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Introduction

Investigation on impulsive signals, originated frdpartial Discharge
(PD) phenomena, represents an effective tool fevemting electric failures
in High Voltage (HV) and Medium Voltage (MV) systemAs a matter of
facts, such PD activities can be considered as &aiuse and consequence
of the degradation of insulation systems. Indeddl,phenomena occur due
to insulation defects, but, if neglected, can leadurther degradation and,
eventually, to the complete breakdown. For thessaes, PD phenomena
can constitute a valuable diagnostic index, whibbwes both instantaneous
insulation condition assessment and life predictiohe carried out.

Diagnosis based on PD investigation can be bagidalided into three
phases: (a) PD pulses acquisition, (b) separafi@igaals coming from PD
sources to those coming from disturbances and n@pelata interpretation
for risk assessment. As regards the signal acopnsithe determination of
both the sensor and instrument bandwidths is teg&kachieve meaningful
measurements, that is to say, obtaining the maxit8ignal-To-Noise Ratio
(SNR). The optimum bandwidth, which can be defimsdthe bandwidth
where SNR is optimum and, thus, where PD detedsocarried out with
maximum sensitivity, depends on the characteristiche system under test,
which can be often represented as a transmissiercharacterized by signal
attenuation and dispersion phenomena.

Indeed, when PD occur inside an electrical appardflectro-Magnetic
(EM) waves can propagate inside and outside thesythrough irradiation
mechanisms. At the same time, the PD pulses cgragate by conduction,



along the HV, MV or earth conductors. It is theref necessary to develop
both models and techniques which can charactereeirately the PD
propagation mechanisms in each system and work tloeit frequency
characteristics of the PD pulses at detection paindrder to design proper
sensors able to carry out PD measurement on-litemaximum SNR.

It must be pointed out that particular attentiogiigen, in general, to High
Voltage systems since such apparatuses (transferroables, generators,
motors, breakers, etc...) present significant costsrms of both commercial
value and maintenance. It is therefore necessarynvest in diagnostic
techniques based on the actual condition of theesy# order to sense any
possible degradation process within the insulatida, analyze the
degradation trend, to provide a complete and ptexediagnosis and, thus,
reduce maintenance costs. Such diagnostic philgsispbommonly known
as Condition Based Maintenance (CBM) which meansmimnitor the
insulation system conditions and carry out mainteeaonly if required.
Such an investment for diagnosis, which is generafforded for HV
systems, can not always be economically viabléfdrsystems, due to their
significantly lower costs.

However, in the last ten years, attention was fedwsso to MV systems,
which constitute the main framework of the electlistribution systems,
both in the industrial and civil ambit. Medium Vadfe apparatuses (cable,
transformer, switchgear, motor) have costs definikewer than those HV
and, sometimes, their costs are even comparaheatoof a PD detection
instrument. It is therefore necessary to find oumag techniques,
economically viable, able to carry out proper diagja on MV systems. As a
matter of fact, if each MV apparatus is considesisda node of a network
where several systems are interconnected and wilobal commercial
value is comparable to one HV single system, jtassible to figure out that
a smart investment on diagnostic could be afforelabld advantageous.

Indeed, economic advantages are appreciable whes possible to
consider only one detection instrument able tosast® insulation condition
of several apparatuses having different charatiesisAs an example,
transformers and switchgears can be connectedbé&tscands. Hence, an
effective instrument should be able to detect PIsgqmuin all the three
systems, even if they have different charactesstnd, thus, different
optimum bandwidths. Beside the economical advanthgee are also many
technical benefits. Using the same detection wonitdifferent systems it is



possible to correlate the acquired data and lcedhie PD source on-line. As
a matter of facts, PD sources located in one appafa.g., in a MV cable)
can propagate to the other systems (e.g., transfargic...) and be recorded
in several different detection points. As an exanphkhen on-line PD
measurements are carried out, it can happen thatdding from other
apparatuses can be detected in the equipment udestermisleading the
diagnosis. Therefore, in order to achieve accuPddesource localization
and correct diagnosis, it should be possible tdop@r measurements in all
the systems connected in the same line.

The best compromise in terms of costs and accusa®presented by the
permanent installation of sensors in each MV apgpararhen, using the
same PD detection unit it is possible to carry astreening of the system,
connecting the instrument to the each sensor. Afteacquisition of the PD
pulses in each apparatus, the data can be analyeerksults correlated and
PD sources localized. Only if critical situationse afound, continuous
monitoring can be run.

This smart solution requires very good knowledféhe systems under
test, in order to

» design proper sensors resorting to the optimum ctete
bandwidth for each apparatus;

» design proper PD acquisition instruments to beditvith all the
different sensors and providing results which carcdrrelated for
localization purposes.

To start with, PD propagation has to be investdate detail in MV
systems in order to design proper sensors. Analytitodels have to be
devised in order to predict PD propagation in M\pamtuses. Furthermore,
simulation tools can be used where complex geoesetmake analytical
models to be unfeasible.

In the following work, PD propagation in MV cabldasansformers and
switchgears will be investigated, taking into aaaoboth irradiated and
conducted signals associated to PD events.






Chapter 1

PD propagation and detection in Medium
Voltage cables

1.1 Premise

Fundamental concerns associated with PD measurgnreiV cables
are, typically, maximum length that can be scanteedchieve a certain
measurement sensitivity and measurement systenwiidthd

IEC 60270 gives indications about to the choicéd wide- and narrow-
bandwidths detectors that should be used to perRibhnmeasurements [1].
Within those bandwidths, separation and locatiorPDf sources cannot be
achieved generally, because most of the frequgmestum of the PD pulses
is filtered out. Another class of detectors, edlUltra-Wide Bandwidth
(UWB), can be preferred to capture more informataisout PD pulses,
capturing also their high frequency content. Thestectors may have the
lower cutoff frequency lying in the same regionlBC-compliant ones (i.e.
100 kHz) and the upper frequency in very high festuy region (e.g. up to
50-100 MHz). Thus, if cable length and distanceMeen each accessory are
known, together with cable attenuation characieris¢vel and frequency
content of noise, it is possible to single out treguency band at which
signal-to-noise ratio (SNR) is the highest and,sthio perform optimum
detection.

It is, therefore, of utmost importance to develeghhiques able to extract
cable properties and find the frequency attenuadod dispersion, as a



function of the distance of PD pulse propagation,dvery kind of cable. In
the following paragraphs, methods able to calcytadpagation constants in
power cables are investigated and compared, andpgnoximate, but
accurate, model is proposed for MV extruded cables.

1.2 Extraction of cables propagation constant

Three different methods are used in the forthconpagagraphs to extract
the propagation constant of a MV cable.

The device under test is a 2 meter-long splice k2 EPR cable with
aluminum conductors and a metallic screen made fugopper wires.
Between the conductors and the insulation layerreth@are two
semiconductive layers. An external PVC layer isdute cover the whole
cable (see Fig. 1.1). The geometric characteristitche cable under test are
collected in Table 1.1.

TABLE 1.1 Cable characteristics

Outer radius of core conductor (mm) 8.2
Inner radius of main insulation (mm) 9.2
Outer radius of main insulation (mm) 13.0
Inner radius of shield conductor (mm) 14.0
Outer radius of shield conductor (mm) 14.8
Outer radius of outer insulation (mm) 17.3
Core resistivity Qm) 2.65e-8
Sheath resistivity 8m) 1.72e-8
Main insulation real permittivity 2.8

PVC

semiconductive
outer layer
conductors

EPR

semiconductive
inner layer

FIGURE 1.1 Device under test: 20 kV cable section.



1.2.1 Time Domain Reflectometry method

Time Domain Reflectometry (TDR) is a technique Wydgsed to extract
transmission line parameters. One common applicasahe prediction of
an unknown load connected at the end of a trangmidéise having known
characteristics. Indeed, when an incident step feavetraveling through a
transmission line finds a discontinuity, a step evév/reflected back and can
be detected at the measurement point. Resortitigetaharacteristic of the
reflected wave, such as amplitude, rise-time, tfalk etc... it is possible to
figure out the load impedance and parameters. &umtbre, in MV and HV
applications, TDR techniques allow PD localizattonbe carried out when
the cable length is known. At last, instrumentsdashon TDR are largely
used from MV utility to localize the joints betweerables. Once the
propagation speed along the cable under test isviknthe time elapsed
between the injection of the incident wave andrdeeption of the reflected
one may provide an indication about the distandw/den sending end and
discontinuity, i.e., the joint.

In order to estimate power cable attenuation cheariatics through TDR,
the spectral characteristics of a traveling pulsd his reflections can be
evaluated [2, 3]. In particular, a voltage pulgg, is injected at sending end
of the cable (open ended) and its reflectivg, is recorded, again at the
sending end, by a Digital Sampling Oscilloscope @).Sf L is the length of
the cableV2 returns at the sending end after propagating tiiraa length
2L. Thus, equation (1.1) can be used to estimatec#ide propagation
constanty, by comparing the Fourier transform (FFT) of thve pulses.

_ . 1 FFT(V])
y_aﬂﬁ_LmHWNE 1.1)
V1 OPEN
ENDED
V2
- L »

FIGURE 1.2 TDR measurement: injected and reflected pulsesdatected at the same
point and their relevant Fast Fourier Transfornescalculated and compared.
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FIGURE 1.3 Cable attenuation obtained from TDR measurement

It must be considered that if the cable is too Jaatenuation can be
strong enough to prevent measurement of reflectdgep with adequate
signal-to-noise ratio (SNR). In practice, attenmatican be estimated
accurately up to the frequency of which the re#dctpulse spectrum
becomes indistinguishable from noise. To estimatcumately the
propagation constant in a wide range of frequencesie practices can be
adopted. The injected pulse must be very fast (ise of 1 or 2 ns,
possibly) and with large peak value at the sendind. In addition, the
sample of the cable under test must be chosen shotigh to allow large
frequency components to be reflected back with ghoanergy to be
detected above noise.

1.2.2 Scattering matrix method

A single-core medium voltage cable can be represerds a coaxial
transmission line, which is described by the prepiag constanty and

characteristic impedance) ZL.2). The real part of (1.3) is the attenuation
constanta, expressed in dB/m, whereas the imaginary pathésphase
constantf3, expressed in rad/m.



R+ jol

Zy(w) = G+jaC

(1.2)

V(@) =a(@) + B@) = (R+ jaL)(G + jaC) (1.3)

Suppose to connect a transmission line to a lodll kviown impedance
Z, . The solutions of the coupled ordinary differehéiquation obtained from
Telegrapher’s equations are:

V(2) =V e Y2+V el (1.4)

I(2)=1%e Y2+ e'? (1.5)

wherez=d is the initial point of the transmission line, whiis distant from
the load, and=0 is the end of the cable, terminated hy Zherefore, the

input impedance seen at the start of the transomdsie, terminated by the
load, is:

V(2) =V e Y2+V el (1.6)
Z o () :V(d) _ Z, +Zytanhyd _
IN 1(d) ~ "%z, +2, tanhyd
, L+re? (1.7)
= O—
1-r e 2vd

whered is transmission line length,o4s transmission line characteristic
impedancey is line propagation constant ard is reflection coefficient of
the load.

If the cable is terminated with an open circuit, gan consider Z*° and
we obtain (1.9), while if the cable is short citedi then =0 and we obtain
(2.10).

_4—4
LT 742, (1.8)
4
Zin =Zoc = tanf:);d (2.9)



Zn =2« =Z, tanhyd (1.10)

The propagation constamnt and the characteristic impedance @&n be
derived from (1.9) and (1.10) as shown in (1.11 @éin12):

y=£tanh‘1 ;ﬁ (1.12)

d ocC

Zo=ZZoe (1.12)

Therefore, if the input impedanceyof a cable is known for both a short
circuited end and an open end, it is possible tkwat both the propagation
constant and the characteristic impedance of theecasing (1.11) and
(1.12).

A method generally used for determiningcZand Zc impedances of a
transmission line is based on the extraction ofrdikection coefficient S11
of the line.

Sl1=r, =r e (1.13)

By measuring S11 through a proper Network Analy@¢A) and using
(2.13) and (1.7) it is possible to determine theuinmpedance of the cable
[4-7]. S11 parameter is measured in two conditiapgen (the cable is open
circuit terminated) and short (the cable is shantuited). In this case we
have:

_nit Sl

Zoc = SOE (1.14)
_ealtSlle

Ze =805 (1.15)

where 50 (expressed @) is NA port impedance and Sddand S1ic are
S11 parameters, measured in open and short camalitio

Alternatively, connecting the Equipment Under T@SUT) to both ports of
Network Analyzer, the scattering matrix can be deteed, where S11 is

10



reflection coefficient at port 1 and S21 is transsion coefficient from port
1 to port 2.
Cable characteristic parameters can be derived: from

1 4 [1-S11% + 8212
=-—_cosh _—_— 116
=34 \/ 2521 ( )

+ 2 _anq2
Z, =50 a 811)2 3212
(1-S17)? -S21

(1.17)

An Agilent Network Analyzer 4396B was used for Sgraeters evaluation.
The investigation was carried out within the freguyerange 300 kHz to 100
MHz on a piece of cable 0.5 m long.

To reduce geometrical discontinuities and phask sfiect, a cable adapter
is realized, Fig. 1.4, which permits to connectc¢hble directly to NA ports.

PVC

semiconductive
screen

Adapter

BNC
connector\ ¥

copper
conductors

FIGURE 1.4 Cable adapter realized to minimize geometricalafitiouities

The measurement setup is shown in Fig. 1.5, tha& isable splice with
adapters connected to port 1 of the NA measuristesy.

The application of the two adapters at cable teaton may introduce
measurement errors due to three causes: (1) tHe ocabler test and its
adapters present a complex combination of geonaétaitd material changes
which may lead to an impedance mismatch especialdgr the high
frequency range; (2) connections may be represehbyedliscrete series
impedance and shunt admittance, which modify etattiparameters of
EUT,; (3) phase shift error due to BNC connectors.

To minimize these errors, Network Analyzers areegelty endowed with
a special function, called Port Extension, which aspost-calibration
procedure that allows to virtually extend the pgstto the beginning of the
cable, in order to virtually bypass the adaptet seduce phase shift errors.
Therefore, after the classical N-Type calibratioe.( open circuit, short
circuit and load calibration using N-Type connesjponly the adapters are

11



connected to Port 1 without the EUT and the phasset to zero at all

frequencies. In such a way the phase error intredilzy the adapter is
prevented. Then, the EUT is connected to the adapie S11 is extracted.
This procedure allows the electrical charactessbt adapters to be taken
into account, thus improving propagation constantd acharacteristic

impedance evaluation.

