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ABSTRACT Insulations at high voltage (HV), whether in HVAC or HVDC systems, often encounter
an unwanted partial discharge (PD) phenomenon. PD poses a potential danger to HV insulation and can
eventually lead to equipment failures. Out of all electromagnetic (EM) sensing techniques for PD diagnosis,
the ultra-high frequency (UHF) method has gained popularity as it allows non-invasive detection at varying
distances from PD defects. The EM behavior of PD is significantly affected by the distance between a PD
defect and a UHF sensor. This effect varies for different PD defects under different HV conditions. So,
considering variable distances, there is a need to analyze EM characteristics of different PD phenomena at
different HV conditions. To the best of our knowledge, for the first time, electromagnetic characteristics
of different PD defects are experimentally investigated in this work by capturing PD signals from variable
distances in both HVAC and HVDC conditions and individually validating their characteristics with EM
radiation theories. For wirelessly capturing PD signals, a new UHF sensor is designed with a modified
elliptical-shaped antenna on an FR-4 material. The fabricated sensor provides an average realized gain of
about 3.66 dBi while covering more than 97% of the total UHF range for PD detection. Applying HVAC,
HVDC+, and HVDC–, PDs from three defects (surface, void, free wire) are captured from 1–4 m distances.
Interpreted results show that EM radiation in the UHF range from a PD defect is heavily impacted by its
detection distance and defect formation despite applied voltage and other conditions being unchanged for
the defect. This investigation is particularly beneficial to the variable distance-based PD diagnosis, such as
PD localization and handheld PD detection at HVAC/HVDC open substations.

INDEX TERMS Partial discharge, electromagnetic characteristics, UHF antenna, PD detection distance,
HVAC/HVDC, open substations.

The associate editor coordinating the review of this manuscript and

approving it for publication was Pavlos I. Lazaridis .

I. INTRODUCTION
Radiation characteristics of electromagnetic (EM) transmit-
ters, being deliberately designed forwireless communications,
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are well-formulated and predictable for practical cases. How-
ever, EM radiations from unexpected and random phenomena
are difficult to predict [1], [2], [3]. Partial discharge (PD)
is such a phenomenon in high voltage (HV) insulations.
PD, being a random and unwanted event caused by insu-
lation defects in HV conditions, radiates EM waves as an
outcome of its occurrence. When PD occurs, it appears
in many forms such as electric current impulse, acoustic
signals, chemical decomposition, EM signals in ultra-high
frequency (UHF) range etc. [4], [5] which have their own
sensing methods. Since PD is a potential threat in HV which
eventually damages equipment, PD signals can be diagnosed
by using any of those sensing methods. Conventionally,
coupling capacitor-based method is used to sense the electric
impulses during PD occurrence which is followed by the IEC
60270 standard. Although some of the recently available cou-
pling capacitors can perform online PD diagnosis, however,
this method is still invasive since coupling capacitor needs
a direct contact with the PD-affected equipment for sensing
purposes [6]. So, UHF method is drawing more attention
nowadays because it is a non-invasive and contactless method
of online PD diagnosis even at distances from defects. Cur-
rently, the IEC TS 62478:2016 is used as the standard for PD
diagnostics by UHF method [7].

In the UHF method, the key component is the UHF sen-
sor. Generally, antennas are used as sensors in PD detection
(PDD) systems since they are electrically small in the UHF
range [4]. Different types of UHF antennas are applied as
UHF sensors for PDD such as Archimedean spiral antenna
(ASA) [8], planar monopole antenna (PMA) [9], [10], [11],
coplanar waveguide (CPW) antenna [12], and so on. In this
regard, PMAs are becoming more popular because their
low-profile, wideband, and omnidirectional radiation char-
acteristics enable them to detect PD from any isotropic
directions over wide range of frequencies while occupying
small spaces in the PDD system [13]. It is important to
remember that UHF antennas, while working as PD sen-
sors, operate only in the signal receiving mode. Hence,
amplitudes of different PD signals detected by the same
UHF antenna-sensor are not same since EM characteris-
tics of PD signals depend on the PD defect type and the
HV condition applied to the dielectric insulation [14], [15].
On the other hand, amplitudes of detected PD signals also
depend on the distance between a PD defect and the UHF
antenna-sensor in the far-field radiation zone. Thus, electro-
magnetic characterization of different types of PD defects
in HVAC and HVDC should be performed, especially for
variable distance-based PD diagnosis in open substations. It is
because the distance between PD defects and UHF sensors
varies during PD localization and PD detection by hand-
held operations in open substations. Previously, EM wave
characteristics of PD have been discussed in some works
but mostly for gas insulated switchgear (GIS) [16], [17],
[18] or power transformer [19], [20], [21], [22] where the
equipment’s metallic enclosure has strong influences on EM
behaviors of PD. Also, UHF sensors are typically fixed at

