antenna [15] used
in mobile communication systems. This new antenna
has simple structure, small size and comparatively
wide frequency bandwidth. The structure parameters
of the meander antenna were carried out by
simulation. A prototype of the proposed antenna was
fabricated, and the application of the antenna
for PD detection was validated through actual PD
experiments with typical artificial insulation defect
models in laboratory.

The paper is organized as follows: Section 2
presents the configuration of the proposed UHF PD
antenna for power transformers. The parametric
of the antenna was investigated in Section 3.
Section 4 presents the prototype of the proposed
antenna and its performance. Section 5 presents the
PD experiments and results. The conclusion is given
in Section 6.

2. Antenna Configuration
Meander-line antenna could obtain high radiation

frequency through small size. The geometry of the
proposed meander antenna is shown in Fig. 1.
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Fig. 1. Meander antenna curves of different order.

The antenna with a square shape of LxL mm?, it is
clear that the length of a meander curve is larger
if the order of the curve is higher. The antenna was

printed on a FR4 substrate with relative permittivity
44 and loss tangent 0.02. Compared with other
antennas such as fractal antenna, the antenna has
small size, simple structure and low cost. Moreover,
it could be used for PD detection in transformers after
optimization.

3. Parametric Investigation

To well understand the performance of a meander
antenna, the effects of vital structural parameters
such as the side dimension L, order of antenna m,
width of conductor w, thickness b of the printed
circuit board (FR4) on which the antenna
lies and feed-point are thoroughly investigated
by employing the commercially available
software Ansoft® Designer. By conducting these
parametric investigations, the antenna with desired
performance can be anticipated for future after
necessary modification.

The antenna simulation model in Ansoft® is
shown in Fig. 2. The antenna contains 3 layers, which
includes copper conductor, substrate (FR4 epoxy
board with dielectric constant of 4.4), ground plane
and probe feed.

FR4 epoxy Conductor

Shield layer

Fig. 2. Simulation model of the meander antenna.

3.1. Effects of the Antenna Side Dimension L

First, four different side dimensions (L=60 mm,
70 mm, 80 mm, 90 mm) of meander antenna were
selected for study. For each side dimension L,
structural parameters such as w=1.25 mm, b=0.7 mm
and m=15 being identical. The simulated VSWR
curve and gain curve of the proposed antenna when
tuning the width of conductor were presented
in Fig.3. Side dimensional has great impact
on antenna standing wave ratio as shown
in Fig. 3 (a). As the decrease of side dimension, the
antenna standing wave ratio was shift linearly
to a higher frequency. The less the side dimensional
of antenna was, and the higher the antenna standing
wave ratio is. When the side dimensional of antenna
is less than 70 mm, the standing wave ratio spike
in the high frequency portion can be avoid avoided
and the ideal VSWR curve can be obtained.
The gain of the antenna was shown in Fig. 3 (b). As
the decrease of side dimension, the antenna gain was
also shift linearly to a higher frequency. The less the
side dimensional of antenna is, and the lower the
antenna standing wave ratio is.
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3.2. Effectsof the Antenna Order m

The order of antenna m decides the total length
of conductor line. Other shown parameters
unchanged, changing the order of antenna m, the
relationship of VSWR and gain curves were shown in
Fig. 4. From the graph, it is obvious that the order of
antenna has significant impact to the VSWR curve.
As the increase of antenna order, the antenna
standing wave ratio decrease quickly, especially
for low frequency. However, the gain of the antenna
is not influenced by the order of antenna.

3.3. Effects of the Conductor Width w

The simulated VSWR curve and gain curve of the
proposed antenna when tuning the width of conductor
were presented in Fig. 5. In these figures, structural
parameters such as L=70 mm, b=0.7 mm and m=15
being identical, except the conductor widths changed
from 1 mm to 1.5mm with a step increment of
0.25 mm. It has been shown in this study that the
VSWR curve is most flat when the width of the
conductor is 1.25 mm and changes greatly either
higher than 1.5 mm or lower than 1.25 mm. A step
increment of 0.25 mm for parameter w will allow the
VSWR curves shifting linearly to a higher frequency,
and will make the gain of the antenna increase to
some extent, which are illustrated in Fig. 5 (b).

