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Abstract: Partial discharge (PD) occurrence in power transformers can lead to irreparable damage to
the power network. In this paper, the inverse filter (IF) method to localize PDs in power transformers
is proposed. To the best of the authors’ knowledge, this is the first time that the inverse filter method
has been used to localize PD sources in the electromagnetic regime. The method comprises two
phases: the forward phase and the backward or backpropagation phase. In the forward phase, the
waveform emitted from the PD source is recorded with one or several sensors. In the backward phase,
the recorded signal is transformed into the frequency domain, inverted, transformed back into the
time domain, and then back injected into the medium. Finally, a suitable criterion is used to localize
the PD source. The efficiency of the proposed IF method is assessed considering different scenarios.
It is shown that, for the considered configurations, the proposed IF method outperforms the classical
time-reversal technique.

Keywords: partial discharge; inverse filter method; electromagnetic regime; source localization;
power transformer; deconvolution method; time-reversal method

1. Introduction

Diagnosing damage early in high-voltage equipment used in power systems has a
vital role in the stability of the network. Failures in the equipment can lead to irreparable
damage to the system. Partial discharge (PD) can occur in power transformers, gas-
insulated substations (GIS), and power cable installations [1]. PDs cause erosion and failure
in the equipment’s insulation and reduce reliability in the network, imposing an extra cost
for high-voltage installation owners. Therefore, monitoring partial discharge occurrence in
equipment is important to prevent hazardous consequences [2,3].

A PD is a localized electric discharge that occurs within the insulation of the medium
and has different measurable physical properties such as charge movement, acoustic
emission, EM radiation, and chemical reaction. Based on these properties, PD signals can
be detected by different techniques, including electrical, acoustic, ultra-high frequency
(UHF) electromagnetic, optical, and chemical detection. Some of these techniques can
diagnose PDs on-site and monitor in-service equipment [4,5].

PDs emit electromagnetic waves in the 300 MHz–3 GHz frequency range in the
surrounding medium [6]. Based on the onset time or angle information of the UHF signals
emitted by PDs, several electromagnetic methods have been developed, such as the time of
arrival (ToA) [7], time difference of arrival (TDoA) [8,9], and angle of arrival (AoA) [10,11]
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methods. Among them, TDoA is the most commonly used method to localize PDs inside
power transformers. In [12–14], a 3D PD localization method has been proposed to locate
PDs in power transformers based on TDoA. However, localization by TDoA is challenging
because the onset time of the arrival of the signal is hard to determine with sufficient
accuracy due to dispersion and noise. The TDoA method also needs at least four time-
synchronized sensors to operate. Another problem with TDoA is that it requires a line of
sight between the PD source and the sensors, a condition which is not always satisfied
because of the presence of transformer windings.

More recently, time reversal (TR) in both the electromagnetic (EMTR) and the acoustic
(ATR) regimes has been applied to locate PDs [15–18]. The TR technique can perform both
2D and 3D localization of multiple PD sources with only one sensor and does not require a
line of sight. A typical TR process includes three steps: (1) recording the PD-emitted field
by at least one sensor, (2) back injecting the time-reversed version of the measured signals
into the medium using numerical simulations, and (3) using a suitable criterion to obtain
the time and location at which the back-injected signals refocus. It should be noted that a
degradation in the accuracy of the localization is observed when the PD is located near a
metallic plane or object (within λmin/2, where λmin is the minimum wavelength) [17].

The inverse filter (IF) or deconvolution method is used as a technique to obtain the
temporal compression of the focal signal [19]. It has been shown [20] that the IF method
improves temporal and spatial focusing for both acoustic and elastic waves. It should be
noted that the IF method can be used to reconstruct the source signal as well.

In [21,22], the IF method is applied in image processing for image restoration and
reconstruction. It was shown in [23,24] that the IF method has tighter time-domain focusing
and its sidelobes are substantially smaller than the TR method.

In this paper, we propose using an IF-based method to locate PDs, which consists of
the following steps:

Step 1. The radiation from the (PD) source(s) is measured by a single sensor in the
time domain.

Step 2. The received signal is transformed into the frequency domain using the fast
Fourier transform (FFT). The obtained frequency-domain signal’s spectrum is multiplica-
tively inverted and then back transformed into the time domain.

Step 3. The time-domain signal obtained in Step 2 is back injected numerically from
the sensor into the simulation domain that contains the source.

Step 4. Finally, using a suitable criterion, the PD source is localized.
To the best of the authors’ knowledge, the IF method has not been used in the elec-

tromagnetic regime. Furthermore, it has not been applied to locate PD sources. In this
paper, we investigate for the first time the use of the IF method to localize PD sources in
power transformers in the electromagnetic regime. In this paper, the proposed method
will be named Electromagnetic Inverse Filter (EMIF) to distinguish it from the standard
electromagnetic time-reversal method, known as EMTR. The performance of the EMIF
method to localize the PD source will also be compared with that of the EMTR method.