FIGURE 1.5 Measurement set up

Figures 1.6 and 1.7 show the measurement resutipggation constant
and characteristic impedance, respectively), witid avithout the port
extension procedure. As can be seen, using the gxtension procedure
permits ruling out resonance phenomena associatdd imperfect cable
terminations. Notwithstanding all devices, measweimresults show a
random ripple at frequencies below approximatelyMz. This ripple can
be addressed to an internal damage of the instiyrdae to a failed low
frequency amplifier of the RF output channel. Ihd# noticed in Fig. 1.6
and 1.7 that whenever phase constant is zero, ditghuation constant and
characteristic impedance present a peak, assoacidtiedesonance and anti-
resonance phenomena. These peaks were explaingooas by inductive
and capacitive stray parameters due to the adaptersan be seen, the port
extension procedure reduces noticeably these phemem

12
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FIGURE 1.6 Propagation constant derived from one-port measemén(S11) with and
without port extension procedure.
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FIGURE 1.7 Characteristic impedance derived from one-port measent (S11) with and
without port extension procedure.
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1.2.3 Determination of cables propagation constant through
analytical models

A few analytical models have been already devel@w investigated to
achieve mathematical tool suitable to characteposver cables up to
hundreds of MHz and, therefore, simulate PD pulsgpggation [7-14].
These models can be very useful to highlight tHliémce on propagation
constant characteristics of cable materials praggertBy the use of the
analytical expressions developed in [4] and [8-%) features have been
made clear:

1. The main cause of attenuation in power cableseguincies below 1
MHz is associated with skin effect losses in cond aheath [14].
Attenuation, therefore, is affected mainly by thesometric
characteristics of the cable.

2. At higher frequencies, the attenuation is due fgaia the radial
displacement of the capacitive current through s$keniconductive
layers, but it can be affected also by the intémacbetween the
ground shield and the strands in the sheath [14].

In 1982 a model has been developed by Boggs amtk Sfd], which is
based on the calculation of longitudinal impedaand parallel admittance
of the cable, taking into account frequency depeoeg skin effect and
semicon influence (Figure 1.8).

—IVV\N\F/VVV\ —
—y Semicon
z y1 Layer
Main

Y Yo Dielectric
Insulation

Outer
y3 Semicon
Layer

FIGURE 1.8 Equivalent circuit for an extruded power cable: librgitudinal impedance, Z,
includes skin effect, while the parallel admittan®e includes losses due to insulation and
semiconductive layers. All parameters are frequetependent.

In order to evaluate correctly the parameters i3f iiodel it is necessary
to know cable geometry and characteristics of eacterial as, e.g.,
insulation and semicon complex permittivity. Whdeelectric permittivity

14



can be assumed as frequency-independent up to lsentdeed of MHz [15]
in polymeric cables, data on semicon complex pérritit are not available,
in general, in literature, so that laboratory measients have to be done.

This represents an important issue since all ttedyacal models which
can be found in literature need the knowledge ofisen permittivity, which
means that they are applicable only in laboratathgre it is possible to cut a
sample of semicon and extract its permittivitywitl be thus aim of this
work to find out an analytical method which canodte applicable on field
and without cutting any piece of cable material.

In order to work out such a model, few sampleseofison were cut and
the complex permittivity was extracted as suggeste¢b,6] through the
Network Analyzer, in order to try the existing imedls. The obtained value
of permittivity must be inserted in the equatiod8,. then modelling the
frequency dependence of the shunt admittance,dG¢fr 1.19:

Yk = J0Coxex () = j0Coy (Ex () = jex () (1.18)
3 -1
Y= (Z yk_lJ (119)
k=1

whereCy ande, are, respectively, the geometrical capacitancethad
complex permittivity of the k-layer (k=1, 2, 3 wieerlayer 1 and 3 are
semicon layers, layer 2 is the dielectric).

The longitudinal impedance can be then calculased a

1 r 1 F i
z= Viopop + V ioHops +12—a¥7f)lnm (1.20)
n

27R,, 27NRg R

where R, andp; are the radius of center conductor and its regigti
respectively, B is the radius of each copper wire in the metaltieath, N is
the total number of copper wirgs; is copper resistivityR is the radius to
the center of metallic sheath.

Eventually, the propagation constans evaluated as:

y=a+iB=zZY = J(r + jal)(g+ jax) (1.21)

15



The propagation constant obtained applying thishogton the EPR-
insulated MV power cable of Table 1.1 is reportedrigure 1.9.
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FIGURE 1.9 Attenuation and phase constant of an extruded BBlecobtained through the
analytical model (equations 1.18-1.21).

In order to validate the model, pulses were ingdte the EUT and
detected by a DSO at the sending and receiving. iespropagation of an
injected pulse was simulated through the model thiedresults compared
with experimental data.

As emphasized in Figures 1.10 and 1.11, the madable to provide a
very good prediction of traveling pulses in bothdiand frequency domain.

As confirmed by experimental results, the propagationstant evaluated
by the above-described analytical model describexy well the pulse
propagation characteristics along a cable. FigwE 1shows that the
attenuation constant obtained by the TDR metha Viiell the analytical
attenuation, but only up to 30 MHz.

This can be explained recalling that the EUT is 260long, thus
frequency components above 30 MHz of the reflegiel$e are strongly

attenuated (making SNR very poor), thus attenuatmrstant estimated can
be affected by significant error.

16
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FIGURE 1.10 Predicted and experimental pulse detected at tteiviag end in an EPR
cable (Tablel) 260 m long. Time domain.
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FIGURE 1.11 Predicted and experimental pulse detected at tbeiviag end in an EPR
cable (Tablel) 260 m long. Frequency domain.
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FIGURE 1.12 Comparison between the attenuation coefficientsiobd through TDR,
Network Analyzer and analytical model techniques.
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FIGURE 1.13 Attenuation displays non linear dependence on #aqu below 1 MHz.

Summarizing the above considerations:

* The analytical expressions (1.18-1.21) fit very lwibe propagation
properties of a power cable. The measurement oiceanpermittivity
is however necessary.

» TDR technique describes accurately propagationgrtigs in the low
frequency (0-30 MHz) range.

* NA techniques can describe accurately the cabenadition, but it
must be considered that NA measurements are vanplea. The
accuracy of this technique depends mainly on tradityuof the open
and short terminations and special adapters argregjto minimize
the geometrical discontinuities between the cahbthe instrument.
Furthermore, these kinds of instruments are verstlgoand not
readily available in many labs.

» Attenuation and phase constants display a quasalidependence on
frequency, except for frequencies below 1 MHz whhbeeattenuation
has a non linear behavior, as shown in Fig. 1.13.

1.4 Determination of cable propagation constant
through approximate analytical model

The complex nature of equations (1.18) - (1.21) npagvent from
understanding in straightforward way propagatioardmena. Alternatively,
if some parametric representation of attenuatiod dispersion constants
could be found, a more intuitive approach couldsbaght. Indeed, looking

18



at Figures 1.9, 1.12 and 1.13, it comes out th#t bttenuation and phase
constants display a very small non-linear deperelemit frequency for

frequencies above 1 MHz (below 1 MHz, the skin@ffean be predominant,
and the behaviour of attenuation and dispersiorstamh as a function of
frequency can become strongly non linear [13]).s[ o order to provide an

approximate, but still meaningful description obpagation phenomena, a
linear approximation of propagation constant cdaddconsidered.

Attenuation constant

In preview works, the attenuation was already wmred linear with
frequency explaining that this behavior is “norrfad solid dielectrics used
in power cables at frequencies above 1 MHz” [1@jafks to equations
(1.18)-(1.21) and to TDR measurements, it has Ipessible to characterize
the cable under test and confirm the predominamawer of skin effect with
respect to the dielectric losses below 1 MHz.

It must be observed that such strong predominahskin effect might
not be generalized, as it can depend on cable raetouing. Indeed, it may
happen sometimes that attenuation could behave tpéarly also below 1
MHz. Anyway, for extruded medium voltage cablesihgwvcharacteristics
similar to those reported in Table 1.1 and in [B}; an approximate
attenuation characteristic, that is non-linearaift MHz and then linear with
frequency, could be developed.

In order to model attenuation in a approximate, kunple way,
attenuation constant can consider skin effect athlys neglecting semicon
losses (and getting rid of both measurements af dgiantity, which can
change cable by cable depending on manufacturegp up MHz, using
equations (1.18)—(1.21), while, above 1 MHz therataition constant can be
approximated using a straight line that links tveonps:

* Point P1: value of attenuation at 1 MHz obtained thg above

approximation.

* Point P2: Perform a TDR measurement with a very pagse (rise

time less than 2 ns), choose the frequency rarmgeeal MHz, where
SNR is sufficient to obtain an accurate estimatéhefreflected pulse
spectrum and calculate an attenuation value withia frequency
range.

The comparison between the results provided by M8d4 (referred in
the following to as the analytical model) and tlee&r approximation
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obtained through the above procedure it is showrrigure 1.14. The

attenuation calculated through TDR measurementasesrate enough from
1 MHz up to about 30 MHz (see Figure 1.12), thesgbcond point, P2, was
chosen within this range (i.e., 10 MHz). The figeraphasizes, in fact, that
there is a good agreement in the 0-30 MHz randatire error below 6 %).
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0.015 ¢ Approximate model o

0.01r

Attenuation [Np/m]

©
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o

FIGURE 1.14 Comparison between the attenuation constants auataimough the linear
approximation and the analytical model [13]. The wharacteristics are in good agreement
for frequencies below 20 MHz (relative error atMblz = 6%).

Some considerations must be done concerning theeechad P2. As
attenuation is not perfectly linear, but it showslight upwards concavity
(see Fig. 1.14), if the second point lies in a ieacy region between 5 and
30 MHz, the approximate linear model is closerh® &nalytical one at low
frequencies, but approximation error increases fuguency.

On the contrary, if the second point lies in a @rexacy region higher than
30 MHz, the linear approximation tends to overeatamthe values in the 1-
30 MHz range.

Thus, in order to choose P2, it can be usefule lrow the frequency
components of an ideal pulse propagating alongbéecae attenuated as a
function of distance propagated (see Figure 1li5gference is made to an
attenuation of 20 dB (i.e. 90%), the component@GiMHz travels 800 m,
that at 50 MHz travels 100 m, while the comporarit00 MHz travels only
30 m. This means that as high frequencies canob®letely attenuated
after a few tens of meters, it is preferable toehdle best fit at low
frequencies, thus choosing P2 in a frequency rdingecan be considered
reasonably between 5 and 20 MHz.
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FIGURE 1.15 Attenuation (in dB) of the pulse frequency compdreas a function of the
distance for the extruded MV power cable under, i@stained by the analytical model. As
an example, the component at 20 MHz travels on/r&0

To evaluate the accuracy of the linear approxinmatio predicting PD
pulse peak voltages, a simulation was done applpoitp analytical and
approximate models.

The voltage pealk/y, of a pulse propagated after a given distadcean
be calculated as:

Vg = ma% F _1{Vo (@) exp(j Vmod(@)d )}‘ (1.22)

Whereym is the propagation constant obtained by the choseatel,F*
is the inverse of the Fourier Transform arngw) is the Fourier transform of
the starting puls&4-0, having amplitude and rise time equal to 1 V and
ns, respectively.

Figure 1.16 shows how peak voltage value decreagtbsthe distance
between the PD source and the detection point. figuse emphasizes that
there is an excellent agreement except in the It m of cable, where the
linear approximation provides a slight overestimdateis can be explained
recalling that the linear approximation underesteadrequency components
larger than about 20 MHz (see Figure 1.14). Theseponents, however,
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suffer a very large attenuation in the first 10fheters of propagation (see
Figure 1.16). Thus, the shape of pulses obtainesugfn the approximate
and analytical models are practically the same 4@ m.
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FIGURE 1.16 PD pulse peak voltage as a function of distanceamated (calculated using
approximate and analytical model). Peak voltagbesource is 1 V

Focusing on the objective of characterizing atténpnaphenomena in
power cables, that is, searching for the best detebandwidth to perform
PD detection and localization, it is appropriateitwavel the meaning of the
optimum detection bandwidth, which, for a known pidse, can be defined
as the frequency region where the most of the BDasifrequency content
can be detected achieving an high SNR.

The best theoretical solution in PD detection iggilikely by the use of
matched filters. A good value of SNR may be acldevhoosing a filter
transfer function that matches the spectrum of apRBe [17]. However,
such filters are often difficult to realize in ptae. For PD-like Gaussian
pulses overlapped to white noise, the advantagesngofrom the use of a
rectangular filter of optimum bandwidth are veryps# to those obtained
through matched filters [17].
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Therefore it is necessary to develop a simple niedide to indicate, for
every PD pulses, the frequency region that bedhligigt the PD signal
frequency behavior.

In previous works, [16] and [18], Boggs assumed ti@ frequency
spectrum behavior of a PD pulse in the — 6 dB badithwcan indicate
approximately the optimum bandwidth. In this paplee, optimum detection
bandwidth will be considered equal to the equivialeandwidth, F, which
represents the standard deviation of a PD pulsdenfrequency domain.
This quantity provides a direct, intuitive represgion of the frequency
properties of the detected signals. To evaluatihd-PD pulse energy must
be normalized to 1 (so that F becomes scale-inv@ria

() =—0__

L

J-x(r)zdr

0

(1.23)

being x(t) the recorded pulse, time andL the time length of the
observation window.
Then, the equivalent bandwidth is calculated as

F= sz\i(f)\zdf (1.24)

0

where )Z(f) the Fourier transform of the normalized PD pXi&¢. The

equivalent bandwidthF, is already used in [19-20] to reject noise and
disturbance, to separate PD pulses associateddifignent sources and to
locate PD in cable systems.

Figure 1.17 emphasizes the optimum detection batttwcalculated by
equations (1.23) and (1.24), for a symmetric P@@utlaving a rise time of 1
ns and propagated in the cable described in Talileas a function of the
distance between the PD source and the couplerdifieeences between the
optimum bandwidth calculated using the exact ad@pmate models are
small and for distances longer than 100 m are gibdg.
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FIGURE 1.17 Optimum detection bandwidth: the high frequencigsraiation in power
cable causes a reduction of the optimum bandwisltd fainction of the distance propagated.
The approximate linear attenuation fits well thaebattenuation.
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FIGURE 1.18 The — 6 dB bandwidth for a pulse propagated afdér rheters is equal to 20
MHz. The equivalent bandwidth (Figure 1.17) and theé dB bandwidth are in good
agreement.

As shown in Figures 1.17 and 1.18, after a propagatf 100 m PD

pulses have an equivalent bandwidth equal to al®ut MHz, that
corresponds also to the — 6 dB bandwidth at sustanice.
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Phase constant

In a lossless system the phase consgams, linear with frequency, which
means that each frequency component travels alengjrte with the same
speed, thus preserving the shape of the travelgmgis(see Figure 1.19).

Equation 1.25 can be used to calculftewhere phase velocity, is
assumed to be frequency-independent.

x 10°

ideal symmetric pulse
after 1000 meters of propagation |

considering
/ phase constant as linear (--) and
non linear (-)

10r

Voltage amplitude [V]

35 4 4.5 5 5.5 6 6.5
Time [s] x 10°

FIGURE 1.19 The non-linearity of phase constghtwith the frequency is the cause of
shape distortion in traveling pulses. This figuhews the comparison between the shape of
two pulses considering phase constant as linearnandinear: the first pulse (--) is the
result of the propagation of an ideal symmetricsputonsidering the phase constant linear
with the frequency; its shape is preserved and a4fd®0 meters it is still symmetric. The
second pulse (-) is the result of the propagatfaih® same symmetric pulse considering the
phase constant as non linear with the frequendgr 40000 m, the shape is asymmetric
because of the strong non linear behavior of tleseltonstant in low frequency region.