positions inside GISs and power transformers. Whereas in
open substations, UHF sensor positions vary during handheld
operations for PD detection and localization. EM behaviors
of different PD defects can be understood better in open
substations as far-field EM radiation is not blocked by metal-
lic enclosures. Despite some higher frequency components
from telecommunication sources can act as EM noises in
open substation, onsite metallic cage and filtering methods
are utilized [13] to minimize the external noises. Therefore,
in line with theoretical concepts and formulations [23], [24],
[25], EM characteristics of PD defects need to be particularly
investigated for open substations both in HVAC and HVDC
conditions because in real applications PD defects must be
analyzed in whatever the situation is.

In this work, a comprehensive investigation is conducted
into EM characteristics of three particular PD defects,
namely free wire (open-ended electrode configuration), sur-
face (electrode-insulation-electrode configuration), and void
(air gap inside insulation configuration) defects, in open
substations. Under HVAC, HVDC+, and HVDC– settings,
these characteristics are measured over variable distances.
To facilitate the EM characterization, a new UHF antenna
sensor is developed. This work provides practical insights
into the EM radiation by PD defects, to improve the per-
formance of PD detection and localization. The article is
structured as follows: Section II gives an overview of the
procedure, Section III presents the theoretical background of
EM radiation from PD, Section IV details the development
of the UHF sensor, Section V describes the experimental
setup and provides information on the PD defects studied,
Section VI presents the experimental results and provides
analyzed interpretations of the EM characteristics of these
PD defects in HVAC, HVDC+, and HVDC– settings, and
Section VII concludes the article.

II. OVERVIEW OF INTERPRETATION PROCEDURE
Fig. 1 overviews the characteristics interpretation procedure
of this work. It is important to understand influences of
some factors in measuring electromagnetic (EM) character-
istics of a PD defect in UHF method which are presented
in Fig. 1(a). Typically, EM characteristics of PD defects are
understood by analyzing peak-to-peak voltage (VPP) detected
by UHF antenna-sensors. In this regard, defect type, defect
dimensions, applied high-voltage level (VHV), UHF antenna-
sensor properties, sensing distance, sensing medium, ambient
conditions etc. are some of the most influential factors.

Generally, PD characteristics interpretation is performed
by analyzing the characteristics of a PD defect at a fixed
distance in terms of the defect’s dimensional variation. This
does not fully reveal the far-field radiation characteristics of a
PD defect. In this research, factors illustrated in Fig. 1(a) are
considered in a way so that PD characteristics interpretation
focuses on far-field electromagnetic radiation behaviors of
specific PD defects in terms of variation in the sensing dis-
tance. Here, three particular types of PD defects with fixed
dimensions are chosen, namely surface, free-wire, and void.
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Since commercially available UHF sensors are expensive
and mostly have low gain, a new planar monopole antenna
(PMA) is prepared as the UHF sensor for this research.
The PMA is developed with desired properties on a low-
cost FR-4 substrate. During characterization, although some
low-power telecommunication signals are available in the
higher frequency regions, most of the lower frequency signals
from radio and television sources are blocked by the shielding
cage in the testbench. Ambient conditions along with sensing
medium are kept unchanged throughout the characterization.
In turn, out of all the factors illustrated in Fig. 1(a), applied
high-voltage (VHV) level and sensing distance (D) remain
variable for the characterization of a particular PD defect.

PD being a stochastic process, its randomness in electro-
magnetic characteristics depends on several factors, such as
applied voltage, defect type, defect dimensions, UHF sensor
properties, sensing medium, ambient conditions, and sensing
distance, as illustrated in Fig. 1(a). When all these parameters
remain constant for a specific sensing distance, the detected
voltage amplitudes are consistent across different PD events
from that distance. Although there are variations in peak-to-
peak amplitudes, they generally maintain an average level.
Typically, in this case, detected voltage amplitudes are more
consistent than their corresponding electromagnetic frequen-
cies. In this research, to ensure accuracy, the raw data for each
applied voltage were collected three times, and the average
value was used. So, when a voltage is applied to a PD defect,
the oscilloscope’s data collection amplitude level is set by
observing the corresponding maximum detected voltage first.
Once this level is determined, three consecutive peak-to-
peak data sets are collected under the same applied voltage
condition. This process is repeated for each applied voltage
condition at a specific sensing distance. The same procedure
is then followed for other sensing distances. By adhering to
this method, we characterize the effect of sensing distance on
PD detection, despite the inherent randomness of PD events.

