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Abstract—The corona-generated audible noise (AN) factor is
an important consideration in the design and operation of ultra-
high voltage direct current (DC) and alternate current (AC)
transmission lines. Due to the differences in discharge process and
corona-generated space charges between the DC and AC corona
discharge, the audible noise from DC and AC corona has different
characteristics. This paper conducts a series of experiments by
measuring the time-domain waveforms of the audible noise from
a single corona source under DC and AC voltage. Sound pressure
pulses are extracted from a correlation analysis, and then a
detailed comparison of the basic characteristics of DC and AC
corona-generated AN in time-domain and frequency spectrum
is given. Results from this paper stand to contribute to an
explanation of existing results in AN measurement and analysis
from DC and AC transmission lines.

Index Terms—AC corona, audible noise, DC corona, single
corona source, time-domain measurement.

I. INTRODUCTION

HE corona-generated audible noise (AN) has emerged
as an important design factor for transmission lines,
particularly since the introduction of transmission voltages of
500 kV and above. The AN from corona discharge is gen-
erally lower than other environment noise, but the frequency
spectrum covers a much wider band. Therefore, the criteria of
public perception and acceptance of the corona-generated AN
are different from those of other environmental noises [1],
[2]. Due to the higher operating voltage requirements of
ultra-high voltage direct current (DC) and alternate current
(AC) transmission lines, corona-generated AN has become an
important topic of research [3]-[11]. However, the physical
mechanism and intrinsic characteristics of AN under DC and
AC corona discharge to date has received little attention.
Research thus far on AN from DC corona discharge has
been primarily experimental, with characteristics and empiri-
cal formulas proposed by many scholars [3]-[5]. For exam-
ple, BPA (Bonneville Power Administration), IREQ (Hydro

Manuscript received April 23, 2015; revised August 5, 2015; accepted
August 22, 2015. Date of publication September 30, 2015; date of current
version August 30, 2015. This work was supported by National Basic Research
Program of China (973 Program) under Grant 2011CB209402.

The authors are with the State Key Laboratory of Alternate Electri-
cal Power System with Renewable Energy Sources, North China Electric
Power University, Beijing 102206, China (e-mail: 1xb08357x @ncepu.edu.cn,
x.cui@ncepu.edu.cn, tiebinglu@ncepu.edu.cn).

Digital Object Identifier 10.17775/CSEEJPES.2015.00031

Quebec Institute of Research), ENEL (Ente National per
L’Energia), and CRIEPI (Central Research Institute of Electric
Power Industry), all have proposed empirical formulas for
predicting AN from DC transmission lines based on long-
term noise measurement through corona cage and actual
transmission lines. Ianna, Wilson, and Bosack [6] conducted
investigations on the frequency spectrum characteristics of
AN. Their results show that the AN caused by DC corona
discharge covers a wide range of frequencies and is highly
dependent on corona current pulses. In [12] AN from corona
discharge is seen to have pulse characteristics. Recently, the
authors of this paper used the time-domain measurement
method to further analyze the pulse and correlation characteris-
tics between sound pressure pulses and corona discharge [13],
[14].

Theoretical studies on DC corona-generated audible noise
are relatively sparse. Bastin provides a review of results and
basic principles related to the production of sound waves
produced by electrical discharge [15]. In [16], Bequin, Mon-
tembault, and Herzog employ the principle as well as establish
a model of negative point-to-plane corona loudspeaker [16].
However, due to differences in operating principles between
the corona loudspeaker and DC transmission line corona, the
model cannot be used to calculate AN from transmission lines.

A few experimental and theoretical investigations of AN
from AC corona discharge have been conducted using corona
cages, test lines, and actual transmission lines [7]-[11]. Sta-
tistical analysis of the long-term measured data from AC
transmission lines has also yielded interesting characteristics
and empirical formulas. The spectral characteristics of AN
from metallic protrusions, for example, are given in [6].
Sforzini et al. conducted experiments in an anechoic chamber
and obtained the frequency spectrum and sound pressure level
(SPL) characteristics from different conductors [9]. The broad-
band noise and tonal noise for the AN from AC corona can
be clearly identified in their investigation. Recently, Straumann
presented the mechanism and calculation model of the tonal
noise from AC transmission lines [17], [18]. The results in this
work promote our understanding of the generation mechanism
of the tonal noise; however, the model used cannot be used to
calculate all components of AN from AC corona discharge.

