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ABSTRACT This article presents a design of ultra-high frequency (UHF), ultra-wide band (UWB) antenna
used for partial discharge (PD) detection on high voltage and medium voltage power system equipment.
The proposed UHF antenna has a working frequency band of 1.2GHz-4.5GHz, covering a total bandwidth
of 3.3GHz with a return loss of less than -10dB in the entire antenna’s operating frequency. The computer
simulation technology (CST) Microwave Studio software was used to design, simulate and optimize the
proposed antenna. Upon simulation and optimization process, the antenna prototype was fabricated on
the FR-4 substrate of 1.6 mm thickness and dielectric permittivity of 4.4. This antenna has a compact
size of 100mm x 100mm.The radiating patch and the ground plane of this antenna are made of annealed
copper whose thickness is 0.035mm. The simulations and measurement results for the proposed antenna
are in a good agreement, and the return loss of this antenna is less than —10dB with voltage standing
wave ratio, VSWR, < 2 within the frequency range of interest. The proposed antenna performance in PD
sensing is compared with a commercial high-frequency current transformer, HFCT. To validate the sensitivity
performance of the designed antenna, experimental PD measurements were carried out by using an epoxy
slab inserted between two parallel plates electrode model, in order to generate surface discharge on the
insulator, and using a needle-plate electrode configuration to generate corona discharge in transformer oil.
Based on PD measurement results, it was shown that the designed antenna has a high sensitivity, which
make it a suitable candidate for UHF partial discharge monitoring on high voltage and medium voltage
power assets.

INDEX TERMS Surface discharge, corona discharge, UHF antenna, HFCT, UHF PD monitoring.

I. INTRODUCTION

Insulation health of high voltage power equipment is a fun-
damental indicator that determines power system reliability.
Any significant aging process or defect in the insulation
system of HV or MV equipment may strongly affect electrical
asset safe operation and reliability. Insulation defects may
cause high electric field within the insulation system of a
power equipment, which will in turn cause partial discharge
(PD) activity in that portion of the insulation. The occurrence
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of PD activity on high voltage (HV) and medium voltage
(MV) assets causes accelerated degradation of the insulation,
which will generally result in insulation failure and possibly
premature and unplanned breakdown of the HV and MV
power equipment [1]. Indeed, PD phenomenon has been
categorized as the main threat of the electrical insulation
and at the same time the primary indicator of the insulation
weakness [2], [3], [4].

Different types of insulation defects are associated with
different types of partial discharges. For instance, gas-filled
cavities within the solid insulation cause internal discharge,
protrusion near a high voltage conductor generates corona
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discharge and contaminated insulator surface or defective
outer semiconductor layer initiate surface discharge [5]. The
health assessment of electrical insulation requires a rapid
diagnostic method capable of detecting, localizing and identi-
fying these insulation defects at an early stage to prevent any
premature breakdown of the HV or MV power equipment.

To assess the insulation condition of the power system
equipment, the partial discharge (PD) level should be mon-
itored continuously to prevent any unplanned breakdowns in
advance, thus helping to schedule maintenance and repair
plans before any unwanted power outages and equipment
breakdown may take place [6]. PD activity is usually accom-
panied by some physical, acoustic and chemical phenom-
ena in various energy forms, namely, electromagnetic (EM)
wave radiations, impulse current, acoustic emission (pressure
waves), chemical reactions, heat and light that are detected
by specific sensors, such as VHF/UHF sensor, acoustic sen-
sor (piezoelectric sensor), HFCT sensor, dissolved gas sen-
sor, UV and infrared cameras [7], [8]. The UHF method,
commonly known as electromagnetic method, can be used
for online PD monitoring of, e.g., rotating machines or
switchgears, based on its capability to capture undisturbed (in
terms of bandwidth) PD signals compared to the ultrasonic
method and to the conventional method or electrical method
(IEC 60270 standard method) [9], [10]. In addition, UHF
method has proven to have a high signal-to-noise ratio (SNR)
since its detection frequency ranges from 300 MHz to 3GHz,
which enables this method to reject some ambient noises (e.g.
corona noise whose frequency is below 300MHz). Unlike
some electrical methods that requires a direct contact to the
HV or MV equipment under test (as capacitive couplers or
transient earth voltage, TEV, sensors), the UHF method does
not require any physical contact with the object under test.
In addition, UHF method requires few sensors (typically
3 sensors) for PD source localization [11].

The UHF method is supported by sensors such as UHF
probes and UHF antennas to detect PD activity. External and
built-in UHF sensors are used to detect PD signals radiated by
PD source in gas-insulated substation and switchgears, GIS,
as well as power transformers. However, built-in (internal )
sensors have the advantages over external sensors in terms
of higher sensitivity, signal-to-noise ratio (SNR) and immu-
nity against external electromagnetic interferences [12], [13],
[14], [15]. As an example, for PD detection on power trans-
formers, UHF sensors (antennas) can be inserted into the
power transformer via the oil drain valves or placed at dielec-
tric windows. For insulation reliability purpose, the detection
distance between an internal sensor and the main insulation
(which is inversely proportional to measurement sensitivity)
should be long enough to avoid the risk of introducing addi-
tional premature failure risk. That is why most of the UHF
antennas that are designed to be used as internal sensors
inside HV or MV equipment have mostly planar shape (UHF
planar antennas) in order to minimize their height [16].