Fig. 1(b) demonstrates how a single plotted data is
extracted for a PD defect that is located at a particular distance
i.e., sensing distance (D). For each VHV, the corresponding
VPP is detected, and detection begins with the PD inception
voltage (PDIV) until the breakdown voltage (BDV) of a PD
defect. After detecting all VPP for corresponding all VHV,
a VPP versus VHV plot is made to analyze EM characteristics
of the PD defect at distance ‘‘D’’. This procedure continues
with the variation of ‘‘D’’ for a PD defect. Once enough data
are extracted with the variation of ‘‘D’’ for a particular PD
defect, then the same procedure is applied to another PD
defect to analyze its EM characteristics. For EM characteris-
tics analysis, EM radiation models of PD defects are utilized.

III. ELECTROMAGNETIC RADIATION MODELS OF
PARTIAL DISCHARGES
Partial discharge (PD) defects release the EM radiation in the
UHF range. Since free wire, surface and void are considered
as PD defects in this paper, it is important to understand the
EM characteristics of these defects based on the EM radiation

FIGURE 1. Overview: (a) factors influencing EM characteristics of PD
defect in UHF method (b) single plotted data extraction at a particular
distance.

models of PD in terms of point charge [24] and dipole [26] as
shown in Fig. 2.

FIGURE 2. EM radiation of partial discharge: (a) charge acceleration
(b) voltage waveform.

A. EM RADIATION FROM POINT CHARGE
Static charges, yet providing electric field, cannot exhibit
EM radiation because magnetic field requires a current flow
by the movement of charges. Again, EM radiation is not
found in the circular direction from a charge when the charge
has movement but with no acceleration or deceleration. So,
EM radiation from a charge is found with omnidirectional
pattern only when the charge accelerates or decelerates by
decaying EM energy. This is because an accelerating or
deaccelerating point charge has the radiating behavior of a
monopole antenna which typically radiates EM waves in all
isotropic directions. Hence, an observer from any of these
positions experiences directional radiation even though the
point charge actually radiates with an omnidirectional pat-
tern. As in Fig. 2(a), for a charge movement with acceleration
(from position A to B), the ER component of the electric field
bent at an angle emits radiation. Here, the total electric field
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(ET) is a resultant of ER because there is no electric field com-
ponent (EN) along the charge movement due to the absence
of a travelling wave. If there is a constant movement of the
charge after position B, then EM radiation is found by electric
(ET) and magnetic (HT) fields as [24].

ET =
aQ sin θ

4π lc2ε0
, (1)

HT =
aQ sin θ

4π lc
. (2)

Here, a is the charge acceleration,Q is the value of the point
charge, θ is the angular value of between charge acceleration
and observation position, l is the travelling distance of the
charge within a period (T ), c is the light speed, and ε0 is the
dielectric permittivity of the air. The EM radiation from ET
and HT in turn has a omnidirectional pattern that resembles a
donut shape [23], [24]. Hence, the radiated EM energy from
a point charge of a PD defect is distributed to the far-field
region in all isotropic directions. Thus, such an EM radiation
can be detected by placing a UHF sensor at distances. A total
EM energy can be obtained over the entire isotropic directions
by integrating the following Poynting vector (S),

S = ET × HT = cε0E2
T =

a2Q2 sin θ

16π2l2c3ε0
. (3)

Now, from the Larmor’s Formula, total radiated EM power
can be obtained as [24],

PR =
a2Q2

6πε0c3
. (4)

Notice that distribution of PR varies from one PD defect to
another based on its accelerated charges in an HV condition.
However, PR typically decreases over time for increasing the
distance between PD defect and UHF sensor.

B. EM RADIATION FROM DIPOLE
For defects such as voids, surface, and laminations inside
HV insulations, where dielectric mediums exist beside the
air, electric dipole moments are generated when charges (Q)
with opposite polarities are spaced by a gap (d). In Fig. 2(b),
voltage waveform of V(t) is observed when EM wave is
radiated from a PD defect. In V(t), VP is the peak voltage
and TH is the half-amplitude time. This is expressed as [26],

V (t) =
1V
2
erf

 t(
TH

2
√
log 2

)
 =

Q
2Cg

erf
[
t
t0

]
(5)

In this expression, 1V is the voltage variation during the
time t , erf is the error function, andCg is the gap capacitance.
From the Hertz vector, the electric field (ED) of the dipole in
the far-field EM radiation is expressed as [24] and [26],

ED =
Q.d

2ε0εrc2
√
2eCπ1.5t20DO

√
2ec

(
t −

y
c

tP

)
e
−

(
t− y

c
t0

)2

.

(6)

Here, εr is dielectric constant of HV insulating material,
ec is electron charge, DO is distance between origin and
dipole, and y is axial length on the EM wave propagation
direction. This implies that EM radiation of PD works only
in one coordinate. It is clear that EM radiation intensity is
inversely proportional to HV insulation’s dielectric constant
and duration of a PD impulse. This further impacts on the
voltage level of PD signals detected by UHF sensor when the
distance between PD defect and UHF sensor is variable. UHF
sensor with the right specifications is also essential.

