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Evaluation Study on Wavelet Denoising of
Antenna-Based PD Measurements in Strong

Interference Environments Considering a
New Reliability Score of Pulse Detection

Kerstin Friebe and Frank Jenau

Abstract— Partial discharge (PD) interference suppres-
sion represents an important aspect in the diagnosis
and maintenance of equipment in the power transmission
network and thus contributes to ensuring transmission
reliability. PD diagnosis includes the detection of PD using
suitable measurement methods like non-contact electro-
magnetic methods such as antennas. An important step of
measuring PD with antennas is the interference suppres-
sion of the measurement signals for further processing.
Especially in the case of contactless detection of PD using
antenna structures, other signals are coupled in addition
to the actual PD signal. This requires interference suppres-
sion processes for pulse extraction of the PD pulses from
the disturbed signal as well as evaluation criteria that mea-
sure the interference suppression and the reliability of the
PD pulse detection of these processes. In the context of this
work, a suitability study is carried out to select the mother
wavelets and estimation methods within the framework of
wavelet denoising. This is done by a preliminary study
with synthetic signals in which a real noise environment is
added, which is several times stronger than the synthetic
PD signal. The best combinations are then applied to real
PD signals measured in a strong interference environment.
In addition to the conventional evaluation criteria for noise
reduction and signal distortion, a new evaluation criterion,
the reliability score of impulse detection, is introduced.
The methodical approach also reliably determines whether
generated PD are isolated, as a transmission line-bound
reflection-free decoupling of the PD signal takes place
simultaneously.

Index Terms— HVDC, interference suppression, partial
discharge (PD), pulse detection, wavelet denoising.

I. INTRODUCTION

A. Motivation-Interference During PD Measurements

THE interferences during partial discharge (PD) mea-
surements vary depending on the environmental and

measurement conditions. External sources of interference
that require consideration with regard to PD measurements
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according to IEC 60270 are listed in [1]. Possible sources
of interference in a more general context are described in [2].
In [1], differentiation is made between interference that occurs
even when the test setup is not in operating mode and
interference that only occurs during the operation of the test
setup. This classification refers to measurement methods for
the explicit testing of PD. For this purpose, at least one voltage
source for loading the device under test and further measuring
components are required for the PD test and represents a
source of interference itself.

Interferences that predominate independently of the test
operation are powerful narrowband interferers such as broad-
cast transmitters, e.g., mobile radio and WIFI communication
channels. Broadband disturbances such as switching opera-
tions and commutation machines in dc voltage sources in
the immediate environment or the inherent noise of the mea-
suring instrument itself also represent disturbances that are
superimposed on the PD signal [1], [2].

Contactless acquisition by a broadband antenna prevents
interference caused by the test circuit itself and does not
accumulate interference that is already present. Since the
components are tested in operation or are loaded with a
test voltage, these test operations-related disturbances defined
in [1] still occur as environmental disturbances. In addition
to the disturbances already mentioned, there are disturbances
in the form of PD in components that are part of the test or
in the test environment, as well as contact noise and sparks at
poorly designed connections and bushings. Not negligible are
harmonics on the power supply side that are transmitted into
the system [1], [2].

B. State-of-the-Art Interference Suppression by Digital
Signal Processing

Beside digital filters such as recursive filters (IIR filters),
nonrecursive filters (FIR filters), and the Wiener filter, which
are used to suppress narrowband periodic interferers [3], [4],
the wavelet denoising method based on the discrete wavelet
transform (DWT) offers an alternative that also reliably sup-
presses broadband interferers and noise. Wavelet denoising
introduces several application-dependent combinations of the
following parameters [5], [6], [7]:
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1) wavelet family and wavelet of family;
2) number of levels of decomposition;
3) threshold rule;
4) method of estimate threshold value;
5) method for estimating the variance of the noise.
Several studies on the wavelet selection are available. The

Daubechies Wavelet (db), designed around 1990 by Ingrid
Daubechies, as well as the Coiflet Wavelet (coif), also designed
by her, and a modified form of the Daubechies Wavelet, the
Symmlet Wavelet (sym), are already subject of research on
interference suppression of PD measurement signals [8], [9],
[10], [11], [12]. These wavelet families mentioned are orthog-
onal wavelets. Biorthogonal wavelets such as the BiorSplines
Wavelet (bior) are also suitable for interferer reduction of PD
measurement data [10].