Overall, due to the complex mechanism of corona-generated
AN, there are no accurate models for calculating the AN from
DC and AC transmission lines. Instead, their random nature
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and intrinsic characteristics are being identified through ob-
tained time-domain waveforms. At present, experimental in-
vestigations that use the time-domain measurement for corona-
generated AN are likely the most effective methods for obtain-
ing the characteristics and for establishing a predictive method
for corona-generated AN. Moreover, the de-noising method in
time-domain is seen as effective in removing the background
noise.

Thus far, the time-domain measurement method has not
been widely used in the measurement of corona-generated
AN, especially in AC corona-generated AN. The authors of
this paper have generated basic results on AN from DC and
AC corona [19], but the detailed characteristics of the audible
noise pulses in time-domain and frequency spectrum have not
yet been investigated.

In this paper, the time-domain waveforms of the AN caused
by DC and AC corona discharge on a single corona source
are obtained. Based on a correlation analysis and the pulse
characteristics, the sound pressure pulses are extracted and the
background noise is removed successfully. Then, the detailed
characteristics of sound pressure pulses from DC and AC
corona are compared and analyzed. Qualitative explanations
for the differences between the AN from DC and AC corona
discharge are also provided. The results in this paper are ex-
pected to provide insights into the intrinsic characteristics and
generation mechanism of AN from DC and AC transmission
lines.

II. EXPERIMENT SETUP AND MEASUREMENT

In this paper, the time-domain method is used to measure
the AN. The measurement system consists of a microphone,
amplifier, data acquisition card, and computer, as shown in
Fig. 1. The microphone used in the experiments has a typical
frequency range of 10 Hz to 20 kHz. The amplifier is used to
supply the polarized voltage to the microphone, and to provide
the 20 dB amplification to the output signal of the microphone.
The data acquisition card typed as TiePie has two channels and
the maximum sampling rate is 500 MS/s. In the experiments,
the time-domain waveforms of the AN caused by DC and
AC corona discharge on a single corona are recorded through
one channel of the data acquisition card. The other channel is
used to record the applied voltage on the conductor, which is
measured through a resistance capacitance divider with voltage
ratio of 1000: 1. The sampling rate is set as 200 kS/s.

Microphone }7 Amplifier H Data acquisition H PC
system

S R1E A

Fig. 1. Time-domain measurement system for the AN.

The structure of the corona cage is the same as that in pre-
vious work [13], [14]. The experiment arrangement is shown
in Fig. 2, which is similar to that in [19]. The single corona

source shown in Fig. 2(b) was simulated by a metal sphere
with a diameter of 2.5 mm protruding from the conductor. The
microphone is placed 0.8 m away from the corona source in a
horizontal direction. The height of the microphone is same as
the conductor and the microphone, directly facing the corona
source. The DC and AC high voltage source are applied on the
conductor, respectively. The temperature and relative humidity
is set at 18.3°C and 17%, respectively.
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Fig. 2. Sketch figure of the experiment arrangement and the corona source.
(a) Experiment arrangement. (b) Conductor with corona source.

III. RESULTS AND ANALYSIS
A. Basic Characteristics of AN Waveforms

When the corona source is in the corona, the measured
waveforms of AN under DC and AC voltages are shown in
Fig. 3. For the AN from AC voltage, the waveforms of the
applied AC voltage are also given in Fig. 3(c) and Fig. 3(d) to
show the relationship between the sound pressure pulses and
AC voltage. It should be pointed out that the sound pressure
pulses in Fig. 3(c) and Fig. 3(d) have been shifted in time-
domain according to the propagation time from the corona
source to the microphone. The waveforms of corona-generated
AN from both DC and AC corona discharge consist of a series
of random sound pressure pulses with bipolar properties. The
pulses from the DC positive corona consist of a series of pulse
trains with large randomness, and show large pulse amplitudes
and less pulse numbers. For the sound pressure pulses from DC
negative corona discharge, the pulse amplitudes are smaller,
with relatively fewer fluctuations, and denser pulses.

However, it can be seen from Fig. 3(c) and Fig. 3(d) that
the sound pressure pulses caused by AC corona discharge
are different from those in the DC corona cases. Due to the
periodic change of AC voltage, the sound pulses only exist
near the peak values of the positive and negative half cycle.
When the AC voltage is low (at 28.85 kV rms in Fig. 3(c)),
the pulses only exist at negative half cycle. As the applied
voltage is further increased, large irregular pulses in positive
half cycle can be detected, and the pulse number is far less.
Furthermore, the pulses in negative half cycle turn much tenser
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Fig. 3. Waveforms of the AN from AC and DC corona discharge. (a) +56

kV. (b) —48 kV. (c) 28.85 kV rms. (d) 40.05 kV rms.

with the increase of voltage. Fig. 3(d) shows the sound pulses
from positive point type discharge as well as negative point
discharge occurring during alternate half cycles.