IV. UHF SENSOR FOR PD PHENOMENA DETECTION
A. SENSOR DESIGN AND SIMULATION
In PD applications, the average realized gain of a passive
UHF sensor should be more than 2 dBi. This is difficult to
achieve because UHF sensors are typically based on planar
antennas that exhibit poor gain performance on commer-
cially available substrates. So, commercially available UHF
sensors mostly use amplification circuits to solve this issue
which makes them expensive. [4], [13]. An alternative is
to manually develop passive UHF sensor so that its design
technique improves the average realized gain without using
active components for amplification. Also, this offers free-
dom in specifying sensor’s desired performance according
to a particular condition. Thus, for this work, a new sensor
is developed on a low-cost FR-4 substrate. In this regard,
Archimedean spiral antennas (ASAs) offer high gain which
makes them successful in PD detection applications, however
typically, their unidirectional radiation pattern limits the abil-
ity to capture PD signals from any isotropic radial direction.
So, a planar monopole antenna (PMA) is selected to design
our UHF sensor since PMAs have omnidirectional radiation
pattern with wideband characteristics and sufficient realized
gain. Still, the average realized gain should be increased more
to improve the PD detection ability of our UHF sensor. The
UHF sensor is developed as in Fig. 3(a) by designing a PMA
as modified elliptic-shaped antenna (MESA) with a slot on
the ground layer. MESA is designed on a FR-4 substrate with
a length (L) of 20 cm and a width (W) of 16 cm while the
feedline has a width of wf as [13],

wf =
7.48×h

e(Z0
√

εD+1.41
87 )

−1.25×t. (7)

Here, h = 1.6 mm is substrate height, Z0 is characteristics
impedance matched by the standard normalized impedance
of 50 �, εD = 4.2 is dielectric constant of FR-4, and
t = 0.035 mm is the trace-thickness of the conductive layer
while the feedline length (Lf ) is 115.4 mm. For design and
simulation, CST Studio Suite 2023 is utilized by adopting
finite element method (FEM) and time-domain hexahedral
transmission line method solver with −40 dB accuracy on
15 cells per wavelength within a boundary of 0.1−10 GHz
frequency range. The radiating layer, joining the feedline as in
Fig. 3(a), is designed by elliptical patch (EP) and rectangular
patch (RP) to make radiating patch. Similarly, the ground
layer is designed by elliptical ground (EP) and rectangular
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ground (RP) to construct the partial ground plane (PGP).
Dimensions of EP and RP are π×8 × 4 cm2 and 8 × 5 cm2,
respectively while EG and RG have dimensions of π×8 ×

3.46 cm2 and 8 × 7.34 cm2, respectively. A 14.39 mm long
and Ws = wf =3.16 mm wide slot is designed on PGP. So,
frequency vs. gain and impedance matching are improved.

FIGURE 3. MESA simulation: (a) design (b) S11 (c) radiation
characteristics.

In Fig. 3(b), impact of the slot is observed (in the UHF
range of shadowed area). The MESA is further simulated for
its realized gain and radiation pattern. In Fig. 3(c), simulated
results show that MESA maintains an average realized gain
above 2 dBi throughout UHF range within entire bandwidth
by maintaining an omnidirectional radiation pattern.

Antenna sensitivity in PD diagnosis can be expressed by
UHF antenna’s effective height [4]. A complicated Giga-
hertz Transverse Electromagnetic (GTEM) cell arrangement
is needed to determine the height, but it is expensive and
unpopular. So, another index of antenna sensitivity is used
here to determine the PD detection sensitivity (SAS) as [27],

SAS =

(
GAvg.
AP

)
. (8)

In this expression, the average realized gain is denoted by
GAvg. and antenna-sensor’s physical aperture area is denoted
by AP. Another index, as stated in [27], can be utilized
to calculate the antenna-sensor’s Figure of Merit (FoMAS )
as,

FoMAS= 10× log10

[(
ηAvg. × CUHF

100% × 100%

)
/

(
4π×AP

λ20

)]
(9)

Here, ηAvg. is average efficiency and CUHF is UHF
bandwidth coverage. FoMAS in (9) expresses the overall
performance of a sensor in PD diagnosis. It is noteworthy
from (8) and (9) that neither of these sensitivity indexes
require any additional complex GTEM cell arrangement.
Typical measurement of antenna parameters is sufficient to
find out these sensitivity indexes. Hence, (8) and (9) are
utilized in this work to find out the sensitivity levels of the
UHF antenna.