There are also approaches to energy-based selection of
wavelets [13] and correlation-based selection of wavelets [14]
in the context of interference suppression of PD measurement
signals.

In addition to the choice of wavelet, the interference sup-
pression performance of wavelet denoising is also affected by
the choice of threshold rule. Several combinations of the hard
and soft threshold rule with chosen wavelets are performed
in [8], [10], [12] and [15]. In [15], the threshold function
is adjusted to adapt the threshold value to the noise level
of the environment. In [16], a new threshold function is
developed that combines the advantages of the hard and soft
threshold rule. An energy-based approach to the threshold rule
is investigated in [17].

Moreover, the wavelet interference suppression method is
compatible with other filters and in combination with itself
by varying parameters [18]. Besides methods for interference
suppression of PD measurements using the DWT, there are
comparable methods for interference suppression of PD mea-
surement signals with the variational mode decomposition and
the multiscale principal component analysis [19].

The investigations differ in the choice of the sensor for
measuring the PD, which results in differences in the possible
interference coupling. This is associated with differences in
the interference level and, correspondingly, the signal-to-noise
ratio (SNR) of the data to which wavelet denoising is applied.
Conventional measuring circuits with coupling capacitor and
measuring impedance are used in [9], [10] and [13] to decou-
ple the PD signal. This results in PD signals with an SNR of
69 dB [10] and −16 dB [13]. Within [11] and [12], an RC
detector is used on the grounding cable, resulting in an SNR
of 13.7–37 dB.

The PD signal is detected inductively in [17] using a
Rogowski coil and an acoustic sensor on an oil tank with
a PD source and RF antenna inside the tank. The PD signals
have an SNR of up to −5 dB.

A UHF antenna inside an oil tank with the PD source is
used in [14]. This results in an SNR of 1–5. A monopole
antenna of 5 cm length is used outside the test object in [19].
The PD signals have an SNR of up to −10 dB. A piezoelectric
ultrasonic sensor is mounted in an oil tank in [15], in which a
needle-plate arrangement is located. The PD signals have an
SNR of 6.16 dB.

The accumulation of free metal particles on the surface
of the gas-insulated switchgear internal insulation structure
is imitated in [16] and measured with an acoustic emission
sensor mounted on the outside. This results in PD signals with
an SNR of up to −20 dB.

The location of faults in a power cable in [20] is carried out
with just one sensor instead of two as usual. Wavelet denoising
is used here to improve the accuracy of the location. The PD
signals have an SNR of −15 dB.

Synthetic PD signals are superimposed in [18] with a noise
level of 50%, which corresponds to an SNR of 0.16. Synthetic
signals with an SNR of 30–40 dB are used in [8].

Common to all studies is the use of quantitative evaluation
criteria. For evaluation of interference suppression processes,
besides the already mentioned SNR, parameters such as the
noise reduction level (RNL) [9], [17] or noise reduction ratio
(NRR) [15], [19] are commonly used. Parameters such as the
root mean square error (RMSE) [15], [17], [18] or mean square
error (MSE) [10] and the correlation coefficient (Corr) [8],
[15], [19] are used to evaluate the influence of the interference
suppression process on the input useful signal.