In fact, our pervious study in [14] has shown that the
sound pressure pulse and corona current pulse have one-to-
one relationship in time-domain. So, the above features of the
sound pressure pulses are similar to those found in the corona
current pulses in early works [20]-[22].

B. Extraction of Sound Pressure Pulses and De-noising

The measured waveforms in Fig. 3 show that the back-
ground noise from ambient noise and the measurement system
may introduce fluctuations of the waveforms, and thus remov-
ing the background noise may ensure further accurate analysis
of the corona-generated AN.

Removal of the background noise should focus on two
aspects, namely, the non-pulse region and the offset of the
sound pressure pulse. In this paper, the correlation analysis
was employed for extracting the sound pressure pulses, which
was the key point in the de-noising process. As for the offset

caused by the background noise, it can be removed according
to the basic characteristics of the sound pressure pulse from a
single corona source.

Based on our earlier study, the typical waveform of single
sound pressure pulse can be expressed as a segmented double
exponential function [13]. The normalization expression of the
typical waveform (the base waveform) can be expressed as in
(1); the waveform is shown in Fig. 4.

K (e—al(—t-i-tpo) — e—ﬁl(—t+tpo)) 0<t<ty
K, (e—az(t—tpo) _ e—ﬁz(t—tpo)) too <t < tq

ey
where K1, Ko, a1, g, 81 and o are fitting parameters, ¢po
is the zero-crossing point of the positive sound pressure part,
and tq is the duration time of the sound pressure pulse.

po(t) =
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1
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Fig. 4. Normalization waveform of the typical waveform.

The correlation function between the measured waveform
of AN n4(t) and the extended base waveform nq(t), which
is padded with trailing zeros to the length of n4(t), can be
expressed as

+oo
r12(t) = / ny (7)ng(t — 7)dr 2)

—00

where r15(t) is the correlation function, and 7 is the integration
variable. Due to similar pulse characteristics of measured
sound pressure pulses and base waveform, the sound pressure
pulses will locate at the regions of the extremal points of the
r12(t). By finding the extremal points of r12(¢), the sound
pressure pulses can be found, and then the background noise at
non-pulse region can be removed by setting non-pulse signals
as zeros.

The single corona source in the experiment can be treated as
a point sound source with the generation of a spherical sound
wave. The sound pressure at a given position satisfies the (3)

in theory [23].
+o0o
/ pdt = 0.
—o0

Therefore, the integration at each sound pressure pulse
can be treated as the approximate offset from background
noise. Through subtracting the corresponding offset from each
sound pressure pulse, the influence of the background noise is
completely removed.

Based on the above method, the de-noised waveforms for
the waveforms in Fig. 3(a) to Fig. 3(d) can be shown in Fig.
5, which shows that the background noise can be successfully

3)
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removed. The analysis in the sections that follows all depends
on the de-noised waveforms.
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Fig. 5. De-noised waveforms of the waveforms of AN in Fig. 3. (a) +56 kV.
(b) —48 kV. (c) 28.85 kV rms. (d) 40.05 kV rms.

C. Characteristics of Sound Pressure Pulses

A single sound pressure pulse under DC positive, DC
negative, AC positive half cycle, and AC negative half cycle
are shown in Fig. 6. Each single sound pressure pulse is just
one among the measured sound pressure pulse trains in Fig. 3.
The amplitudes of the selected sound pressure pulses reflect
the average level of the sound pressure pulse. It can be seen
from the Fig. 6 that the amplitude from DC positive corona
discharge is about 2 times larger than that from DC negative
corona discharge. The duration time of the sound pressure
pulse from DC positive corona discharge is larger than that
from DC negative corona discharge. As for the AC case, a
similar phenomenon can be found for sound pressure pulse
from the AC positive half cycle and AC negative half cycle. In
the case of the single sound pressure pulse, the pulse amplitude
from AC positive half cycle seems to be larger than that
from the DC positive corona discharge. Finally, the difference
between the sound pressure pulse from the DC negative corona
and the AC negative half cycle is likely to be minimal.