Since an UHF antenna play a fundamental role in the
UHF PD monitoring system for insulation defect detection,
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localization and identification, it should be designed to have
high sensitivity (high gain and directivity), high signal-to-
noise ratio (SNR) and wide bandwidth which enables high
detection accuracy with minimum signal distortion.

Many studies on UHF PD antenna design have been con-
ducted to detect PD activity on HV or MV power equip-
ment. For example, Qi et al. [16], designed an ultra-wide
band metal-mountable antenna for UHF partial discharge
detection. This antenna has a bandwidth of 400MHz-3GHz.
In [7], a circularly-polarized UHF PD antenna working in the
frequency range from 0.6 GHz to 1.7 GHz has been proposed,
but its sensitivity for PD detection was not analyzed. In pub-
lication [8], a radio frequency(RF) antenna whose frequency
band is 1GHz-2GHz was proposed for PD measurement on
defective ceramic insulators in laboratory and on outdoor
HV transmission lines. This antenna was able to detect PD
at a distance of 2.5m from the 45kV energized insulators.
A two-arm equiangular spiral antenna having a frequency
band of 0.5GHz to 3.5GHz was designed and optimized as
a PD sensor for GIS in [17], but only simulation results
were presented. In [18] a comparative study on three different
Hilbert fractal antennas implemented for PD detection on
oil-filled tank is presented. Performance was analyzed based
on the SNR of the UHF signals captured by each antenna.
Wang et al [19], have recently proposed an Archimedes spiral
antenna for partial discharge detection of inverter-fed motor
insulation. This UHF antenna (whose frequency range is from
0.5GHz to 2GHz) has shown its potential in detecting PD
under repetitive impulsive voltages with short rise times and
high frequency voltage.

However, some of these antennas still have narrow band-
width and low gain, that affect their sensitivity performance.
The work presented here brings an innovative contribution
through a design of UHF antenna having an ultra-wide band
(UWB) with a high gain in the frequency range of interest
for PD occurrence. The high gain, high directivity and wider
bandwidth of this antenna enable it to reach higher sensitivity
to PD pulse signals irradiated by insulation defects under high
electric field. The bandwidth and the gain improvement of
the antenna was achieved by cutting the circular patch from
its top toward its center. Another technique used to improve
the antenna bandwidth is creating a U-shaped slot in the
ground plane of the antenna. The technique of introducing
a slot into the ground plane of the antenna is also known
as defected ground structure method, and it has been widely
used in antenna design engineering for several applications
[20], [21], [22], [23]. The proposed UHF antenna has, there-
fore, an ultra-wide band frequency response ranging from
1.2GHz to 4.5GHz, covering an impedance bandwidth of
3.3GHz with a voltage standing wave ratio (VSWR) less than
2 and a return loss below -10dB within the frequency range
of interest.

Simulation and optimization process of this UHF antenna
was presented in our previous research [24], where prelim-
inary work was conducted by implementing the designed
antenna for PD detection using the needle-plate electrode
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model to generate corona discharge in air. To further evaluate
the sensitivity performance of the designed UHF antenna
in detecting PD activity in different insulation media and
different types of insulation defects (PD sources), this article
focuses on performing the comparative analysis of partial
discharge detection and measurement on both air-insulated
and oil-insulated power equipment. To support the validity
and sensitivity performance of the proposed antenna design,
a commercial high frequency current transformer (HFCT),
were used simultaneously with this UHF antenna in detecting
PD through the laboratory experiments.

The sections of this article are organized as follows:
Section I describes antenna design; Section III is about
antenna fabrication and measurement results using the vector
network analyzer. Section IV shows the laboratory experi-
ments for the antenna sensitivity validation in detecting the
PD-induced electromagnetic waves radiated by the insulation
defect (PD source) in air insulation and transformer oil insu-
lation. Lastly, Section V gives the conclusions emphasizing
the validity and contribution of this study.

Il. ANTENNA DESIGN AND SIMULATION

A. INITIAL ANTENNA DESIGN

The initial design of proposed antenna is a circular microstrip
antenna working in the UHF range (300MHz-3GHz) which
is the frequency range of interest for PD signals spectrum
frequency. The advantage for choosing this kind of circular
antenna design is that it can easily be optimized to cover a
wider bandwidth with a compact size. In addition, the circular
patch antennas have an omnidirectional radiation patterns
enabling the antenna to detect PD signals originating from all
directions. For instance, when the circular microstrip antenna
are used to detect PD in a substation or inside a power
apparatus such as transformers, the omnidirectional antennas
are preferable since the PD source location is generally not
known [25]. The initial circular microstrip antenna was mod-
eled on an FR-4 substrate having a relative permittivity of 4.4
(with dielectric loss tan § = 0.02) and a thickness of 1.6mm.
The initial antenna design has an operating frequency range
of 1.2GHz-2.4GHz, having 1200MHz bandwidth coverage,
below —10dB.

Figure 1 depicts the geometry of the initial antenna design,
while its parameters are tabulated in table 1. The antenna
is composed by a radiating circular patch at the top of the
substrate and a partial ground plane at the bottom of the
substrate. The microstrip feedline was used to link the circular
patch to the ground plane.