C. Contribution and Outline
In this work, a classical logarithmic periodic antenna is used

to detect the PD signal. Non-contact detection by broadband
antennas allows the detection of PD during operation without
requiring intervention in the equipment or surrounding infras-
tructure. A broadband detection increases the information
content of the detected PD signal, which improves the subse-
quent feature identification of different PD types. The PDs are
generated with a needle-plane arrangement. The measurement
is carried out in a high-voltage laboratory, which has a strong
interference environment. This is caused by-in addition to
the influences mentioned in [1] and [2] high voltage and
high frequency laboratories in the nearer environment as well
as reflections on the high voltage cage. This represents a
strong interference environment as expected in other high
voltage laboratories and converter halls. Due to the broadband
nature of the antenna, these interferences couple into the
measurement signal over a wide frequency range. The PD
signals obtained this way have an SNR of about −60 dB. Due
to this, the PD signals are not detectable in the measured signal
without interference suppression.

The suitability of wavelet denoising for the suppression
of PD signals, which are detected with broadband logarith-
mic periodic antennas in a strong interference environment,
is demonstrated by an evaluation study with synthetic and
real measured PD signals. The study examines extensive
combinations of wavelets, threshold rules, and threshold esti-
mation methods in order to determine the best combination
for denoising PD signals detected with broadband anten-
nas. The possibility of time synchronous measurement of a
reflection-free comparison signal also allows the evaluation of
the pulses contained in the interference suppressed signal as
true PD pulses or interference pulses that are not filtered out.
This introduces a new evaluation criterion, the reliability score
of pulse detection.

The structural process in the work is as follows.
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Fig. 1. Methodical approach of the studies.

TABLE I
OVERVIEW OF THE REALIZED INVESTIGATIONS WITH WAVELET FAMILIES, SELECTED WAVELETS FROM THE FAMILIES,

THRESHOLD ESTIMATION, AND THRESHOLD RULE

1) data acquisition with logarithmic periodic antenna and
of time synchronous reflections-free comparison signal
in strong interference environment;

2) simulation of a synthetic signal with a strong
interference level;

3) study on wavelet, threshold estimator, and threshold rule
with synthetic signal;

4) evaluation of signal distortion, interference suppression,
running time, and reliability of pulse detection;

5) application of the best-identified combinations of
wavelet, threshold estimator, and threshold rule to
measurement data;

6) evaluation of interference suppression of the mea-
surement data, running time, and reliability of pulse
detection.

II. METHODICAL APPROACH

In Fig. 1 the process of the evaluation of the wavelet denois-
ing in the context of the PD diagnosis is shown. It consists
mainly of data acquisition, the actual denoising process, and
the following evaluation and application.

The data acquisition is divided into the generation of
measurement data and the generation of the synthetic signal.
The measurement setup shown in Fig. 2 is used to gener-
ate the measurement data. The special characteristic of this
measurement setup is, that the PDs are generated within
a measurement cell which, due to its impedance of 50 �,

enables an interference-free decoupling of the PD signal via a
coaxial cable. The signal is recorded synchronously with the
antenna signal and thus enables the successful detection of
the PD signals in the measurement signal of the antenna to
be evaluated. The antenna is a classical logarithmic periodic
antenna. To detect and represent the real interference envi-
ronment, the antenna is also used to record an interference
signal with the source turned on at an output voltage of
0 V. For measuring the PD reference signal, a copper wire
as shown in Fig. 2 is used to detect an electromagnetic
PD signal, which is assumed to be largely unaffected by
interference.

The synthetic signal enables an evaluation of the inter-
ference reduction and the influence of the interference
suppression process on the input signal. Hereby, the output
signal of the interference suppression process is compared
with a known input signal and both—the interference sup-
pression and the distortion—are evaluated with criteria. Real
measurement data are not suitable for this purpose, since
the real PD signal is superimposed with interference in
the measurement signal and is therefore unknown. By this
fact, the actual interference suppression process is motivated.
To generate the synthetic signal, the PD signal measured using
the reference wire signal is fit with a mathematical function
and synthesized in continuous sequences to the synthetic PD
signal. The interference signal measured under real laboratory
conditions is added to this synthetic PD signal. To realize
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Fig. 2. Measurement setup with antenna (A), amplifier (V), reference
wire (R), MC, MI, decoupling impedance Zd, test voltage U0.