Fig. 7 shows the statistical results of the pulse amplitude and
pulse rate from DC positive and negative corona discharges
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Fig. 6. Single sound pressure pulses from positive, negative, AC positive half
cycle and AC negative half cycle.
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Fig. 7. Pulse amplitude and pulse rate from positive and negative corona
discharge. (a) Pulse amplitude from positive corona. (b) Pulse amplitude from
negative. (c) Pulse rate from positive corona. (d) Pulse rate from negative
corona.

varying with the absolute value of the applied voltage. The
voltages were resized from the onset of corona. When the
resizing takes place with fierce corona, the sound pressure
pulses start to appear at the corona onset. Thus, at the point
of the fierce corona, the sound pressure pulses are dense. Both
of the pulse amplitudes from DC positive and negative corona
discharge are of a random nature, but the fluctuations of DC
negative corona-generated sound pressure pulses are relatively
small. The average amplitude of sound pressure pulse for the
positive corona is larger than that of the negative corona.
In addition, the average amplitude for DC negative corona-
generated pulse changes slightly with the applied voltage,
while the average amplitude for positive corona-generated
pulse first increases slightly and then decreases with the
applied voltage. The onset voltage of the DC positive corona
is higher than that of the DC negative corona.

As shown in Fig. 7(c) and Fig. 7(d), the pulse rate for the
DC positive corona increases exponentially with the applied
voltage, while the pulse rate for the DC negative corona
increases linearly with the applied voltage, which is similar
to the results of the corona current [21], [22]. The pulse rate
for DC positive corona is lower compared with that for the
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DC negative corona.

Due to the alternating polarity and varied voltage over time,
the sound pressure pulses from AC corona have different
characteristics from those observed in the DC corona case. Fig.
8 shows the phase spectrum figures of the sound pressure pulse
amplitudes at different AC voltages. The vertical coordinate
is the pulse amplitude, and the horizontal coordinate is the
phase angle [24]. It should be mentioned that the sinusoidal
waveform in Fig. 8 gives only the phase reference. The discrete
points of pulse amplitudes are the statistical results in 30
cycles.
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Fig. 8. Phase spectrum figures of pulse amplitudes from AC corona discharge.
(a) 31.27 kV rms. (b) 38.16 kV rms. (c) 40.05 kV rms.

It can be seen from Fig. 8 that due to the random nature
of the corona discharge, the pulse amplitudes locate at a large
range of phase of the AC voltage. The sound pressure pulse
first occurs at the negative half cycle and before the negative
peak of the AC voltage. With the increase of the applied
voltage, the phase angle gradually extends to larger ranges and
pulse numbers increase. The onset voltage of sound pressure
pulses at positive half cycle is higher than that at negative
half cycle. At the same peak voltage, the pulse number at

positive half cycle is far less than that at negative half cycle.
Fig. 9 shows the statistical results of pulse amplitudes at AC
positive and negative half cycles at different voltages. The
average pulse amplitude at positive half cycle is about 2 to
3 times larger than that at negative half cycle. Compared with
the pulse amplitude from the DC positive corona as shown in
Fig. 7(a), the pulse amplitude at AC positive half cycle may be
a little higher. This may account for the accumulated negative
ions in the previous negative half cycle, which may enhance
the discharge at AC positive half cycle.
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Fig. 9. Pulse amplitude varying with applied voltage at positive and negative
half cycles. (a) Pulse amplitude at positive half cycle. (b) Pulse amplitude at
negative half cycle.

Normally, the negative onset voltage is lower than the
positive onset voltage. In the AC case, when the negative
instantaneous voltage reaches the negative onset voltage, the
negative corona discharge occurs. With an increase in applied
voltage, the instantaneous voltage region that is higher than
the onset voltage turns larger and thus the sound pressure
pulses can be generated at a wider phase range. When the
polarity of the voltage changes from negative to positive,
the negative space charges are absorbed by the wire. The
remaining negative space charges may accumulate around the
corona source and hinder the increase in electric field at the
streamer head, which may suppress the generation of positive
streamer pulses. Thus, the onset voltage at positive half cycle
is higher than that at negative half cycle.

The influence of the space charges on the corona discharge
can be clearly seen from the pulse starting voltage and pulse
ending voltage in the same half cycle. Fig. 10 shows the
pulse starting and ending instantaneous voltages (denoted
as Ug and Upg respectively) in negative half cycle varying
with the RMS value of the AC voltage. The pulse starting
voltage is lower than the pulse ending voltage. Moreover, the
starting instantaneous voltage of sound pulse is approximately
unchanged because the negative ions generated at negative
half cycle are absorbed at positive half cycle; their influence
on the onset corona at negative corona is very small. Once
the corona occurs, the negative ions accumulate and suppress
the occurrence of corona. With increased applied voltage, the
suppression will become stronger, resulting in an increased
ending instantaneous voltage.