B. FABRICATION AND MEASUREMENT
The proposed MESA is fabricated as a sensor prototype for
PD diagnosis. The prototype was measured in the MRG
Lab at the Universiti Teknikal Malaysia Melaka (UTeM).
Fig. 4 shows the MESAmeasurement and results. Bandwidth
was measured by the Keysight E5071C ENA VNA, while
gain and radiation pattern were measured in a standard non-
interference chamber. As in Fig. 4(a), the sensor under test
(SUT) was positioned at distance (R) of 4 m from the trans-
mitting (TX) antenna. Fig. 4(a-b) show that there is a fine
agreement between simulated and measured results in terms
of bandwidth (BWUHF) in the UHF range, realized gain, and
radiation pattern.

In Table 1, MESA performance is compared with other
UHF sensors where results are obtained from standard
antenna measurements. Commercial antennas typically use
amplifiers to compensate for low gain against wide band-
width. Whereas MESA offers decently high gain yet keeping
wide bandwidth performance. Hence, in terms of FoMAS
which includes all antenna parameters, MESA demonstrates
better performance than conventional UHF antennas in PDD
applications.

TABLE 1. MESA performance compared with other UHF sensors.
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FIGURE 4. MESA measurement: (a) test set up, prototype, and test bench
photograph (b) bandwidth performance (c) radiation performance.

V. EXPERIMENTAL SETUP FOR PD PHENOMENA
INTERPRETATION
Three different PD defects are used, namely, a void defect
(immerged into insulation silicone oil to prevent the test cell
from behaving as a surface defect), a surface, and a free wire,
as illustrated in Fig. 5. Since this research investigates the
EM behaviors in open substation under HVAC and HVDC,
these three distinct PD defects are chosen to demonstrate the
diverse effects of different types of voltage applied to each
particular PD defect. So, the risk level i.e., breakdown of
equipment can be predicted at early stages by understanding
EM behaviors of these defects in different voltage conditions.
Switchgears, cable joints and busbars in practical HV sites
encounter these defects mostly e.g., mistaken exposure of
a conductor as a free-wire, manufacturing defect as a void
bubble inside insulation etc. In Fig. 5(a), the free wire has a
diameter of 0.16 cm and length of 31.5 cm (with no sharp
end), whereas a polymer disc of 0.2 cm thickness and 5 cm
diameter is utilized to make the surface defect. The connec-
tion diagram in Fig. 5(b) illustrates the full experimental setup
to characterize radiated EM signals from these PD sources.
Different HV conditions are delivered to a PD defect by
connecting points 1 and 2. Faraday cage is used to protect
the test-bench from unwanted signals. In HVDC setup, the
25 nF capacitor was used to smooth the rippled DC voltage
after rectifying the supplied AC voltage. In other words, the
capacitor is only used as a smoothing capacitor to deliver a
flattened HVDC to a testing PD defect. Note, this capacitor

does not affect the electromagnetic radiation of a PD defect
because it only prevents the HVDC supply from unwanted
fluctuations before initiating a PD event [28], [29].

Test-cells are calibrated by coupling capacitor-based IEC
60270 standard. For each calibration, corresponding voltage
values are recorded both by the coupling capacitor and the
UHF antenna so that these values are utilized to initially
estimate antenna’s ability of PD detection. In the PDmeasure-
ment chain, we havemade a stepwise variation of the distance
(D) between PD defect and UHF sensor to obtain correspond-
ing characterization results. As described in section III-A,
the EM radiation pattern of PD defects is omnidirectional.
So, the D has been varied at different axial positions but
fixed in one radial direction. It is important to note that any
PD event is detected from these distances regardless of its
time and frequency contents of the EM radiation because
PD in the UHF range does not occur at a single frequency.
Rather, PD keeps occurring at different frequencies within
the UHF range, depending on the applied voltage, defect’s
formation, and surrounding environmental conditions [4].
Since our designed UHF sensor operates with a bandwidth
that covers more than 97% of the UHF range, almost every
PD event is captured by placing the sensor at various distances
from these defects under different voltages.

FIGURE 5. Schematic: (a) PD defects (b) PD test setup in HVAC and HVDC.

VI. MEASURED PD PHENOMENA RESULTS AND EM
INTERPRETATIONS
A. INITIAL CONDITIONS IN PD DEFECTS
Initially, when a static charge is calibrated to a PD defect,
UHF sensor can detect a corresponding signal at a consistent
voltage. This detected voltage is a resultant of electric field
only because the calibrated charge, being static, does not gen-
erate magnetic field. So, when calibrated charges are applied,
the UHF sensor detects electric field voltages in the Fresnel