The rest of the paper is organized as follows: In Section 2, we present the theory of the
proposed method. Two-dimensional and 3D numerical simulations applying the proposed
EMIF method to a power transformer are presented in Section 3, making reference to the
classical EMTR method. The conclusions of the paper are presented in Section 4.

2. Electromagnetic Inverse Filter Theory

Two main phases are needed to implement the proposed EMIF method, the forward
phase and the backward phase. To present the EMIF method, consider that there is one
sensor inside the power transformer tank. A PD occurring inside the transformer tank
emits an electromagnetic wave in the 300 MHz to 3 GHz frequency band which is recorded
by the sensor.
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The power transformer with the PD source and sensor can be considered a linear,
time-invariant (LTI) system. Ignoring the noise, the signal received by the sensor r(t) can
thus be obtained as follows,

r(t) = s(t) ∗ h(t) (1)

where s(t) is the PD source signal, h(t) is the impulse response (or time-domain Green’s func-
tion) that characterizes the propagation from the PD to the sensor, and ∗ is the convolutions
operator. In this paper, the noise is ignored. The oscillations in the time-domain Green’s
function are the result of the multiple reflections from the transformer walls. Figure 1
shows an example of the convolution process.
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Figure 1. Received signal by the sensor due to a PD source signal considering the transformer as a
linear, time-invariant system.

The time-domain Green’s function h(t) depends on the material and geometry of the
power transformer and on the location of both the PD source and the sensor inside the tank.

Converting Equation (1) into the frequency domain, the convolution operator (∗) is
replaced by multiplication as follows,

R(ω) = S(ω)H(ω) (2)

where ω is the angular frequency, and capital letters are used to represent the frequency-
domain transforms of the time-domain quantities [22].

The forward phase of the EMIF method process involves recording the signal R(ω)
at the sensor location due to a PD source signal. This can be done either directly in the
frequency domain or by measuring r(t) and using the Fourier Transform.

In the backward phase, the frequency-domain signal at the sensor location, R(ω), is
inverted and back injected into the medium from the sensor’s location. The back injection
is performed by simulation.

After back injecting the inverted signal, the whole computation domain is probed
using virtual (or test) sensors. Two cases can be considered in the backward phase. The
first case is when the test sensor is located at the actual PD source location. The second case
is when the test sensor is located at locations other than the actual PD source location.

In the first case, due to the reciprocity theorem, the transfer function of the backward
phase is identical to that of the forward phase. The signal received at a test point located at
the actual PD source, Y(ω), is obtained by multiplying the inverted signal by the transfer
function H(ω),

Y(ω) =
1

S(ω)H(ω)
H(ω) =

1
S(ω)

(3)

It can be seen in Equation (3) that the back-propagated signal at the PD source location
is equal to the inverted frequency-domain PD source signal.

In the second case, since the test point is located at an arbitrary point except for the
actual PD source location, the transfer function of the backward phase G(ω) is different
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from that in the forward phase H(ω). This means that the received signal Y(ω) at the test
point is given by

Y(ω) =
1

S(ω)H(ω)
G(ω) =

1
S(ω)

G(ω)

H(ω)
(4)

According to Equation (4), the received signal at points other than the actual PD source
location is different from the inverted function of the frequency-domain PD source signal.

Since the PD source signal is a short-duration signal, we assume here, as an example
(we will use another waveform later on in the simulations), that the PD source signal is
a Dirac delta function δ(t). Therefore, when the test point coincides with the actual PD
source location, the received signal is a Dirac delta function δ(t) as well. At other test
points, according to Equation (5), when the PD source is a Dirac delta function δ(t), the
received time-domain signal at the test point is given by

y(t) = IFT
{

G(ω)

H(ω)

}
(5)

where IFT is the inverse Fourier transform [20]. It can be seen that the width of the
reconstructed signal at any test point except the actual PD location is nonzero.

Note also that Equation (3) can be rewritten as:

Y(ω) =
1

S(ω)
=

S(ω)

|S(ω)|2
(6)

where is the conjugate operator, which corresponds to the time-reversal operation in the
time domain. This shows inverse filtering can actually be considered as a time-reversal
technique with magnitude compensation in the frequency domain [24].

Avoiding Division by Zero in the Inverted Frequency-Domain Signal

Inverting frequency-domain quantities requires special care when they take zero or
close to zero values. To cope with this problem, the inverted frequency-domain signal used
in the backward phase can be mathematically manipulated as follows:

1
S(ω)H(ω)

=
1

S(ω)H(ω)

S(ω)H(ω)

S(ω)H(ω)
=

S(ω) H(ω)

|S(ω)H(ω)|2
(7)

where, again, is the conjugate operator and || is the absolute operator. If S(ω)H(ω) = 0
at a given frequency, the denominator of Equation (7) becomes zero. To avoid division by
zero in the EMIF method in calculating Equation (7), a constant term, ε, dependent on the
mean value of the received signal in the frequency domain is added to the denominator.