Fig. 3. PD reference signal (R)-section of a signal with over 100 PD.

a variation of the SNR, the synthetic PD signal is scaled
varying.

The interference suppression process is realized by the
wavelet denoising. There are different possibilities of variation
from the selection of the wavelet family, over the threshold
estimation up to the threshold rule. In the de-interference
process, the synthetic PD signals are fed to the wavelet
denoising by varying the parameters shown in Table I. All
listed wavelets as well as estimation methods and threshold
rules are tested and the most suitable combinations based on
the evaluation criteria are presented.

The evaluation is carried out with criteria, which on the
one hand evaluate the noise suppression and the PD impulse
detection and on the other hand with criteria, which evalu-
ate the influence of the interference suppression process on
the PD signal. The SNR before and after the interference
suppression and the NRR are used to evaluate the achieved
interference reduction. The reliability score of pulse detection
RSPD indicates how many of the PD pulses are detected
in the signal by the interference suppression process. The
RSME and Corr between the input signal and the out-
put signal are used to quantify how much the interference
suppression process affects the input signal. This includes
interference components that are not filtered out by the inter-
ference suppression process. To check the suitability of the
method for use in online monitoring, the running time 1t is
determined.

The best combinations resulting from the study with syn-
thetic PD signals are applied to the measured PD signal.
Finally, the SNR is estimated and the NRR after interference
suppression is calculated. The reliability score of pulse detec-
tion RSPD and running time 1t are also determined.

Fig. 4. PD comparison signal (MC)-section of a signal with over 100 PD.

Fig. 5. PD antenna signal (A)-section of a signal with over 100 PD.

III. DATA ACQUISITION

A. Measurement Recording of PD Signals

The measurement is performed using the measurement setup
shown in Fig. 2. In the measuring cell (MC) a needle-plane
arrangement is located, to which dc high voltage U0 is applied
to generate PD pulses. A copper wire (R) is placed around a
plastic ring of the measurement cell to detect the electromag-
netic PD reference signal, which is shown in Fig. 3. Due to
its conical design, the measurement cell has a characteristic
impedance of 50 �, allowing reflection- and interference-free
measurement of the PD current. Using a coaxial cable on
the ground side, the signal from the cell is transferred to the
oscilloscope measurement instrument (MI). Since this signal,
shown in Fig. 4 is interference-free and is clearly assigned
to the PD pulses, it is used as a comparison signal for later
evaluation of the reliability score of pulse detection. Thus,
it is used as a comparison to indicate using a reliability score
of pulse detection RSPD how many of the PD pulses are
actually contained in the interference-suppressed signal or
are incorrectly eliminated from the signal. In addition, the
remaining interference pulses are identified as such.

The non-contact detection is performed by a log-periodic
antenna (A) with a bandwidth of 30–2000 MHz, whose
measurement signal is forwarded to the oscilloscope MI via
an amplifier (V) with linear gain by a factor of 100 in the
range of the antenna bandwidth. The oscilloscope has an
analog bandwidth of 4 GHz and is used with a sampling
frequency of 20 GHz. The measurement signals are recorded
time-synchronously on all channels. This enables the men-
tioned evaluation of the successful detection of PD pulses
and the identification of remaining interference pulses by
using the comparison signal. The contactless acquired signal
is shown in Fig. 5. Clearly, visible is the superposition of
the PD pulses with interference, which makes detection and
subsequent analysis of the PD pulses impossible without data
processing. An interference signal is also detected by the
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Fig. 6. Synthetic PD pulse fit to reference signal.

Fig. 7. Synthetic PD pulse sequence-section of a signal with
over 100 PD.

antenna while the source is switched on and a voltage of 0 V
is applied.