As shown in table 1, the dimensions of the initial antenna
design are 100mm x 90mm x 1.6mm. For antenna simula-
tion, copper with thickness 0.035mm was used as the con-
ducting material for both radiating patch and ground plane.

Fig.2 displays the simulated S11 parameter for the initial
antenna design. It is clearly seen that the frequency band
of this antenna is from 1.2GHzc to 2.4GHz, covering an
impedance bandwidth of 1200MHz, below —10dB with a
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FIGURE 1. Geometrical structure of the initial design of circular
microstrip antenna.

TABLE 1. Specification parameters for the initial antenna design.

Parameters Values

Substrate length L, 100mm
Substrate width w 90mm

Patch radius Rp | 22.5mm

Ground —plane length Lg | 37mm

Ground —plane width Wg | 80mm

Feedline length Lf | 40mm

Feedline width Wf | 1.53mm
Substrate relative permittivity er 44

Substrate thickness h 1.6mm

— —
W =)
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g
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Frequency (GHz)

FIGURE 2. Simulated S11 parameter (Return loss) versus frequency for
the initial antenna design.

return loss value of —34.5dB at a resonance frequency of
1.45GHz.

Fig.3 reports the simulated gain and directivity versus
frequency for the initial antenna design. Gain and directiv-
ity are among the most important parameters that have to
be taken into consideration while designing an antenna: the
higher gain and directivity, the higher radiation efficiency of
the antenna. The radiation efficiency of the antenna is the
ratio of the gain to the directivity. Best radiation efficiency
values approach 1 (or 100%). From Fig. 3 (a), gain of the
initial antenna design ranges from 1.8dB to 3.5dB, while
directivity ranges from 2.4dB to 4dB in the antenna operating
frequency. The simulated radiation efficiency of the initial
antenna design is plotted in Fig.3 (b). It can be seen that
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FIGURE 3. Simulated (a) gain and directivity (b) radiation efficiency
versus frequency for the initial antenna design.

i

gain, directivity and radiation efficiency of the initial antenna
design show fluctuating trend in the frequency range of inter-
est. Therefore, the optimization of this antenna was required
and implemented to increase gain and radiation efficiency,
as well as to widen the bandwidth of the antenna, going
towards the targeted frequency range of PD-pulse spectra
(300MHz-3GHz).

B. OPTIMAL ANTENNA DESIGN

To broaden the antenna bandwidth as well as increasing its
gain, directivity and radiation efficiency, a parametric opti-
mization of the antenna was conducted. The structure of the
initial antenna was modified by cutting the circular patch,
which was truncated on its top [26]. Moreover, a U-shaped
slot was etched into the ground plane behind the feedline,
which contributes in improving the antenna bandwidth, gain
and directivity [21], [20], [27].

Other parameters that were optimized are the length and
the width of the feedline, ground plane length and width,
as well as slot length and width. These parameters were varied
to obtain the optimal antenna design operating in a frequency
range of 1.14GHz to 4.5GHz, covering a total impedance
bandwidth of 3.36GHz, below —10dB with a VSWR < 2 in
the entire operating frequency band. Fig.4 shows the geomet-
rical view of the optimal design of the proposed UHF antenna,
while table 2 reports the parameter values for the optimal
antenna design. The results for the simulated S11 parameter
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FIGURE 4. Geometrical structure for the optimal design of the proposed
UHF antenna.

TABLE 2. Optimization parameters for the proposed UHF antenna [24].

Parameters Values
Substrate length L, 100mm
Substrate width W 100mm
Patch radius Rp | 32.5mm
Patch cut distance Q 27mm
Ground —plane length Lg | 28mm
Ground —plane width Wg | 78mm
Feedline length Lf | 40mm
Feedline width Wf | 4mm
Slot length Ls 2.5mm
Slot width Ws | 11mm
Substrate permittivity er 44
Substrate thickness h 1.6mm

and the simulated VSWR of the optimized antenna are
depicted in Fig.7 and Fig.8. In addition, for further analysis of
the antenna sensitivity performance in detecting PD signals,
the gain, directivity and radiation efficiency of the optimized
antenna were simulated, as seen in Fig.5 (a) and (b). Contrar-
ily to the results for the initial antenna design, it is clearly
seen that the optimized antenna has higher gain and higher
directivity.

Gain and directivity of the optimized antenna in the fre-
quency interval of interest (1.14GHz-4.5GHz) are 1.4dB
to 4.75dB (for gain), and 2.2dB to 4.7dB (for directivity),
respectively, while those of the initial antenna were in the
ranges of 1.8dB to 3.5dB (for gain) and 2.4dB to 4dB (for
directivity), respectively.

It is evident that gain and directivity of the new antenna
have been significantly improved, as seen in Fig.5 (a) with
respect to the gain and directivity of the initial antenna
(Fig.3 (a)). In addition, both gain and directivity of the
optimized antenna have rising trend in the frequency range
of interest, which indicates improved performance of the
antenna to capture the PD signals with high radiation effi-
ciency within the entire operating frequency band. The
radiation efficiency of the optimal antenna design was also
simulated, confirming a significant increase in radiation effi-
cient, as seen in Fig.5 (b). For example, in the frequency
range of 1.2GHz-3GHz, the radiation efficiency of the opti-
mal antenna designed is almost constant and its value is
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FIGURE 5. Simulated (a) gain and directivity (b) radiation efficiency
versus frequency for the optimized antenna design.

