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ABSTRACT The maximum conductor temperature regulates the maximum amount of power that overhead
lines can transmit. Excessive line sag and accelerated conductor ageing may occur if this maximum
temperature is exceeded. This is particularly true for the most popular steel-reinforced conductors or
aluminium anneals, in which high temperatures can cause grease, which is used to prevent corrosion from
seeping. High-temperature low-sag conductors have been developed to increase current carrying capacity.
In addition to the temperature constraint, overhead transmission lines largely depend on the corona discharge
performance. This paper presents experimental results on the investigation of corona performance due to
conductor temperature. An experimental configuration that uses a 10 kVA power transformer in cascade
with a 10 kVA high current low voltage transformer both connected to the conductor in the corona cage was
successfully developed. This configuration allows for heating the conductor while connected to the high
voltage and allows for measuring corona current using the screened electrode method of corona cage. The
results indicate an increase in corona current with rising conductor temperature, accompanied by a 25%
to 32% decrease in inception voltage. The primary factors contributing to these trends were identified as
relative air density and the Townsend coefficient. A temperature model incorporating the ionization region
was developed to calculate the relative air density accurately. Additionally, To account for the effect of
conductor temperature, the well-known surface inception field strength formula proposed by Peek was
refined through optimization. Comparisons between the refined Peek’s formula and the measured results
demonstrated successful alignment. This research enhances our understanding of corona performance with
conductor temperature, providing valuable insights for optimizing transmission line design and operation.

INDEX TERMS Conductor temperature, corona discharge, inception voltage, ionization radius.

I. INTRODUCTION
The demand for uninterrupted power supply is growing due to
rapid industrialization and economic growth in South Africa.
To meet this demand, it is crucial to enhance and optimize
the current carrying capacity of overhead transmission lines.
While aluminium conductor steel reinforced (ACSR) is a
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typical conductor used for most power transmission lines,
its current carrying capacity is limited because it can only
operate at temperatures up to 100◦C. The reconductoring
of existing lines with High-Temperature Low Sag (HTLS)
conductors is proposed to address this limitation and provide
a cost-effective and simple solution. These HTLS conductors
have a higher power delivery capacity and can operate
at temperatures as high as 250◦C. This upgrade will
significantly increase the current carrying capacity of the
transmission lines.
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Furthermore, an important aspect to consider is corona
discharge, which is an undesirable effect on transmission
lines. This research aims to understand how the change in
conductor temperature affects corona performance using the
corona cage method. By studying this relationship, valuable
insights can be gained into how conductor temperature
affects corona discharge and its impact on transmission line
design.

Corona is an ionization process created in the air by the
acceleration of free electrons due to a strong non-uniform
electric field. This phenomenon causes radio interference,
audible noise, corona loss, and damage to the insulation of
electrical equipment [1], [2]. A Corona discharge occurs in a
small high-field intensity region near the conductor surface
of the transmission line. Considering the microscopic aspect
of the discharge, various particles, such as free electrons,
ionic species, and excited particles, are created during the
corona process in air. Those created particles lead to complex
physics and chemical reactions [3]. A better knowledge
of the physical and chemical mechanisms of the discharge
is necessary to solve various engineering problems [4].
However, despite the complexity of the physicochemical
mechanisms of corona discharges, Successful experiments
have been designed and performed to verify models of
the physicomechanisms of corona [5]. The investigations
done by theory, numerical simulations, or experiments on
corona discharges have pointed out the influence of the
geometrical, atmospheric conditions, electrical characteris-
tics, hydrodynamic parameters, and plasma properties on
corona [6]. Therefore, accurate measurements of corona
characteristics such as corona pulses, radio interference, and
audible noises are important for a better understanding of
the discharge. For a particular voltage system, parameters
such as conductor geometry, line geometry, conductor surface
condition, weather, and atmospheric conditions affect the
corona performance. So, before designing transmission
lines, examining them under different weather conditions is
essential.

Several researchers have investigated the effect of param-
eters such as pressure, humidity and temperature on corona
discharge [7], [8], [9]. The study conducted on corona as a
function of temperature is critical because it provides useful
independent variables when investigating voltage-current
characteristics and the breakdown process [10]. This research
looks at corona formation in air at high conductor tem-
peratures in a relatively non-uniform coaxial cylinder
configuration.