S(ω) H(ω)

|S(ω)H(ω)|2 + ε
(8)

where
ε = α mean

(
|S(ω)H(ω)|2

)
(9)

In (9), α is a constant chosen to optimally reduce the effect of noise introduced through
the inverse filtering procedure. It has been set to 0.9 as suggested by Douma and Neiderlei-
thinger in [24].

Equation (8) is used to invert the frequency-domain signal in the backward phase.
After that, the time-domain waveform of the inverted signal is obtained and back injected
into the medium. According to Equation (3), the reconstructed signal should have a high
spatiotemporal concentration at the location of the actual PD source.
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3. Numerical Simulations and Results

This section aims at evaluating the performance of the EMIF method to localize PD
sources in power transformers. The section is divided into three subsections. In Section 3.1,
a simple 2D model is used to represent the transformer tank. The windings inside the
transformer tank are modeled using metallic cylinders. Using a 2D model leads to a reduced
computation time for the forward and backward phases needed in the proposed EMIF
method. In Section 3.2, the performance of the EMIF method is evaluated using a simple
3D model for the transformer. The assumed model is simulated using the commercial
software CST-MWS. In both subsections, comparisons between the proposed method and
classical EMTR are also provided. Finally, in Section 3.3, a laboratory transformer model
implemented in the CST-MWS software is used to assess the performance of the proposed
method to localize a PD source inside a realistic power transformer tank.

3.1. 2D Transformer Model

Figure 2 shows the adopted 2D model to simulate a three-phase transformer. The
transformer tank is modeled by a rectangular shape. Its length and width, l and w, are
equal to 1000 mm and 500 mm, respectively. The material of the transformer walls is
considered to be a perfect electric conductor. The three solid cylindrical windings inside
the transformer are modeled as three metallic a/2 = 100 mm radius circles. The circular
barriers in Figure 2 represent the outer radius of the three-phase transformer windings.
The center of the middle winding coincides with the center of the tank. The edge-to-edge
distance between two adjacent windings is b = 50 mm. The considered model for the 2D
transformer is symmetric about the x and the y axes. The transformer tank is considered to
be empty. In other words, no insulating equipment (such as paper pressboard) or magnetic
circuit (core) is considered in the transformer tank. Note that, even though the model
used here is a simplified transformer model, it has been shown that the performance of the
time-reversal method is improved in more complex and heterogeneous media due to the
effect of multiple reflections [25].
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Figure 2. The geometry of the 2D transformer model.

In Figure 2, the locations of the PD source (point #1) and sensor (point #2) are denoted
by a black circle and a triangle, respectively. The shown locations of the PD source and
sensor in Figure 2 are arbitrary and they are shown only for illustration purposes. In
all the 2D simulations, one sensor and one PD source are considered. To implement the
proposed EMIF method, a cosine-modulated Gaussian pulse is considered for the PD source
signal, as shown in Figure 3a. The magnitude of the frequency-domain transform of this
cosine-modulated Gaussian pulse is shown in Figure 3b,c in linear and logarithmic scale,
respectively. The center frequency and bandwidth for the signal in Figure 3 are 3 GHz and
3 GHz, respectively. Depending on the case study, different values for the bandwidth and
frequency center are used in this paper.
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For the 2D simulations, five case studies (CS#1 to CS#5) are considered with different
locations of the source and the sensor (see Table 1). In the first and second case studies, the
windings (see Figure 2) are not included in the model.

Table 1. The list of case studies in the 2D simulations.

Case Studies Windings Incl.
(Y/N)

Sensor Location
(x,y) m

Source Location
(x,y) m

Center Frequency,
Bandwidth (GHz)

CS#1 N (−0.25, 0.2) (0.25, −0.2) 3, 3

CS#2 N (−0.35, −0.2) (0.3, 0.24) 3, 3

CS#3 Y (−0.25, −0.2) (0.125, 0.0) 3, 3

CS#4 Y (−0.25, 0.2) (0.25, −0.125) 1.5, 1.5

CS#5 Y (−0.25, 0.2) (0.125, 0.0) 2.0, 1.5
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The 2D finite-difference time-domain (FDTD) technique was used to solve Maxwell’s
equations in the transverse magnetic mode. In other words, one electric field component (Ez)
and two magnetic field intensity components (Hx and Hy) will be used to solve Maxwell’s
equations. In the FDTD technique, equally spaced mesh cells along the x and y axes are
considered with a length of 2.5 mm. The time step used in the simulations, rounded to one
decimal place, is 5.3 picoseconds. It should be noted that the sensor is modeled using a
single-point field probe that records the electric field calculated by the FDTD method.

