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Abstract: This work presents a novel diagnostic method to localize Partial Discharges (PDs) inside
Medium Voltage (MV) and High Voltage (HV) equipment. The method is well suited for that
equipment presenting a bounded domain with fixed Boundary Conditions (BCs) such as Oil-Filled
Power Transformers (OFPTs), Air Insulated Switchgears (AISs), Gas Insulated Switchgears (GISs) or
Gas Insulated Transmission Lines (GILs). It is based on Electromagnetic (EM) measurements which
are used to reconstruct the EM field produced by the PD and localize the PD itself. The reconstruction
and localization tasks are based on the eigenfunctions series expansion method which intrinsically
accounts for the physical information of the propagation phenomenon. This fact makes the proposed
diagnostic method very robust and accurate even in real and complex scenarios. The promising
experimental results, obtained in two different test cases, confirmed the ability and powerfulness of
the proposed PD localization method.

Keywords: partial discharges; antenna; localization; eigenfunctions; IEC TS 62478:2016

1. Introduction

Nowadays, especially in Medium Voltage (MV) and High Voltage (HV) systems, the
electrical insulation of each apparatus is a critical aspect to be monitored. In presence of
an improper components installation or material manufacturing defects, insulation parts
are subjected to an high and inhomogeneous electric field which causes Partial Discharges
(PDs) [1]. A PD consists of a displacement of electric charges which is responsible for a
localized thermal dissipation that implies a progressive deterioration of dielectric compo-
nents eventually leading to a breakdowns [1–3]. Hence, in order to ensure the electrical
systems safety and reliability and, in order to prevent catastrophic failures and consequent
high outage costs, an effective diagnostic method is necessary to detect and localize PDs.

At present, PD diagnostics is applied to power cables, rotating machines, electrical
switchgears (i.e., air or gas insulated), power transformers (i.e., resin dry-type or oil-filled)
and insulated transmission lines. It mainly consists of signal acquisition and subsequent
signal processing [4–8]. PD signal acquisition is in general difficult to perform since
the discharge channel is very narrow (with a radius of hundred of micrometers), the
phenomenon evolves in a very short time (tens of ns) and it presents a limited small
amount of emitted energy.

PDs measurements are carried out using the conventional approach according with
IEC 60270 [9] (i.e., electric current and voltage measurements) or the unconventional
approach according with IEC 62478 [10] (i.e., electromagnetic and acoustic measurements).
This latter is suitable to both PD detection and localization, which is carried out using
the Time Difference Of Arrival (TDOA) [11–13] or the Received Signal Strength (RSS)
measurements [14,15]:

• TDOA is the time required by the signal to propagate from a reference receiver,
that is,~r1, to the i-th receiver~ri. Mathematically, this concept is expressed with the
measurement model
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‖~rs −~ri‖2 − ‖~rs −~r1‖2 = v(ti − t1), i 6= 1, (1)

where~rs is the source location, ‖~rs −~ri‖2 is the distance between the source and the
i-th receiver, while ti is the signal arrival time in~ri.

• the RSS is based on the average EM radiation power emitted by the source and
detected at receivers locations. The RSS measurement model for a single receiver
is [16,17]

Pr
i = Kp

Pt

‖~rs −~ri‖
γ
2

, (2)

where Pr
i is the average power measured by the i-th receiver, Pt is the average power

transmitted by the source, γ is the path loss exponent (in free space: γ = 2) and Kp is
a constant. In PD localization applications, terms Pt and Kp in (2) are unknown. In
order to overcome this issue, it is sufficient to set a reference receiver (i.e., located in
~r1). In this way, the average received power in~ri is related to the received power in~r1
according with

Pr
i = Pr

1

(
‖~rs −~r1‖2
‖~rs −~ri‖2

)γ

, (3)

where Pr
1 is the average power measured by the reference receiver.

However, both TDOA and RSS methods presents some issues. For the purpose of
computing the N unknown source coordinates (vector ~rs), a set of M > N non-linear
equations has to be solved, where M is the number of receivers. Furthermore, localization
accuracy is limited by the presence of several error sources, such as the intrinsic noise
of measurement hardware, or impulsive and periodic external interferences of abrupt
switching operations or radio and TV broadcastings [18]. Moreover, in (1), the propaga-
tion speed v is not perfectly known and constant everywhere as often assumed [19–21].
Equation (3) is only valid for distances located in the far field region while the path loss
exponent γ is environment-dependent and it is assumed constant everywhere in the propa-
gation domain [22]. For all these reasons, TDOA and RSS methods are not able to always
accurately localize PDs in finite and closed domains such as Electrical Switchgears (SW),
Oil-Filled Power Transformers (OFPT), Gas-Insulated Switchgears (GIS) or Gas-Insulated
Transmission Lines (GITL). These are MV and HV components, which volume is bounded
by metallic surfaces and may contain several insulation parts manifesting PDs. Inside these
domains, EM wave propagation is very complex since it is affected by reflection, refraction
and diffraction effects [23].