The coaxial cylinder configuration, also known as a corona
cage, has been a frequent electrode arrangement used to
study corona discharges. The configuration involves an outer
cylindrical cage around a single conductor [11]. There are two
ways to measure corona current using the corona cage, one is
by feeding the conductor in the cage with high voltage and
measuring the current from the grounded cage. The second
way is to energize the cage with high voltage and measure
the corona from the grounded conductor [12], [13], [14].

In their work on the investigation of conductor temperature
effect on power lines corona, Holtzhausen et al. used the
corona cage to evaluate the effect of conductor temperature
on corona. they considered a temperature range from
20◦C to 70◦C; their configuration involved preheating the
conductor in the cage with an injection transformer before
connecting the high-voltage supply. Themethodwas not ideal
because the conductor cools down quickly as soon as the
current source is disconnected [15]. Pieterse developed an
inverted cage configuration method to investigate the effect
of conductor temperature on corona. The method consisted
of connecting the outside surface of the cage to the high
voltage, and the conductor was grounded and connected to
the high-current source for heating purposes. The inverted
configuration allows precise control of temperature, but the
corona can only bemeasured through a high-voltage coupling
capacitor connected to the conductor. This method prohibits
the use of screened electrode measurements [16], [17].
Liu et al. investigated the effect of conductor heating and
configuration on ozone emission; they developed a config-
uration where the current source and the high-voltage source
were connected to the conductor at the same time. It was
stated that a custom-made transformer was used for high
voltage, and the current was supplied by a 1:1 transformer
with high voltage isolation. No details were provided on the
current transformer’s isolation method to the high-voltage
source [18]. This paper presents an arrangement that employs
a cascade transformer configuration connected to the conduc-
tor in the corona cage. Our method maintains the temperature
of the conductor and enables coronameasurement without the
need for a coupling capacitor.

This paper’s contribution is identifying the corona incep-
tion due to the heating of the conductor at temperatures
expected for a High-Temperature LowSag conductor (HTLS)
and developing a model that demonstrates that the conductor
temperature can be included in the inception strength criteria.

Section I serves as the introduction. Section II delves into
the theory of corona discharge. Section III offers details
on the experimental setup. Section IV outlines the specific
experimental procedures and measurements. Section V
presents the results and discussions. Finally, Section VI
encapsulates the conclusion.

II. CORONA DISCHARGE THEORY
Corona discharges appear in various forms, determined
by field polarity and electrode configurations. They are
classified as positive, negative, or AC based on the polarity
of the active electrode. Under alternating voltage (AC), the
discharge exhibits self-repetitive behaviour, combining both
positive and negative corona phenomena. The discharge
process under AC differs from that under DC primarily due to
residual space charge with the same polarity as the previous
half cycle before the onset of corona in the current half cycle.
Despite this distinction, the corona modes in each half-cycle
closely resemble those observed under direct voltages of the
same polarity. The work presented in this paper has focused
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on AC corona discharge [19]. Positive corona discharge
occurs when the conductor is at a positive potential, ionizing
the surrounding air and producing a steady, continuous glow
with less noise and more uniform discharge. It begins with
burst pulse corona and progresses through streamer and
glow corona to spark discharge as voltage increases, relying
on photo-ionization for propagation. In contrast, negative
corona discharge happens when the conductor is at a negative
potential, causing intermittent, pulsating discharges with
more noise and visible streamers. It starts with Trichel pulse
corona and transitions to spark discharge, requiring higher
voltage levels and propagating through impact ionization of
gas molecules. A cross-sectional diagram of a coaxial corona
cage with the various regions indicated is shown in Fig 1.

FIGURE 1. Cross-sectional diagram of a corona cage.