(a) (b)

FIGURE 6. Fabrication of the optimized antenna prototype: (a) Front view
(b) back view.

roughly 96%. This highlights that the optimized antenna has
higher sensitivity in the frequency range of interest, compared
to that of the initial antenna design (Fig.3 (b)). More details
about simulation and optimization of the proposed antenna
can be found in our previous research [24].

Ill. FABRICATION AND MEASUREMENT OF THE
ANTENNA PROTOTYPE

Upon the simulation and optimization for the proposed UHF
antenna, the prototype of the optimized antenna was fabri-
cated and printed on the FR-4 substrate with relative permit-
tivity of 4.4 (with a dielectric loss (tan §) = 0.02). An electric
conductor (annealed copper) with a thickness of 0.035mm
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was used for both radiating patch and ground plane. Fig.6
illustrates the fabricated optimized antenna. The SMA female
connector and TNC male connector were used as a feed port
(excitation point) between the antenna and the transmission
line (50-Ohm coaxial cable that connect the antenna to the
oscilloscope).

After the fabrication of the optimized antenna, a vector
network analyzer (VNA), Cobalt Series C1220, was used
to measure the antenna performance parameters, namely
the reflection coefficient (return loss), voltage standing
wave ratio (VSWR) and the impedance bandwidth. Fig.7
depicts the simulated and measured reflection coefficient
(S11 parameter) and Fig.8.shows the simulated and measured
VSWR of the proposed UHF antenna. Based on the simula-
tion results, the designed antenna covers a working frequency
range of 1.2GHz-4.5GHz, below —10dB (return loss less
than —10dB) with a VSWR less than 2, while measured data
indicate that the optimized antenna operates in the frequency
range from 0.9GHz to 4.4GHz (covering a total bandwidth of
3.3GHz), below —10dB (return loss less than —10dB) with a
VSWR less than 2.

The measurement results indicate that the VSWR is higher
than 2 at the lower frequency range (frequency less than
0.9GHz), indicating the antenna’s impedance mismatching at
the lower frequency. However, a good impedance matching is

Simulated
—— Measured

-20

-30

Return loss(dB)

-40 |

-50 T T T T T T T T 1
05 10 15 20 25 30 35 40 45 50

Frequency(GHz)

FIGURE 7. Simulated and measured reflection coefficient versus
frequency for the designed UHF antenna.
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FIGURE 8. Simulated and measured VSWR versus frequency for the
designed UHF antenna.
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TABLE 3. Various types of antennas designed for PD detection from the literature.

Reference Antenna Antenna Size Antenna Bandwidth below Realized Gain Application for PD detection
name dielectric -10dB range
Substrate
This work | Circular 100mmx100mm FR-4 0.9GHz-4.4GHz 1.4dB-4.75dB PD detection in both air
microstrip insulation and transformer oil
patch antenna insulation
[16] Elliptical Patch | 282mmx242mm FR-4 0.4GHz-3GHz -6dB-11dB Surface discharge PD detection
Antenna on the contaminated insulator
[8] Pyramid type | Not given Not given 1GHz-2GHz 14.5dB-18 dB PD detection on ceramic
Horn Antenna insulators
[7] Archimedean Diameter: 200mm FR-4 0.6GHz-1.7GHz 0.3dB-4.6dB PD detection experiment was not
Spiral antenna conducted, only simulation
results are presented
[28] Hilbert 70mmx70mm FR-4 0.3GHz-1GHz -12.8dB to -1dB PD detection in transformer Oil
Antenna Insulation
[29] Loop-shaped 138mmx89.5mm FR-4 0.74GHz-1.5GHz Not given PD detection experiment was not
antenna conducted, only simulation
results are presented
[30] Archimedes Diameter:190.3mm | Not given 0.9GHz-2GHz 2.5dB-7dB PD detection generated by a pair
spiral antenna of twisted wires energized using
high voltage repetitive square
wave generator
[31] Octagonal 124mmx77mm FR-4 0.575GHz-4.5GHz | 1.9dB-3.78dB PD detection on 220kV GIS
patch antenna model

realized in the frequency range from 0.9GHz-4.5GHz where
the VSWR is less than 2.

On the whole, comparing the characteristics of
Figs. 7 and 8, it can be seen that simulation and measurement
results are in a good agreement, except a slight shift in
frequency towards lower frequency. The difference between
simulation and measurement results for the optimized UHF
antenna could be likely caused by fabrication errors, or even
by the soldering material used to connect the SMA connector
to the antenna. Indeed, the soldering material (usually lead)
has different characteristics from the copper used as radiating
patch and ground plane of the antenna. This may affect the
frequency response of the antenna by displacing lower cut-off
frequencies between the simulated and measured results (the
soldering material was not considered in the simulations).
The measurement errors inherent the vector network analyzer
(VNA) might also cause discrepancies between simulated and
measured results. In literature, it is claimed that both fabrica-
tion and measurement errors are the main cause of difference
between the simulated and measured results [7], [16].