3.4. Effects of the Substrate Thickness b

When other parameter kept unchanged, namely
L=70 mm, m=15, w=1.25 mm, tuning the thickness of
substrate b, the change of VSWR and gain curves
were shown in Fig. 6. In Fig. 6 (a), a 0.2 mm step
increment in b from 0.5 to 1.1 mm will result
in the VSWR curves was changed from oscillating
to flat and to oscillating again, with turning point
of b=0.7 mm. At the same time, as the increase
of thickness, the standing-wave ratio increase
gradually. As shown in Fig. 6 (b), for substrate
in different thickness, the gain of antenna changes
similarly that is the gain tends to increase as the
thickness increase.

4. Optimization of a Meander Antenna

Based on the aforementioned parametric studies,
the following design guidelines can be concluded.

1) The simulated VSWR curve and gain curve
of the proposed antenna can be varied obviously by
tuning parameters L and the order of antenna m.

2) Tuning parameters W and b can change the
VSWR curve oscillation and change the standing-
wave ratio and gain to some extent. Relevant steady
standing-wave ratio could be obtained by regulating
wand b.
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Fig. 3. The simulated VSWR curve and gain curve of antenna with different side dimension.
(a) VSWR curves, (b) Gain curves.
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Fig. 4. The simulated VSWR curve and gain curve of antenna with different order. (a) VSWR curves, (b) Gain curves.
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Fig. 5. The simulated VSWR curve and gain curve of antenna with different conductor width.
(a) VSWR curves, (b) Gain curves.

45
== b=0.5mm
] — = b=0.7 mm
4.0 — — = b=0.9 mm
— =11 mm

0.1 0.3 0.5 0.7
Frequency(GHz)

(@

dB(Gaininput)

0.1 0.3 0.5 0.7 09 1.0
Frequency(GHz)

(b)

Fig. 6. The simulated VSWR curve and gain curve of antenna with different substrate thickness.
(a) VSWR curves, (b) Gain curves.

3) Furthermore, the simulation result shows that
the influence of distributing feed point to the
performance of antenna has no regularity. The feed
point 1, as shown in Fig. 7, was chosen in a number
of simulation results.

Through the simulations, the parameters of the
optimal antenna are determined as L=70 mm,
w=1.25mm, b=0.7 mm and the order of antenna
m=15. The prototype of the proposed antenna was
fabricated as shown in Fig. 7, and the size is
70 mmx70 mmx0.7 mm. Fig. 8 shows the voltage
standing wave ratio (VSWR) of the proposed
antenna.
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Fig. 7. The prototype of the proposed antenna:
(a) front view of antenna, (b) side view of antenna.
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Fig. 8. The VSWR curve of the optimal antenna.

In 300 MHz~1 GHz, the VSWR is less than 2.
The antenna has a pass frequency bandwidth of
700 MHz from 300 MHz to 1 GHz, which reached
the requirement of wideband antenna. The simulation
regain of the proposed antenna was also proved to be
good. In 400 MHz~1 GHz, the gain is more
than -25 dB and above 700 MHz, more than -20 dB.
The three-dimensional and two-dimensional radiation
patterns (phi=0 and 90 deg) at the frequencies
of 400 MHz and 700 MHz, as shown in Fig. 9 and
Fig. 10, respectively. The directivity of the antenna
at the three frequencies is all nearly hemisphere and
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the gain variations at the three frequencies are
relatively stable. Therefore the antenna could receive
electromagnetic wave from all directions, which
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benefit to PD detection. The simulation results also
show that the antenna can match with a 50 Q coaxial
cable well in the pass bands.
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Fig. 9. The 3-D radiation pattern of the optimal antenna.
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Fig. 10. The 2-D radiation pattern of the optimal antenna.