3.1.1. CS#1: Transformer Tank Model without Windings

In this case study, the source and sensor locations are respectively at positions (0.25 m,
−0.2 m) and (−0.25 m, 0.2 m). The excitation signal for the source is shown in Figure 3.
The number of iterations in the FDTD simulation is 8192 time steps (corresponding to a
time window of 43 ns).

Figure 4a,b show the time- and normalized frequency-domain waveforms of the
electric field intensity recorded by the sensor. The resonance shown in Figure 4a is due to
the multiple reflections from the walls of the transformer tank. To apply the proposed EMIF
method, the inverted version of the signal received by the sensor in the frequency domain
is calculated using Equation (8) with α = 0.9. The normalized inverted frequency-domain
signal received by the sensor is shown in Figure 4c. This inverted signal is transformed to
the time domain using the inverse fast Fourier transform and then back injected into the
transformer tank model.

Energies 2022, 15, x FOR PEER REVIEW 7 of 21 
 

 

CS#5 Y (−0.25, 0.2) (0.125, 0.0) 2.0, 1.5 

The 2D finite-difference time-domain (FDTD) technique  was used to solve Maxwell’s 
equations in the transverse magnetic mode. In other words, one electric field component 
(Ez) and two magnetic field intensity components (Hx and Hy) will be used to solve Max-
well’s equations. In the FDTD technique, equally spaced mesh cells along the x and y axes 
are considered with a length of 2.5 mm. The time step used in the simulations, rounded 
to one decimal place, is 5.3 picoseconds. It should be noted that the sensor is modeled 
using a single-point field probe that records the electric field calculated by the FDTD 
method. 

3.1.1. CS#1: Transformer Tank Model without Windings 
In this case study, the source and sensor locations are respectively at positions (0.25 

m, −0.2 m) and (−0.25 m, 0.2 m). The excitation signal for the source is shown in Figure 3. 
The number of iterations in the FDTD simulation is 8192 time steps (corresponding to a 
time window of 43 ns). 

Figure 4a,b show the time- and normalized frequency-domain waveforms of the elec-
tric field intensity recorded by the sensor. The resonance shown in Figure 4a is due to the 
multiple reflections from the walls of the transformer tank. To apply the proposed EMIF 
method, the inverted version of the signal received by the sensor in the frequency domain 
is calculated using Equation (8) with 𝛼 = 0.9. The normalized inverted frequency-domain 
signal received by the sensor is shown in Figure 4c. This inverted signal is transformed to 
the time domain using the inverse fast Fourier transform and then back injected into the 
transformer tank model. 

 
(a) 

 
(b) 

El
ec

tri
c 

fie
ld

 (V
/m

)
N

or
m

al
iz

ed
 a

m
pl

itu
de

Figure 4. Cont.



Energies 2022, 15, 1988 8 of 21
Energies 2022, 15, x FOR PEER REVIEW 8 of 21 
 

 

 
(c) 

Figure 4. (a) The time-domain signal received by the sensor; (b) the normalized frequency-domain 
signal (magnitude) received by the sensor (logarithmic scale); (c) the normalized inverted signal 
(magnitude) received by the sensor in the frequency domain (logarithmic scale). 

After doing the backward simulation using the FDTD method with the same param-
eters as in the forward phase, the distribution of the normalized maximum electric field 
power over the whole time interval is shown in Figure 5a. In all the figures, the colors 
represent the intensity of the represented quantity. In that figure, the red circle (o) and 
black cross (×) show the actual and estimated source locations, respectively. The location 
of the sensor is shown by the pink square (□) in Figure 5a. An expanded view of the region 
close to the source location is shown in the figure inset. The localization error for the pro-
posed EMIF method is zero. In Figure 5, to estimate the location of the source, the maxi-
mum power criterion proposed in [18] is used. The length of the square mask window 
around the sensor (used to exclude the sensor from the maximum power search domain) 
is 25 cells along the x- and y-axes. 

 
(a) 

 
(b) 

N
or

m
al

iz
ed

 a
m

pl
itu

de

Figure 4. (a) The time-domain signal received by the sensor; (b) the normalized frequency-domain
signal (magnitude) received by the sensor (logarithmic scale); (c) the normalized inverted signal
(magnitude) received by the sensor in the frequency domain (logarithmic scale).

After doing the backward simulation using the FDTD method with the same param-
eters as in the forward phase, the distribution of the normalized maximum electric field
power over the whole time interval is shown in Figure 5a. In all the figures, the colors
represent the intensity of the represented quantity. In that figure, the red circle (o) and black
cross (×) show the actual and estimated source locations, respectively. The location of the
sensor is shown by the pink square (�) in Figure 5a. An expanded view of the region close
to the source location is shown in the figure inset. The localization error for the proposed
EMIF method is zero. In Figure 5, to estimate the location of the source, the maximum
power criterion proposed in [18] is used. The length of the square mask window around
the sensor (used to exclude the sensor from the maximum power search domain) is 25 cells
along the x- and y-axes.