In this work, the PD localization is performed exploiting the novel method based
on EM measurements well described in [24–26]. Its core is represented by the eigenfunc-
tions expansion method which accurately describe the EM wave field propagation inside
bounded domains. This mathematical tools, is used as the basis for the Inverse Problem
(IP) solution aimed to reconstruct the EM wave field inside the domain and to localize the
PD source. The paper is organized in the following way—the formalized EM model and
numerical algorithm are presented in Section 2. The experimental setup used to validate
the method is described in Section 3. In Section 4 the results are presented for two different
test cases. The conclusion is in Section 5.

2. Method

The EM wave propagation problem due to a PD can be formalized as [27]
LE~E(~r, t) + ∂2

∂t2 I · ~E(~r, t) = ~fE (~r, t)
LH ~H(~r, t) + ∂2

∂t2 I · ~H(~r, t) = ~fH(~r, t),
BCs : arbitrary
ICs : arbitrary

(4)
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where

• ~E(~r, t) and ~H(~r, t) are the electric and magnetic field vectors;
• ~fE (~r, t) and ~fH(~r, t) are the electric and magnetic source vectors;
• I is the unit dyadic;
• BCs and ICs are the Boundary and Initial Conditions;
• the quantities: {

LE (·) = ε−1 · ∇ × µ−1 · ∇ × (·)
LH(·) = µ−1 · ∇ × ε−1 · ∇ × (·)

(5)

are the linear spatial operators respectively for the electric and magnetic field. In (5)
the magnetic permeability µ = µ(~r) and the electric permittivity ε = ε(~r) are in
general tensor quantities.

In presence of fixed and homogeneous BCs, solution to (4) is [27]
~E(~r, t) =

∞
∑

k=1
~φk(~r, t) ·mk

~H(~r, t) =
∞
∑

k=1
~ψk(~r, t) · nk,

(6)

where mk and nk are dimensionless weighting coefficients determined by the electric and
magnetic source vectors and prescribed ICs, while ~φk = ~φk(~r, t) and ~ψk = ~ψk(~r, t) are the
problem eigenfunctions, which can be can be factorized as [28]{

~φk(~r, t) = ~ek(~r)vk(t)
~ψk(~r, t) =~hk(~r)wk(t),

(7)

where~ek(~r),~hk(~r) and vk(t), wk(t) are solutions of two eigenvalues problems with eigen-
values λ2

ek and λ2
hk, to which correspond the eigenfrequencies fek =

λek
2π and fhk =

λhk
2π [28].

Practical implementation of infinite series expansions in (6) is not feasible and these
summations are limited to the first N eigenfunctions. Therefore, also according to (7), (6) it
is rewritten as 

~E(~r, t) =
N
∑

k=1
mk ·~ek(~r)vk(t)

~H(~r, t) =
N
∑

k=1
nk ·~hk(~r)wk(t).

(8)

Let us consider the electric field expansion in (8) only for the sake of brevity (it is valid
the dual for the magnetic field ~H), the i-th spatial component of the measured electric field
Ei by a antenna in ~rj at time tq is

Ei(~rj, tq) =
N

∑
k=1

mk · ei
k(~rj)vk(tq). (9)

Defining a set of M antennas and P sampling time instants, (9) can be expressed as

d = A m (10)

where

d
(M×P)×1

=



Ei(~r1, t1)
...

Ei(~rM, t1)
Ei(~r1, t2)

...
Ei(~rM, tP).


(11)
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A
(M×P)×N

=



ei
1(~r1)v1(t1) . . . ei

N(~r1)vN(t1)
...

...
ei

1(~rM)v1(tP) . . . ei
N(~rM)vN(tP)

ei
1(~rM)v1(t1) . . . ei

N(~rM)vN(t1)
...

...
ei

1(~rM)v1(tP) . . . ei
N(~rM)vN(tP)


, m

N×1
=

m1
...

mN

 (12)

Once the electric field measurements and the eigenfunctions are available, the ampli-
tude coefficient vector m has to be determined solving the IP [29]

m̃ = A†d, (13)

where
A† = (AT A + ξ I)−1 AT (14)

is the pseudo-inverse matrix of the problem, ξ is the Tikhonov regularization parameter [30]
and I is the identity matrix. The electric field distribution is subsequently reconstructed
according with

Ẽi(~r, t) =
N

∑
k=1

m̃k · ei
k(~r)vk(t). (15)

Back-propagating in time the reconstructed electric field distribution, the PD sources
are localized in those volumes presenting the highest EM energy density.

2.1. Ill-Posedness and Regularization

The regularization parameter ξ is introduced since the IP (13) is ill-posed [31]. In
order to get a physical solution, its value needs to be chosen according with the available
information on the specific physical model and noise level. The employed method in this
work is performed using a posteriori criterion based on the L-curve [32,33]. It is a para-
metric plot of the misfit and stabilizing functionals both depending on the regularization
parameter. The resulting curve presents a corner located in correspondence of the optimal
regularization parameter, which value is a trade-off between the best fitting and most
reasonable stabilization.

2.2. Localization Accuracy

A suitable error should be defined in order to evaluate the accuracy of the IP solution
and the reconstructed field quality. The error definition formalized here is based on
common estimation theory concepts.