When a suitable voltage is applied between the conductor
and the cage, high conductor surface electric fields are
generated, which are required for corona discharge studies.
The discharge space between the two electrodes changes to an
ionization zone of radius surrounding the conductor surface
of radius rc and a conduction region of length (R − ri).
The discharge can be separated into two distinct regions:
the ionization region, also called the glow discharge region
and the drift region or space charges region. The distance
from the conductor surface to the inner surface of the cage
is called the radial coordinate r, where rc ≤ r ≤ R.
The position where the ionization coefficient equals the
attachment coefficient defines the boundary between the two
regions. The ionization coefficient α in the ionization region
is greater than the attachment coefficient η. As a result, the
corona discharge plasma is generated only within this region
because of the ionization caused by collisions between free
electrons sufficiently accelerated in the electric field and
the air molecules [20]. The ionization radius of the corona
inception occurs when the conductor surface voltage gradient
reaches a critical value. Alongside the conductor diameter
and its surface condition, the corona inception gradient
depends, as well as on the relative air density, which accounts
for pressure and temperature. These dependencies have
been investigated and described by approximate expressions

derived experimentally and, to some extent, theoretically in
the form of the well-known Peek’s empirical formula. The
corona inception voltage for the coaxial configuration is
given by:

Vinc = Ei × rc × ln
R
rc

(1)

where rc is the radius of the conductor in cm, R is the radius
of the cage in cm, and Ei is the surface inception electric field
strength in (kV/cm) and it is given by Peek’s formula:

Ei = 21 × m× δ × (1 +
K

√
δrc

) (2)

where m is the surface roughness of the conductor, K is
constant derived experimentally and δ is the relative air
density given by:

δ =
p
po

×
To
T

(3)

where To is the standard temperature (K), T is the ambient
air temperature (K), po is the standard pressure (hPa), and p
is the ambient pressure (hPa).

The empirical expression for electric field strength,
as presented in equation (2) by Peek, establishes a connection
between temperature and corona inception voltage, taking
into account the relative air density. The correlation between
relative air density and temperature is detailed in equation (3).
Notably, an increase in ambient temperature leads to a
decrease in relative air density. However, it becomes crucial
to ascertain the appropriate temperature for computing the
reduced air density between the ambient and conductor
temperatures in scenarios involving conductor temperature.
When the conductor is electrically heated to a temperature
surpassing that of the surrounding air, a temperature gradient
emerges across the active ionization zone, resulting in a
reduction of the relative air density within the ionization
zone. Award and Castle have defined in the equation (4)
this temperature gradient as an average temperature and have
provided the subsequent relation for relative air density [21]:

δ =
T0
Tav

(4)

where To is the absolute temperature of the gas at constant
pressure.

The aforementioned representation of relative air den-
sity lacks precision regarding the average temperature,
particularly concerning its distribution across the radial
distance between the two electrodes. This expression finds
its appropriateness when space charges generated by corona
encompass the entire interelectrode region, as observed in the
context of direct current (dc) corona. It is well-established
that a primary distinction between DC corona and alternating
current (AC) corona lies in space charge distribution [22].

In 1980, Morgan and Morrow conducted a comprehensive
experimental investigation into the influence of conductor
surface temperature on the occurrence of corona in both
alternating current and direct current transmission systems.
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Their research revealed that conductor surface temperature
significantly influenced the onset of corona in both AC
and DC conductors. As a result of their findings, they
introduced equation (5) as a valuable and effective parameter
for determining the appropriate temperature to be employed
in the computation of relative air density, thus contributing
to a deeper understanding of corona phenomena in electrical
systems [23].

T = Ta + 0.8 (Ts − Ta) (5)

where Taand Ts are, respectively, the ambient and the
conductor surface temperatures. The constant 0.8 is a
factor determined by experimental analysis and accounts
for the temperature gradient of the corona cage. In this
manuscript, we have examined the correlation between
conductor temperature and the performance characteristics of
corona discharges.

III. EXPERIMENTAL SETUP
The experiment was conducted at the High Voltage Direct
Current Laboratory on the University of KwaZulu-Natal
Westville Campus. Located 160 meters above sea level, the
laboratory has an air conditioning system that maintains
stable atmospheric conditions. The temperature is regulated
between 23◦C and 25◦C before any experiment. Two sensors
placed at different locations monitor the humidity and
temperature, allowing for adjustments in case of deviations.
The effect of wind speed was neglected, given that the
experiment was performed in an indoor cage. The relative
humidity and air pressure were stable, respectively, at 55%
and 1030 hPa.

Fig 2 illustrates the experimental setup employed in
this study, utilizing a coaxial cylinder configuration. The
arrangement consisted of a cylindrical outer surface divided
into three sections: two guard sections measuring 25 cm each
and one central section measuring 50 cm. All sections shared
a diameter of 50 cm. The two guard sections of the cylinder
were grounded to prevent electromagnetic interference from
external sources and connections. To ground the central
section of the cylinder, a 1 k� resistor was incorporated in
series. The resistor was connected to a data acquisition (DAQ)
system comprising a picoscope and high-speed computers,
facilitating the measurement process.