On the contrary, in lossy transmission liness frequency-dependent and
the spectrum components of the signal travel witferént velocity. This
leads to a distortion of the signal and the phasestant is, in this case, non
linear with frequency. Thanks to the analytical mipdt is possible to
separate the relative contribution of the differlesis mechanisms on phase
velocity. Neglecting the frequency dependence ofitudinal impedance
(due to skin effect) and parallel admittance (mosdtle to semiconducting
layers), the phase velocity becomes constant with ftequency (Figure
1.20).

v=" (1.25)

25



Indeed, the presence of semiconducting layers saasbuge drop in
phase velocity, while the skin effect phenomenothes main cause of the
strong non-linear behavior in the low frequency ioag (0-1 MHz,
approximately).

Therefore, the main cause of shape distortion is associated with
dispersion phenomena occurring in the high frequamange, (where the
phase velocity behaves almost linearly with freqyerand the phase
constant can be assumed frequency independentyitbuthose occurring in
the low frequency region, where the strong nonalingehavior associated
with the skin effect has to be taken into account.

175 "
ideal phase velocity:
semicon influence and skin effect are not considered

~—____ skin effect influence:

phase velocity is strongly
non linear at low frequENCIes g

actual phase velocity:

the presence of semicon layers causes a huge drop
s s

=
]
o

Phase velocity [m/usec]

160 o 1 2
10 10 10
Frequency [MHZz]

FIGURE 1.20 Comparison between the phase velocity behavidnefdssless line and that
obtained keeping into account skin effect and sendacting layers losses. The non-
linearity in the low frequency region is mostly givby the skin effect phenomenon. The
decrease of phase velocity is mostly due to thegmee of semicon layers. In the high
frequency region the phase velocity can be consiiénear with the frequency.

Here a practical method is proposed to estimatgliase constant in an
approximate way using both the analytical model @R measurement,
assuming that the cable length is known with reablenaccuracy.

As the non-linear behavior in phase velocity at fogquencies is mainly
caused by the skin effect phenomenon, the phaseiselof the cable is
calculated by the analytical model neglecting #@ison layers influence.

Then, to consider the influence of semiconductiangefs (that causes a
drop in phase velocity), a TDR measurement is démeobtain the
propagation speed of the cable: a fast pulse estegl into the cable and the
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propagation speed;, is obtained dividing the time distance betweea th
peaks of the injected and reflected pulse by twes the length of the cable.

The characteristic evaluated at point 1 is movedrsecting, at high
frequencies, the value obtained by TDR measurem@mnice that the
parametew is calculated, it is feasible to evalugitdy the use of equation
(1.25).
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FIGURE 1.21 The phase velocity obtained by the exact model, lecigg the
semiconducting layers, is strongly non linear at feequencies and is the main responsible
of the shape distortion of travelling pulses. ldearto consider the semicon influence, the
obtained characteristic must be moved down intérsgcat high frequencies the value
obtained from TDR measurement.
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FIGURE 1.22 The propagation time of PD pulses, along the cablger test, evaluated
through the approximate phase constant is cointitterthat obtained by the analytical
model.
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The obtained characteristic was validated compahegropagation time
of a PD pulse (i.e. evaluating the time positiorthef peaks of the travelling
pulses), as a function of the distance propagatsitig the phase constants
obtained by both models (i.e. exact and approxinate emphasized in
Figure 1.21, the results are in excellent agreement

Another test was done simulating the propagatioarofdeal symmetric
PD pulse and observing the distortion of its shapeg both models: the
approximate model provides results that are agaiexcellent agreement
with those obtained by the analytical model (sepifa 1.23).

x10 ~

"""""" Analytical model
Approximate model

[
o

Amplitude [V]
[52]

15,5 16 16.5 17 175 18 185
Time [usecl

FIGURE 1.23 The shape distortion after a propagation of 100@waluated with both
models is the same.

1.5 Determination of cables optimum detection
bandwidth

In order to show the effects of bandwidth on PBed&bn in power cables
as a function of the distance between the PD socamcethe measurement
point (traveled distance), analytical expressiamsdttenuation phenomena
shall be obtained, which could allow PD pulse wauak to be predicted in
the time-frequency domain. Existing analytical medsan be used for this
purpose [4-8] in addition to the new approximatedeiodeveloped in 1.4,
based on the linear behavior with frequency ofghepagation constant for
frequencies above 1 MHz. The propagation consematiuated through said
model, was thus exploited to highlight PD pulsepagation characteristics
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for distances between 0 and 30 km in a MV cablangathe characteristics
reported in Table 1.1.
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FIGURE 1.24 Validation test: a pulse is injected and detecteseading end of the cable
under test (through a DSO), after a propagatio@8if m (two times the cable length). A
propagation of 280 m is simulated through the madel the obtained pulses is compared to
the detected one: the two results are in excellgreement.

In the validation test, a pulse was injected atstveding end of the open-
ended cable and its reflection was recorded by gitddi Sampling
Oscilloscope (DSO). The propagation of the injeqatbe and its reflection
along the cable were then simulated by the usenadraalytical model. As
emphasized in Figure 1, the simulated reflectedsgoubk in excellent
agreement with that recorded by DSO.

IEC standard 60270 gives recommendations about-wadd narrow-
band measuring systems, indicating the bandwid#t ¢tan be chosen in
order to perform apparent charge estimation. Thieraperformed by filters
conforming with the IEC standard, however, remowasch information
brought by the PD pulse, making localization, distunces and noise
rejection, and PD source separation practicallyossible (here, noise are
electromagnetic pulses not associated with PDuidiahces is associated
with PD, but coming outside the equipment undet;, 5T, and separation
is the procedure of removing noise and disturbdrosa PD signals [17, 19,
20]). As an example, Figures 1.25 and 1.26 show,dftferent traveled
distances, the time and frequency domain repretsemtaf a pulse having a
rise time of 2 ns (thus having frequency spectrunpldude constant at
every frequency up to some GHz), filtered by a wided detector having
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mid-band frequency at 300 kHz and a bandwidth d&f BBz. The pulses
show very small differences after propagation atagices of 10, 500 and
1000 m. Therefore, pulses coming from differentatises with respect to
the measurement point may show very similar wawvefon time and

frequency domain. In such way, any technique fpassion and recognition
of PD pulses coming from different sources cannatkvproperly.
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FIGURE 1.25 PD pulse detected using a wide bandwidth measnesystem (100-500
kHz of bandwidth) after a propagation of 10, 50@ 4600 m. Time domain.
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FIGURE 1.26 PD pulse detected using a wide bandwidth measureaystem (100-500
kHz of bandwidth) after a propagation of 0, 500 4000 m. Frequency domain.

IEC 60270 detectors are not free from errors inaa@mp charge
estimation associated with cable attenuation phemanj7]. Indeed, as the
voltage peak of PD signals decreases with the ledwdistance, due to the
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cable attenuation, pulses having the same chatgesoning from different
PD sources, may show different charge value aifterihg. As shown in [7],
the apparent charge estimation is strongly depénden the traveled
distance, as well as on the choice of the detediemmdwidth. Anyway, a
discussion about the calibration and the chargeason is still opened and
will be addressed more explicitly in our next work.

According to IEC 60270, UWB detectors “do not dilpaquantify the
apparent charge of PD current pulses”. Howeversethdetectors are
characterized by higher sensitivity, particularty fnear PD sources, and
allow PD source location [20]. Moreover, when enddwvith fast analog-
to-digital converters and enhanced processing dipedy they allow noise
rejection and PD source separation [19-22]. Figtr2g and 1.28 emphasize
that using an ideal UWB detector (i.e. having iténbandwidth) the
waveforms of pulses coming from, e.g., sourcesOét b of distance look
very dissimilar in the time and frequency domaihug, it can be feasible to
separate the two types of PD pulses through timguency transformation,
allowing for noise and disturbances rejection, & @as for risk assessment
to be performed on a PD source-per-source basis.
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FIGURE 1.27 Effect of attenuation on pulse propagation in a dwver cable in time
domain. After 100 m the pulse has a peak reducti®®% and a large dispersion.

For UWB systems, PD detection sensitivity is clpselated to the
choice of the detector bandwidth and to the noipectsum. Indeed,
depending on noise characteristics, it could beedifficult to detect signals
coming from long distances since the frequency exdnbf a pulse can

31



decrease from the GHz range to a few tens of MHer a@faveling short
distances (thus losing energy).

For example, in the presence of white noise hatliegamplitude shown
in Figure 1.28, the frequency components above 5z lgf a PD pulse 100
m far from the coupler are completely covered lgyribise. This means that,
choosing a detection bandwidth too large (e.g.hdérighan 50 MHz), the
signal-to-noise ratio (SNR), defined as

2
Ox(t)

2 .
noise

(1.26)

(SNR) 45 =10log

where o% and o’nise are the variance of the PD pulse and the noise
respectively, could decrease and PD detection eatrbngly compromised.

The dependence of optimum detection bandwidth adslecattenuation
and cable circuit characteristics will be dealt hwitnore detail in the

following sections.
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FIGURE 1.28 Effect of attenuation on pulse propagation in a N@wer cable in
frequency domain. After 100 m the pulse has losstnad its frequency content: e.g., the
frequency components at 20 and 50 MHz are redux&@ 2 and 90 % respectively. In the
presence of background noise as that depictedeirFifpure, all the frequencies above 50
MHz are dominated by noise and SNR may decrease.

The bandwidth of a band-pass filter is definedhasdifference between
the upper and the lower cutoff frequencies of iherfitself. Assuming, for
simplicity, that the lower cutoff frequency can begligible if compared
with the upper cutoff frequency (as it is customiaryJWB pulse detection),
the bandwidth corresponds to the upper cutoff feeqy. For pulse
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detection, the optimum bandwidtiAforr, is defined as the one which
maximizes the SNR, thus detection sensitivity.

Ideally, in order to achieve the optimum detectgensitivity (highest
SNR) it is necessary to employ filters having thansfer function that
matches perfectly the PD pulse spectrum. This a@gbrohowever, works
only in case of detection of deterministic signaibose spectrum is known
in advance. Alternatively, a good compromise betwtheory and practice is
using rectangular filters having bandwidth that chas most of the
frequency spectrum of a PD pulse [17,18]. The PDivadent bandwidth,
defined as the standard deviation of a PD puldkarfrequency domain, has
been assumed in 1.4 to give a quantitative reptasen of the frequency
content of the detected PD pulses. Therefore, mgatar filters having
bandwidth equal to the pulse equivalent bandwidth be considered as a
good approximation of a matched filter and the egjent bandwidth can be
considered as the optimum one and evaluated usifg)(and (1.24).

In literature, some proposals for the choice of &fdection bandwidth
have been presented. As an example, the workingpg@e19W of the IEEE
Insulated Conductors Committee (ICC) developed a&eyu[23], that
describes methods for detecting and locating PDcesuin power cable
systems. In this frame, two features are of utmogiortance for filter
design: overall sensitivity and PD location resolut(i.e. the capability of
locating PD sources in time or frequency domaiihe guide suggests that
band pass filters having typical bandwidths in 8320 MHz range are, in
most cases, capable to achieve good sensitivity tamd resolution for
source location. Other works indicate narrow systeat very high
frequencies (e.g. UHF and VHF detectors) as optint@tectors [24-25],
even if this solution is applicable only when traugler is very close to the
PD source. A few authors suggest using Matchedrflainks (MFB) [26].

By using the analytical model developed in 4.1 bad electrical and
geometrical data relevant to MV extruded power €alilcan be evaluated
guantitatively how the optimum detection bandwidtbecreases with the
distance between the coupler and the PD source Hgpse 1.29). This
means that, for every distance, a differafdpr value can be defined and,
therefore, no optimal solution can be develope@ssthe distance between
the source and the coupler is not specified.
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FIGURE 1.29 Optimum detection bandwidth as a function of tistathce between the PD
source and the coupler. Bandwidths equal to 512068 MHz are the optimum ones for PD

pulses coming from 450, 100 and 40 m far from thepter respectively

Since the optimum detection bandwidth can be etatuanly if the
traveled distance is known, some sub-optimal smutieed be found. To do
so, one must bear in mind that PD phenomena arergén located at
accessories (due to inadequate assembly, to tlsenme of contaminants,
etc.). However, they might occur also in cable cgdi (due to, e.qg.
protrusions at semicon screens, air pockets asedomth thermal cycling,
damage of sheath conductors during cable pullirtg,).eAccordingly,
different in-field measurement configurations carluence the detection
bandwidth choice.

* Measurements from joint capacitive taps. If joiate endowed with
capacitive taps, very large bandwidths (provideslytdo not exceed
the upper cutoff frequency of the sensor) couldusnsgood
sensitivity for distances comparable with joint dimsions. However,
if PD originate in cable splices, the distance lestwthe PD sites can
be very long as some hundreds of meters, and edtdpuation can
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strongly reduce detection sensitivity, leading talsé negative
detection.

* Measurement from link boxes. The cross bonding iebaables can
be exploited to achieve PD detection during afésting tests [27].
The attenuation of such coaxial cables, a few $ tmeters long, can
influence detection sensitivity, so that bandwidthseveral hundreds
of MHz are not advisable.

* Measurement from cable terminals. If a long trassion line has
inaccessible joints (e.g., submarine HV cablesjeduHV or MV
cables), the measurements can be done only atbie rminals. In
this case, cable length and attenuation charatitsribecome the
predominant factor in detection bandwidth choicer. IBng cables, it
could be worthwhile trying to use relatively lowrtnvidths or MFB.

By comparing these cases, it comes out that callenuation
characteristics play a major role in PD detectibn.fact, due to cable
attenuation, when using bandwidths as large asraleliandreds of MHz,
noise can dominate PD signals if the source is festers far from the
coupler. Therefore, such bandwidths can be apmtEponly if PD sources
are very close to the coupler, but ineffective whdd sources are some
meters away. Some tens of MHz could allow detectivith sufficient
sensitivity PD coming from the joint and the neighibg splices when
measurements are performed from capacitive tajps$ lank boxes. For long
cable systems, accessible from terminations oblwould be advisable to
use different detection bandwidths, the larger doetetect near defects (e.g.
in the terminations), the lower ones to detect PDimated at some distance
from terminations. According to these consideratjoa methodology to
design filter bandwidth for UWB detectors is propdsin the following
section.
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FIGURE 1.30Ideal PD pulses detected at 0, 25, 50 and 100 rindiar the coupler through
a bandwidth of 5 MHz (a), 20 MHz (b) and 50 MHz. (t)ower cutoff frequency is 30 kHz.
Time domain.

In order to clarify the effect of bandwidth, simie of pulses as
received by detectors having different bandwidtine eeported in the
following. The simulations make reference to a Mablke 100 m long.
Environmental noise and disturbances are assumdak toegligible. As
emphasized by Figure 1.29, pulses coming from nitetsr equal to or shorter
than 100 m have optimum bandwidth equal to or greatan 20 MHz. Here,
three different detection bandwidtids, are dealt with:

 Af=5 MHz (<20 MHZz). The chosen bandwidth is lower than the
optimum one. Using such detector, all the PD puisguency
components above 20 MHz are filtered out. This mmedmat,
independently of distance, but particularly for Rignals coming
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from sources close to the coupler (which can haregjuency
components up to hundreds of MHz), most of theueagy spectrum
is lost. Thus, (a) the peak voltage of the dete€Bdpulses can be
strongly reduced (compare Figure 1.27 to Figurealddd (b) pulses
coming from different points can be detected witilar time-
frequency domain features. As depicted in Figur&®d and 1.31a,
the waveforms of PD pulses, coming from 0, 25, 60 200 meters
far from the detection point, look very similarboth the time and the
frequency domain.