Energies 2022, 15, x FOR PEER REVIEW 8 of 21 
 

 

 
(c) 

Figure 4. (a) The time-domain signal received by the sensor; (b) the normalized frequency-domain 
signal (magnitude) received by the sensor (logarithmic scale); (c) the normalized inverted signal 
(magnitude) received by the sensor in the frequency domain (logarithmic scale). 

After doing the backward simulation using the FDTD method with the same param-
eters as in the forward phase, the distribution of the normalized maximum electric field 
power over the whole time interval is shown in Figure 5a. In all the figures, the colors 
represent the intensity of the represented quantity. In that figure, the red circle (o) and 
black cross (×) show the actual and estimated source locations, respectively. The location 
of the sensor is shown by the pink square (□) in Figure 5a. An expanded view of the region 
close to the source location is shown in the figure inset. The localization error for the pro-
posed EMIF method is zero. In Figure 5, to estimate the location of the source, the maxi-
mum power criterion proposed in [18] is used. The length of the square mask window 
around the sensor (used to exclude the sensor from the maximum power search domain) 
is 25 cells along the x- and y-axes. 

 
(a) 

 
(b) 

N
or

m
al

iz
ed

 a
m

pl
itu

de

Figure 5. The distribution of the normalized maximum electric field power over the whole time
interval in the computational domain, (a) obtained by the EMIF method and (b) obtained by the
EMTR method. The localization errors are 0 for EMIF and 25 mm for EMTR.
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For the sake of comparison, the distribution of the normalized maximum electric field
power over the computational domain obtained using the classical EMTR method is shown
in Figure 5b. An expanded view for the source region is also shown in the figure inset.
The red circle (o) and the black cross (×) show the actual and estimated source locations,
respectively. The localization error with the EMTR method is 2.5 mm, namely, equal to a
mesh cell.

It can be seen that both the EMIF and the EMTR methods can easily localize the source
inside the transformer tank with only one sensor. The accuracy of the EMIF method appears
to be better than that of the EMTR method for this specific case.

3.1.2. CS#2: Localization of a PD Source Close to a Metallic Wall

In the second case study, CS#2, the performance of the EMIF method is compared to the
EMTR method when the PD is located in the immediate vicinity of the metallic transformer
wall. In this case, the source is located at point (0.3 m, 0.24 m), 10 cm away from the metallic
wall, while the sensor is located at (−0.35 m, −0.2 m). The other parameters are the same
as in CS#1.

Figure 6a,b show the distribution of the normalized maximum electric field power
over the computational domain obtained by using the EMIF and the EMTR methods. In
this figure, the red circle (o) and the black cross (×) show the actual and estimated source
locations, respectively. The location of the sensor is denoted by the pink square (�). The
length of the square mask windows used in the EMIF and EMTR methods is 20 cells [18].
An expanded view of the region around the source is shown in the insets to highlight the
performance of both methods. The localization errors are, respectively, 10.3 mm and 17.5
mm for the proposed EMIF method and the classical EMTR method. This shows that EMIF
performs better than EMTR in locating sources close to metallic walls.
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3.1.3. CS#3: Localization of a PD Source between Two Metallic Windings

In the third case study, CS#3, three circular barriers representing the transformer
windings are included in the transformer model. The windings are considered perfect
electric conductor circles. The considered source is located between two windings. The
coordinates of the PD source and the sensor are (0.125 m, 0.0 m) and (−0.25 m, −0.2 m),
respectively. All the other parameters of the FDTD simulations are the same as in the first
case study, CS#1.

The distributions of the normalized maximum electric field power over the com-
putational domain obtained by the EMIF and EMTR methods are shown in Figure 7a,b,
respectively. In this figure, the location of the sensor is denoted by the pink square (�). The
red circle (o) and the black cross (×) show the actual and estimated source locations. An
expanded view of the region around the source is shown in the EMIF figure inset.
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Figure 7. The distribution of normalized maximum electric field power over the complete simulation
time interval on the computational domain, (a) obtained by the EMIF method with a 2.5 mm localiza-
tion error and (b) obtained by the EMTR method with a 75.0 mm localization error. In this case study,
the EMTR method cannot localize the source between two adjacent metallic objects.

The localization errors are 2.5 mm and 75.0 mm for the proposed EMIF method and
EMTR, respectively. The length of the square mask windows used in both the EMIF and
EMTR methods is 20 cells [18]. This case study shows that the proposed EMIF method is
able to solve one of the main problems to localize sources located between the two adjacent
metallic objects [17]. In this case study, the EMIF method shows a better performance
compared to the classical EMTR method again.