To facilitate efficient heat conduction, a conductor made of
an aluminium alloy tubemeasuring 120 cm in length and 1 cm
in diameter was employed and mounted coaxially inside the
cage. The thickness of the tube was 0.1cm. The decision to
utilize a tube was based on maximizing the heat generated by
the high current.

To capture the visual corona discharge surrounding the
corona current measurement system, we employed a camera
equipped with an ultraviolet imaging detector; the camera is
called a Corocam.

Two types of connections were employed for the experi-
ment; the first type of connection was a typical connection
where only the high-voltage source was connected to the

FIGURE 2. Experimental setup.

conductor in the cage. The second type involved a more
intricate arrangement, wherein the conductor was simulta-
neously connected to both the high-voltage transformer and
the high-current low-voltage transformer (HCLV) using the
secondary low-voltage winding of the cascade transformer.
With this method, it is possible to control the conductor
temperature simultaneously with the voltage applied to the
conductor. The high-current transformer was connected in
cascade with the high-voltage transformer. This connection
was made to isolate the high-current transformer against high
voltage. To achieve this, a tank-type high-voltage transformer
rated at 10 kVA with a primary voltage of 220 V and a
secondary voltage of 100 kV was used with a high-current
low-voltage (HCLV) transformer, also rated at 10 kVA. This
transformer features a two-winding primary voltage of 220 V
and 330 V, and a secondary voltage of 3.13 V. The rated
currents for the HCLV transformer are 45 A and 30 A on
the primary side, and 3195 A on the secondary side. The
HCLV transformer was placed on top of the HV transformer
and maintained at a potential of the output voltage of the HV
transformer above the ground. The high-voltage winding of
the HV transformer was connected to the magnetic core of the
HCLV transformer. The low voltage winding of the primary
of the current transformer was supplied from the excitation
winding of the HV transformer, which is in series with the
high voltagewinding of theHV transformer at its high voltage
end. Fig 3 displays the schematic of the experimental setup
of the HCLV transformer and the HV transformer connected
to the corona.

Prior to conducting any experiments, it was crucial to
assess the measurement uncertainty. During the connection
of the current transformer to the HV transformer on
the conductor, significant amounts of noise and corona
were observed within the measurement system and setup.
Furthermore, a visual corona discharge was noticed on the
current HCLV end fitting.

In order to guarantee the absence of undesired corona
discharges and disruptions in the setup and measurement
system, supplementary corona rings were integrated at the
terminal end of the HCLV and along the conductor within the
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FIGURE 3. Schematic of the experimental setup.

enclosure, as illustrated in Fig 2. This inclusion was intended
to alleviate any potential problems associated with noise and
corona phenomena. The background noise was measured,
and it has been noticed that the outer surface of the cage
provides reasonable shielding to the lower frequency range
of background noise.

IV. EXPERIMENTAL PROCEDURE AND MEASUREMENT
The procedure consisted of applying first the voltage to the
conductor connected to the HV transformer only (ambient
measurement). The applied voltage was gradually increased
by a step of 5 kV. The corona inception voltage was
determined by observing the first occurrence of corona on
the Corocam. RMS measurement and the corona pulses
were measured using the Picoscope to better quantify the
corona current. Twomicrophones were used for audible noise
recording. The experiments were repeated three times to
verify the accuracy of the results. The image of the visual
corona at ambient temperature measurement is displayed
in Fig 4.

FIGURE 4. Visual corona at 45kV for ambient temperature measurement.

The first visual corona was recorded at 45 kV and was con-
sidered as the inception voltage for the ambient measurement.

In the second configuration, the conductor was connected
to both the HV transformer and the HCLV transformer to
enable heating. The HCLV transformer had two available
input voltage options: one set at 220 V input and the other
at 330 V input.

The inclusion of both 220 V and 330 V connections was
considered in this study, as they allowed for a comparative
analysis of the conductor’s heating behaviour. The higher
current achieved at the same voltage in the 220 V connection
(Connection 1) resulted in rapid heating of the conductor.

FIGURE 5. Conductor temperature versus conductor (HCLV secondary)
current.