Af=20 MHz. The chosen bandwidth equals the optimum one. ilso
this case each pulse coming between 0 and 100 na Mexuency
spectrum larger than the chosen bandwidth and nfesguency
components are filtered out. However, differenthpni 5 MHz
bandwidth detectors, pulses coming from differerstashces result
much dissimilar in the time and frequency domaiigiFes 1.30b and
1.31b), allowing for PD pulse separation and |azion.

Af=50 MHz (>20 MHz). The chosen bandwidth is larger than the
optimum one (it is the optimum bandwidth for a drste of about 40
m, see Figure 1.29). By this way, it is possibl@teserve most of the
frequency spectrum of the PD signals. As emphasine#figures
1.30c, by choosing 50 MHz bandwidth the PD pulsakpealue at
detection point is 10 times greater than that deteby 5 MHz
detector. Furthermore, pulses coming from diffenenints are very
dissimilar in time and frequency domain (allowingr fsources
separation and, if needed, localization). Howeuethe presence of
white noise, the signal-to—noise ratio can strondécrease if the
chosen bandwidth is significantly higher than tigirmum one. As
example, assuming a fixed SNR of about 5 dB fosgsiicoming 100
m far from the coupler and detected with an optinbandwidth of 20
MHz (as suggested in Figure 1.29), the signal-fsengatio is
reduced to 2 dB and — 1 dB if bandwidths of 50 468 MHz are
chosen, respectively (see Figure 1.31).
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FIGURE 1.31Ideal PD pulses detected at 0, 25, 50 and 100 rindiar the coupler through
a bandwidth of 5 MHz (a), 20 MHz (b) and 50 MHz.(c)he lower cutoff frequency is 30
kHz. Frequency domain.

From these examples, it comes out clearly how tiemedge of cable
length and propagation characteristics is essetatidetermine the optimum
detection bandwidth. Using a large bandwidth passible to preserve most
of the frequency components of the PD pulses, ab ttie separation of
different PD sources can be performed more acdyrdt@nks to the
techniques developed in 4.1.

It is important to stress, however, that such erpemts have been done
without accounting for environmental noise thaaliways found in on-field
measurement. In fact, as emphasized in Figure irB2he presence of
background noise detection sensitivity can be Ildsn optimal if a
bandwidth much larger than the optimum one is chos$e practice, to
achieve a good compromise, when making measuremarascessory-per-
accessory basis, it can be feasible to chooseeztamt bandwidth equal to
the equivalent bandwidth for a length equal to hadf distance between two
cable accessories.
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FIGURE 1.32 A PD pulse, 100 m far from the detection pointertapped to a Gaussian
white noise, is detected through a bandwidth rapmdimom 20 to 200 MHz. (a). As the
bandwidth increases, the SNR, evaluated using Y 1@écreases (b). If the detection
bandwidth is chosen close to the optimum one, M@ Bnproves.

As an example, for HV power cable having accessaatea distance of
500 m one from the other one, the detection bartivadn be established by
evaluating the optimum one for a distance of 25QJsing the data relevant
to the MV cable described here, the optimum bantiwisl about 10 MHz.
Thus, since HV cables are less attenuated than Md,ahe 20 MHz value
proposed by the IEEE ICC does seem in line withetveduation reported in
this paper.

1.6 Coupling mechanisms for PD in cables

Alternative solutions for picking up PD signals m@gort to the use of
antenna sensors. However, the mechanism of coupéhgeen PD sources
and cables has to be established in order to desiggnnas in the most
effective way. With this respect, one has to casristtat two different types
of PD sources can be found in power cable systartesnal and surface PD
[23]. Surface PD are generally due to flaws insstirgrading systems and
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occur in accessories on the boundaries of theatienl system. The current
pulse generated by these sources is likely to flawugh the semiconductor
and returning through the shield of the cable.rdePD are due to internal
defects as voids. In this case, PD pulses tendbt through the internal
conductor and return through the shield of theeabl

These two different mechanisms through which PDsgmilcan drive a
cable to irradiate electromagnetic field (similar those observed for
electromagnetic field radiated from printed circdobards with cables
attached, [28-30]), can interact in different waysh antennas, providing
different sensitivities and, possibly, highlightirthe need for different
antenna types to achieve an optimum solution. pager will focus on how
the two different mechanisms couple the PD to enmihation of the cable.
To achieve that, models are postulated and stufiie validated then
through measurements in the lab. Results inditate generally, surface PD
can be detected with larger sensitivities thanrivgtePD, although sufficient
sensitivity for PD detection could be achieved tigio appropriate
antenna/amplifier selection.

In order to quantitatively evaluate the couplingween PD and cables, it
IS necessary to postulate the geometry of the syated, in particular, how a
PD event can be schematized. A reasonable approemdor PD
discharges resorts to a pulsed current flowingniropen-ended filamentary
conductor behaving similarly to an elementary smalienna. In particular,
for internal PD, the filamentary conductor is iresithe insulator, orthogonal
to the axis of the cable. For surface PD, the fdatary conductor is parallel
to the axis of the cable and lies between the atsuband the semiconductor.

Following the above considerations, two differeqigalent circuits have
to be considered to model how PD pulse couple wiatver cables. For
surface PD, it is assumed that the PD current gudsels in the loop made
by the discharge itself and part of the cable dhi€his current loop couples
magnetically with the loop made by cable core amdld, transferring part
of the PD energy to the cable itself. This couplimgchanism can be
modeled as a current-controlled voltage generdgowithin the shield-core
loop:

~ A

Ve = joMi g (1.27)
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being M the mutual inductance between the two aforemeatidoops,
lpp the PD current andw is the angular frequency of the source.
Accordingly, the equivalent circuit depicted in Fi333 can be studied to
evaluate quantitatively PD-cable coupling.

7a D c Zb

() 1
1+
Zc —/ = Ve
ke Ve ke
La Lb |

D’ c’

Z

FIGURE 1.33 Equivalent circuit representing how surface PD ¢etp the cable.

The MV cable is represented by a transmissiondmedel with itsZ;
characteristic impedanclk, propagation constant and lengthsandL,. The
admittanceYs is assumed to be infinite for a PD event (thabisay, it is the
PD current that drives the -current-controlled wgdtasource). Finite
admittances will be considered later on dealinghwiheasurements
performed through network analyser (in that casewill be equal to 1/50
S).

For internal PD, it is speculated that the PD pulsgples with the cable
through the electric field established betweenRBesite and the core, thus
in a capacitive way. Assuming that the PD pulseais ideal Norton
generator, the internal PD can be described asrantugenerator in parallel
with the two branches of the cables. However, oteoto provide a unified
treatment with the measurements carried out irfdh@wing, the scheme of
Fig. 1.34 will be employed. In this scheme, therentr generator is
controlled by the voltage established across thduahucapacitanceC
between the PD source and the cable core by tharflDcan be evaluated
through (1.28), wher¥c is the voltage across the mutual capacitance.

(.= jacy, (1.28)
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FIGURE 1.34 Equivalent circuit for representing internal PD pling to the cable.

In the following, the accuracy of the proposed nmedk verified through
experimental measurements. In particular, intearad surface PD were
simulated in a 2-meter long EPR insulated cablskasched in Fig. 1.35.
The filamentary conductors were energized through dignal generation
stage (RFOUT) of a Network Analyzer Agilent 4862B.order to validate
the model, the cable input impedance and the Sednper between cable
and equivalent PD source ports were evaluated &rally and compared
with measurements carried out using the NA with se$ S parameter HP
85046A. The measured frequency range is 10-500 Mi#z a resolution
bandwidth of 1 kHz. The accuracy of the measurensefii.2 dB and+t3
degrees for magnitude and phase respectively.
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FIGURE 1.35 Experimental setup used to investigate couplingvbeh PD sources and
power cables.

The S parameter between the equivalent surface deiices and cable
termination B can be computed as:
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Z:CC' EjCAL)M DZ[@lH_L)
VASSRANS 1 Z (1.29)

T~ +
loop
S

being z...=Z,(z,,1,) and Z.,.=Z (Z,,L,) the input impedances at ports
CC’ and DD’ respectively with

ZL +20 tanhqch)

Z,(Z,,L)=2,F—=——
Z +Z tanhi.L)

(1.30)

Z, and Z, are the cable terminationkp=L3, Lo=L;+L,, Zs the source
impedance and oo, the impedance of the PD source loop.

The S parameter between the equivalent internals®ce and cable
termination B can be computed as follow

é — AB_ — ZEE [ﬁFF' B 2[Q1+r'-)
NT-B — ns == =~ = =
Vi Vi =0 LZeg + 2. i+ LZeg L. + 1 (131)

being Z... =7, (z,.L,) and Z...=Z (Z,,L,) the input impedances at ports
EE’ and FF’ respectively,.,=L1, Ly=Lo+Ls. ' is the reflection coefficient

seen at section BB'. The input impedance of théecabsection BB’ can be
evaluated by (1.32).

Zoo =Z,(Z,, L1+ L2+L3) (1.32)

Given these premises, the parameters for the dquivaircuits of Figs.
1.33 and 1.34 are calculated using the valuesllist&ab. 1.2.

The additional parametersM( C, Lo needed to evaluate the S
parameters of the system can be calculated eitmaytacally or through
numerical simulations. In particular, the sourcepldor surface PD (formed
by the filamentary conductor and small part of tteble shield) was
estimated to be a rectangular path of dimensions 30nm whose self and
mutual (with the loop formed by the internal coniuc the termination
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loads and the shield of the cable) inductance stmated by well known
formulas [31]. The mutual capacitance betweenntermal PD and the cable
core can be estimated analytically as explainad f§&2]. These values were
also computed by numerical simulations using theit&i Integration
Technique (FIT) [33] and compared with the estirdaires showing a fairly
good agreement (see Table 1.3). Eventually, theactexistic impedance
and propagation constant of a power cable can lzsuned as in paragraph
4.1 taking into account attenuation effects duskio effect, semiconductor
layers and dielectric insulation losses.

TABLE 1.2 Parameter values

Parameter values for MV EPR insulated power cable
L1 [mm] 1000 Ys [S] 1/50
L2 [mm] 700 Za[Q] Open
L3 [mm] 750 Zb [Q] 50
ke [1/m] as in [9] Zc [Q] 20

TABLE 1.3 Computed and simulated parameters values

Computed and Simulated values for sources
Parameter Computed Numerical
simulation
M [nH] 0.1 0.2
C [pF] 0.5 0.6
Lloop [nH] 3 3

The first evaluation carried out was a comparisetwben (1.32) and the
cable input impedance measured at port A. This made using both a
purely imaginary propagation coefficient£k3, lossless case) as well as a
complex one (ka+jB, lossy case). It was observed that a very good
agreement between model and measured data cowldthi@eed when cable
losses are accurately modeled (the results areepotted here for the sake
of brevity).

Coming to results that are more related to theeisdfuPD detection, the
comparisons of measured and calculated S21 paraEmdteetween
equivalent PD source and cable termination) arerteg in Figs. 1.36-1.39
for both surface and internal PD. In both casesyeths a very good
agreement between model data and measurementreshdiving that both
capacitive and inductive coupling modes between 98Drces and cable
systems can be studied through equations (1.2921.
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FIGURE 1.36 Magnitude of S21 parameter between the surface qeiivaent source and
cable port B.
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FIGURE 1.37 Magnitude of S21 parameter between the internakBliivalent source and
cable port B.

45



-20

Surface PD
Internal PD

Aok
A0k

S0 |

rnagnitude [dB]

B0+

-fa \
.80 1 I i 1 1 1 1 1

1
0s 1 15 2 25 3 35 4 45 5
frequency [Hz] it

FIGURE 1.38 Comparison of coupling to port B of the cabledarface and internal PD.

When the cable is not perfectly shielded, radisedssions due to PD
from the cable can be measured using antennashidncése, the cable
behave as an antenna and the larger the energsfeinad from the PD
source to the cable the larger is the detectiositeity (if we disregard, by
now, radiation patterns). The practical implicasofor PD detections
coming from the analysis reported here are empédsiarough Fig. 1.38,
which shows the comparison between the S21 paranietethe two
different types of PD. It can be observed thalaege frequencies, surface
PD tend to couple more energy to cable terminatflanger S21 values) than
internal PD, this effect being less marked at tbevelst frequencies.
Therefore, surface PD are generally detected \aitipelr sensitivity at larger
frequencies, whereas there is no significant difiee at the lowest ones
(i.e., at those frequencies where conventional oreasents of conducted
signals are carried out). Moreover, detection afjdafrequencies can be
favored for both types of PD but, in particulary those of surface type
(thus, it can be expected that radiated pulses fnariace PD display a larger
frequency content than those from internal PD).
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Partial Discharge Measurements

The practical conclusions inferred from the abovelygsis can be
accepted if the filamentary conductor approximatised to build up the
model is a realistic approximation of PD phenomé&iace a direct proof of
this is impossible, an indirect one was sought. garticular, PD
measurements performed on a cable with artificefledts using a high
frequency current transformer and an antenna wargared to verify if the
general statement that surface PD can be detecdtedanger sensitivity and
at larger frequencies than internal PD could beepierl. For this purpose,
PD were artificially induced in a 2-meters long leabinternal PD were
created by drilling a hole in the dielectric, irtg®y a metal object and filling
the hole with rubber. Eventually, the shield wasre@ated using semicon
tape. Surface PD were created by shortening tlotriel® distance between
the high voltage conductor and shield through semtape. A log-periodic
antenna (100 MHz-3 GHz) was placed near the textioin B of the cable
and the electromagnetic radiation was received gusin R&S FSH3
Spectrum Analyzer. Conducted PD signals were dedetitrough a high
frequency current transformer (HFCT) having loward aupper cutoff
frequencies of 16 kHz and 40 MHz, respectively. Thenplete PD pulses
were recorded and stored through an Ultra-Wide B4QdVHz) detector.
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FIGURE 1.39 PRPD pattern relevant to (a) internal PD, (b) aeefPD. Sensor: HFCT
placed around the ground connection of the cable.

The results of conventional measurements (i.e.sehperformed on
conducted signals through HFCT) are presented dn EB9, which shows
the so-called Phase-Resolved-Partial Discharge D RRttern [19-22]. As
can be seen, internal PD display, on average, anitodg that is larger
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(almost two times) than that of surface PD. Measers performed
through the log-periodic antenna, however, behasaetyy in the opposite
way (see Fig. 1.40), that is to say, surface P2daletl by the spectrum
analyzer (using the Max-Hold mode and 1 MHz resofubandwidth) mode
display a much larger magnitude than internal Pbis Tinding indirectly
confirms that internal PD can be detected througteranas with a lower
sensitivity than internal PD. Furthermore, Fig. QL.dmphasizes that, as
predicted by the model, surface PD are detecteti Veitger frequency
content.
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FIGURE 1.40 Spectrum of internal and surface PD as receiveduthh a logperiodic
antenna.