B. Synthetic PD Signals
The synthetic PD signal is generated by a product of a rising

exponential function, a falling exponential function, and an
oscillating function defined by

f (t) = A1e−t/τ1 · A2(1 − e−t/τ2) · sin(2π f0 · t). (1)

The PD reference signal detected by the copper wire is used as
the target signal in this case. To fit the mathematical function to
this PD signal, 100 PD reference pulses are recorded with the
comparison signal as a trigger using a sequence measurement
mode. These pulses are first averaged and then the variables
in (1) are iteratively adjusted. Both signals are plotted in
Fig. 6. To produce a time signal containing over 100 PD
pulses, the fit function is continuously repeated, taking into
account the repetition rate in the PD reference signal. A section
of the PD signal synthesized in this way is shown in Fig. 7.

The synthetic PD signal and the interference signal mea-
sured with the antenna under real laboratory conditions are
superimposed to generate an interfered PD signal. Here, the
addition of the samples to a new total amplitude is performed
as shown in Fig. 8. To model signals with different SNRs,
the amplitude A of the synthetic PD signal is varied before
adding to produce a corresponding SNR. An amplitude of A =

0.1 V corresponds with an SNR of −24.5 dB, an amplitude
of A = 0.03 V corresponds with an SNR of −48.57 dB
and an amplitude of A = 0.01 V corresponds with an
SNR of −70.55 dB. Signals with a large negative SNR are
especially representative of broadband and contactless detected
PD signals, as they contain a lower energy level than ambient
noise and interferers, which are also detected by broadband
contactless antennas.

Fig. 8. Synthetic PD signal superimposed with interference (SNR =

−24,5 dB and A = 0,1 V)-section of a signal with over 100 PD.

IV. DENOISING PROCESS

In the context of wavelet denoising, after the DWT a manip-
ulation of the wavelet coefficients is performed according to
certain decision rules. After this, the signal is subsequently
transformed back by an inverse DWT (see Fig. 9).

A. Wavelet Transformation
The base function

ψς,τ (t) =
1

√
ς
ψ

(
t − τ

ς

)
(2)

is called base wavelet or mother wavelet [5], [21]. By varying
the scale factor ς and translational τ , the wavelet is com-
pressed or stretched and shifted along the analyzed signal.
The compression and stretching affect the center frequency and
bandwidth of the resulting bandpass filter [5]. In analogy to the
frequency in the context of the FFT, during a WT so-called
scales are used, which are inversely proportional to the fre-
quency. The wavelet transformed is given as follows [21]:

W (ς, τ ) = ⟨ f (t), ψς,τ (t)⟩ =

∫ ∞

−∞

f (t)ψς,τ (t)dt. (3)

The inverse transformation [21] into the time domain from the
wavelet transformed is defined by

f (t) =
1

Cψ

∫ ∞

0

∫ ∞

−∞

W (ς, τ )
1
ς2ψς,τ (t) dτ dς. (4)

If time signals are discrete, the conditions for applying the
DWT are given. For this, a multiscale analysis algorithm is
necessary. For 1-D time signals the subband coding by decom-
position into coefficients, which serve as a measure of the
similarity between the original function and the corresponding
basis function with specification of the scaling, is suitable for
the implementation [6], [21].

B. DWT: Decomposition Into Coefficients
In general, subband coding is used for analyzing by dividing

the signal into individual frequency subbands. Within the
DWT, the signal is applied to a low-pass filter and then
subsampled (usually by a factor of 2), and applied to a
high-pass filter and then subsampled as well. The output
of the low-pass filter is again given to such filtering by a
new high-pass and low-pass filter. The filter characteristic
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Fig. 9. Principle of wavelet denoising.

is realized by scaling the wavelet. The output values of the
lowpasses are called approximation coefficients cn , those of the
highpasses detail coefficients dn . The procedure is performed
N times depending on the level determination. The detailed
calculation of the coefficients is provided in [5], [6] and [21].

C. Threshold Rule and Threshold Estimation
During the wavelet denoising procedure, a threshold func-

tion ηT (w) is applied to the wavelet coefficients. The wavelet
coefficients w = {cn, dn} are adjusted in case of a hard
threshold rule [5], [6] according to

ηT (w) =

{
w, for |w| ≥ T
0, for else

(5)

and in case of a soft threshold rule [5], [6] according to

ηT (w) =


w − T, for w ≥ T
w + T, for w ≤ −T
0, for else.