D. Frequency Characteristics of AN

According to the time-domain waveform of AN, the fre-
quency characteristics can be obtained on the basis of Fourier
analysis. The typical waveform of single sound pressure pulse
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can be expressed as a segmented two exponential function and
its Fourier transformation can be expressed in (4) [13].
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where py1 and pno are the pulse amplitudes of the positive
sound pressure part and the negative pressure part, respec-
tively. The amplitude frequency spectrums of the single sound
pressure pulses from DC and AC corona are shown in Fig. 11,
and the corresponding time-domain waveforms are shown in
Fig. 6. The frequency spectrum for the single sound pressure
pulse under negative corona is smaller than that under DC
positive corona. Similar results can be found between the AC
positive and negative half cycles.
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Fig. 11. Amplitude frequency spectrums of single sound pressure pulse.

The corona-generated AN consists of a series of sound
pressure pulses with random time interval. With the help of
the frequency spectrum of single sound pressure pulse, the
frequency spectrum of the long-time measured AN can be
expressed as

N i—1
Pirain (jw) = Y Pi(jw)exp | —jw Y _ Ta(m) | (5)
=1 m=1

where P;(jw) is the frequency spectrum of the " sound
pressure pulse, 77 is the time interval of the sound pressure

pulse, and N is the pulse number in the time-domain wave-
form. In fact, the amplitude of the sound pressure pulse from
corona discharge is small, and thus the linearized assumption
for the sound pressure can be approximately reasonable for
the weak ionization of the corona discharge [13]. Therefore,
the frequency spectrum from a single corona source can be
expressed as the sum of the frequency spectrums of all sound
pressure pulses with shift of phase, as shown in (5).

Fig. 12 gives the amplitude frequency spectrums for the AN
from DC and AC corona discharge. It should be pointed out
that the sound pressure pulses under the selected DC applied
voltages are not too dense, indicating the corona discharge is
not intense. And the pulse rates for DC positive and negative
applied voltages are at the same order of magnitude. While
the AC applied voltage is selected to insure the sound pressure
pulses exist at both the positive and negative half cycles.
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Fig. 12. The frequency spectrum of the AN from DC and AC corona
discharge. (a) DC negative corona at —48 kV. (b) DC positive corona at
56 kV. (¢c) AC corona at 40.05 kVrms.
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For the DC corona-generated AN, the frequency spectrum
covers wide range of frequencies and the high frequency
components whose frequencies are higher than 1 kHz are
notable. The peak value of the frequency spectrum under DC
negative voltage tends to higher frequencies compared with
that under DC positive voltage. But most of components of
its amplitude frequency spectrum are smaller than those under
DC positive voltage. In fact, considering the function of A-
weighted network, the frequency components above 1 kHz
give the most contribution on the A-weighted sound pressure
level which is commonly used as the evaluation indicator of
noise level [25], [26]. Therefore, the positive corona is the
main source of the AN based on the higher amplitudes of
frequency spectrum and sound pressure pulses.

For the AC corona-generated AN, the frequency spectrum
in Fig. 12(c) shows marked differences from that under DC
corona discharge. There are some pure tones at frequencies of
the harmonics of 50 Hz power frequency, which are induced
by the modulation of the alternating voltage of the pulse trains.
And the high frequency components reflect the sound pressure
pulses at each half cycle of AC voltage. In addition, the AN
from AC corona discharge seems to be higher than that from
DC corona discharge, which is consistent with the previous
statistical results from the transmission lines [1] and is similar
to the results of electromagnetic interference caused by corona
current pulses [20].

IV. CONCLUSIONS

This paper presents experimental investigations on the AC
and DC corona-generated audible noise. The comparisons of
the time-domain detail characteristics of sound pressure pulse
and frequency spectrum are given.

A de-noising method for the audible noise from single
corona source is proposed on the basis of the correlation
analysis and the sound pressure pulse characteristics. Through
the de-noising method, the sound pressure pulses from DC and
AC corona can be successfully extracted and the influence of
the background noise can be removed.

The waveform of AN from DC positive corona has larger
pulse amplitude, less pulse number, and larger randomness
compared with that from DC negative corona. For the AC
corona, the sound pressure pulse first occurs at the negative
half cycle. The onset voltage of sound pressure pulses at
positive half cycle is higher than that at negative half cycle.
At the same peak voltage, the pulse number at positive half
cycle is far less than that at negative half cycle. This may be
due to the influence of the space charges.

In frequency domain, the peak value of the frequency
spectrum under DC negative voltage tends towards higher
frequencies compared with that under DC positive voltage.
However, most components of its amplitude frequency spec-
trum are smaller than those under DC positive voltage. The
AN from AC corona has typical pure tones caused by the
modulation of alternating voltage and has higher noise level
than that under DC corona.
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