Various types of the antennas from the literature have
been applied for PD detection in high voltage power appa-
ratuses, as listed in table 3. As can be seen, most of the
antennas have low gain, which can affect antenna sensitivity
in detecting electromagnetic waves emitted by PD activity.
In addition, some antennas were likely not implemented
for PD detection through experiments to verify their sensi-
tivity, because only simulation results were given in their
studies [7], [29]. The advantage of the antenna design pre-
sented here over the others summarized in Table 3 is that
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it has a wider bandwidth with higher gain range within the
frequency range of interest for PD events, especially when
small radiative sources (as holes and seams) are concerned.
In addition, the innovative antenna design has a compact size
that can enable it to fit in dielectric windows of some power
apparatus, such as transformers and GIS for continuous PD
monitoring.

IV. EXPERIMENTAL VALIDATION AND RESULTS

A. SURFACE DISCHARGE DETECTION IN AIR INSULATION
USING THE DESIGNED ANTENNA AND THE

COMMERCIAL HFCT SENSOR

To evaluate the antenna sensitivity performance, the fabri-
cated UHF antenna was applied to detect surface PD activity
on the epoxy resin PCB insulator made of FR-4 epoxy resin
substrate whose permittivity value lies in the range of 4.3-5.0.
The test specimen has dimension 100mm x 100mm X
1.6mm. The FR-4 epoxy resin substrate is partially covered
by a copper foil (80 mm diameter, 0.035mm thick) which
generates a non- homogenous electric field that, under high
voltage stress, induces partial discharges on the resin surface.
HYV and ground test electrodes are cylindrical steel plates with
diameter 65 mm and thickness 5 mm; see Fig. 9 and Fig.10
depicting the experimental PD measurement se-up for surface
discharge. A typical PD measurement setup used in the lab-
oratory experiment consists of the following components: a
power supply (220VAC), a voltage regulator ( in the range of
0-220V), a 100kV-5kVA high Voltage test transformer (step
up transformer), a limiting resistor (6100-Ohm), a coupling
capacitor (100pF), a voltage divider capacitor (40nF), a test
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FIGURE 9. Schematic layout for PD measurement circuit components
used to generate partial discharges on the epoxy resin PCB surface.
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FIGURE 10. Experimental set-up for surface discharge measurement
using the optimized innovative UHF antenna and the commercial HFCT
sensor.

sample (insulation defect model), the designed UHF antenna,
the commercial HFCT sensor and a digital storage oscil-
loscope (DSO). 50-Ohm lossless coaxial cables (5 meters
long each) were used to connect the designed antenna and
the HFCT to the digital oscilloscope where the detected PD
signals were displayed and recorded by the oscilloscope.

To investigate the sensor’s detection sensitivity, the antenna
was placed at various positions from the PD source (plate
electrodes), i.e. at 50, 70 and 100cm. The commercial HFCT
sensor, clamped across the ground wire, was used as a target
PD sensor to validate the designed antenna capability. Three
test voltages, namely 5kV, 6kV and 7kV, were applied, and
PD measurements were performed at room a temperature
(25°C-27°C).

Partial discharge inception voltage (PDIV), phase-resolved
PD (PRPD) pattern, PD magnitude and PD number (PD
repetition rate in both positive and negative half-cycle) were
recorded at each applied voltage and distance [32].

1) BACKGROUND NOISE MEASUREMENT

The background noise (BGN) was measured before conduct-
ing PD measurement experiments, see Table 4 that reports
the average background noise level measured by using the
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TABLE 4. Background noise (BGN) amplitudes detected by the UHF
antenna and HFCT sensor under voltage (ON) and with no voltage (OFF).

Average BGN OFF Average BGN ON
Sensor Vmax | Vmin Vpp Vmax | Vmin Vpp
(mV) (mV) (mV) (mV) (mV) (mV)
HFCT 4.8 3.2 8 4.8 3.2 8
Antenna 4.8 -3.4 8.2 4.8 -4 8.8

designed antenna and the HFCT sensor. The average value
was calculated from 30 data samples. The minimum, maxi-
mum and peak-to-peak voltage (Vpp) of the detected noise
signal are given. It is clearly observed that the Vpp for the
background noise measured by the HFCT and the antenna
are 8mV and 8.2mV, respectively when the power supply
was still in OFF mode (BGN OFF), being about the same,
i.,e. 8mV and 8.8mV, for both sensors, respectively when
the power supply is switched ON (BGN ON). The trigger
level on the oscilloscope was set near to the background
noise level (£8.8mV) to prevent the signal acquisition from
being triggered by the noise, but instead by partial discharge
pulse signals. In case of non-repetitive, transient noise that
exceeds the trigger level, it is removed by wavelet transform
tools [33].