Energies 2022, 15, 1988 11 of 21

3.1.4. CS#4: Localization of PD Source behind the Metallic Windings

In this case study, in addition to the presence of circle barriers or windings in the
transformer tank, the PD source is behind the farthest metallic winding from the sensor.
Note that, in this case study, compared to CS#3, no direct line of sight exists between the
sensor and the PD source. In other words, the source of PD is hidden from the view of
the sensor. The PD location coordinates are (0.25 m, −0.125 m), and the sensor is located
at the point (−0.25 m, 0.2 m). The PD source signal in this case study is assumed to be a
cosine-modulated Gaussian pulse with a bandwidth and a frequency center of 1.5 GHz.
Due to the reduction in bandwidth in this example and to the location of the PD source
behind the transformer winding, the localization is more challenging compared to the
previous cases.

The number of iterations for CS#4 is 16,384 time steps, corresponding to around 87 ns.
All the other parameters are the same as CS#1.

Figure 8a,b show the simulation results obtained by the EMIF method and the EMTR
method, respectively. In this figure, the location of the sensor is denoted by the pink square
(�). The red circle (o) and the black cross (×) show the actual and estimated source locations.
An expanded view of the region around the source for the EMIF method is shown in the
figure inset.
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Figure 8. The distribution of normalized maximum electric field power over the complete simulation
time interval on the computational domain, (a) obtained by the EMIF method with a 12.7 mm
localization error and (b) obtained by the EMTR method with a 25.7 mm localization error.

The localization errors for the proposed EMIF method and EMTR are 12.7 mm and
25.7 mm, respectively. Again, the EMIF method shows a better performance compared to
the classical EMTR method. The lengths of the square mask windows used in both the
EMIF and EMTR methods are 30 and 20 cells along the x- and y-axes, respectively [18].
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3.1.5. CS#5: Localization of a PD Source between the Metallic Windings

In the fifth case study, the location of the PD source and the sensor are (0.125 m, 0.0 m)
and (−0.25 m, 0.2 m), respectively. The considered center frequency and bandwidth of
the PD source waveform are 2.0 GHz and 1.5 GHz, respectively. All the other parameters
are the same as in CS#4. Compared to CS#3, the center frequency and bandwidth of the
excitation signal are reduced in this case study.

Figure 9a,b show the simulation results obtained by the EMIF and EMTR methods. In
this figure, the location of the sensor is denoted by the pink square (�). The red circle (o)
and the black cross (×) show the actual and estimated source locations. An expanded view
of the region around the source for the EMIF method is shown in the figure inset.
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Figure 9. The distribution of normalized maximum electric field power over the complete simulation
time interval on the computational domain, (a) obtained by the EMIF method with a 25.1 mm
localization error, (b) obtained by the EMTR method with a 57.5 mm localization error. In this case
study, the EMTR method cannot localize the source between two adjacent metallic objects.

The localization errors are 25.1 mm and 57.5 mm for the proposed EMIF method and
for EMTR, respectively. Again, the EMIF method outperforms the classical EMTR method.
The lengths of the square mask windows used in the EMIF and the EMTR methods are 30
and 20 cells along the x- and y- axes, respectively [18].

The degradation in the accuracy of the EMTR localization when the PD is located near
a metallic plane or object (within λmin/2, where λmin is the minimum wavelength of the
source) has been discussed in [17]. For the same reason, the EMIF location accuracy is also
reduced but not as much as in the EMTR method, as indicated by the results associated
with case studies CS#2, CS#3, and CS#5. This is essentially because the upper 3 dB cutoff
frequency used for the EMIF method is higher than for the EMTR method (more energy in
the higher frequencies), making λmin/2 smaller.
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In all the case studies, the obtained localization error by the EMIF method is signifi-
cantly lower than that obtained using the EMTR method. The values of the localization
error by both methods are summarized in Table 2.

Table 2. Localization errors by the EMIF and the EMTR methods in all 2D simulation case studies.

Localization Error (mm) by:

Case Studies EMIF Method EMTR Method

CS#1 0 25

CS#2 10.3 17.5

CS#3 2.5 75

CS#4 12.7 25.7

CS#5 25.1 57.5

3.2. A Simple 3D Transformer Model

In this section, a simple 3D model for the transformer tank is considered as shown in
Figure 10. The size of the considered 3D tank is 1000 × 500 × 500 mm3 in the direction of
the x-axis, the y-axis, and the z-axis, respectively. The tank walls are assumed to be perfect
electric conductors. Here, the 3D simulation commercial software CST-MWS is used to
implement both the forward and backward simulations in the EMIF and EMTR methods.
CST-MWS uses the finite integration technique (FIT) to solve Maxwell’s equations in the
time domain.
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Figure 10. The geometry of the 3D transformer tank for simulation.

To model the sensor, a dipole antenna with a center frequency of 1 GHz is considered.
The length, diameter, and gap parameter for this dipole antenna are 135 mm, 5 mm, and 20
mm, respectively. As shown in Figure 10, the direction of the dipole antenna is along the
z-axis. A 72-Ohm resistance is used at the input of the dipole antenna. The center of the
dipole antenna is placed at point (−0.25 m, −0.1 m, 0.15 m) inside the transformer tank.