1.6 Typical sensors for PD detection in MV cables

Standard circuit analysis shows that a HFCT (repmesl by a pair of
coupled inductors having self-inductances at thiengmy and secondary
winding L1 and L2, respectively, mutual inductamdg excited by an ideal
current generator at port 1 and closed on a 50 @ésistor at port 2
(detector port), as shown in Fig. 2.1, will displayvoltage across the
terminals of port 2 given by (1.33).
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1A(1) V1T TVZ % 50 Ohm

FIGURE 1.41 Equivalent circuit for the HFCT connected on pbrto an ideal current
generator, on port 2 to a SDresistance representing the detector input.

v, = | @B0M

27 50+ j WL, (1.33)

The ideal system will thus behave as a high-pdtes fiaving gain at very
large frequencies:

N Re
V,(0)=50M /L, =502 1-—FE 1.34
o) =500 1L, NZ[ RFE%} (1.34)

and cutoff frequency

fc—l 0 1[:| 50 = 1EI2ERFE=
207 L, 20 (1 1 207 N2
= 4+
“1Re R, (1.35)
_ 1 50, |

being Ree the reluctance of the ferrite corg,, (Ra,) that of the stray
fluxes at the primary (secondary) circuit of theC®F respectivelyu, |, A

the magnetic permeability, length and area of tioa icore. Ideally, the
reluctance of the iron core could be neglected wetpect to that of the air,
leading to the ideal transformer equation:

V,(e0) = 5022 (1.36)

N

In reality, the core of the HFCT, which will be head in ferrite, at some
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critical frequency will display decreasing permdapilevels. At high
frequencies, this feature of ferrite cores willntumto higher core reluctances
and, therefore, poor coupling factoks,

_ M _ 1
L0, J0* Reg /Re )+ Reg IR (1.37)

According to (1.35) this will also lead to a redantof the voltage at the
detector port, that is to say, the PD detectionudirwill show decreasing
sensitivity.

In selecting ferrites used in HFCT cores, a commsembetween
bandwidth and permeability needs to be achieved Aetter of fact, ferrite
cores with very large bandwidths are generally ati@rized by low
magnetic permeability values (see Fig.1.42). They prvovide, therefore,
HFCTs having low gain (1.34) and high lower cutbéquency (1.35). The
compromise will be dictated by the characteristit$he pulses that have to
be detected, as shown in the next section.

The 50 Ohm resistor to which the HFCTs must beetlds necessary in
order to achieve best coupling, i.e. avoiding sigmmeergy reflections due to
the impedance mismatch, which can result in a @luof transmitted
power and, thus, sensitivity.

Transfer impedance of a lot of 25 HFCT sensors cernially available
are shown in Fig. 1.43, where the boxplot for tldtage gains (V2/V1)
measured in the lot are reported. The measurenhawes been performed
using a network analyzer. Port 1 was short cirduifBout=50Q). The
HFCT was clamped around the jumper wire short-diray port 1 and
closed on port 2 (Rin=8 ). Note that the transfer function of the sensor
show very good coupling up to few tens of MHz, thusatching the
optimum bandwidth for PD detection in MV cables,cading to the
investigation carried out in this chapter.
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Complex Permeability vs. Frequency
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FIGURE 1.42 Complex permeability of two different ferrites:riige (A) has larger
permeability than (B), but on a narrower frequeranyge
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FIGURE 1.43 Transfer impedance of a lot of 25 HFCT sensorsroerially available.
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Chapter 2

PD Pulse propagation and detection
in Medium Voltage transformers

2.1 Premise

Investigation on PD pulse propagation in distribatitransformers is
described in the forthcoming paragraphs. Both cotetl and irradiated
phenomena generated by PD events within the tramsfs will be taken
into account to give a complete view of the probl@rhe target of such a
study is to introduce new and effective detecticgthnds which allow non
intrusive on-line PD measurements to be succegstaliried out, achieving
best SNR and, thus, gaining the largest numberiagjndstic information
about the system under test. In particular, sweski methods will be based
on the possibility of detecting EM radiation, predd by PD sources
occurring inside transformers, from outside thropgbperly designed UHF
couplers. In order to design proper sensors itdsessary to know the
frequency range where EM waves, due to PD everayg,propagate. Several
ways to evaluate the electric and magnetic fieid@ HV/MV transformers
exist, based on resonance cavity theory, but rereate in literature exist
regarding the possibility and methods to evaluh&edlectric and magnetic
field radiated outside distribution transformer#éndeed, in the following
paragraphs it will be shown that MV transformers ba analytically studied
as shielded enclosures with circular aperturesdhllow bushings or cable
termination entrance). It will be shown that suchtimods can easily give
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accurate solution of the problem in far field regidout very complex

numerical treatment is necessary to solve the probdhccurately in near
field region as well. A further analytical innovwati approach will be then
considered, applying an analytical transmissione limodel to the

transformer, showing both good fitting with expeemtal results and the
possibility to give also significant informationlegant to the near field

region. Such an approach takes inspiration fromeroms problems dealt
with in literature regarding shielding efficiencyroplems. The main

difference between the literature approach andotine considered in the
following work is the source location. Indeed, fg®ire authors use to place
emitting sources outside the enclosure and evalihatepenetration of the
electric field, radiated through an aperture onwladl, inside the enclosure.
On the contrary, in this work the emitting soursenulating PD events

inside the transformer, will be placed inside theslsled enclosure and the
radiation through the aperture will be studied migs$he cavity.

However, it will be shown that although such meth@ie potentially
accurate, the numerical computation can becomefisgmtly complicated
when the whole complex structure inside the tramséo is considered,
particularly when near field region is investigatéctherefore simulation
through proper Computer Aided Design (CAD) softwdrased on Finite
Element Methods (FEM), were carried out to represéoroughly the
transformer with all its components (e.g., ironeg;orindings, bushings, oil,
etc...) showing very good agreement with experimedsah. Owing to the
results obtained from the simulations it is therefpossible to design proper
sensors, as it will be described in 2.5.

Before starting, it must be emphasized the appheaaspects of the
following work, since IEC international standards ribt require any Partial
Discharge test in factory for MV/LV oil insulatedstribution transformers,
differently from cast resin and HV/MV olil insulaténsformers. Therefore
it is possible that distribution transformers aféet by significant PD
activities due to bad manufacturing issues mighinsg¢alled on field and,
thus, experience unexpected premature failuresh&umore, no after-laying
test is required by the standards, which meansatinaproblem due to either
bad assembling operations on field or damages, roogu during
transportation from the factory to the working siteuld not be detected
after the installation, thus increasing considerdbe failure risk, especially
over the first period of life. Hence, the studyrgat out in the following
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work can be extremely helpful to carry out PD measwents on line with
very good sensitivity through new detection methaddsorder to assess
transformers conditions after the installation a#ldf and during their life
time, thus preventing premature failures that some=t lead into economical
losses which can be comparable to those obserirablé systems.

A brief summary of the existing detection methaglgiven in 2.2, before
describing the new ones.

2.2 Overview on existing PD detection methods

Existing PD detection methods are considered ifdhewing along with
their major advantages and criticalities.

2.2.1 PD detection from capacitive tapsin power transformers

Power transformer bushings are often provided efittbedded capacitive
taps [34], which can be treated as a capacitiveageldivider connected in
parallel to the transformer. They consist of aaiarhumber of paper layers,
wrapped around the main conductor within the bughibetween two
conducting layers, as sketched in Fig. 2.1. Suchipteilayers of paper and
conducting materials constitute, therefore, a sew& cylindrical paper
insulated capacitors in parallel to the transforriidére voltage can be picked
up across one of ther@y, constituting a pure capacitive voltage divider.

A measuring impedanc&,, is then connected in parallel to the low
voltage capacito€,. Such measuring impedance is integrated in agr it
tap adapter, which consists of a customized pluetdixed directly to the
tap, including proper designed surge protectionfie Tmeasurement
impedanceZ, is generally composed by a resistariRewhich may vary
from 100 to 200Q. The rated values of the above mentioned elettrica
components are chosen on the basis of the busiyingapacitance valu@,,
to be provided by the either the customer or thadiormer manufacturer.
Oil insulated distribution transformers are gergrabt provided with such
embedded sensors.
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FIGURE 2.1 Layout schemes of capacitive taps installed inpml@er transformer bushings
around the central conductor (left) and relevaetcteic circuit (right). Paper layers are
represented in yellow, conductive layers in grey.

FIGURE 2.2 Pictures of a commercially available Tap Adapted @s installation.

2.2.2 UHF detection using internal and external sensorsin power
transformers

Investigation in Ultra High Frequency (UHF), i.between 300 and 3000
MHz, and Very High Frequency (VHF), i.e., betweah and 300 MHz,
ranges was extensively carried out in the pastltavaPD detection to be
performed in HV Gas Insulated Systems (GIS) [35-38]particular, Gas
Insulated Lines (GIL) present the same geometratedracteristics of a
coaxial waveguide which can allow electromagnetiav@s propagation,
with very low attenuation above a certain cutoffgiuency, when excited by
an internal source. In the case of GIS or GIL apipeses, the EM wave
propagation can be originated by impulsive and tiepe PD pulses
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occurring inside the system which may have risingetless than severas

and, thus, containing frequency components up wo @Hz at the source.

Indeed, thanks to their broadband frequency, sudeep can excite the

resonances of the GIS and propagate along thensysteording to different

modes, such as Transverse Electrical Magnetic (THk#nsverse Electrical

(TE) and Transverse Magnetic (TM). The TE and TMde® cut-off

frequencies, above which attenuation is low endieghllow EM waves to

propagate for longer distances than TEM mode, dkpmn the system
geometry and size. TEM mode can however propagdtaver frequencies
in coaxial GIL chambers especially when the PD s®us close to the

central HV conductor bar [39].

Since the effectiveness of PD detection in GISeyst through proper
both internal and external UHF sensors, has beelelywidemonstrated in
literature, similar works were proposed for HV sformers [40]. Indeed,
transformer tanks can be considered as resonaitiesawhere TE and TM
propagation modes can be excited by internal higquency PD events,
allowing, thus, electromagnetic waves propagaitmmide the transformer.
Three kinds of sensors are mostly used to carryPiutmeasurements on
power transformers:

* UHF internal disc couplers (Fig. 2.3): Their frequg range may vary
depending on their size and design. They can $tliad only in pre-
existing sites according to the manufacturer. Siettyiis excellent but
global system reliability could be slightly affedtsince such sensors are
intrusive.

» UHF external disc couplers: similar to those in&rbut properly design
to be coupled with existing circular dielectric wows (Fig. 2.4) . They
are non-intrusive and can detect PD events ocaqurinmside the
transformer in UHF range. Their sensitivity canyvaignificantly with
the window size.

* VHF oil valve sensors: such sensors are desigmedldrge HV
transformers, where TE and TM lowest cutoff frequies are evaluated
to be within the VHF range. They can be installedioe, internally to
the transformer, through the oil-valve placed la tottom. Their
sensitivity is maximum for PD occurring at the lbott of the
transformer. They represent in general an optimwiutisn when
combined with the capacitive taps, which are maasgive for PD
occurring in the upper part of the tank.
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sealing ring

plug

FIGURE 2.3 UHF internal sensor scheme (left) and its instialfafright) for PD detection
purposes in GIS systems and power transformers.

plexiglass disk sealing ring
lock screw

sprimg band

sensordisk  ([LEINN o (el [T chassis -
window sensor

grip with cable ——

insulating material

FIGURE 2.4 UHF external sensor, for PD detection purposeSi systems and power
transformer, to be coupled to existing dielectrindows.

a)

FIGURE 2.5 Internal VHF sensor for power transformer, to b&oduced inside the oil
valve at the transformer bottom.

2.2.3 Acoustic techniques

Acoustic sensors (10-300 kHz) are commonly usedPfordetection and
localization in HV transformers, through the measuent of the acoustic
waves generated by PD activities within the tramséy tank [41]. The
resulting measured signal will depend on the PDrestype (i.e., corona,
surface PD, bubbles in the oil, etc...) and on thepagation path (distance
between the PD source and the sengarpustics signals can be picked up
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through sensors placed either insode or outside tthesformer tank.
Acoustic emissions produced by PD events cause anexdl vibrations and
can be sensed by means of piezoelectric transdaseveell as fiber optic
acoustic sensors, accelerometers, condenser mameph and sound-
resonance sensors.

FIGURE 2.6 A commercially available acoustic sensor for PDedtbn in power
transformers.

The frequency range, where acoustic sensors ggnesak, lies 10 kHz
and 300 kHzlt must be pointed out that the acoustic wave pyapan from
the PD source to the acoustic sensor (transdusesfraongly influenced by
the geometry of the test object. Reflections anfacdons at the tank
boundaries lead to distorted sound propagationdétgrmines the resulting
damping, absorption and scattering effects on theasurable acoustic
compression wave. The main application for acou$tiz detection is
localization through Time of Arrival methods. Hoveg\vit must be stressed
that such sensors have generally poor sensitib#yng able to detect and
localize only phenomena of very large magnitude.

2.2.4 Detection through HFCT sensors installed on power cables
at transformer termination

When distribution transformers having nominal powelow or equal to
1 MVA are tested, it is possible to achieve siguaifitly good sensitivity by
acting on the MV cables connected to the transfordmeparticular, High
Frequency Current Transformer (HFCT) sensors cgpldsed either around
the cable ground lead or directly around the cabhe. PD measurement can
be carried out on-line and PD inside the transforca@ be sensed. Anyway,
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whenever PD are detected, a significant state oémi@inty can exist about
the source location.

FIGURE 2.7 HFCT installation around ground leads of MV cablesnnected to
distribution transformers.

Indeed, both PD sources inside the transformerthadcable may give
rise to PD pulses traveling along the MV cables, émadks, that can be sensed
by the HFCT clamped around the MV cable ground Igad. 2.7). In case
of PD detection, it can be significantly difficuid distinguish PD events
caused by PD source within the cable terminatiothtse occurring inside
the transformer due to the fact that the distaretevden the PD source and
the HFCT is within few meters in both cases, legdoncomparable time and
frequency characteristics of the PD pulses. In soakes, it is usually
recommended to perform an off-line test feeding tia@sformer from the
low voltage side and leaving open-circuited the M¥minals.

2.3 Investigation of irradiation properties of a
metallic shielded enclosure with apertures

As mentioned in 2.2.2, Partial Discharge detectian be carried out in
HV/MV power transformers by means of appropriate RUKensors
permanently installed inside the tank or coupletemmally to pre-existing
dielectric windows. Distribution transformers gyevided generally with
neither internal sensors nor dielectric windows aredro-fitting on
transformers already in service to install intersehsors is usually not
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allowed. Therefore Partial Discharge detectioraisied out most commonly
through HFCT sensors clamped around the cablesndrtead or directly

around the cables achieving good sensitivity btitoducing a degree of
uncertainty regarding the source location when Rivides are detected

(conducted signals detected by the HFCT can benatigd from defects in

the transformer or in the cable). It is thus neags$o develop alternative
sensors able to detect and localize PD sourcesiedisassess transformer
condition on-line although they are not providedhwreinstalled sensors or
dielectric windows. This can be achieved by mednsoo-intrusive sensors
which can capture the electromagnetic irradiatioodpced by PD sources
within the transformer from outside, through, aseaample, the apertures
placed at the transformer top to allow bushinggagice. In order to

properly design such sensors it is necessary testigate on the frequency
range at which irradiation outside the transforta@k can occur, depending
on transformer size and design.