VOLUME 12, 2024 127723



S. M. K. Azam et al.: Electromagnetic Characteristics Interpretation of PD Phenomena

region. Electric and magnetic fields can exist separately and
are detectable in the Fresnel region [13]. Now, for the cal-
ibrated charges, our UHF sensor is placed at 1 m distance
from PD defects to wirelessly detect the corresponding peak-
to-peak voltage (VPP) in Fresnel region while collecting VPP
by the coupling capacitor (CC ) as illustrated previously in
Fig. 5(b). Next, with the UHF sensor, VPP is detected from
HV sparks that generates EM radiation through accelerated
charges between two electrodes in a gap. Distance varies by
1–10 m so that far-field radiation is examined to find the
range of D variation. As observed in Fig. 6(a), the VPP of
electric field detected by the UHF antenna-sensor is found
to be highest for the surface defect. In fact, for the surface
defect, VPP by the UHF antenna-sensor is more than VPP by
the coupling capacitor in case of all calibrated charges.

FIGURE 6. Detected voltages from (a) calibrated charges, (b) HV sparks.

Surface defects typically have a conductor-dielectric-
conductor structure, creating capacitive effects. In our test
object, the surface defect features a sharp-tipped HV conduc-
tor, reducing capacitive effects and allowing the electric field
voltage to increase with added calibrated charges, resulting in
a high VPP. For the void defect, a similar increase in VPP is
observed by the coupling capacitor, but the VPP detected by
the UHF antenna-sensor remains almost unchanged despite
increased calibrated charges. This is because the coupling
capacitor detects VPP through direct electrical contact with
the defect, whereas the UHF antenna-sensor detects it via
the wirelessly distributed electric field. Since this particular
void is surrounded by insulating material and also submersed
inside insulation oil, VPP detected from the electric field is
immediately attenuated and weakened. Also, adding more
static charges to the void defect increases the capacitance.
Consequently, VPP does not tend to increase while increas-
ing calibrated charges to the void defect. In the case of
adding calibrated charges to the free wire defect, the elec-
tric field becomes weak due to the absence of a ground

connection and the low dielectric permittivity of air. Thus,
the electric field is not intensified which results in low VPP
even for increasing charges. However, VPP from the coupling
capacitor increases for the direct electrical connection. It is
important to remember that VPP detected by antenna is due
to the prominent electric field formed by the calibrated static
charges. So, these PD defects with static charges do not fully
demonstrate electromagnetic behavior [23], [24]. In Fig. 6(b),
VPP is plotted with the UHF sensor distances at 1–10 m
from an HV spark generator. The graph shows a declining
trend of VPP versus distance (D). So, considering VPP values
declining with respect to increasing the distance at the EM
far field radiation, variation of D has been considered within
1–4 m for the EM characterization to keep the sensitivity
high. Gain enhancement techniques can be used to improve
sensitivity of detecting PD even from longer distances.

PD inception voltage (PDIV) and corresponding VPP
detected at different distances (D) from each defect are pre-
sented in Fig. 7. For free wire, PDIV is 21 kV in HVAC, while
it is 3 kV in HVDC+ and HVDC–. This is because HVAC
alters the polarity, delaying charge acceleration and requiring
higher voltage to initiate PD in the free wire. In HVDC+ and
HVDC–, charge acceleration occurs faster without polarity
alteration, and there is no ground connection in a free wire
defect. This affects the detected VPP, as shown in Fig. 7(b),
where VPP is higher under HVDC+ and HVDC– conditions.
In the free wire, VPP decreases with increasing D. For the
surface defect, the capacitive effect is more pronounced due
to the metal-dielectric-metal configuration, lowering PDIV in
HVAC but raising it in HVDC+ and HVDC–, as shown in
Fig. 7(a). Thus, despite increasing D when HVAC is applied,
VPP tends to increase up to a 4-meter distance at PDIV. This
indicates that far-field EM radiation at PDIV in HVAC is
intensified by the combination of point charge acceleration
and dipole effects, particularly for surface defects. In void
defects, the overall variation with respect to D is similar to
surface defects at PDIV.

Although surface and void defects exhibit similar capac-
itive effects, their EM radiations differ because the void
defect is submerged in HV insulation oil with different
dielectric permittivity. So, it is important to characterize
EM behavior of these PD defects under different applied
voltages.