Plot 5 illustrates the temperature fluctuation corresponding
to the HCLV transformer’s secondary current concerning
two distinct high-temperature connection configurations.
Significantly, the graph clearly demonstrates that when the
transformer is linked through the 220 V input (Connection 1),
the conductor temperature exceeds that observed when it is
connected through the 330V input (Connection 2) at the same
applied voltage. This discrepancy indicates the possibility of
achieving different temperatures despite applying an identical
voltage.

Fig 6 illustrates the variations in temperature and HCLV
secondary current relative to the applied high voltage for
two different temperature connections. As shown in the
figure, at 55 kV, the measured current is 278 A for
connection 1 and 225 A for connection 2. The current density
of the conductor at the maximum current was calculated
to be 7.38 A/mm2 for connection 1 and 5.97 A/mm2 for
connection 2.

The procedure was almost the same as for the previous
experiment. In addition, the conductor temperature was
monitored using a thermal camera. After applying the voltage
and the current to the conductor, it was important to wait
almost 5 minutes before taking any measurements to allow
the conductor temperature to stabilize. The images of the
visual corona for the temperature experiment at connection 1
and connection 2 are displayed in Fig 7. the inception voltages
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FIGURE 6. Applied voltage (and high current) versus conductor
temperature.

FIGURE 7. Visual corona at 30kV (a) and 32kV (b) for conductor
temperature measurements.

for the visual corona were 32 kV and 39 kV, respectively, for
connections 1 and 2.

V. RESULTS AND DISCUSSION
The corona pulses, and RMS values for each experimental
setup were recorded. A significant temperature increase was
observed at 20 kV, and all measurements were made across
the voltage range from 20 kV to 60 kV. Notably, visual
corona phenomena were observed at 45 kV in the ambient
temperature arrangement and around 32 kV to 39 kV for
temperature connections 1 and 2. However, an observation
emerged that the visual corona might simply be a discharge
on the conductor’s surface. This conclusion stems from
the fact that corona pulses, considered as a more accurate
measurement of corona activity, were only detected at
higher voltage levels than those associated with the visually
observed corona at 45 kV for ambient connection.

Fig 8 shows the images of the visual corona at different
applied voltages for ambient conditions (a), connection 1(b),
and connection 2(c). The visual corona images clearly show
the difference in corona activities around the conductor for
different temperatures. As seen in Fig 8, there is more corona
around the conductor at the same applied voltage when
the transformer is connected at 220V, which corresponds
with the highest temperature setup. The measured corona
pulses at different voltages and temperatures are displayed
in Fig 9.

The first visual corona was observed at 32 kV for
connection 1 which corresponds to the conductor temperature
of 115◦C and for connection 2 it was observed at 39 kV
and 99◦C. However, the first corona pulses were measured
at 35 kV when the HCLV transformer was at connection 1,
and the measured temperature was 128◦C.

When the HCLV transformer was at connection 2 the
first pulses were measured at 43 kV and the conductor
temperature was 125◦C. The visual corona and the corona
pulses measurement results have shown that the corona
inception voltage decreases with increased temperature.

The investigation into corona pulse measurements reveals
a noteworthy correlation: under identical applied voltage
conditions, corona pulse amplitudes exhibit an upward trend
as the conductor temperature increases. Moreover, it has
been noted that when pulse measurements are conducted
at room temperature, with no additional conductor heating,
the prevalence of negative corona instances surpasses that
of positive corona. In contrast, measurements conducted at
elevated temperatures exhibit an increase in both positive
and negative corona occurrences. This supports the claim
that elevated conductor temperatures amplify alternating
current (AC) corona phenomena across both positive and
negative amplitudes.

When examining varying voltage scenarios, it becomes
evident that the positive corona pulse magnitudes experience
a more pronounced temperature-dependent increase than
their negative counterparts. This observation can be attributed
to the distinctive factors influencing positive and negative
corona. Specifically, a positive corona is contingent upon the
distribution of ion space charge density near the discharge
electrode, whereas a negative corona is influenced by the
electric field and its gradient along the outer surface of the
conductor. These findings align with the research conducted
by Chartier et al., which underscores disparities in electric
current density and ion concentration between positive and
negative corona phenomena [24].