(6)

The threshold T is estimated by appropriate procedures using
cost functions. A well-known method is the Stein’s unbiased
risk estimator (SURE), where the estimation of the risk is done
with a quadratic loss function [6]. Within the Bayes Estimator
(Bayes), the estimation is done by modeling a distribution
according to Bayes’ theorem. Within the false discovery date
estimator (FDR), a good ratio between false matches and
as many correct matches as possible is formulated and esti-
mated. The Minimax Estimator attempts to minimize the mean
squared error compared to an ideal procedure. The Universal
Threshold uses the estimation procedure of the Minimax
Estimator and multiplies the threshold by a proportionality
factor [7].

The variance of the noise is also unknown and has to
be estimated. This is done either level-independent based
on the highest level wavelet coefficient or level-dependent
based on the wavelet coefficient of each resolution level. More
information and further literature are given in [7].

V. EVALUATION PROCESS

A. Parameters for Evaluating Interference Suppression

The noise reduction is evaluated by the SNR

SNR = 10 · log
(∑n

i=1 si (t)2∑n
i=1 zi (t)2

)
(7)

in dB, which is the ratio between the average useful signal
power and the average interference power [5]. A positive value
means that the average useful signal power is higher than the
average interference power. In noncontact PD measurements
by antennas, the mean power of the PD signal is often much
lower than the power of the interference environment signals.
Therefore, negative dB values are expected here.

To calculate the SNR, a case differentiation is made between
the generation of the synthetic PD signal and the evaluation
of the process with the synthetic test signal. By generat-
ing the disturbed synthetic PD signal, an interference signal
zi (t) measured in the laboratory environment is added to
the synthetic PD signal si (t) to sz,i (t) = si (t) + zi (t),
resulting in the intended SNR before interference suppression.
Correspondingly, sden,i (t) describes the signal after inter-
ference suppression. After passing through the interference
suppression process, the signal sden,i (t) still contains residual
interference. The SNR of the signal resulting from the interfer-
ence suppression process is determined accordingly by relating
the ideal artificial PD signal to the remaining interference
component sden,i (t)− si (t).

Another case distinction is obtained by calculating the
SNR using the measured PD signal. Here, the SNR of the
measurement signal detected by the antenna is estimated by
relating the signal sden,i (t) after interference suppression to
the suppressed interference sz,i (t) − sden,i (t). Since no ideal
interference-free signal is available as an expected value,
the remaining residual noise after the suppression process is
impossible to determine.
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A further criterion for evaluating interference reduction is
the noise reduction rate

NRR = 10 · log

(
σ 2

s,z

σ 2
s,den

)
(8)

in dB [15], [19]. Here, the deviation of the signals before
and after interference suppression is related to each other. The
higher this value, the more positively the SNR is influenced.

B. Parameters for Evaluating Signal Distortion

To evaluate the influence of the interference suppression
process on the usable input signal, the synthetic PD signal
si (t), which is superimposed with interference to sz,i (t) and
passes the interference suppression process, is formulated as
an expected value. Based on this expected value, the distortion
of the resulting denoised signal sden,i (t) is determined. On the
one hand, the MSE

RMSE =

√√√√ 1
N

n∑
i=1

(sden,i (t)− si (t))2 (9)

[15], [17], [18] and on the other hand the correlation
coefficient

Corr =
1

N − 1

n∑
i=1

(
si (t)− si (t)

σs

)(
sden,i (t)− sden,i (t)

σs,den

)
(10)

[8], [15], [19] between the expected value si (t) and the actual
output signal sden,i (t) is calculated. An RMSE of 0 means
that the interference suppression process does not manipulate
the synthetic PD signal si (t). Here, it must be taken into
account that interference components remaining in the signal
after the interference suppression also influence the RMSE.
Accordingly, especially if the average useful signal power is
higher or at least not significantly lower than the interference
signal power, this indicator provides an evaluation basis for
the influence of the interference suppression process on the
useful signal. On the other hand, a Corr of 1 means that
the output signal fully matches the expected value, whereas
a value of 0 corresponds to no matching. Here, residual noise
components in the output signal also influence the value of
the parameter.