Before starting, it is necessary to point out lyi#e differences between
far-field and near field radiation [42]. Let assumstandard dipole emitting
antenna, in the free space, having a maximum diimer3, resonance
frequencyfp and relevant wavelengila, as shown in Fig. 2.8.

It is possible to divide the three dimensional gpamund the antenna in
three regions as follows, wherés the distance from the antenna:

* Reactive near-field regiorr € Ry): the reactive components of the
electrical field predominate on the radiating feeldReactive fields
decay with the cube of the distance from the so(gee eq.2.1).

* Radiating near-field (Fresnel) regioR;(< r < Ry): radiation fields
dominate, but strongly dependent upon the distérme the source
and the observation angle. Indeed distances anid &egween the
observer and the parts of the antenna can varyidayably, thus
varying proportionally phase and amplitude of théiated fields.

» Far-field (Fraunhofer) regionr (> Ry): where the angular field
distribution is essentially independent of distarficen the source.
The field decays monotonically with an inverse de®snce on
distance.
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FIGURE 2.8 Reactive-, Near- and Far- Field region around aldipf length D in free
space.

The commonly accepted boundaries between therglidns are [43]

D3
=062 |— 2.1
R =062 . (2.1)

_2D?

R, (2.2)

0

When receiving antenna systems are consideres,gémerally assumed
that the receiver is located in far-field regiorttwiespect to the emitter, i.e.,
at distances above,RHowever, when the receiving antenna is placetien
near- or reactive- field region, i.e., at distaso®ller than R the capacitive
coupling start to predominate, especially if theereing antenna is placed so
close to the emitter to fall into the reactive dieln such a case, the sensors
works as a sort of electric or magnetic field prelel the effectiveness of
the signal reception depends mostly on its cap&citioupling properties
with the close source. In the following work, tharisformer tank will be
considered as a resonant cavity wherein standinvgsvean be originated as
a consequence of Partial Discharge events. Inastigwill be carried out
on the EM propagation outside the transformer thinoits apertures, both in
far field region (irradiated waves) and in the taecfield region (electrical
field perturbation close to the aperture).

62



2.3.1 Analytical evaluation of electric and magnetic fields within a
metallic box with a circular aperture

To start with, a transformer mock up was realizedaboratory to carry
out experimental irradiation tests. In particuldre irradiation pattern of a
high frequency pulse generated inside a metallicvith a circular aperture
on its top is investigated both inside and outsidebox. The diameter of the
circular aperture was chosen at 75 mm to fit theereal diameter of a
ceramic bushing which will be used next, to stutyy influence on the
irradiation properties. The box was chosen 260 mgh, 240 mm large and
240 mm deep, with metallic walls 7 mm thick. Thelman be considered as
a shielded enclosure and its resonance frequercaes be calculated
resorting to resonant cavity and waveguide theory.

o
’ =260 ((ﬂ) >
b=240
=220 . m

FIGURE 2.9 Metallic box used for experimental irradiation tdstough the aperture on its
top.

In particular, it is possible to consider the baxfarmed by a section of
rectangular waveguide (with lateral dimensiarendb laying in thex andy
axis, respectively), having its back and fronefenclosed with conducting
plates [42]. Various field configurations (modesanc exist inside a
rectangular waveguide except the TEM (TransversectiEl Magnetic)
mode, which does not satisfy the boundary condition the waveguide
wall. On the contrary, Transverse Electric (TE) Taansverse Magnetic
(TM) modes can satisfy the boundary conditions oé@angular cavity and,
consequently, of a resonant cavity derived fromeetisn of waveguide.
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There are no differences in terms of analyticalttreent between rectangular
waveguides and cavities in tkeandy axis. Therefore, the field forms along
the x andy directions and boundary conditions on tlzeand xz walls are
identical to those of the rectangular waveguide.ti@ncontrary, it must be
considered that, differently from the waveguidansiing waves, instead of
traveling waves, exist inside a cavity along itsgi ¢ axis) and additional
boundary conditions must be imposed along the faodtback walls.

The resonance frequen¢y, ) - of the modeTE?

mnp mnp ?

where the subscripts

m, n and p are designated to describe the modeg dle x, y, z axis,
respectively, can be evaluated as follows [42]

1 m\* . (nm)’ % m= otz
(1) = W[ D7) 4| PT) n=012..Imnz0  (2.3)
r 7 mnp 2
mue |\ a b ¢/ p=123

where a, b and ¢ are the box dimension along x, axis, respectively,
and p and: are the permeability and permittivity of the mediinside the
box, respectively.

In addition toTE;,, modes inside a rectangular cavitiv;, modes can

mnp
also be supported by such a structure. The comelspg resonant frequency
(f.)mp cCan be written as

2
(1,00 == J(—m”j
21 e a

As can be seen in Table 2.1, the lowest frequenttghwcan propagate
inside the metallic box is 851 MHz, relevant to €011 mode. Thus, the
system can be considered as a sort of high p&ssdllowing propagation of
electromagnetic waves only at frequencies highan tine cutoff frequency
at 851 MHz, evaluated through eq. 2.3.

The same procedure can be carried out to work loeitTE and TM
resonant frequency when the box is filled with maheoil, simulating the
real oil insulated transformers. It is enough tplaee the permittivity of air
in (2.3) with that of the mineral oil, which can bensidered constant at all
frequencies g, = 2.3) according to [44]. TE and TM resonant frexgies

m=123...

2 2
{n_ﬂj {Mj n=123.. (2.4)
b Cc

p=0L12,...
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are collected in Table 2.2. It can be observed that lowest resonant
frequency is now dropped from 851 to 561 MHz, asedffiect of the
introduction of the oll.

TABLE 2.1 TE and TM Propagation modes — Empty box

m|nlop TE,f1np ™ rfnp
Frequency [MHz]| Frequency [MHZz]

1|01 851 /

110 / 883
1111 1056 1056
2101 1312 /

2|02 1377 /

1120 / 1397
1(1)2 1453 1453
1122 1812 1812
2121 1859 1859

TABLE 2.2 TE and TM propagation modes - Qil filled box

m|nlp TErf1np ™ ,fnp
Frequency [MHZz]| Frequency [MHZz]

1/0|1 561 /
111(0 / 582
1111 696 696
0|21 865 /
2102 907 /
120 / 921
1112 958 958
1(2]2 1194 1194
2121 1225 1225

Indeed, the transformer behaves like a sort of pags filters and, in case
of internal sensors design, it is important to take account such TE and
TM cutoff resonance frequencies, since no EM wabaes propagate inside
at frequencies below such values. In case of eakesensors design, the
influence of both the circular aperture and thehing has to be taken into
account as well.

When an aperture is cut in one of the conductinlisved the enclosure, it
is possible that perturbation of the electric anaignetic fields outside the
enclosure could be detected, both close to anfidar the aperture. Further
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perturbation of the fields can arise from the idtrction of a dielectric
material into the aperture such as the introductibneramic bushings into
the transformer tank apertures. Therefore, in c@lelesign external sensors,
able to sense PD activities occurring inside thadformer, it is necessary to
evaluate or analytically predict the perturbatidrine electric and magnetic
fields outside the transformer apertures.

Analytical models exist which allow to evaluate thields radiated
outside an aperture in a conducting wall [45-53].apply such models it is
necessary to consider the aperture as a circuwdarastenna, thus having a
resonant frequency above that it can irradiate Ees in the free space if
properly excited by a feeding source. By considgrihe aperture as an
antenna, the free space around the aperture catllbdivided in reactive-,
near- and far- field region. The boundaries betw#en regions can be
evaluated according to (1) - (2), where D is thartter of the aperture.

EM fields in proximity and beyond the aperture cha therefore
investigated through the aperture polarizabilitgaty, developed by Bethe
[45], below the resonance frequency of the apertwiele, for frequencies
higher than the fundamental resonance, waveguideryhcan be used.
Bethe’s theory, which adopts the concept of thazichbility of an aperture,
consists of replacing the aperture with electrid amagnetic dipoles placed
at the center of the aperture, which can be dony &or apertures
electrically small (i.e., when the highest frequemorestigated is lower than
the aperture resonance frequency). Hence, the tliaismitted at the other
side of the conducting wall may be considered aldigield and can be
calculated from the electric- and magnetic- dipolements induced by the
incident field on the complementary area of inntermeability, as shown
in Figures 2.10 and 2.11.

R

(a) () {c)

FIGURE 2.10 Electric Field aperture-coupling geometry: impessselectric field
perpendicular to a metallic wall with no apertual electric field near the aperture in the
wall (b), equivalent electric dipole.
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{a) (b} {c)

FIGURE 2.11 Magnetic Field aperture-coupling geometry: impeglssmagnetic field
parallel to a metallic wall with no apertures (aggnetic field near the aperture in the wall
(b), equivalent magnetic dipole.

The induced magnetic and electric moments, reguftiom an incident
electric field normal to the plane of the apertarel from a magnetic field
parallel to the aperture, respectively, are givgn b

P =06, (2.5)

M =-a,H, (2.6)

m

Where a, and a, are the electric (scalar) and magnetic (vector)
polarizability, respectively. The original electriand magnetic fields,
(Ey,and H,, respectively) inside the enclosure can be eteduérough
Dyadic Green’s function, at the location of the réyee (before cutting off
the aperture) [45]. The values of aperture poddnilty for different shapes
and sizes have been determined by Montgomery [&d|Gohn [55]. In case
of circular aperture, such values are collectetiahle 2.3.

TABLE 2.3 Electric and magnetic polarizability for a circubperture

Aperture shape a, a,
Circular with D3 D3
diameterd 6 3

Therefore, at frequencies lower than the apertiesorrance, it is
necessary, first, to evaluate the fields inside ¢heity by solving Green
functions (generally through complex computationsgpams) and, then, to
use (2.5) and (2.6) to evaluate the equivalenttapesource. In such a way
it is possible to get information on the electmdamagnetic field close and
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far from the circular aperture, evaluating thedgelradiated by equivalent
dipoles as:

E(r, ja) = —%D x[Px (e 14 + jegM xO(€™ 14w)  (2.7)

H(r,jow) = —jaPx0(€e™” 14r) -0Ox[M xO(e™" /457)] (2.8)

When the wavelength of the incident radiation oe dircular aperture
becomes comparable with the size of the apertuvellinduce a resonating
current around the aperture and Bethe’s theorymaillonger be applicable.
The transition wavelength, which can be evaluatgayeng the waveguide
theory [50], corresponds to the cutoff wavelengthhe lowest order mode
of a circular waveguide having transverse sectmrakto the aperture in the
box. The cutoff wavelength relevant to the TE11 maahich is the lowest
propagation mode in circular waveguides [48] , ¢Bn worked out as
follows,

A uor = 341D /2 (2.9)

cutoff —

where D is the diameter of the circular aperture. It can therefore

assumed that the aperture, which behaves liketastenna, can irradiate in
far field region EM waves in a frequency range,general considerably
narrow, around its resonance frequency. Considgetite metallic box
having a circular aperture with a diameter of 75,ntns easy to work out
the aperture resonance frequenfgyand, therefore, the transition limit
between aperture polarizability and waveguide mhethrough equation
2.10.

o

—h
o
I

= 234GHz (2.10)

cutoff

Summarizing, when a source inside an enclosurexaite its resonances
and an aperture is into one wall, radiation botside and outside the tank
can occur. If it is aimed to investigate the radiatoutside the shielded box
below the aperture resonance, calculable throughO)2 electric and
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magnetic field values near and far from the apesiuwran be worked out
using Bethe’s theory, which means replacing thetapewith an equivalent

electric or magnetic dipole; above its resonaneguency, the aperture can
considered a circular slot antenna which can iat@dEM waves around its
resonant frequencies which is can be evaluatech@dundamental mode
TE11 of a circular waveguide having the same sectio

2.3.2 Experimental irradiation test

EM field distribution in far- and reactive- field

A series of measurements was performed on the lmétak by placing
an emitting, ground plane, monopole inside anddiieig the EM radiation
outside the aperture through a similar receivingnopmle, in order to
validate the investigation carried out in 2.3.heTength of both monopoles
was chosen short enough to work below their resmmdrequency (i.e.,
electrically small monopoles). In particular, siraéthe experiments were
carried out in a frequency range over 2.5 GHz, 20 long monopoles were
chosen, being the resonance frequency of such ahteghnas much higher
(7.5 GHz) than the maximum frequency investigatbds preventing any
field perturbation due to the monopole resonantas. emitting monopole
was connected to a noise generator, which prodatdss output, a white
noise in a frequency range up to 3 GHz. The reagiwvnonopole was
connected to a 3 GHz Rhode & Swartz Spectrum Aealy3A). Sweep
time was chosen at 30 kHz and resolution bandvat80 kHz..

RECEIVING
DIFOLE

(11T L]
Ll e =1 AMPLIFIER \
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ANALTZER

| EMITTING
| DIPCLE

FIGURE 2.12 Experimental irradiation measurement setup

69



The measurement setup is sketched in Fig. 2.12ur&i8.13 shows the
noise generator spectrum when it is connected tliréo the spectrum
analyzer through an UHF coaxial cable.

-20

— 30k Background noise ||
V Th B

% B T Noise Generator

S, -40 V‘v“/ - N N M \v VN A A AN

YWYNA i N VAR WY V) AAMAAS VAN WV V)

) W Aty

- -50 B

3

‘S -60

=

< .70

-80 wwA

0 500 1000 1500 2000 2500 3000

Frequency [MHZz]

FIGURE 2.13 Signal produced at the output of the noise Generaten connected directly
to the spectrum analyzer.

The emitting monopole was placed 15 mm far fromaperture and 15
mm far from both the side walls. The receiving maole was placed outside
the box at a distancd, of 10 mm and 200 mm from the aperture simulating
reactive and far field conditions. Indeed, consitethe aperture as a slot
antenna with maximum dimension D=75mm, it can b&wated, according
to (2.1) and (2.2) that the reactive field regiod® at R=35 mm from the
aperture, while the far field region starts a=RB7 mm from the aperture,
with both R and R evaluated at the aperture resonance frequencygtrépe
detected by the receiving monopole are shown inZFit.

-50 \ ;
Receiving monopole d=10 mm
E -60- Environmental noise -
g Receiving monopole d=200 mm
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FIGURE 2.14 EM field detected outside the metallic box throuayh electrically small
monopole in the reactive field region (d=10 mm) amthe far field region (d=200 mm).
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It can be observed that when the receiver is pgl28® mm far from the
aperture, in far field region, the detected frequyespectrum lies in the range
between 2.2 and 2.5 GHz, i.e., significantly clas¢he resonance frequency
of the aperture evaluated by (2.10) at 2.34 GHz.