For a chosen time instant t = t∗, the reconstructed field spatial energy density (electric
or magnetic) w(rs, t = t∗) is assumed to be proportional to the probability density dis-
tribution of the PD position, here represented by the random column vector rs (column
vectors rs are used for the sake of simplicity in this formalization. They should not be
confused with geometric ones~r.). The mean vector r̃s and the covariance matrix Σ of rs are
respectively [34]

r̃s
(L×1)

=

ˆ

Ω

rs · w(rs, t = t∗) drs

ˆ

Ω

w(rs, t = t∗) drs

, (16)
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Σ
(L×L)

=

ˆ

Ω

(rs − r̃s)(rs − r̃s)T · w(rs, t = t∗)drs

ˆ

Ω

w(rs, t = t∗) drs

. (17)

The localization error vector ∆rs is

∆rs
(L×1)

= rs − rs, (18)

which can be rewritten as

∆rs = rs − rs + r̃s − r̃s = (rs − r̃s) + b, (19)

where b
(L×1)

= r̃s− rs is the estimator bias vector. An estimation of the localization accuracy

can be retrieved computing the Euclidean norm squared of (19) which leads to

E
{

∆rs
T∆rs

}
=

= E
{
(rs − r̃s)

T(rs − r̃s)
}
+ E

{
bTb

}
+ 2E

{
(rs − r̃s)

Tb
}
=

= tr(Σ) + ‖b‖2
2 + 2E

{
(rs − r̃s)

Tb
}

,

(20)

where E{·} is the expected value operator and tr{·} the trace operator. Since in (20) the
last term on the RHS is

E
{
(rs − r̃s)

Tb
}
=

= E
{

rs
T
}

r̃s − E
{

rs
T
}

rs − r̃s
T r̃s + E

{
r̃s

T
}

rs =

= r̃s
T r̃s − r̃s

Trs − r̃s
T r̃s + r̃s

Trs = 0,

(21)

(20) is the estimator Mean Squared Error (MSE) [34]

MSE = E
{

∆rs
T∆rs

}
= tr(Σ) + ‖b‖2

2, (22)

from which the Root Mean Squared Error (RMSE) is

RMSE =
√

MSE =
√

tr(Σ) + ‖b‖2
2. (23)

The MSE (or the RMSE) is computed at each field reconstruction time step and it
presents a minimum when the reconstructed field distribution converges toward the
PD location and its nearby surrounding volume includes the highest EM energy den-
sity. Therefore, (22) (or (23)) can be used to identify the PD source and to estimate the
localization accuracy.

3. Experimental Setup

The test circuit used for the experimental validation is shown in Figure 1. It is
composed by two main parts carrying out PD generation and detection, which are both
described in the two next Sections 3.1 and 3.2.
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VT

R
MV Cable

PDG
(0÷ 100) V (0÷ 30) kV

P
ro

be
s

TLs
DAQ

Figure 1. Experimental setup. VT: Voltage Transformer; R: Resistor; PDG: Partial Discharge Generator;
TLs: Transmission Lines; DAQ: Data AcQuisition. Dash-dotted rectangle (light gray): PD generation.
Dotted rectangle (darker gray): PD detection.

3.1. Partial Discharge Generation

The PD generation part includes:

• a 100 V / 30 kV MV Voltage Transformer (VT), which low voltage terminal is fed by a
50 Hz source operating in the range 0 V÷ 100 V;

• a 100 MΩ resistor damping R in order to limit the output current in case of
total discharge;

• a PD Generator (PDG) custom designed and realized to generate artificial PDs such
as Corona, internal or surface discharges in a well defined volume. It allows the
electric stress control according to different electrodes shapes and distances (d1 and
d2) and eventually with the usage of different dielectric media (Figure 2). The PDG
characteristics are reported in Figure 2b.

• a MV power cable connecting the VT and PDG. The cable is a single phase, custom
designed by Essex X− Ray Ltd. with double shields and rated voltage of 45 kV AC.
The cable termination is ad-hoc realized in order to reduce the electric stress and limit
the unwanted PD activity. The cable cross section is shown in Figure 3, while the cable
mechanical details are reported in Figure 3b.

• a metal-enclosure emulates the bounded domain under test. Its internal volume
contains the MV power supply cable and the PDG. The enclosure is a 1 m× 1 m× 1 m,
made of Aluminum and filled by air at room temperature, pressure and humidity.
The cable entry is located exactly above the PDG, ensuring an adequate distance from
the enclosure surfaces, in order to avoid fault events. Figure 4 shows the internal
metal-enclosure volume.

d1

d2

Electrodes

1
2 3 4

Disc 1

Disc 2

Disc 3

Cylinder

(a) Realized PDG and electrodes.

Element Material Ext. Diameter, Height/mm

Electrode 1 Aluminium � 30, 5
Electrode 2 Aluminium � 20, 5
Electrode 3 Aluminium � 15, 7
Electrode 4 Aluminium � 10, 10
Disc 1 (MV) Aluminium � 180, 15

Disc 2 Polyoxymethylene � 140, 20
Disc 3 (Ground) Aluminium � 140, 10

Cylinder Polyoxymethylene � 180, 10

(b) PDG mechanical characteristics.