To model the PD source, a discrete port is modeled inside the transformer tank. The
center of the PD source is (0.3 m, 0.16 m, −0.1 m). A Gaussian pulse with a bandwidth
of 3 GHz and 30 ns delay with respect to the one shown in Figure 3a is used to excite the
PD source. The minimum and maximum frequencies in the CST-MWS are 0 and 3 GHz,
respectively. The length and direction of the PD source are 20 mm and along the z-axis,
respectively.

In the backward phase for both EMIF and EMTR, the electric field intensities over
three orthogonal planes containing the PD source are monitored. To localize the PD source,
the maximum field power criterion [18] is used over these three planes. In the backward
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phase, the PD source is removed from the simulation model. The number of mesh cells and
the time step used in the CST-MWS software are 1,292,000 and 4.89 ps, respectively.

To implement the EMIF method, the simulation in CST-MWS is done for the forward
phase. The recorded signal at the output of the dipole antenna is exported from CST-MWS
and transformed to the frequency domain. Figure 11a,b show the time-domain waveform
recorded by the dipole antenna and its normalized frequency-domain magnitude spectrum.
The reason for the time fluctuations in the time-domain signal is the multiple reflections
from the metallic walls of the transformer tank.

Energies 2022, 15, x FOR PEER REVIEW 14 of 21 
 

 

In the backward phase for both EMIF and EMTR, the electric field intensities over 
three orthogonal planes containing the PD source are monitored. To localize the PD 
source, the maximum field power criterion [18] is used over these three planes. In the 
backward phase, the PD source is removed from the simulation model. The number of 
mesh cells and the time step used in the CST-MWS software are 1,292,000 and 4.89 ps, 
respectively. 

To implement the EMIF method, the simulation in CST-MWS is done for the forward 
phase. The recorded signal at the output of the dipole antenna is exported from CST-MWS 
and transformed to the frequency domain. Figure 11a,b show the time-domain waveform 
recorded by the dipole antenna and its normalized frequency-domain magnitude spec-
trum. The reason for the time fluctuations in the time-domain signal is the multiple reflec-
tions from the metallic walls of the transformer tank. 

 

(a) 

 

(b) 

 

(c) 

Figure 11. The signal received by the sensor installed in the 3D transformer tank modeled in the 
CST-MWS software: (a) time-domain waveform; (b) normalized magnitude spectrum of the time-
domain waveform; (c) normalized magnitude spectrum of the inverted signal. 

Am
pl

itu
de

 (A
)

Am
pl

itu
de

Am
pl

itu
de

Figure 11. The signal received by the sensor installed in the 3D transformer tank modeled in the CST-
MWS software: (a) time-domain waveform; (b) normalized magnitude spectrum of the time-domain
waveform; (c) normalized magnitude spectrum of the inverted signal.

The signal received by the dipole antenna is inverted according to Equation (8) and
transformed back into the time domain. The normalized magnitude spectrum of the
inverted signal is shown in Figure 12c. Finally, in the backward phase, the time-domain
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version of the inverted signal is back injected into the CST-MWS model of the transformer
without the discrete port used to model the PD source.
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Figure 12. The distribution of normalized maximum electric field power over the complete simulation
time interval in the computational domain for (a) cut-plane y = 0.16 m, (b) cut-plane z = −0.10 m,
and (c) cut-plane x = 0.3 m. The black crosses (×) show the estimated location for the PD source. The
localization error of the proposed EMIF method is 5 mm. In Equation (8), the parameter α used in the
EMIF method is 0.9.

Figure 12a–c show the distribution of the normalized maximum electric field power
over the computational domain obtained by the EMIF method in the three orthogonal
cut-planes. In these figures, the estimated PD location is shown by the black cross (×).
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If the center of the discrete port is considered as the actual location of the PD source,
the 3D localization error in the EMIF method is 5 mm. The 3D localization error is defined
as the 3D distance between the center of the discrete port used for the PD source and the
estimated location obtained by the maximum field criterion. As in the 2D case studies
presented earlier, here we use 0.9 as the value of the parameter α in the EMIF method.

Figure 13a–c show the distribution of the normalized maximum electric field power
over the computational domain in three orthogonal cut-planes, obtained by the classical
EMTR method. In these figures, the estimated PD location is shown by the black cross (×).
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Figure 13. The distribution of normalized maximum electric field power over the complete simulation
time interval in the computational domain for (a) cut-plane y = 0.16 m, (b) cut-plane z = −0.10 m,
and (c) cut-plane x = 0.3 m. The black crosses (×) show the estimated location for the PD source. The
localization error of the classical EMTR method is 15.1 mm.
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The 3D localization error in the EMTR method is about 15.1 mm. As for the 2D
simulations, EMIF appears to be more accurate than EMTR in locating PD sources in 3D.