B. FREE WIRE DEFECT CHARACTERISTICS
As indicated before, free wire defects are mostly point
charge-based, with EM radiation depending on charge accel-
eration. EM radiation also heavily depends on the dimensions
of a PD defect. Thus, for a specific PD defect, variations in
distance (D) and partial discharge applied voltage (PDAV)
characterize its EM radiation. Fig. 8 characterizes free wire
defects in terms of VPP collected by the UHF antenna-sensor.
As shown in Fig. 8(a), VPP is always detected as lower than
40 mV from any distance, even when the applied HVAC
is increased close to the breakdown. This validates the fact
that the continuous alteration of polarity in HVAC does not

127724 VOLUME 12, 2024



S. M. K. Azam et al.: Electromagnetic Characteristics Interpretation of PD Phenomena

FIGURE 7. Initial conditions; (a) different PDIVs (b) VPP for PDIV at 1−4 m.

allow point charges to radiate with more EM power through
uninterrupted acceleration, as inferred in (4). Therefore,
throughout the D variation, VPP does not change much, even
though PDAV varies significantly over 21–61 kV. In contrast,
during HVDC+ and HVDC–, as shown in Fig. 8(b) and
Fig. 8(c), VPP values are noticeably high and vary with D.
In HVDC+, VPP increases with increasing applied voltages
within the range of 3–18 kV. A similar observation is found
in HVDC– within the 3–14 kV applied voltage range. Addi-
tionally, PDIV is found to be as low as 3 kV, and breakdown
occurs quickly with increased applied voltage. Note, point
charge acceleration occurs more in HVDC+ and HVDC– due
to the absence of polarity alteration, resulting in more EM
power radiation as previously expressed in (4). According
to (4), it is obvious that radiated EM power proportion-
ally increases with the square of a point charge. A point
charge accelerates with higher magnitude when HVDC is
applied because the absence of polarity alteration keeps
allowing the charge to increase its value. In turn, an accel-
erated point charge with a higher magnitude radiates with
stronger EM power in HVDC compared to HVAC. In HVDC,
VPP tends to increase rapidly over time as charge accelera-
tion regeneratively increases without finding a direct ground
path in a free wire defect. This leads to earlier and faster
breakdown, making free wire defects the riskiest for HVDC
substations.

C. SURFACE DEFECT CHARACTERISTICS
In surface defects, there are dipole, point charge accel-
eration, and a combination of both. Besides air, another
dielectric medium exists in surface defects, touched by both
the HV conductor and the ground conductor. This structure
intensifies EM radiation due to the capacitive effect of the
conductor-dielectric-conductor configuration, in addition to
the combined effects of dipole and point charge acceleration.

FIGURE 8. Free wire characteristics: (a) HVAC (b) HVDC+ (c) HVDC−.

Different HV conditions alter these effects in a surface defect,
leading to variations in VPP detected at different distances.
Fig. 9 illustrates the characteristics of surface defects under
HVAC, HVDC+, and HVDC– conditions.

When HVAC is applied to a surface defect, VPP is high-
est when detected from the closest distance in the far-field
region, indicating very intense EM radiation nearby. Fig. 9(a)
shows the detected VPP for different applied HVAC voltages
from 1–4 meters. Applied HVAC alters polarities for point
charge accelerations, which restricts VPP from increasing
quickly, whereas the same alteration increases VPP caused
by dipole discharges in the dielectric medium. Dipole dis-
charges are short-term, as indicated by (5), resulting in a
high total VPP amplitude. So, as inferred by (6), overall EM
radiation is intensified at HVAC, especially at close distances
(1–2 meters) within the far-field. In Fig. 9(b) and Fig. 9(c)
at HVDC+ and HVDC–, the absence of polarity alteration
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FIGURE 9. Surface characteristics: (a) HVAC (b) HVDC+ (c) HVDC−.

reduces dipole discharges in the dielectric medium, but regen-
erates point charge acceleration in conductors exposed to air.
Therefore, the overall VPP remains high but lower than in the
HVAC condition. Also, PD occurs less frequently within a
short range of applied voltages (9–15 kV).

D. VOID DEFECT CHARACTERISTICS
Void defects have some similar EM features to surface
defects. Fig. 10 shows the characteristics of void defects
under different HV conditions. In HVAC, void defects behave
similarly to surface defects. As seen in Fig. 10(a), VPP is
maximum at close distances (1–2 meters) within the far-
field region. Like surface defects in HVAC, polarity alteration
improves VPP by enhancing void dipole discharges. In this

case, the defect is immersed in silicone oil, a different dielec-
tric medium than air. This configuration causes the entire
defect structure to radiate more EM power with higher volt-
age magnitude because the TH becomes even shorter with
polarity alteration in HVAC.

FIGURE 10. Void characteristics: (a) HVAC (b) HVDC+ (c) HVDC−.

Because of polarity reversal in HVAC, both surface and
void defects radiate more EM power since TH is shorter.
However, the radiated EM power gradually starts weakening
when it propagates beyond some distances 1-2 meters in
this case) in the far-field region. It is because the propaga-
tion encounters a damping effect due to direct contact with
stronger dielectric insulating mediums than air. Whereas in
HVDC conditions, VPP does not reach as high as in HVAC
because TH is longer in this case due to the absence of
polarity reversal. In Fig. 10(b) and Fig. 10(c), when sili-
cone oil submerges the void defect at HVDC, it prevents
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FIGURE 11. Final condition; (a) different BDV (b) effects of insulation
purity.

the point charge acceleration from regenerating around the
void. Hence, EM power rapidly dissipates inside the oil and
further weakens EM radiation in the far field distances. This
is how silicone oil submersion affects differently in HVAC
and HVDC conditions. Despite having radiation similarities
of surface and void defects in HVAC, these defects radiate
differently in HVDC. For instance, unlike surface defects in
HVDC+, void defects do not start generating loud sounds
before breakdown happens.