FIGURE 8. Visual corona at 35 kV for different setup configuration
(a) Ambient, (b) Connection 1, (c) Connection 2.
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FIGURE 9. Corona Pulses different voltage at 35 kV (a) ambient, (b) Connection 1, (c) Connection 2. At 45 kV (d) ambient,(e) Connection 1,
(f) Connection 2. At 55 kV (g) ambient,(h) Connection 1, (i) Connection 2.

Table 1 presents RMS values of the observed corona
current. It is evident from these values that as the conductor
temperature rises, the magnitude of the corona current also
increases.

TABLE 1. RMS values of corona current under different conductor
temperatures and applied voltages.

Based on the experimental results, it has been observed
that the conductor temperature has a direct impact on both
the corona inception voltage and corona activities. As the
temperature rises, the corona inception voltage decreases
while corona activities increase. For instance, with an
increase in temperature from 24◦C to 137.9◦C, there is
almost a 32% decrease in the corona inception voltage. The
inception decreases from 49 kV to 37 kV. Similarly, when the
temperature rises from 24◦C to 142◦C, the corona inception
voltage decreases from 40 kV to 32 kV, which is almost 25%.

Regarding audible noise, the outcomes reveal a greater
amplification associated with elevated temperatures, partic-
ularly at higher voltage levels. At 35 kV, the audible noise
level remains relatively consistent across all connections.
However, at 45 kV and 50 kV, there is a discernible rise in
audible noise, amounting to 7% and 20%, respectively. The
results indicate a direct correlation between temperature and
corona current in the context of corona activities. The tab-
ulated results demonstrate a noticeable escalation in corona
current with rising temperatures. Precisely, a temperature
increase from 24.95◦C to 88.1◦C at 35 kV corresponds to
a 12% surge in corona current. Similarly, at 50 kV, elevating
the temperature from 24◦C to 131.3◦C results in a more
substantial 33.5% increase in corona current.

In the context of alternating current (AC) voltages, the
presence of a periodically reversing electric field confines
the spatial distribution of space charge generated by AC
corona to the immediate vicinity of the conductor. In light of
this observation concerning the spatial confinement of space
charge in AC corona, it becomes imperative to investigate
and quantify the temperature gradient within the ionization
region proximal to the coronating area [25]. In this paper, the
corona onset in coaxial cylinders can be approximated using
Townsend’smethod (3), where it is assumed that the divergent
electric field can be segmented into two distinct regions.
In the immediate proximity of the wire, the gas becomes
significantly ionized within a radius denoted as ri, beyond
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which the electric field decreases below the critical threshold
of 30 kV/cm [15]. Our study focuses on the corona theory,
particularly emphasizing the ionization regions around the
conductor within the gap between the electrodes. In the
coaxial arrangement, the wire of radius rc forms the high
field electrode, and the cage of radius R surrounding the
wire forms the low field electrode. If we consider r the
radial distance between the centre of the inner electrode and
the outer electrode, the electric field strength decreases as a
function of r [15]. The electric field that generates corona is
higher in the ionization region close to the conductor. Some
researchers [15], [16] have experimentally demonstrated that
the ionization radius ri of corona is solely influenced by
the discharge wire’s radius rc and remains unaffected by the
corona current. Conversely, other researchers [13], through
both experimental and theoretical approaches, have found
that the ionization radius ri of corona discharges depends
not only on the wire radius rc but also on the corona
current. Despite certain uncertainties and assumptions in
its derivation, the equation 6 offered by Combine [26] for
calculating the distance ri at which the field falls below the
ionization threshold of 30 kV/cm aligns well with Peek’s
empirical formula 2.

ri = rc+ 0.3
√
rc (6)

The equation (6) is used in this study to calculate the
temperature within the ionization regions. The heating of the
conductor leads to a rise in the temperature of the air layer
encompassing the conductor. Themeasured inception electric
field was graphed against the conductor temperature to assess
the impact of temperature on the corona inception voltage.
The measured inception Electric field was derived using the
formula described in 1.

Ei =
Vinc

rc × ln R
rc

(7)

where V_inc is the measured corona inception voltage. The
parameters r_c and R refer to the conductor and cage radius,
respectively, as defined in 1.