Figure 2. Partial Discharge Generator (PDG).
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7.
6.

5.
4.

3.

2.
1.

(a) Power supply cable model. Cross
section (a quarter).

Element Material Ext. Diameter/mm

1. Copper/Silver � 2
2. Silicone � 4
3. Polyoxymethylene � 12
4. Copper/Tin � 12.5
5. PolyVinyl Chloride � 16
6. Copper/Tin � 16.5
7. PolyVinyl Chloride � 20

(b) Power supply cable. Mechanical details.

Figure 3. Power supply cable.

PDG

Cable

SMA connectors

y

z

x

Figure 4. PD generation. The PDG, cable and SMA connectors (correspondent to the probes locations).

3.2. Partial Discharge Detection

The PD detection part refers to the measurement system employed for EM radia-
tion measurement generated by the PD. It includes: a Data AcQuisition (DAQ) system,
Transmission Lines (TLs) and a set of EM probes.

The DAQ collects simultaneously the EM signals coming from the probes. It is the
Rohde & Schwarz GmbH oscilloscope RTO 2014 having 1 GHz analog frequency BW (3 dB),
4 simultaneous channels and a maximum sampling frequency of 10 GHz [35]. A set of TLs,
made by 1.2 m coaxial cables RG-58, connects the probes to the oscilloscope.

The EM probe locations and physical dimensions are mainly imposed by safety
reasons and measurements requirements (i.e., frequency bandwidth, sensitivity, spatial
resolution). The adopted probes are cylindrical monopole antennas 50 mm long. The
monopole antenna is a quarter-wavelength configuration and in an homogeneous and
free domain (with ε =ε0 and µ =µ0) resonates at fr ' 1.5 GHz [36]. This kind of antennas
are often used for PD measurements since they are simple and small enough to be easily
manufactured [37–40]. For this specific application, they are installed inside the enclosure,
far away from the live components and they are connected to SMA panel connectors
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directly fixed on the inner part of the enclosure surfaces, which behaves as a ground plane
(Figures 4 and 5a). The Return Loss (RL) S̄11( f ) of the used monopole antenna on a circular
ground plane (diameter of �300 mm) is measured using the Vector Network Analyzer
Keysight Technologies E5071C [41]. The RL magnitude

∣∣S̄11( f )
∣∣ and phase shift ∠S̄11( f )

are shown in Figure 5b. Up to the resonance at f̃r ' 1.1 GHz, the magnitude is constant
while the phase shift is linear. Fixing as the maximum reconstructed eigenfrequency as
feN = 0.7 GHz, there is no need of an antenna transfer function compensation. Although
the antenna sensitivity is low, the results obtained in [24–26] showed that the localization
accuracy is order of centimeters, compliant with the components dimensions installed
inside real apparatus (i.e., support insulators in switchgears).

50 mm
SMA connectors

Coaxial cable

(a) A single monopole antenna installed inside the
domain under test.

(b) Return Loss of the 50 mm monopole antenna.

Figure 5. Monopole antenna.

Figure 6 shows the measurement system composition (Probes, DAQ and TL).

DAQ

TLs

Probes

Figure 6. PD detection. Measurement system: probes, DAQ and TLs.

3.3. Noise Sources

The acquired on-field PD measurements are subjected to inevitable noise due
to [18,42–44]:

• measurement acquisition system and environment;
• communication systems (i.e., mobile communication), radio and TV broadcasting;
• periodic switching operations (i.e., power electronics valves commutations);
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• stochastic events (i.e., lightning, circuit breaker trips).

Therefore, suitable de-noising techniques implementation is necessary before any
features extraction from detected PD signals. However, it should be noted that the used
DUT is composed by a metal-enclosure, which behaves as an effective EM shield and
strongly limited external noise sources. This condition is also verified in closed equipments
such as SWs, OFPTs, GILs. Furthermore, the used power cable is PD free; hence, the
measurement acquisition system noise is expected only and it is modelled as random
White Noise (WN).

For the experimental noise characterization, the MV cable is supplied with 30 kV
without any connection to the PDG. A 50 mm monopole antenna is installed inside the
DUT and a set of EM measurements are acquired in observation time lasting 100 ns at a
sampling frequency of 10 GHz. The background noise Power Spectral Density (PSD) is
computed with the Bartlett’s method [45] using 50 consecutive acquisitions and it is shown
in Figure 7. As expected, it is a random Gaussian WN with a PSD of ' −85 dBV2Hz−1 .

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

-92

-90

-88

-86

-84

-82

-80

-78

-76

Figure 7. Background noise PSD.

3.4. Electromagnetic Model

According to the EM model described in Section 2, a discrete frequencies (or eigen-
frequencies) spectrum is expected. In order to verify this hypothesis, MV power cable is
connected to the PDG and supplied with 30 kV. A 50 mm monopole antenna is installed
inside the DUT and several EM field measurements are accomplished adopting an obser-
vation time window lasting 100 ns at a sampling frequency of 10 GHz. The signal PSD is
computed with the Bartlett’s method [45] using 50 consecutive acquisitions and it is shown
in Figure 8.