E. FINAL CONDITIONS IN PD DEFECTS
PD defects experience complete insulation breakdown when
the applied voltage reaches the level that causes a full dis-
charge through the insulation, known as breakdown voltage
(BDV). Since BDV varies from one PD defect to another
depending on their dimensions and types, we have deter-
mined the BDV of a PD defect by gradually increasing
applied voltages to the defect [28], [29]. Until a breakdown
occurs to a PD defect, an impulse signal is observed in the
oscilloscope’s monitor. While increasing the applied voltage,
suddenly a flashover response is observed in the monitor
when the breakdown occurs. So, BDV of a particular defect
has been determined by recording the final voltage when a
flashover response is observed instead of a single impulse
in oscilloscope’s monitor. Meanwhile, EM characteristics
of PD defects are influenced by dipole and point charge
acceleration, which also affect BDV. Since point charge
acceleration is highest in free wire defects, BDV occurs faster
in any HV conditions due to the ungrounded open end of a
free wire defect, which regenerates the charge acceleration.
Consequently, PD occurs frequently, and loud sounds are gen-
erated during the final stage of a free wire defect. Fig. 11(a)
presents BDV in different defects and HV conditions. As pre-
viously inferred, BDV is the highest (61 kV) for free wire
in HVAC. This is also true for surface and void defects
under HVAC, despite not being solely composed of point

charge acceleration like free wire defects. In HVDC+ and
HVDC–, the corresponding BDVs of these defects are much
lower than in HVAC. Unlike free wire and surface defects,
breakdown in void defects is neither visible nor audible unless
the PD magnitude is high. In open substations, insulation
purity plays a vital role in BDV. Fig. 11(b) shows the effects
of insulation purity on PDIV and BDV during void defects.
The void defect was immersed in insulating oil slightly con-
taminated with environmental impurities to avoid unwanted
discharges surrounding the test object. This ensured that PD
occurred fromwithin the void, not elsewhere. The experiment
was repeated with pure insulation to compare the effects of
insulation purity. As shown in Fig. 11(b), insulation purity
significantly reduces PDIV and BDV in HVAC. However,
in HVDC+ and HVDC–, PDIV and BDV remain almost
unchanged.

Table 2 summarizes the EM characteristics interpretation
of PD defects and provides some take-home remarks.

TABLE 2. EM characteristics of PD defects: summary and remarks.

VII. CONCLUSION
In this work, three common PD defects, i.e., free wire,
surface, and void defects with particular dimensions, are
experimentally interpreted in terms of electromagnetic (EM)
radiation characteristics from dipole and point charge acceler-
ation. A new passive UHF sensor is developed by a modified
elliptic-shaped antenna (MESA) on a low-cost FR-4 sub-
strate. The antenna-sensor has a performance Figure of Merit
of –2.71 dB which surpasses similar other antenna-sensors
for PD application. Experiments were conducted under dif-
ferent HV conditions on the laboratory scale. It is found
that EM radiation is different with the variation of distance
and applied voltage even for the same defect. So, the char-
acterization is performed by varying the distance between
the UHF sensor and each specific defect in different HV
conditions. Hence, the EM characteristics interpretation in
this work is rigorous, in-depth, and insightful from theoretical
and experimental perspectives at the same time. This work
characterizes practical sensing tests in terms of theoretical
models. Experimental results have been interpreted based on
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the theory of electromagnetic radiation from different partial
discharge defects. Novelty and key contributions of this work
can be summarized as:

• Experimental investigation of EM characteristics for dif-
ferent PD defects at variable distances in HVAC and
HVDC has been performed for the first time.

• A new UHF sensor has been developed which offers
better sensitivity (114.38 dBi/m2), figure of merit
(-2.71 dB), and UHF coverage ability (97.07%) than
other sensors in the same scope.

• Impacts of distance on PD sensing from EM far field
radiation have been revealed for three defects under
three different voltage conditions.

The next step of this work is to perform the localization of par-
tial discharge defects and improve the localization accuracy
by machine learning techniques. In the localization, by using
the same specification as the proposed MESA, we are going
to detect EM signals by four UHF sensors placed at different
distances from a PD defect. Therefore, this paper is especially
insightful for improving the PD localization accuracy because
its results indicate the impacts of different sensing distances
during PD detection.
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