C. New Reliability Score of Pulse Detection

A new evaluation criterion is introduced, by which the relia-
bility of the pulse detection (RSPD) is evaluated quantitatively.
The reliability score of pulse detection RSPD is determined
by comparison with the comparison signal measured syn-
chronously at the MC and is used to evaluate whether PD
pulses are correctly detected from the signal as such or whether
interference pulses are incorrectly detected as PD pulses by

RSPD =
counted pulse events
expected pulse events

· 100. (11)

The score is given in %. Amplitudes are identified as pulses
if they are 30% above the average of the amount of the basic

interference level remaining after interference suppression
according to

Ap > 1.3 ·
1
n

n∑
i=1

|zden,i (t)|. (12)

With regard the qualification for online monitoring, the
running time 1t of the interference suppression process is
analyzed.

To evaluate the interference suppression by using a mea-
sured signal, only the NRR and the reliability score of pulse
detection RSPD are of interest since the original signal is not
available and therefore neither serves as an expected value nor
allows the determination of the residual interference.

VI. RESULTS AND DISCUSSION

A. Prestudy With Synthetic PD Signals

All wavelets listed in Table I as well as thresholding rules
and threshold estimation procedures are applied and combined
in the studies. In Tables II and III each of the two most suitable
orthogonal and biorthogonal wavelets and the corresponding
results of the evaluation criteria are shown. By using the
orthogonal wavelets of the Han linear-phase moments wavelet
family han.5.5 and the Discrete Meyer family dmey, the best
results are achieved in terms of interference reduction (SNR
and NRR) and PD pulse detection (RSPD) at lowest distortion
(RMSE and Corr) of the useful PD signal. Comparable results
are reached using the biorthogonal wavelets of the BiorSplines
family bior1.5 and the ReverseBior family rbio5.5.

The threshold estimation using the Universal Estimator
with hard as well as soft threshold rule and the estimation
using the Bayes Estimator and the Minimax Estimator with
soft threshold rule are the most suitable. All other methods
for threshold estimation result in a reliability score of pulse
detection RSPD > 150%, which means that 1/3 of the detected
pulses are interfering pulses. Above this value an unaccept-
able interference suppression performance of the method is
assumed, because only in the case of a very large SNR the
RSPD is less than 150%. Accordingly, these methods are
not suitable for PD pulse detection and are not listed in the
presentation of results. An RSPD > 150% also occurs partially
by using the methods shown in Tables II and III, especially
using the soft threshold rule.

As far as the running time 1t of the methods is mentioned,
all methods are suitable for online monitoring, as none of the
processes takes longer than 5 s.

B. Application to Measurement Data

Based on the results of the evaluation using the synthetic PD
signals, the best combinations are applied to the measurement
signal of the antenna shown in Fig. 5. The results are presented
in Table IV. The evaluation criteria regarding the distortion of
the signal due to the interference suppression process are not
used since no ideal signal is available as an expected value.
The NRR as well as the running time 1t and the reliability
score of pulse detection RSPD are evaluated. The SNR of
the measured signal is estimated by comparison with the
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TABLE II
EVALUATION CRITERIA OF INTERFERENCE SUPPRESSION WITH THE ORTHOGONAL WAVELETS HAN LINEAR-PHASE MOMENTS

AND DISCRETE MEYER WITH SYNTHETIC PD SIGNAL

TABLE III
EVALUATION CRITERIA OF INTERFERENCE SUPPRESSION WITH THE BIORTHOGONAL WAVELETS BIORSPLINES AND REVERSEBIOR WITH