Moreover, in Figure 8, the signal peaks are marked according with their closest
numerical eigenfrequencies. The mismatch ∆ f between the numerical and experimental
eigenfrequencies is defined as

∆ f =
f − fek

fek
, (24)

where f and fek are the experimental and numerical frequencies respectively. Figure 9
shows the evaluated mismatch; hence, the domain eigenfrequencies are identified with an
error less than 5%. Slight differences are present and they are mainly due to the uncertainty
on the domain dimensions and to the PSD frequency resolution.
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Figure 8. PD signal PSD. Each number corresponds to the closest numerical eigenfrequency. The
dashed line shows the background noise of Figure 7.
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0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

Figure 9. Eigenfrequencies error. Each stem corresponds to the numerical eigenfrequency fek.

4. Results

In the following sections, two different case studies used to test the localization
algorithm are presented. The chosen cases studies are demonstrative and they include
some practical aspects, such as complex geometry and inhomogeneities. The numerical
eigenfunctions computation is done only once and before the PD measurements (off-
line) by means of the commercial software COMSOL Multiphysics® [46]. By a computer
having a CPU @ 1424 × Intel ® Xeon E5-2697 v3 (14 cores, 2.6 GHz) and a RAM @ 64 GB
the computational time is of the order of few hours. The PD localization algorithm is
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implemented in Matlab® [47]. In less than 2 min, the latter is able to load the available
pre-computed eigenfunctions, the EM measurements and to reconstruct the EM field in
order to locate the PD source. To begin with, the number of processed antennas is M = 4
and the sampling frequency is fs = 10 GHz.

4.1. Test Case 1

In this first test case, the 3D domain contains the PDG and power supply cable only
(Figure 10). The PDG is here identified as a point source located on the top part of the
power cable (blue dot s in Figure 10). The antennas are installed inside the domain, on one
single boundary surface, far away from both the PD source and power supply cable (red
dots pi Figure 10). Their exact locations are listed in Table 1.

PD

Figure 10. Test case 1. 3D domain.

Table 1. Antenna locations.

Antenna Location (x/m,y/m,z/m)

p1 (0.59,0.70,0.61)
p2 (0.36,0.70,0.61)
p3 (0.14,0.70,0.61)
p4 (−0.09,0.70,0.61)

The electric field eigenfunctions used by the algorithm are numerically computed;
the first and highest order eigenfunctions are shown in Figure 11. As the frequency
increases, the oscillating nature increases as well and consequently the algorithm spatial
resolution improves.

The regularization parameter ξ is chosen according with the L-curve method: the
IP is solved several times varying ξ only, using the same data set (d) and freezing all the
others parameters (M,N,P). The estimated optimal value for the regularization parameter
is ξopt = 0.1 and it corresponds to the corner of the curve shown in Figure 12.
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(a) First order eigenfunction (N = 1).
λe1 = 1.335e9 rads−1, fe1 = 0.212 GHz.

(b) Highest order eigenfunction (N =

70). λe70 = 4.21e9 rads−1, fe70 =

0.67 GHz.
Figure 11. Test case 1. First and highest order electric field eigenfunctions.

ξopt

Figure 12. L-curve. The corner corresponds to estimated optimal value for the regularization
parameter ξopt = 0.1.

The detected electric field measurements are shown in Figure 13. According with
these signals, the PD source starting time is expected to be around 28 ns; before this latter,
only noise is present (noise floor <1 mV).

Figure 14 shows the reconstructed electric field distribution, which back-propagated
in time, tends to converge towards the PD source location at t ' 28.1 ns. In this time
instant the RMSE function which presents a minimum at the same time instant with a
value of ten of centimeters (Figure 15). The other minimum at t ' 29.7 ns is not considered
since it is not related to the starting time of the EM wave propagation (Figure 13). The
proposed method successfully localize the PD source. The reduction of processed antenna
signals (M) and sampling frequency ( fs) result in signal-to-noise ratio rising, IP algorithm
simplification (i.e., less samples to process) and hardware cost reduction.



Sensors 2021, 21, 935 13 of 20

Figure 13. Test case 1. Electric field signals detected by the antennas in mV.
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PD

PD

Figure 14. Test case 1. Reconstructed electric field distribution (propagation backward in time). The
Partial Discharge (PD) source (s, blue dot) is correctly localized. The volume around the cable is blue
highlighted.



Sensors 2021, 21, 935 15 of 20

PD STARTING TIME

Figure 15. Test case 1. Estimated localization accuracy.

4.2. Test Case 2

In this test case, dielectric and ferromagnetic parts are located inside the 3D domain
which presences cause reflection, refraction and diffraction of the EM wave. The dielectric
part is an hollow cylinder made of Polyoxymethylene, while the ferromagnetic part is
a rectangular parallelepiped made of Iron. These parts are not connected to the power
supply cable and they are far away from the PD source.

The PD source is still located on the top part of the power cable (blue dot s in Figure 16),
while the antennas locations (red dots pi Figure 16) are the same of test case 1 (Table 1).