When the receiving monopole is placed 1 cm far ftbm aperture, i.e.,
within the reactive field region, broadband spettrean be sensed from the
aperture, from 1.3 to 2.5 GHz. Indeed, resonareguigncies inside the box,
relevant to the TE and TM modes, excited by thermdl source, can
influence significantly the electric and magnetield in the region just
beyond the aperture. Therefore, from the first eéxpent it is confirmed that
the far-field radiation is mostly dominated by #ugerture resonance, while
electric and magnetic fields in the reactive regionld be mostly influenced
by the box characteristics.

Dependence of EM field distribution outside the ap#ure one oil and
bushing

A further experiment was carried out on the box, mgasuring the
scattering parameter through a Network Analyzer XNFhe emitting and
receiving monopoles were connected to the portdlzamespectively, of the
NA and the transmission coefficient S21 was eveldiah three different
situations: box empty, box filled with oil and baith both oil filling and
ceramic bushing put into the aperture. The emitimgnopole was placed
inside the box in the same position of the previexperiment with the
Noise Generator, while the receiving monopole wasqu at 5 cm far from
the aperture as shown in Fig. 2.15.

Network
Analyzer

~_ Port1

FIGURE 2.15 Sketch of the measurement setup when using tws platwork Analyzer
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The purpose of the test was to verify the influen€ghe box internal
resonances on the electric field perturbation detshe box aperture. In
particular, contributes of the insertion of the afd the bushing to such a
field perturbation were investigated.

-20 :

l
380 MHz 580 MHZ
40| l |
o 60+
E |
< 1
¢ 80 ! i
| m—mpty box
-100 } | oil filled box 1
1020 MHz
846 MHz oil filled box + bushing
-120 : : :
200 800 1200 1700 2500
Frequency [MHZz]

FIGURE 2.16 Insertion loss (S21) measurement through Networklyszer between the
monopole inside the metallic box and the monopdisecto the aperture with the box
empty, filled with oil, and with both oil filling rad bushing into the aperture.

The results of the measurements are reported irRF§ and summarized
as follows:

* The first two peaks in the S21 trend relevant t® ¢émpty box are
observable at 846 MHz and 1020 MHz. According tbl&&.1, such
peaks correspond reasonably to the cutoff frequehdtlzge TELO and
TE11l modes, which were evaluated approximately5dt [@Hz and
1056 MHz. At 1300 MHz another peak is observablkely relevant
to the TE20 mode, with amplitude significantly heghf compared to
that of the previous peaks. Indeed, when the measent through the
noise generator was carried out (Fig. 2.14), it n@sced that the first
frequency component detectable above the backgroaisg@ was 1.3
GHz. It is therefore possible that all the frequenomponents below
1.3 GHz were so low in amplitude to be completdlielsled by the
metallic box and completely covered by the envirental noise
outside the aperture. Indeed, the NA is able towideomore energic
signals, leading to significantly higher sensitviHowever, there is
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good agreement between the measurement througNAhand the
noise generator.

When the box is filled with mineral oil, two mairhanges in the
radiation pattern can be observed: the first resopaak moved from
846 MHz to 580 MHz, according to the TE cutoff fueqcy collected
in Table 2.2; between 800 MHz and 1700 MHz the &&iplitude
increased significantly, thus allowing radiationode the aperture at
lower frequencies if compared to the empty box Itest last, it
must be noticed that no significant changes ocduaieove 1700.
Therefore, it can be summarized that the insemibthe mineral olil
influenced mostly the frequency range between 580 /00 MHz,
resulting in a general increase of the transmitiedrgy within that
frequency range.

When the ceramic bushing is introduced inside tbve dperture, it is
possible to observe a general increase in S21ntigtesl power at low
frequencies. In particular, the most significantrement of S21
amplitude was found between 380 and 1000 MHz. Tteeteof such
enhancement at low frequency is given by the coatlan of the
dielectric properties of ceramic material in aduitio the presence of
the central conductor within the bushing. Indeechew a wire
penetrates a resonant cavity, an induced currewsfln the conductor
exciting new frequencies correlated with the positof the source
inside the cavity with respect to the wire, witle ttavity size and with
the wire length, as shown in [56-57]. This effest particularly
significant at lower frequencies, where the wirkibis its resonance.
Note that the first resonance dropped from 5808® [8IHz, which is
roughly the resonant frequency value of the paxtasfductor leaning
out of the tank (38 cm long).

The main result given by the measurement carried torough the

Network Analyzer is that the insertion of both theneral oil and the
ceramic bushing does not influence the transmisso&ificient above 1700
MHz. It is therefore possible that irradiation abauch frequency is mainly
due to the aperture in the box excited by the bgkdr resonances modes.
Indeed, the higher TE and TM propagation modesie#ie box, with cutoff
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frequency relatively close to that of the apertw&, enhance the electric
field outside the box near the aperture and, thagjetected through proper
sensors placed close to the aperture. On the sitherit is clear that both the
oil and the bushing can influence significantly t881 parameter below
1700 MHz. In particular, between 800 and 1700 MHajan increase
occurred when the box was filled with oil, whiletlveen 300 and 800 MHz
the highest contribute to the irradiation was givbgrthe introduction of the
ceramic bushing. Table 2.4 summarizes the results.

TABLE 2.4 Dominant effects on irradiation
300-800 MHz 800-1700 MHz 1700-2500 MHz
Bushing + Conductor Mineral oil Circular ApertureBex
resonances

According to the results obtained from the expentaktests it can be
speculated that:

» The circular aperture at the top of the tank bebdike a slot antenna
which can radiate outward electromagnetic wavefaiirfield region
within a narrow frequency range around a fundanterdaonant
frequency which can be evaluated through equatibd. 2 An electric
monopole placed inside the shielded enclosure catitee the
resonances of both the enclosure and the apeAuntenna sensors
could be properly designed to detect such irramhain far field
region by matching the resonance frequency of pleetare.

» If the receiving monopole is placed near the apertwithin the near-
or reactive- field region, it is possible to setise EM field variation
close to the aperture in a wide frequency spectdus to the
contribute of both the aperture and the interngbmances of the
metallic enclosure. In particular, higher TE and Tikbdes can
contribute significantly to the electric field oigds the box near the
aperture. As an example, it has been shown in Eitg that, by
placing the receiving monopole 20 mm far from tiperéure, it was
possible to detect frequency components from 1.3z,Gke. well
below the resonance frequency of the aperture ¢axppately at 2.3
GHz).
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* Through measurements by means of the Network Aaealyhas been
ascertained that the introduction of the oil ane tlushing does not
influence the frequency spectrum above 1700 MHzthl@rother side,
it can enhance significantly the coupling at lowsrquencies. In
particular, it has been found that coupling betw#den internal and
external monopoles has been generally improved detw800 and
1700 MHz due to the presence of the oil and betwa&hand 800
due to the introduction of the bushing.

It is therefore possible, for PD detection purppsesiesign either proper
antennas able to detect the irradiation from thagiormer apertures in far-
field region, or proper sensors, placed close ® dbperture (i.e., in the
reactive-field region), able to detect the EM fipketturbation in a broadband
frequency range. The first solution is the simplasterms of computation
and design since, once the size of the apertleaan, it is enough to apply
equation 2.8 and design a narrow bandwidth anteratahing the resonance
frequency of the apertur&, On the other side, working in far field region
could present evident disadvantages during on-filld detection. As an
example, an antenna properly designed to work imaaow bandwidth
around a central frequendy , can sense external disturbances or PD
phenomena related to other systems, especially Subatation, where the
system under test can be near to HV overhead bndsV cable outdoor
terminations where corona phenomena generally rodéence, both the
Signal-to-Noise-Ratio (SNR) and localization accyraan be significantly
reduced. Furthermore, detection within a wide descy spectrum is
generally to be preferred to narrow band systemsgsa larger number of
information relevant to the PD phenomenon can flected, thus improving
identification and localization effectiveness. FHoese reasons, PD detection
carried out within the reactive field region by gleg sensors close to the
transformer apertures is to be preferred. Analyticathods and simulation
tools are investigated in the following in order poedict the EM field
distribution within the reactive field region clos® the transformer
apertures.

75



2.3.3 Analytical model of a shielded enclosure with a circular
aperture

Several problems relevant to shielding effectivenesf metallic
enclosures with apertures in the walls are treatdderature [58-61]. The
problem is generally studied taking into accourglanar EM wave which
illuminates the enclosure from outside and a reogidipole placed inside
the enclosure detecting the EM waves which pereetheibugh the apertures.
The ratio between the electric field measurablearrespondence of one
point inside the enclosure, both in presence armbsence of the shielding
box, is then evaluated. The Shielding Effectiven€S&) can be then
calculated according to equation 2.11, whesandEp are the electric field
value in correspondence of a point P inside thetyawithout and with the
enclosure, respectively. The SE values are cakualédr a large range of
frequency.

E,

SE = 20log
2E,

(2.11)

The problem can be treated analytically resortoithe model developed
by Robinson et al., where the enclosure is constl@s a short-circuited
length of rectangular waveguide and the apertueelasgth of coplanar strip
transmission line shorted at both ends [58-62pdrticular, this analogy has
been explored for the dominant TEIO mode by Dawsbml. [63] in the
context of radiated emissions, and by Robinsor.468-61] in the context
of shielding effectiveness investigation. Furtheteasion of the model
allowed De Smedt et al. [64] to develop the trassion line analogy for the
TEIO mode in case of many apertures. Other modas TE10 were then
studied by Konefal [65] along with the coupling Wween two electric
monopoles inside an enclosure. The electric fofldach mode is assumed
to be proportional to the voltage on its analogdtensmission line.
Therefore, by choosing appropriate values for attarestic impedances of
the modeled transmission line, it is indeed possilbdb obtain the
proportionality constants relating the electricldieto the voltage and
evaluate Shielding Effectiveness through (2.11hcé&the equivalent circuit
of both the enclosure and the aperture are detednithe values of the

76



voltage in correspondence of the point P within theclosure can be
calculated through Thevenin circuit reduction metho

Analytical model similar to that developed by Rdmn will be used in
the following, but with two main differences: theusce will be represented
by an electric monopole with its internal impedanteis modeled through
an equivalent monopole circuit and it will be plddaside the enclosure,
thus evaluating the electric field detected fromeeeiving monopole in a
point P external to the enclosure,

In particular, the four element equivalent ciralgveloped by Tang et al.
in [66] and shown in Fig. 2.17 can be used for nindgethe feed-point
impedance of the electric monopole inside the gaVihe advantage of this
simple model is the ability to represent the mone@mtenna at frequencies
below its resonance. Indeed, the equivalent cirakés into account only
the physical dimension of the monopole and it idependent of the
frequency of operation. Empirical equations allowrking out the four
elements as follows:

__ 12067h )15
' log(2h/a) -0.7245 (2.12)
0.89075
C,= — 0.02541 pF 2.1
? {[log(Zh/a)]"-Sf’%— 0.861 J}p (2.13)
L = 02h{[1.48130g(2h/ a)]*** - 0.618g.H (2.14)

R=0.41288log(2h/ a)]® + 7.407542h/ a) %

(2.15)
- 7.27408Q

where h and a are the length and radius of the monopole, resmbgt
expressed in meter. The monopole internal impedamakiates through the
model is shown in Fig. 2.18.

The simplest prediction of the transmission paransebetween the two
monopoles can be found by considering only one nuddie rectangular
waveguide, i.e., the dominant TEIO mode. The metatbx with the circular
aperture is sketched in Fig. 2.19, while Fig. ZB0ws its equivalent circuit,
wherea, b, d are the dimensions of the metallic box, P is th@tpwhere the
source is placed, A is the point where the eledieid is evaluatedx is the
distance between the aperture and the pointi®the radius of the circular
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aperturet is the wall thicknessZ0 is impedance of the air (3%2), Zg and
Kg are the impedance and propagation constant, riesggc of the short
circuited waveguide for the TEO1 modé&gp is the aperture impedancén
is the internal impedance of the monopole evaluatéid (2.12) - (2.15) and
Vsis the voltage across the feeding monopole.

G

o

G

FIGURE 2.17 Equivalent circuit representing an electric monepol
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FIGURE 2.18 Comparison between measured and simulated monoppélance
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FIGURE 2.19 Rectangular box with a circular aperture, repraagrthe metallic box
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FIGURE 2.20 Equivalent circuit of the rectangular box

The slot impedance Zap can be worked out by (22.88), where g is its
characteristic impedance given by Gupta et al..[67]

Z :ll— jZo tank,| /2) (2.16)
2a

ap

Z,s :12071{|n{21+ Vi (w, /D) ﬂ (2.17)

1-4/1-(w, /b)>

W, = w- (1+| ﬂv} (2.18)
477 t
O
2.1
B
2a
Kk
= 0,1 2 (2.20)
) |
2a
= jZ4tank, (x—d)) (2.21)
v2=vo_~2t (2.22)
Z1+Z0
_ 2071 (2.23)
Z1+70
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. V2
cosk,X) + |(Z2/Z,)sin(k,X) (2.24)

Z2+ jZ  tank,X)

1+ j(Z2/Z,)tank,X) (2.29)
Zap
V4=V, =v3— =%
A Zap+273 (2.26)
VO
S21=20log (2.27)
A

Note that equations 2.16 — 2.18 account for a ngctiar aperture with
lengthl and widthw. It can be assumed during the calculation thatutar
apertures behave similarly to square aperturesjemsonstrated in [67].

Therefore it can be approximated:| = rv/77, wherer is the radius of the
aperture. The characteristic impedance and projagednstant of the short
circuit waveguide can be evaluated through (2.1 @.20), where kO is
the characteristic propagation constant of the(lkdl= 2t / 1). Thevenin’s
reduction equations are described in (2.21)-(2.28)ere the equivalent
circuit at the aperture can be described throughetjuivalent impedance Z3
and the equivalent generator V3, as shown in Fg21l. At last, the
transmission coefficient can be evaluated througagon (2.27), where &/
is the voltage source and VA is the voltage atjherture site.

The result of the simulation for the empty boxIstied in Fig. 2.22. Note
that it is possible to recognize clearly the resmeafrequencies of the box
approximately at 850 and 1300 MHz, as evaluatedthe previous
paragraphs. Furthermore, there is an emission ipeatrrespondence of the
circular aperture resonant frequency, i.e., at al#300 MHz. It is also
possible to observe that below the first resonaridbe box the attenuation
is strong enough to not allow any frequency to &ected from the aperture.
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FIGURE 2.21 Thevenin circuit reduction.

Frequency [MHZ]

FIGURE 2.22 S21 parameter between the emitting and receivingopoles predicted by
the analytical model
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The model can be used also in presence of the atingdy as shown in
Fig. 2.23, just changing properly Kg and Zg by th&oduction of the
relative permittivity of the oil.

Note that in both the empty and oil-filled box, thighest emission peak
is in correspondence of the aperture resonanceapgroximately around
2200 MHz. As shown in Fig. 2.23, the analytical mlochin also predict the
internal resonance of the box in presence of @ilngdp the first peak moved
from 850 to 550 MHz, according to the results aiedi in the previous
paragraphs.