SYNTHETIC PD SIGNAL

interference suppressed signal. Based on the RSPD and NRR,
the han5.5 wavelet (RSPD = 103.5%) and the rbio5.5 wavelet
(RSPD = 104.6%) using the Universal Estimator with soft

threshold rule are proven to be the optimal combination for
the interference suppression process to be applied to the
noncontact and broadband detected measurement signal.
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TABLE IV
EVALUATION CRITERIA OF INTERFERENCE SUPPRESSION USING MEASURED SIGNALS DETECTED BY CONTACTLESS BROADBAND ANTENNA

Fig. 10. Interference suppressed measured PD signal with han5.5 and
universal threshold hard-section with 8 PD of a signal with over 100 PD.

Fig. 11. Interference suppressed measured PD signal with han5.5 and
universal threshold soft-section with 8 PD of a signal with over 100 PD.

A closer look at the time signals in Figs. 10 and 11 shows
that due to the soft threshold rule the amplitudes of the PD
pulses are strongly distorted, according to the scattering of the
amplitude of the PD pulses. Compared to the interference-free
measurement signal from the measurement cell shown in
Fig. 4 and the reference wire signal shown in Fig. 3, there is
less expectable scatter in the maximum amplitudes of the PD
pulses. This indicates the necessary further formulation of an
additional evaluation criterion, which evaluates the influence
on the scatter of the amplitudes of the PD pulses, especially
with regard to a calibration within the context of the charge
determination.

In the evaluation process by using the synthetic signal, this
distortion of the pulse amplitudes also appears during the
visual review of the interference-suppressed signals. Applying
the threshold rule according to (6), all coefficients that are not
set to 0 are manipulated by the amount of threshold T , while

under the hard threshold rule according to (5) all coefficients
that are not set to 0 are kept unchanged. This causes a
nonnegligible distortion of the scattering in the amplitudes of
the PD pulses. It has to be taken into account that by using
the soft threshold rule in combination with other estimation
methods at least a better pulse detection is realized than with
the hard threshold rule.

VII. CONCLUSION AND OUTLOOK

Within the preliminary investigations with synthetic inter-
fered PD signals concerning the combination of all wavelets,
threshold estimation methods and threshold rules listed in
Table I, the orthogonal wavelets han5.5 and dmey as well as
the biorthogonal wavelets bior1.5 and rbio5.5 prove to be the
most qualified. By using the Universal Estimator with hard
and soft threshold rule as well as the Bayes Estimator and
the Minimax Estimator each using the soft threshold rule, best
pulse detection, and reconstruction is possible. From the study
with a synthetic signal, it is shown that these combinations
isolate all PD pulses and only a few interfering pulses even
in case of a strong noise and interference superposition of the
input signal.

Applying the most suitable wavelets and threshold estima-
tors to the PD measurement signals as shown in Table IV,
the best results are obtained using the han5.5 wavelet or the
bior1.5 wavelet with Universal Estimator and hard threshold
rule. The reliability score of pulse detection RSPD proves to
be the most important quality criterion.

A more detailed view at the interference-suppressed signals
shows that the amplitudes of the PD pulses are distorted by
the soft threshold rule, which leads to problems in the charge
determination. This results in the requirement of formulating
a further evaluation criterion, whereby the influence and
distortion of the amplitudes in the signal are evaluated and,
if necessary, corrected by a correction factor dependent on the
interference suppression method, in particular with regard to a
calibration procedure in the context of a charge determination.

With regard to the evaluation criteria, it is clear that criteria
evaluating the influence of the interference suppression process
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on the useful signal (RMSE and Corr) and the interference
reduction (SNR and NRR) are of importance. Furthermore,
it becomes evident that a new formulated criterion for the
RSPD provides a considerable contribution to the evaluation
of interference suppression methods in the context of PD
diagnosis. Through the use of this new criterion, it becomes
quantifiable if the PD pulses are isolated from the signal by
the interference suppression process and useful for further
processing such as classification or charge determination.
Regarding the running time, all methods have a running
time of less than 5 s and are therefore suitable for online
monitoring.
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