PD

Figure 16. Test case 2. 3D domain including also the dielectric and ferromagnetic parts.
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The electric field eigenfunctions used by the algorithm are numerically computed; the
first and highest order eigenfunctions are shown in Figure 17. In order to ensure the same
spatial resolution of Section 4.1, an higher number of eigenfunctions is used because of the
increased volume complexity. Moreover, due to the high oscillating nature of the highest
eigenfunction order, a larger regularization parameter value is chosen (ξopt = 1) using the
same approach of Section 4.1.

(a) First order eigenfunction (N = 1)
λe1 = 1.335e9 rads−1, fe1 = 0.212 GHz.

(b) Highest order eigenfunction (N =

90). λe90 = 4.24e9 rads−1, fe90 =

0.674 GHz.
Figure 17. Test case 2. First and highest order electric field eigenfunctions.

The detected electric field measurements are shown in Figure 18. According with
these signals, the PD source starting time is expected to be around 29 ns; before this latter,
only noise is present (noise floor < 1 mV).
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Figure 18. Test case 2. Electric field signals detected by the antennas in mV.
Figure 18. Test case 2. Electric field signals detected by the antennas in mV.
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Figure 19 shows the reconstructed electric field distribution, which back-propagated
in time, tends to converge towards the PD source location at t ' 29 ns. In this time instant
the RMSE function which presents a minimum at the same time instant with a value of ten
of centimeters (Figure 20). The proposed method successfully localize the PD source also
in this more complex scenario.
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PD
PD

Figure 19. Test case 2. Reconstructed electric field distribution (propagation backward in time). The
PD source (s, blue dot) is correctly localized. The volume around the cable is blue highlighted.

Figure 19. Test case 2. Reconstructed electric field distribution (propagation backward in time). The
PD source (s, blue dot) is correctly localized. The volume around the cable is blue highlighted.
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PD STARTING TIME

Figure 20. Test case 2. Estimated localization accuracy.

5. Conclusions

This paper deal with novel diagnostic method for PD localization inside complex
bounded domains based on EM measurements. These latter can be any closed electrical
equipment presenting fixed BCs such as OFPT, AIS, GIS, GIL.

The proposed diagnostic method is based on a eigenfunctions, which intrinsically
account for the physical information about the EM propagation phenomenon. Moreover,
the eigenfunctions can be numerically computed for any spatial domain using numerical
tools, always before the PD measurements. This fact enhances the diagnostic method
applicability on-line and in complex electrical equipments including anisotropies and
inhomogeneities.

In order to test the performance of the PD localization algorithm, two test cases were
chosen as demonstrative while keeping practical complexities. The obtained results shown
the efficacy and robustness of the proposed PD localization method. Further activities
will require ad-hoc designed antennas, the formalization of an optimal strategy for the
algorithm parameters choice and for the antenna location also considering real constrains
of the equipment under test.

Author Contributions: Conceptualization, G.D.; Methodology, L.P.; Supervision, G.D.; Writing–
original draft, L.P.; Writing–review & editing, L.P. and G.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bartnikas, R. Partial discharges. Their mechanism, detection and measurement. IEEE Trans. Dielectr. Electr. Insul. 2002, 9, 763–808.

[CrossRef]
2. Van Brunt, R.J. Stochastic properties of partial-discharge phenomena. IEEE Trans. Electr. Insul. 1991, 26, 902–948. [CrossRef]
3. Niemeyer, L. A generalized approach to partial discharge modeling. IEEE Trans. Dielectr. Electr. Insul. 1995, 2, 510–528. [CrossRef]
4. Schwarz, R.; Muhr, M. Modern technologies in optical partial discharge detection. In Proceedings of the Annual Report—

Conference Electrical Insulation and Dielectric Phenomena, Vancouver, BC, Canada, 14–17 October 2007; pp. 163–166. [CrossRef]

http://doi.org/10.1109/TDEI.2002.1038663
http://dx.doi.org/10.1109/14.99099
http://dx.doi.org/10.1109/94.407017
http://dx.doi.org/10.1109/CEIDP.2007.4451557


Sensors 2021, 21, 935 19 of 20

5. Luo, G.; Zhang, D. Study on performance of HFCT and UHF sensors in partial discharge detection. In Proceedings of the 2010
Conference Proceedings IPEC, Singapore, 27–29 October 2010; pp. 630–635. [CrossRef]

6. Álvarez, F.; Garnacho, F.; Ortego, J.; Sánchez-Urán, M. Application of HFCT and UHF sensors in on-line partial discharge
measurements for insulation diagnosis of high voltage equipment. Sensors 2015, 15, 7360–7387. [CrossRef]

7. Luo, Y.; Li, Z.; Wang, H. A review of online partial discharge measurement of large generators. Energies 2017, 10, 1694. [CrossRef]
8. Álvarez Gómez, F.; Albarracín-Sánchez, R.; Garnacho Vecino, F.; Granizo Arrabé, R. Diagnosis of insulation condition of MV

switchgears by application of different partial discharge measuring methods and sensors. Sensors 2018, 18, 720. [CrossRef]
9. IEC60270:2000+AMD1:2015 CSV. High-Voltage test Techniques—Partial Discharge Measurements; Standard, International Organiza-

tion for Standardization: Geneva, Switzerland, 2000.
10. IEC TS 62478:2016. High Voltage Test Techniques—Measurement of Partial Discharges by Electromagnetic and Acoustic Methods;