It is obvious from Figure 11b that the received signal has no significant frequency
content beyond 3 GHz. On the other hand, as can be seen from Figure 11c, the inverted
signal in the frequency domain has significant frequency content up to 4.5 GHz. This
increase in the frequency bandwidth is one of the main reasons explaining why EMIF
outperforms EMTR.

A comment is in order on the choice of the parameter α in Equation (8). So far, a
value α = 0.9 was adopted in the EMIF method simulations. This choice was based on
reference [24], in which by changing the value of α, the temporal focus is calculated and
it is shown that, by setting α = 0.9, the maximum temporal focusing can be achieved. To
evaluate the effect of the parameter α on the performance of the EMIF method, the last 3D
case studies are repeated for the EMIF method for different values of α. In these simulations,
the parameter α is varied from 0.1 to 100.

Figure 14 shows the distribution of the normalized maximum electric field power over
the whole time interval in the computational domain for different values of α from 0.1 to
100 in the EMIF method (see Equation (8)). It can be seen that the variation of α can affect
the focal spot and the localization error in the EMIF.
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Figure 14. The distribution of the normalized maximum electric field power over the complete
simulation time interval in the computational domain for different values of α.

By increasing the parameter α, both the focal spot sharpness and the accuracy are
degraded. Based on the authors’ experience and multiple simulations (not included in this
paper), the range for α that yields the best EMIF results is (0.1–5). It should be noted that
more investigation is needed to determine this range for other applications.

3.3. A More Realistic 3D Transformer Model

In the last case study, a more realistic transformer model is adopted. The model
consists of a transformer tank [26,27] with a size of 1200 × 800 × 730 mm, as shown in
Figure 15a. The model allows for the installation of up to five electromagnetic antennas to
record the PD-emitted signals: one on the sidewall, two in the oil drain, and two on the top
cover, as shown in Figure 15b.
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oil drain valve [27]. 
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in the center of the tank, the PD source modeled in CST-MWS was also located in this 
position. A Gaussian signal with a bandwidth of 3 GHz was used to excite the PD in this 
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the electric field inside the tank, the monitoring region was restricted to a 40-cm3 cubic 
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locations of the PD source obtained by the maximum field power criterion. It can be seen 
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have not been presented here.  

Figure 15. Realistic transformer tank. (a) Test setup arranged in the high-voltage laboratory;
(b) schematic diagram of the transformer tank: 1—inspection hatch with UHF sensors (or plain
cover); 2—inspection hatch with the dielectric window made of poly (methyl methacrylate) (PMMA);
3—oil drain valve [27].

Since the PD in the laboratory tests was produced by the electrode system installed in
the center of the tank, the PD source modeled in CST-MWS was also located in this position.
A Gaussian signal with a bandwidth of 3 GHz was used to excite the PD in this location.
The PD signal was injected through a discrete port in CST-MWS in the forward phase.

Due to the requirement of high memory resources for the backward phase to record
the electric field inside the tank, the monitoring region was restricted to a 40-cm3 cubic
region around the electrode system.

Figure 16 shows the distribution of the normalized maximum electric field power
over the whole time interval for a square with a length of 40 cm around the electrode
system obtained by the EMIF method. In this figure, the red crosses (×) show the estimated
locations of the PD source obtained by the maximum field power criterion. It can be seen
that the localization error is near zero (5 mm). The actual PD location is considered in the
center of the gap used to excite the electrode system. To excite the electrode system shown
in Figure 17, a discrete edge port is used in the CST-MWS model. It should be noted that
the same results have been obtained for the EMTR method. Therefore, the EMTR results
have not been presented here.
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Figure 17. Realistic transformer tank 3D model used in CST-MWS: 1—110 kV transformer bushing;
2—discrete port used in CST-MWS to model the PD source located at the lower terminal of the
bushing.

4. Conclusions

In this paper, a single-sensor EMIF (inverse filter method in the electromagnetic
regime) method to localize PD sources in power transformers is proposed. Numerous 2D
and 3D simulations have been presented to assess the performance of the proposed method.
The simulation results show that the presented method is able to localize PDs with suitable
accuracy using only one single sensor.

The presented simulation results also suggest that, for the conditions used in this
study, the EMIF method shows better performance compared to the classical EMTR method
in dealing with challenging problems involving PD sources close to metallic objects or
between two metallic objects with a short distance between them.

In the last part of the paper, a simulation example is presented to show the performance
of the EMIF method to locate PDs in a realistic power transformer tank.

One of the challenges of the application of the proposed model to real transformers is
the need to accurately model the transformer. Indeed, the method’s performance might be
affected by any mismatch between the model and the real transformer tank. Future work
will be devoted to the experimental validation of the proposed EMIF method. The EMIF
method’s performance is generally impacted by the spectrum of the source. For PDs, the
EMIF method improves the location accuracy since the inverse signal has a wider spectrum.
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When an arbitrary source produces a narrow-bandwidth signal, the inverted signal would
have a lower bandwidth, resulting in a worse accuracy than conventional EMTR.
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