5. Partial Discharge Experimentsand
Results

To assure that the proposed antenna can be
successfully applied to PD detection. The designed
meander UHF antenna was used in laboratory
for measuring PD caused by two artificial insulation
defect models, namely air cavity discharge and
surface discharge defects in oil. The experiment
setup of UHF PD detection is shown in Fig. 11.

T n[ |n[ R
220V ~—? C =
j

Ts-Autoformer regulator; Ts-Isolating transformer; Ts-Testing transformer;
R-Protective resistance; C,-Coupling capacitor; S-UHF Antenna; A-Amplifier

Testing Model

Fig. 11. The PD experiment setup in laboratory.

The artificial defect models were placed into an
organic glass container filled with transformer oil.
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The UHF antenna was located in the vicinity of the
testing models, with a distance of 50 mm between
them. A digital oscilloscope with sampling frequency
of 5 GHz was utilized to record the PD signals. The
trigger time of the oscilloscope was set to 100 ns. All
experiments were carried out in an electromagnetic
shielded laboratory.

During the experiment, the PD signals were
collected when discharge sufficiently. Fig. 12 (a-1)
and Fig. 12 (b-1) show the examples of UHF PD
signals of the defect models detected by meander
UHF antenna. The UHF PD signals of the two
defected models are look similar in frequency spectra
but different in details. Normalized power spectra of
the UHF PD signals are shown in Fig. 12 (a-2) and
Fig. 12 (b-2). The results show that the power spectra
among different defect models are obviously
different, which can be used for partial discharge
pattern recognition by analysis to the waveforms.
Besides, the pass frequency bands of the proposed
antenna are between 300 MHz and 1 GHz, which
means the UHF PD signals detected by the proposed
antenna contain more information than those
multiband  antennas. The partial discharge
experiments indicate that the proposed antenna is
effective in capturing PD waveforms.

During the experiment, the PD signals were
collected when discharge sufficiently. Fig. 12 (a-1)
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and Fig. 12 (b-1) show the examples of UHF PD
signals of the defect models detected by meander
UHF antenna. The UHF PD signals of the two
defected models are look similar in frequency spectra
but different in details. Normalized power spectra
of the UHF PD signals are shown in Fig. 12 (a-2) and
Fig. 12 (b-2). The results show that the power spectra
among different defect models are obviously
different, which can be used for partial discharge
pattern recognition by analysis to the waveforms.
Besides, the pass frequency bands of the proposed
antenna are between 300 MHz and 1 GHz, which
means the UHF PD signals detected by the proposed
antenna contain more information than those
multiband  antennas. The  partial discharge
experiments indicate that the proposed antenna is
effective in capturing PD waveforms.
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Fig. 12. Waveforms and normalized power frequency
spectra of UHF PD signals: (a) Surface discharge-in-oil
model, (b) Gas-cavity discharge model.

6. Conclusions

According to the demand of PD detection in power
transformers, this paper presents a meander UHF
antenna. A detailed parametric investigation of the
VSWR bandwidth and gain of the proposed antenna
has been implemented. The actual antenna was
fabricated based on the optimal design procedure.
The actual PD experiments involving two typical
artificial insulation defect models were carried out
to verify the performance of the antenna. The results
of the work can be summarized as follows:

a) The pass frequency bands of the meander
antenna are approximate 300 MHz~1 GHz, which
reached the requirement of wideband antenna. The
meander antenna can effectively detect the PD
signals and attenuate the signals below 300 MHz.

b) The radiation patterns show that the meander
antenna can receive electromagnetic waves from the
front of the antenna. The gain variations of the
optimal antenna at the three frequencies are relatively
stable.

c¢) The experimental results show that the proposed
antenna is effectively applied for UHF PD online
monitoring of transformers. And the UHF PD signals

measured by the proposed antenna can be used
for recognition of PDs.
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