Fig 10 illustrates the change in surface inception field
strength with temperature. The graph indicates a decrease in
surface inception field with an increase in conductor tem-
perature. The temperature influencing the surface inception
field strength is situated within the ionization region and
differs from the conductor temperature. We have developed a
mathematical model based on experimental data to compute
this temperature within the ionisation radius. This model aims
to determine the temperature required for establishing relative
air density. The identified temperature parameter plays a
fundamental role in applying the Peek empirical relation,
especially in scenarios where conductor temperature is of
critical significance.

The approach incorporates a least-squared optimization
method strategically utilized to derive a temperature model
tailored for precision in air density calculations. The core
objective was establishing a mathematical function that

FIGURE 10. Conductor temperature vs measured surface inception field
strength.

seamlessly reconciles the measured values obtained through
the experiment with Peek’s empirical formula. In developing
our model, we optimized Peek’s formula by utilising
sum squared error performance. In our methodology, The
temperature in the air density model was substituted with a
new model that integrates both conductor temperature and
ionization radius, considering constant pressure conditions.
This modification enabled the development of an adjusted
formula that expresses air density as a function of temperature
and corona ionization radius. Incorporating this modification
played a crucial role in capturing the complex interaction
among these factors, providing a more comprehensive and
realistic representation of the system under investigation.

The results obtained through the optimization technique
indicate that the temperature within the ionization radius,
accounting for the conductor temperature, can be ascertained
using the following relation.

Tri = Tc × (1 − A× e−λri ) (8)

where: Tri is the temperature within the ionization region of
radius ri, Tc is the conductor temperature the coefficient A
and the coefficient λ have been determined and were
established at A = 0.7154 and λ = 0.6809.
Moreover, we introduced an additional parameter into the

well-established Peek formula. This parameter, determined
through experimental analysis, is designed to account for
variations in air density and other relevant parameters close
to the conductor. By incorporating this empirically derived
parameter, we sought to optimize our model’s performance
further and ensure its applicability across a broader range
of conditions. The modified Peek’s formula, enriched by
the incorporation of the additional constant, is expressed as
follows:

Ei mod = 21 × m× δ ×

(
1 +

K
√

δrc

)
+

B
δrc

(9)
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where m is equal to 0.8, K is a constant equal to 0.301, δ is
the relative air density calculated using the temperature found
in (7), B is constant equal to −0.2733,
The temperature model, derived through experimental

means, was used to determine the air density. This obtained
air density was then employed in relation (9). Subsequently,
the calculated inception electric field was graphically plotted
against the conductor temperature and was compared to the
measured electric field.

FIGURE 11. Conductor temperature vs measured and calculated surface
inception field strength.

The graphical representation Fig 11 reveals that the
adjusted formulation adeptly captures the nuanced interac-
tion between conductor temperature and ionization radius,
resulting in a more refined and precise depiction of surface
inception field strength.

We conducted additional experiments to validate the
experimental model using various types of conductors
with different cross-sectional characteristics. Specifically,
we employed two solid copper tubes with hard-drawn
properties, measuring 0.32 cm and 0.46 cm in radius, as well
as a soft-drawn copper tube with a radius of 0.36 cm,
each with a thickness of 0.1 cm. The selection of copper
was justified by its availability and superior heating per-
formance compared to aluminium. These conductors were
inserted into the corona cage to broaden the scope of the
investigation. The experimental setup and procedural steps
remained consistent with the initial configuration throughout
these supplementary experiments, ensuring a rigorous and
reproducible methodology.

Fig 12 presents the experimental outcomes depicting the
relationship between surface inception field strength and
conductor temperature for all four conductors, including the
aluminium and three copper conductors.

After conducting these additional experiments, we com-
pared the results obtained from the mentioned conductors
with the outcomes predicted by the optimized model.

FIGURE 12. Conductor temperature vs surface inception field.

The comparative analysis is visually represented in the
subsequent figures.

FIGURE 13. Comparison between measured, calculated and optimized
Inception Electric field of different conductors.

Upon examination of Fig 12 and Fig 13, a convergence
becomes apparent between the experimental data and the pre-
dictions formulated by the proposed model. These findings
collectively emphasize the model’s capability to elucidate
the intricate inter-dependencies between corona inception
voltage and conductor temperature. The consistent corre-
spondence between the model and experimental observations
across diverse conditions confirms the model’s accuracy
and provides insightful perspectives into the fundamental
mechanisms governing corona inception.