2) PARTIAL DISCHARGE INCEPTION VOLATAGE (PDIV)
MEASUREMENT

To measure the partial discharge inception voltage (PDIV),
the applied voltage was gradually increased until the PD
pulse signals (whose amplitude is higher than that of the
background noise) repeatedly appeared on the oscilloscope.
Table 5 shows the average PDIV values alongside the PD
pulse signal amplitudes (Vpp) for surface discharges detected
by the designed UHF antenna placed at a distance of 50cm,
70cm, and 100cm from the plate electrodes (PD source),
respectively. From these PDIV results, it is seen that the
antenna positioned at 50cm from the PD source captures PD
pulse signals with higher sensitivity, as expected, than when it
is positioned at 70cm and 100cm from the PD source because,
at an inception voltage of 2.5kV, the antenna positioned at
50cm detected a PD pulse amplitude of 424mV. However,
the proposed optimized antenna has still a high sensitivity
when placed at a distance of 100cm from the PD source,
as PDIV and PD pulse magnitude have very slight increase
and decrease, respectively. On the other hand, the HFCT
sensor detects PD pulses at an inception voltage of 3.5kV with
pulse amplitude of 1130mV, being thus, inferior, as regards
sensitivity, to the designed antenna. It can also be mentioned
that by increasing the distance between the antenna and the
PD source, the partial discharge inception voltage (PDIV)
increases at some extents while the PD pulse amplitudes
detected at PDIV decreases when the antenna is positioned
farther from the PD source.

3) BREAKDOWN VOLTAGE MEASUREMENT
The breakdown voltage (BDV) of the air under a uniform
electric field using the test assembly of Fig. 9 was measured
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TABLE 5. Average PDIV and PD pulse amplitudes for HFCT and the
designed UHF antenna at different positions from PD source.

Sensor Average | Average (Vpp) Positive Negative
PDIV amplitude of Peak peak
(kV) the detected PD voltage voltage
pulse signal (Vmax) (Vmin)
Antenna 420mV 156mV -268mV
at50cm | 2.5kV
Antenna 410mV 160mV -250mV
at 70cm 2.6kV
Antenna 370mV 96mV -280mV
at100cm | 2.7kV
HFCT 3.5kV 1130mV 550mV -580mV

TABLE 6. Comparison of mean values of PD pulse amplitudes detected
by the HFCT sensor and the antenna at 5kV, k6V and 7kV with different
antenna positions from the PD source.

Antenna
Applied voltage
Antenna 5kV 6kV 7kV
g‘ (;inmtoh':e Peak-to-peak Peak-to-peak Peak-to-peak
PD source voltage of voltage of voltage of
detected PD detected PD detected PD
pulse (mV) pulse (mV) pulse (mV)
50cm 584 624 696
70cm 512 600 672
100cm 496 576 664
HFCT Sensor
HFCT Applied voltage
Poiitfimlgd 5kV 6kV 7kV
:)losil:ifm Peak-to-peak Peak-to-peak Peak-to-peak
across the voltage of voltage of voltage of
ground detected PD detected PD detected PD
wire pulse signal pulse (V) pulse (V)
(%)
1.31 1.48 1.6

before establishing the voltage test levels for PD measure-
ments. The breakdown voltage due to the surface flashover
at the interface between FR-4 epoxy resin insulator and air
was 8.5kV (mean of 5 values). Therefore, the test applied
voltages were chosen to be 5, 6, 7 kV, being between PDIV
and BDV. Note that the breakdown voltage was measured
under ambient pressure, ambient relative humidity and ambi-
ent temperature.

4) PARTIAL DISCHARGE WAVEFORM AMPLITUDE
MEASUREMENT
The test voltage was increased gradually above the PDIV
measuring the peak-to-peak voltage (Vpp) of PD waveforms.
Fig.11 (a) displays typical PD signal waveforms captured
simultaneously by the commercial HFCT and the designed
UHF antenna placed at a distance of 100cm from the PD
source when the test voltage applied to the plate electrodes
was 7kV. From Fig 11 (a), it is seen that the peak-to-peak
voltage (Vpp) for the PD signal detected by the HFCT sensor
is 1.6V while the Vpp detected by the designed UHF antenna
is 664mV.
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FIGURE 11. Typical (a) time-domain PD signal waveforms for surface
discharge in air detected by the antenna placed at 100cm from the PD
source simultaneously with the HFCT sensor at 7kV AC applied voltage
(b) and (c) frequency spectrum of surface discharge in air detected by the
antenna and the HFCT respectively.

Table 6 summarizes the PD measurement results acquired
by using the fabricated antenna prototype and the HFCT
(commercial HVPD sensor), varying voltage and distance.
It is confirmed that the optimized UHF antenna is capable
of detecting the PD pulse signals radiated by the defective
insulation under high electric field stress (PD activity) in HV
and MV power equipment, with comparable sensitivity with
respect to the HFCT sensor. It is noteworthy that, due to
the antenna high gain and directivity in the ultra-wide band
frequency ( as seen in Fig.5), it can still have a high sensitivity,
with a high signal-to-noise ratio, even when it is placed at
distances > 100cm from the PD source.

UHF antenna and HFCT are both sensitive to PD signals,
but in different ways. Any comparison between these sensors
(UHF antenna and HFCT) is purely qualitative, having the
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purpose to assess the feasibility of PD detection through
electromagnetic method (by detecting the irradiated PD sig-
nals, antenna) and near field coupling method (by detect-
ing the PD pulse current flowing to the ground conductor,
HFCT). Indeed, Fig. 11 (a) shows that the waveform and
amplitude of the time-domain PD pulse signals captured by
the designed UHF antenna and the commercial HFCT sensor
differ because their modes of detection are also different.