Standard, International Organization for Standardization: Geneva, Switzerland, 2016.
11. Li, Z.; Luo, L.; Zhou, N.; Sheng, G.; Jiang, X. A novel partial discharge localization method in substation based on a wireless UHF

sensor array. Sensors 2017, 17, 1909. [CrossRef]
12. Li, X.; Deng, Z.D.; Rauchenstein, L.T.; Carlson, T.J. Contributed Review: Source-localization algorithms and applications using

time of arrival and time difference of arrival measurements. Rev. Sci. Instrum. 2016, 87, 041502. [CrossRef]
13. Lu, Y.; Tan, X.; Hu, X. PD detection and localisation by acoustic measurements in an oil-filled transformer. Meas. Technol. IEE

Proc. Sci. 2000, 147, 81–85. [CrossRef]
14. Mohamed, H.; Lazaridis, P.; Upton, D.; Khan, U.; Mistry, K.; Saeed, B.; Mather, P.; Vieira, M.F.Q.; Barlee, K.W.; Atkinson, D.S.W.;

et al. Partial discharge localization based on received signal strength. In Proceedings of the 23rd International Conference
Automation and Computing (ICAC), Huddersfield, UK, 7–8 September 2017; pp. 1–4. [CrossRef]

15. Khan, U.F.; Lazaridis, P.I.; Mohamed, H.; Albarracín, R.; Zaharis, Z.D.; Atkinson, R.C.; Tachtatzis, C.; Glover, I.A. An Efficient
Algorithm for Partial Discharge Localization in High-Voltage Systems Using Received Signal Strength. Sensors 2018, 18, 4000.
[CrossRef]

16. Friis, H.T. A Note on a Simple Transmission Formula. Proc. IRE 1946, 34, 254–256. [CrossRef]
17. Rappaport, T.S. Wireless Communications—Principles and Practice, (The Book End); Prentice Hall: Upper Saddle River, NJ, USA, 2002.
18. Stone, G.C. Partial discharge. VII. Practical techniques for measuring PD in operating equipment. IEEE Electr. Insul. Mag. 1991,

7, 9–19. [CrossRef]
19. Tenbohlen, S.; Denissov, D.; Hoek, S.M.; Markalous, S. Partial discharge measurement in the ultra high frequency (UHF) range.

IEEE Trans. Dielectr. Electr. Insul. 2008, 15, 1544–1552. [CrossRef]
20. Wagenaars, P.; Wouters, P.; Van Der Wielen, P.; Steennis, E. Accurate estimation of the time-of-arrival of partial discharge pulses

in cable systems in service. IEEE Trans. Dielectr. Electr. Insul. 2008, 15, 1190–1199. [CrossRef]
21. Sinaga, H.H.; Phung, B.T.; Blackburn, T.R. Partial discharge localization in transformers using UHF detection method. IEEE

Trans. Dielectr. Electr. Insul. 2012, 19, 1891–1900. [CrossRef]
22. Fresno, J.M.; Robles, G.; Martínez-Tarifa, J.M.; Stewart, B.G. Survey on the Performance of Source Localization Algorithms.

Sensors 2017, 17, 2666. [CrossRef]
23. Portugues, I.; Moore, P.; Glover, I. The effect of multipath in time domain characterization of partial discharges. In Proceedings of

the 7th International Conference on Properties and Applications of Dielectric Materials (Cat. No. 03CH37417), Nagoya, Japan,
1–5 June 2003; Volume 1, pp. 311–314. [CrossRef]

24. D’Antona, G.; Perfetto, L. Eigenfunction expansion method for partial discharge localization in a bounded domain. In Proceedings
of the 2018 IEEE International Instrumentation and Measurement Technology Conference (I2MTC), Houston, TX, USA, 14–17
May 2018; pp. 1–6. [CrossRef]

25. D’Antona, G.; Perfetto, L. Partial Discharge Localization in Insulated Switchgears by Eigenfunction Expansion Method. IEEE
Trans. Instrum. Meas. 2019, 68, 1294–1301. [CrossRef]

26. Perfetto, L. Partial Discharges Diagnostics: Localization in Complex Bounded Domains. Ph.D. Thesis, Politecnico di Milano,
Milan, Italy, 2019.

27. Hanson, G.W.; Yakovlev, A.B. Operator Theory for Electromagnetics: An Introduction; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2013.