A. INFLUENCE OF CONDUCTOR TEMPERATURE
ON AUDIBLE NOISE
The audible noise level was plotted against the conductor
surface electric field for all conductors and conditions
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FIGURE 14. Conductor surface electric field vs Audible Noise level for different conductors and conditions, (a) Aluminium conductor,
(b) Cu0.46, (c) Cu0.32, (d) Cu0.36.

investigated in this study. The conductor surface electric
fields were normalized by air density to mitigate the
impact of temperature on the measurements. The subsequent
figures illustrate the graphical representation of the conductor
surface electric field plotted against the audible noise
level.

The results illustrated in Fig 14 indicate a rise in
audible noise levels when the conductor is subjected
to high temperatures under identical applied voltage for
all connections. Additionally, it has been noted that for
connections 1 and 2, audible noises commence at lower
electric fields than the ambient connection. This signifies
an earlier onset of audible noise generation due to high
conductor temperature. However, saturation in audible noise
is evident in Fig 14(c) for all connections occurring at specific
higher conductor surface electric fields. This phenomenon
can be attributed to increased corona activities around
the conductor due to the smaller radius of the particular
conductor.

The increase in corona intensity can be explained by the
dependence of Townsend’s ionization coefficient α on the
intensity of the electric field and the relative air density inside

the ionization region. Townsend’s coefficient α, which mea-
sures the number of electrons generated over a 1 cm distance
travelled in the applied voltage direction by a single
electron, rises with increasing electronic energy [27], [28].
High temperature leads to a decrease in the relative air
density of the gas mixture, which increases the mean path
of the electrons and gas molecules. The free electrons
emitted during the initial ionization process are dramatically
accelerated and cause the rise of electronic energy. It is
also important to consider that increased mobility of ions
and electrons at elevated temperatures can further enhance
ionization rates, potentially amplifying corona current. The
Townsend ionization coefficient increases at higher tempera-
tures. The inelastic collisions between the gas molecules and
electrons increase and produce more electrons and positive
ion pairs, thus causing a high discharge current at high
temperatures [29], [30].
The investigation aimed to understand how the temperature

of the conductor affects the corona performance of High-
Temperature Low-Sag (HTLS) conductors. Our findings
indicate that the inception voltage decreases at temperatures
equal to or exceeding 372 K. This temperature range
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surpasses the operational voltage of standard Aluminum
Conductor Steel Reinforced (ACSR) conductors.

In terms of inception voltage, conductors at high temper-
atures demonstrate higher corona noise and lower inception.
HTLS can function better at higher temperatures than ACSR,
and the corona performance of the conductor running at
a higher temperature must be accounted for. For instance,
examining Table 1 at 50 kV, the corona current is 0.285 A
at 297.95 K and increases to 0.371 A at 420.8K. This
represents a 30% increase in current for a 41% rise in
temperature. This suggests that HTLS performs better in
terms of corona discharge under elevated temperatures
compared to traditional ACSR conductors.

VI. CONCLUSION
In conclusion, our experimental investigation has provided
crucial insights into the intricate relationship between con-
ductor temperature and corona discharge. By utilizing an
advanced measurement system that integrates a high-voltage
transformer in cascade with a high-current low-voltage
transformer, we accurately measured corona current pulses
through the use of electrode screen techniques. The consistent
findings underscore a direct correlation between conductor
temperature and the amplitude of corona current pulses,
impacting both peak and root mean square (RMS) values.
Notably, we observed a decrease in corona inception voltage
as the conductor temperature increased.

Incorporating a theory centred around the corona ioniza-
tion region has deepened our understanding of how conductor
temperature influences corona discharge. It became evident
that the temperature within the ionization region, crucial for
corona, differs from the overall corona temperature.

Our success in developing a temperature assessment
model specifically for the ionization region was pivotal.
This model facilitated the determination of the relative
air density necessary for Peek’s inception field formula,
which was further refined through optimization to better
align with conductor temperature. The successful comparison
of results from this optimized formula with experimental
data reinforces the reliability and effectiveness of our
approach.

Expanding our focus to include corona audible noise,
we explored its relationship with the surface gradient
electric field under various conditions. The consistent
findings revealed a progressive increase in audible noise
with increased conductor temperature, eventually reaching
saturation at specific voltage levels. This comprehensive
exploration significantly enhances our understanding of
the complex interplay between conductor temperature and
corona discharge phenomena.
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