The reason is that a HFCT sensor clamped across the
ground wire detects the impulse current circulating in the
PD measurement circuit and flowing to the ground (con-
ducted current), thus dumping significantly (with distance)
the highest- frequency components of a PD pulse. On the con-
trary, antenna senses irradiated PD-induced electromagnetic
signals, which also attenuate with distance, but tend to keep
the spectrum components.

For further analysis of PD characteristics detected by the
proposed UHF antenna, the frequency spectrum of the PD
signals captured by the UHF antenna and HFCT sensor are
shown for both surface discharge in air insulation and corona
discharge in oil insulation. The Fast Fourier Transformer
(FFT) was used to obtain the associated frequency spectrum
of the detected time-domain PD signals. Figure 11 (a) depicts
the time-domain PD pulse signals, while Fig.11 (b) and (c)
show, respectively, the corresponding frequency spectra of
the PD signals detected by the UHF antenna and the HFCT
in air insulation. It comes out that the frequency components
of surface discharge signals in air insulation detected using
the UHF antenna ranges from 100MHz to 1.2GHz, where the
dominant frequency is mainly concentrated around 0.6GHz,
Fig.11 (b). On the other hand, the frequency spectrum of
the PD signal detected by the HFCT sensor in air insulation
ranges from 0 to 120MHz, with dominant frequency observed
around 100MHz, as seen in Fig.11(c).

5) PHASE RESOLVED PARTIAL DISCHARGE PATTERN

The Phase resolved partial discharge (PRPD) pattern is a
fundamental tool used to understand and analyze the type of
partial discharge source generating PD (thus their severity in
causing accelerated aging). The PRPD pattern summarizes
the PD phenomenology in terms of phase — amplitude —
number (¢ — V — N) characteristics. Each point within a
PRPD pattern represents individual PD events caused by the
discharging defect within the insulation system.

In the experiments reported here, PRPD patterns are typ-
ical of surface discharges, according to test arrangement
purposes. The collection of PRPD patterns was carried out
through 100 cycles of the applied SOHz sinusoidal voltage.
From PRPD patterns presented in Fig.12-Fig.14, it is seen
that they carry the same analysis and diagnostic message for
both antenna and HFCT, being structured in a way that an
expert would easily associate the patterns to that of surface
discharges [34], [35], [36].

More references about the PRPD for surface discharge
including surface discharge on Epoxy Resin, the solid

107222

50

Amplitude (mV)
Q

-50

—-100

o 45 90 135 180 225 270 315 360
Phase angle (degree)

(a)

1000

500

Amplitude (mV)
[e]

—-500

—1000

o] 45 90 135 180 225 270 315 360
Phase angle (phase_angleree)

(b)

FIGURE 12. PRPD patterns of surface discharge detected at 5kV using
(a) Antenna (b) HFCT.

insulation used in this paper, can be found in literature, e.g.
[37], [38], [39], [40], [41], [42], [43], [44], [45], and [46].

Indeed, by increasing the applied voltage, the discharge
number and discharge amplitude in both positive and negative
half-cycles will increase accordingly for both antenna and
HECT sensor. It can also be seen that the PD pulses number
in both positive and negative half cycles are almost equal in
number and symmetrical for the designed antenna and HFCT
sensor. On the whole, it can be speculated that the designed
UHF antenna is capable of recognizing the type of insulation
defects generating PD in the same manner as the commercial
HFCT sensor.

B. CORONA DISCHARGE DETECTION IN OIL INSULATION

To further investigate the sensitivity performance of the opti-
mized antenna for PD detection in oil-insulated systems,
PD measurements in oil insulation were performed by using
simultaneously the antenna and commercial HFCT. Fig.15
depicts the experimental set-up used for PD detection in trans-
former mineral oil. A plastic container filled with transformer
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FIGURE 13. PRPD patterns of surface discharge detected at 6kV using
(a) Antenna (b) HFCT.

oil was used, in which a needle-plate electrode system was
placed to generate corona discharge in oil. The needle elec-
trode was connected to the HV lead of the transformer while
the plate electrode was connected to the ground wire. The
gap distance between the needle edge and the circular plate
electrode was fixed to 10mm. During this experiment, the
position of the designed UHF antenna was 100cm away from
the PD source (test object).

Before starting PD measurements, the background noise
level in the laboratory was measured showing again an aver-
age peak-to-peak voltage of 8mV and 8.8mV for HFCT and
antenna, respectively.

Partial discharge inception voltage (PDIV) and breakdown
voltage (BDV) were also measured to help setting the test
voltages. The PDIV measured using the designed antenna
was 7.2kV, very close to that obtained by the HFCT, i.e.
7.6kV. The breakdown voltage in oil was measured to be
20kV. It is worth mentioning that the PDIV and breakdown
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FIGURE 15. Experimental set-up for PD detection in transformer oil using
the designed UHF antenna and the commercial HFCT sensor.

voltage using the needle-plate electrode model in oil highly
depends on the gap distance between the needle tip and the
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TABLE 7. Comparison of PD pulse magnitudes detected by the
commercial HFCT sensor and designed UHF antenna in transformer oil

insulation at 10kV, 12kV and 14kV when the antenna was positioned at a

distance of 100cm from the PD source.