28. Balanis, C.A. Advanced Engineering Electromagnetics; John Willey & Sons: Hoboken, NJ, USA, 1989.
29. Menke, W. Geophysical Data Analysis: Discrete Inverse Theory; Academic Press: Cambridge, MA, USA, 2018.
30. Groetsch, C.W.; Groetsch, C. Inverse Problems in the Mathematical Sciences; Springer: Berlin/Heidelberg, Germany, 1993; Volume 52.
31. Hadamard, J. Sur les problèmes aux dérivées partielles et leur signification physique. Princet. Univ. Bull. 1902, 13, 49–52.
32. Hansen, P.C.; O’Leary, D.P. The use of the L-curve in the regularization of discrete ill-posed problems. SIAM J. Sci. Comput. 1993,

14, 1487–1503. [CrossRef]
33. Golub, G.H.; Von Matt, U. Generalized cross-validation for large-scale problems. J. Comput. Graph. Stat. 1997, 6, 1–34. [CrossRef]
34. Casella, G.; Berger, R.L. Statistical Inference; Duxbury Press, Pacific Grove, CA, USA, 2002; Volume 2.
35. Rohde-Schwarz. Available online: https://www.rohde-schwarz.com (accessed on 1 December 2020).
36. Balanis, C.A. Antenna Theory: Analysis and Design; John Wiley & Sons: Hoboken, NJ, USA, 2016.
37. Tang, Z.; Li, C.; Cheng, X.; Wang, W.; Li, J.; Li, J. Partial discharge location in power transformers using wideband RF detection.

IEEE Trans. Dielectr. Electr. Insul. 2006, 13, 1193–1199. [CrossRef]

http://dx.doi.org/10.1109/IPECON.2010.5697070
http://dx.doi.org/10.3390/s150407360
http://dx.doi.org/10.3390/en10111694
http://dx.doi.org/10.3390/s18030720
http://dx.doi.org/10.3390/s17081909
http://dx.doi.org/10.1063/1.4947001
http://dx.doi.org/10.1049/ip-smt:20000223
http://dx.doi.org/10.23919/IConAC.2017.8082028
http://dx.doi.org/10.3390/s18114000
http://dx.doi.org/10.1109/JRPROC.1946.234568
http://dx.doi.org/10.1109/57.87656
http://dx.doi.org/10.1109/TDEI.2008.4712656
http://dx.doi.org/10.1109/TDEI.2008.4591242
http://dx.doi.org/10.1109/TDEI.2012.6396945
http://dx.doi.org/10.3390/s17112666
http://dx.doi.org/10.1109/ICPADM.2003.1218414
http://dx.doi.org/10.1109/I2MTC.2018.8409657
http://dx.doi.org/10.1109/TIM.2019.2904806
http://dx.doi.org/10.1137/0914086
http://dx.doi.org/10.1080/10618600.1997.10474725
https://www.rohde-schwarz.com
http://dx.doi.org/10.1109/TDEI.2006.258190


Sensors 2021, 21, 935 20 of 20

38. Albarracín, R.; Ardila-Rey, J.; Mas’ud, A. On the use of monopole antennas for determining the effect of the enclosure of a power
transformer tank in partial discharges electromagnetic propagation. Sensors 2016, 16, 148. [CrossRef]

39. Robles, G.; Sánchez-Fernández, M.; Sánchez, R.A.; Rojas-Moreno, M.V.; Rajo-Iglesias, E.; Martínez-Tarifa, J.M. Antenna
parametrization for the detection of partial discharges. IEEE Trans. Instrum. Meas. 2012, 62, 932–941. [CrossRef]

40. Robles, G.; Martínez-Tarifa, J.M.; Rojas-Moreno, M.V.; Albarracín, R.; Ardila-Rey, J. Antenna selection and frequency response
study for UHF detection of partial discharges. In Proceedings of the IEEE Int Instrumentation and Measurement Technology,
Graz, Austria, 13–16 May 2012; pp. 1496–1499. [CrossRef]

41. Keysight. Available online: https://www.keysight.com (accessed on 1 December 2020).
42. Cavallini, A.; Contin, A.; Montanari, G.C.; Puletti, F. Advanced PD inference in on-field measurements. I. Noise rejection. IEEE

Trans. Dielectr. Electr. Insul. 2003, 10, 216–224. [CrossRef]
43. Happe, S.; Kranz, H..; Krause, W. Advanced suppression of stochastic pulse shaped partial discharge disturbances. IEEE Trans.

Dielectr. Electr. Insul. 2005, 12, 265–275. [CrossRef]
44. Saha, T.K.; Purkait, P. Transformer Ageing: Monitoring and Estimation Techniques; Wiley: Hoboken, NJ, USA, 2017.
45. Clarkson, P.M. Optimal and Adaptive Signal Processing; CRC Press: Boca Raton, FL, USA, 2017.
46. Comsol Multiphysics. Available online: https://www.comsol.eu (accessed on 1 December 2020).
47. Matlab. Available online: https://www.mathworks.com (accessed on 1 December 2020).

http://dx.doi.org/10.3390/s16020148
http://dx.doi.org/10.1109/TIM.2012.2223332
http://dx.doi.org/10.1109/I2MTC.2012.6229440
https://www.keysight.com
http://dx.doi.org/10.1109/TDEI.2003.1194102
http://dx.doi.org/10.1109/TDEI.2005.1430396
https://www.comsol.eu
https://www.mathworks.com

	Introduction
	Method
	Ill-Posedness and Regularization
	Localization Accuracy

	Experimental Setup
	Partial Discharge Generation
	Partial Discharge Detection
	Noise Sources
	Electromagnetic Model

	Results
	Test Case 1
	Test Case 2

	Conclusions
	References