Applied voltage PD pulse signal PD pulse signal
magnitude (Vpp) magnitude (Vpp)
detected by the detected by the
designed UHF commercial HFCT
antenna sensor

10kV 38.4mV 35.2mV

12kV 69.6mV 66.4mV

14kV 81l.6mV 62.4mV

plate electrode: the shorter is the gap distance, the lower are
the PDIV and the breakdown voltages.

Three test voltages, namely 10kV, 12kV and 14kV, were
thus applied to the test cell to collect PD data detected by
the designed antenna and the HFCT sensor. Values of PD
magnitude for different voltage levels and different sensors
are summarized in Table 7.

Based on PD signals magnitude presented in Fig.16 and
Table 7, It is evident that the optimal designed of the proposed
UHF antenna has a higher sensitivity, compared to that of
the HFCT sensor. Once more, the PD waveform detected by
the antenna is different from that detected by the HFCT, see
Fig. 16 (a), but this does not affect the overall antenna sen-
sitivity and performance. Indeed, then optimized antenna has
high signal-to-noise ratio (SNR) enabling the antenna to sup-
press the ambient electromagnetic interferences when used
in a noisy environment, such as in the substation. As it is
seen from Fig.16 (a), the designed antenna has detected a
PD pulse signal whose amplitude is 81.6mV as indicated
in red color waveform trace. Since we know the value of
background noise level detected by the same antenna was
8.8mV, therefore we can estimate the signal-to-noise ratio
(SNR) of the designed antenna to be equal to (81.6mV/
8.8mV= 9.3), this estimation was also used in the literature
[19]. This clearly justifies that the designed antenna has a
high SNR and signal integrity to detect PD signals with high
sensitivity when it is even positioned at a distance > 100cm
from the PD source.

Additionally, the frequency spectrum of corona discharge
in oil insulation was analyzed. Figure 16 (a) shows the
time-domain PD waveform while Fig.16 (b) and (c) depict,
respectively, the corresponding frequency spectrum of the
PD signals detected by antenna and HFCT in transformer
oil. It is clearly observed that the frequency content for
corona discharge signals in oil insulation detected using the
UHF antenna ranges from 400MHz to 1.2GHz, where the
dominant frequency is mainly concentrated around 0.5GHz,
Fig.16 (b). On the contrary, the frequency spectrum for PD
signal detected by the HFCT sensor in oil insulation goes
from O to 100MHz, with the dominant frequency around
80MHz, as seen in Fig.16(c). It is worth mentioning that
the frequency spectrum of the detected PD signals strongly
depends on the type of insulation defect (PD source), propa-
gation medium and the operating frequency band of the UHF
antenna or HFCT used.
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FIGURE 16. Typical (a) time-domain PD signal waveforms for corona
discharge in oil detected by the antenna placed at 100cm from the PD
source simultaneously with the HFCT sensor at 14kV AC applied voltage
(b) and (c) frequency spectrum of corona discharge in oil detected by the
antenna and the HFCT respectively.

V. CONCLUSION
A UHF antenna, derived from a circular microstrip patch
antenna, has been proposed for partial discharge detection on
high voltage (HV) and medium voltage (MV) power assets.
The proposed UHF antenna has a frequency band of 1.2GHz-
4.5GHz, covering a total bandwidth of 3.3GHz with a return
loss less than —10dB in the entire antenna’s operating fre-
quency. It has a compact size of 100mm x 100 mm x 1.6mm.
The simulation and measurement results of this antenna
are in a good agreement. The proposed antenna has a VSWR
value < 2 (close to 1 within the operating frequency band),
confirming its good impedance matching when connected
to a transmission line (e.g. 50€2-coaxial cable linking the
antenna to the oscilloscope).
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To validate the detection sensitivity performance, the
designed antenna was used for PD detection and measure-
ment through laboratory experiments by using two types of
test objects. One experiment was conducted in air, with an
object consisting of a FR-4 epoxy insulation slab inserted
between two parallel plates electrodes able to generate partial
discharges on the insulator surface. Another experiment was
performed in mineral oil insulation using a needle-plate elec-
trode arrangement to generate corona discharges in oil. In all
experiments, the designed antenna was used simultaneously
with the commercial HFCT sensor, used as a comparison PD
sensor. Various supply voltage values and antenna distances
from the PD source were considered for sensitivity perfor-
mance purposes.

On the whole, the antenna proved to have a high sensitivity
even when placed at a distance of 100cm from the PD source.
Moreover, the antenna shows high sensitivity and high signal-
to-noise ratio (SNR), due to its high gain and high directivity
allowing a good suppression of the external interferences
(noise) present in the surrounding environment. In addition,
based on the PRPD patterns acquisition for the designed
antenna and the commercial HFCT sensor, it was observed
that the designed antenna has been able to recognize the
insulation defect (surface discharge in air) in the same way as
the HFCT sensor. Moreover, based on the frequency spectrum
of the surface discharge signal in air insulation and corona
discharge in oil detected by the designed antenna, it is evident
that the detected PD signals lies in the UHF range.

In conclusion, the optimized design of UHF antenna pre-
sented in this article shows the potential to be a valid candi-
date UHF PD sensor that can be employed for the diagnosis of
the air-insulated and oil-insulated HV and MV power assets.
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