100 : . . e
| | | [
| | | [
50k - — - — o |
| | | H H
| | | H H
= 4 | | | 1 H —
o T T T U =1 oo
g E
— | ] [ —
o Lo i __________]«
n S0 | n
| | Empty
200L - - - - - -] .
| |
| | | | |
150 | | | | |
0 500 1000 1500 2000 2500 3000

Frequency [MHZz] Frequency [MHZz]

FIGURE 2.23 Comparison betwee821 parameter predicted by the analytical moddh wit
the box empty (left) and filled with oil (right)
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FIGURE 2.24 Comparison betweef21 parameter predicted by the analytical modebfor
(0.24 x0.24 x0.26 m) and a (1 x 1 x 1 m) metddbx with the same aperture

At last, the analytical model can be used to ingagt systems having
different sizes. Figure 2.24 shows the differeneenveen the metallic box
and a bigger enclosure (1 m x 1m x 1m) having #mescircular aperture.
Higher number of internal resonances can be obdenstde the bigger box
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due to a lower TE10 cutoff frequency. It can b#é sbticed the presence of
an irradiation peak, outside the aperture, in gmoedence of the aperture
resonant frequency.

2.3.4 Simulations using CAD systems

Computer Aided Designed softwares, aimed at EMdfisimulation,
exist, which can based on the Finite Element Metfh@8-69], i.e., a
numerical techniques suitable for finding approxinaolutions of partial
differential equations as well as of integral equa. The solution approach
is based either on eliminating the differential &ipn completely (steady
state problems), or transforming the partial ddfégral equations into an
approximating system of ordinary differential eqoas, which can be then
numerically integrated using standard techniques, (Euler's method or
Runge-Kutta, etc). Basically, the infinite dimensb linear problem is
replaced with a finite dimensional version in acdesization process through
a creation of a mesh grid which includes finitengtats with well known
geometries and characteristics. The solution wida@oh element is assumed
to be a linear combination of well known shape fiors. The simulation
accuracy can be increased significantly with thenber of mesh (in the
detriment of the duration of the simulation). Imler to carry out simulations
able to describe the electric field distributiontsade the metallic box, the
CST Microwave Studio software was chosen. The liretaox can be thus
modeled accurately and two discrete ports can bd tm simulating both
the receiving and emitting monopoles. The emittingnopole has been
placed in the same position of the real one usetthenexperiments on the
box, while the receiving monopole has been placédciad far from the
aperture, according to the experimental tests exdhrout with the noise
generator. Irradiation properties at four chosemudencies are investigated
(750, 1500, 2200 and 2500 MHz). The simulation ltesare shown in Fig.
2.25, where the color bar at the right side of efighre indicates the
intensity of the electric field.

It can be observed that:

* At 750 MHz, variations of the electric field did@g neither in the far

field region nor in the close proximity of the ajpee.

» At 1500 MHz, there are no variations in the fatdieegion. On the

contrary, it is possible to note the perturbatidrihe electrical field
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just outside the box, in proximity of the apertuaecording to Fig.
2.14.

» At both 2200 and 2500 MHz, i.e., approximately acbuhe aperture
resonance, radiation in far field region occurgoading to Fig. 2.14.
The radiation is stronger, as expected, at 2200 MHz

E-Field (peak) E-Field (peak) -
e-field (F=750) [1] « e-field (F=1588) [1]

Abs Abs
[ [ A
5.63685 U/n at 8.72081 / 8 / —13.6167 41.3824 U/n at 0.72881 7 6 / ~26.3387
758 1568

90 degrees 90 degrees

ange: (Min: 8/ Max: urm

Abs Abs
] )
457.682 U/m at 3.8 / 8 /7 -0.3 995.546 U/m at 3.8 / 07 -6.9
2288 2508

90 degrees 98 degrees

E-Field (peak) E-Field (peak)
e-Field (F-2200) [1] N e-field (F=2500) [1] | N

FIGURE 2.25 Emission properties simulated for a metallic boxied by an internal
electric source

The simulation results show excellent agreement wie experimental
data. In particular, all the considerations donierafhe experimental test
with the noise generator are here confirmed, detection in far field region
is allowed only at frequencies close to the apertesonance; detection in
near field region is possible well below the apertwesonant frequency
(approximately from 1300 MHz) and over a wider fregcy range.

Further simulations were carried out filling the xbavith oil and
introducing the bushing into the aperture. The dnaission coefficient was
simulated between the monopole inside the box amte&ving monopole 5
cm far from the aperture according to the measunesetup shown in Fig.
2.15. The results (Fig. 2.26) show very good agesgnwith those obtained
in 2.3.2 and collected in Fig.2.16.
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FIGURE 2.26 S21 simulation between the monopole inside the liletaox and the

monopole close to the aperture with the box enfidtgd with oil, and with both oil filling
and bushing into the aperture.

In particular, it can be observed that:

* The first resonance peak of the empty box is atld#z, due to the
TE101 fundamental resonant. Maximum coupling betwte two
monopoles starts above 1300 MHz, similarly to Rid6.

* The introduction of the oil leads to a general éase between 800
and 1700 MHz and to a drop of the first resonareakdrom 846 to
580 MHz, according to the experimental resultseméd in Fig. 2.16.

e The bushing insertion leads to a coupling increase lower
frequencies. In particular, the first resonance loarobserved at 380
MHz, in accordance with Fig. 2.16.

* Maximum coupling between the two monopoles occusvabl700
MHz, where the transmission coefficient is not uefhced
significantly by the introduction of the oil andetbushing.

The patterns obtained from the simulations, showireelectrical field

values inside the box, close to the aperture andainfield region are
collected in Figs. 2.27-2.29
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FIGURE 2.27 Simulated irradiation pattern inside and outsidertetallic empty box. Note
that the maximum electric field value outside tperéure is at 2200 MHZ, i.e. at about its

resonant frequency.

86



I E-Field > e-field (f=500) [1] > Abs I E-Field > e-field (f=750) [1] > Abs

Clamp to range: (Min: 0/ Wax: 200) um Clanp to range: (Min: 0/ Max: 200) um
200 200
1au 13n
101 101
75.0 5.0
su.8 548
8.8 38.8
26.3 2.3
6.4 6.4
8.66 8.66

o o

z z

Type E-Field (peak) Tupe E-Field (peak)

Honitor e-Field (F=500) (1 % Honitor e-Field (F=750) [1 %

Conponent  Abs

Conponent  Abs
Plane at y 0
Maxinun-2d  6.61057 U/m at 3.8 / 0 / ~0.3|
Frequency 500
Anplitude Plot

Plane at y o
Haxinun-2d  16.1166 U/n at 3.8 / 0 / 0.3
Frequency 750
csT Anplitude Plot csT

I E-Field > e-field (f=1200) [1] > Abs I E-Field > e-field (f=1500) [1] > Abs

Clamp to range: (Min: 0/ Wax: 200) um Clanp to range: (Min: 0/ Max: 200) wm
200 200
134 13
101 101
5.0 75.0
su.8 5u.8
8.8 38.8
26.3 26.3
6.4 16,1
8.66 8.66

0 o

z z

Type E-Field (peak) Tupe E-Field (peak)

Honitor e-Field (F-1200) [4 - Wonitor  e-field (F-1500) [1 5

Component  Abs

Conponent  Abs
Plane at y ©
Maxinun-2d  317.306 U/m at 3.8 / 0 / -0.3|

Plane at y 0
Waxinun-2d  352.624 U/n at 3.8/ 0 / 0.3
Frequency 1200 Frequency 1500

csT Anplitude Plot csT

Anplitude Plot

I E-Field > e-field (f=2000) [1] > Abs I E-Field > e-field (f=2200) [1] > Abs

Clamp to range: (Min: 0/ Max: 200) wm

Clanp to range: (Hin: 0/ Wax: 200) u/m
200 200
13 134
101 101
75.0 75.0
4.8 5.8
38.8 8.8
26.3 26.3
160 160
8.66 8.66
0 0
z z
Type E-Field (peak) Type E-Field (peak)
Honitor e-Field (F-2000) [1 % Honitor e-Field (F-2200) [1 5
Component  Abs Component  Abs
Plane at y

Plane at y © 0 |
Maxinun-2d  297.857 U/m at 15144k / 0 / ~20.4564

Maxinun-2d  588.668 U/m at -3.8 / 0 / ~0.3]
Frequency 2000 5
Amplitude Plot csT Anplitude Plot csT

I E-Field > e-field (f=2320) [1] > Abs I E-Field > e-field (f=2500) [1] > Abs

Frequency 2200

Clanp to range: (Hin: 9/ Wax: 200) um Clanp to range: (Min: 0/ Hax: 200) um
200 200
13 134
101 101
75.0 75.0
4.8 5.8
38.8 8.8
26.3 26.3
160 160
8.66 8.66
0 0
z z
Type E-Field (peak) Type E-Field (peak)
Honitor e-Field (£-2320) [1 % Honitor e-Field (F-2500) [1 %
Component  Abs Component  Abs
Plane at y

Plane at y 0
Maxinun-24  593.617 U/n at ~3.8 / 0 / ~0.3| .
Frequency 2320 &

Amplitude Plot csT Anplitude Plot

o Yol g
Waxinun-2d  376.979 U/n at 4.22657 / B / -26.8973 .
Frequency 2500 B

FIGURE 2.28 Simulated irradiation pattern inside and outside thetallic oil filled box.
Note that higher values of electric field can beed&d outside the aperture at lower
frequency compared to the empty box, due to theente of the oil on the TE and TM

modes inside the box.
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FIGURE 2.29 Simulated irradiation pattern inside and outside mietallic oil filled box
with bushing. Note that higher values of electiad can be detected outside the aperture

already at 500 MHz due to the induced cu
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2.4 Investigation of PD irradiation properties of a
three-phase distribution transformer

Experimental and simulation tests were carriedayuts real three-phase
oil insulated transformer, in order to verify thealation tool, effectiveness
even in presence of the magnetic core and the agsdi

TE and TM propagation modes inside the transfortaek can be
evaluated resorting to equation 2.3 and 2.4, engoreésence of the mineral
oil. The cutoff frequencies for TE modes insidenaekled cavity having the
same dimensions of the transformer under test &285 x 585mm) are
collected in Table 2.5. Qil filling is already takento account.

TABLE 2.5 Te Propagation Mode Inside The Transformer Unabest T

m|n|p TE;np ™ ,fnp
Frequency [MHz]| Frequency [MHz]
101 212 /
1(1|0 / 370
0|11 386 /
2101 307 /
0|11 386 /
1111 406 406
2102 424 /
2111 463 463
0|12 484 /
1120 / 705
01 2|1 714 /
1121 725 725
2121 760 760
122 782 782

It can be seen that differently from the TE modesde the metallic box
(Table 2.2), resonances occur at significantly lowequencies, due to the
bigger size of the tank.
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2.4.1 Experimental irradiation tests

The transformer under test, shown in Fig. 2.30, &aasoil conserver
which is connected to the top of the tank througb pipes, one close to the
MV bushings side and one in the LV side.

FIGURE 2.30Pictures of the1000 kVA distribution transformerden investigation

An emitting monopole, 5 cm long, connected to thmea noise generator
used in the previous tests, was introduced indngettansformer tank, as
sketched in Fig. 2.31, first into the conserverepip the MV side and, then,
into the pipe in the LV side, in order to simulaePD source occurring
inside the transformer close to the MV and LV cartioas to the bushings,
respectively. The irradiation outside the transfermvas sensed through
another 5 cm long monopole connected to a Specknatyzer. A 20 dB
high frequency amplifier was connected to betwd®nréceiving monopole
and the spectrum analyzer.
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: Monopole ampjifier
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Monopole Spectrum
Transformer Analyzer
under test

FIGURE 2.31 Measurement setup during the experimental irrazhatést through Noise
Generator.

Detection was carried out in correspondence ofhalthree bushings in
order to investigate possible differences in the &Nl distribution outside
the tank. Figure 2.32 shows the results of the sionstest when the
monopole was introduced inside the tank throughpthe at the MV side. In
such a case the monopole inside the tank was rallgonclose to the
metallic connection between the MV winding and k¢ bushing. It can be
observed that:

The amplitude of the EM field sensed in correspocdebushing 1
was significantly higher if compared to that degelctlose to the other
two bushings, being bushing 1 the closest to thecgo In terms of
frequency range, the lowest frequency detected ebwoy background
noise (500 MHz) is much lower than the aperture@masce (2300
MHz), likely due to the contribute at lower freqegrof the ceramic
bushing along with the oil, the windings and thegmetic core,

according to the results collected in Table 2.2evaht to the

experimental tests on the metallic box.

The spectrum detected close to bushing 2 is as asdiat detected
close to bushing 1, but is significantly lower im@litude, especially
at frequencies below the aperture resonance. dindbe coupling

between the source and the bushing, which geneealhances the
EM field at low frequencies, is strongly reducedtween the

monopole and bushing 2 due to their distance. Agyvitacan be

noted that the EM field outside the bushing isl $tigh within the

frequency range between 2000 and 2500 MHz, i.eural the

resonance frequency of the aperture which is lilketgited by the

higher propagation modes inside the tank.
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 The EM field detected in correspondence of busBihgs even lower
amplitude than that outside bushing 2 due to thgetadistance from
the source. However it can be noted that higherfleM amplitude
can be sensed within the frequency range around atterture
resonance.
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FIGURE 2.32 EM frequency components detected outside the tanthea base of the
bushings during the experimental test carried dtit & noise generator. Emitting monopole
was placed close to the MV windings through theepap the MV side.Note that maximum
amplitude was sensed in correspondence of themmidhi.e., the one close to the source

The emitting monopole was then inserted throughptipe at LV side,

simulating a source inside the transformer locatiethe top of the tank but
far from the connections between the MV windingd #re MV bushings.
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FIGURE 2.33 EM frequency components detected outside the tanthea base of the

bushings during the experimental test carried dtit & noise generator. Emitting monopole
was placed into the pipe at LV side. Note that dneplitude is similar in all the three
bushings

Results are collected in Fig. 2.33, where it issgale to note that:

 EM field was detected in correspondence of bushihgsd 2 with
similar amplitude and frequency range. A slight uatn in
amplitude was noted close to bushing 3, due toldahger distance
between the bushing and the source.

* The detected spectrum presented in general loweslitace and
smaller bandwidth than that measured when the nweapas placed
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into the pipe at the MV side, due to the lower dmgpbetween the
source and the MV connections. Indeed, the lowesfuency where
the EM field can be detected with appreciable SNRaround 800
MHz, i.e., higher than the lowest frequency sensdien the
monopole was introduced into the pipe close toMiebushing (500
MHZz).

It can be therefore speculated that a source ldceliese to the MV
bushing could allow emission outside the apertumnea wider frequency
range and with higher amplitude compared to a solocated far from the
MV bushings. In particular, EM fields are enhanadower frequencies
(from 500 MHz) when the source is located closth®MV bushing due to
the induced currents on the conductors inside tishihg.

Prediction of EM field distribution outside the nisdormer through the
analytical model is not trivial and analytical medls described in 2.3.1 and
2.3.3 can be inadequate to describe such complexefees. In particular,
the transmission line model should take into act@guivalent circuits for
complex structures such as the presence of multpkrtures (three per
transformers), presence of the MV and LV windinggsence of magnetic
core and internal coupling between sources andingsd

On the other hand, it has been shown in 2.3.4@#dd simulations can
predict accurately the EM emission outside thetaperaccounting for both
the presence of oil and the bushing. Simulatiorish&i carried out therefore
in the following in order to verify their effectimess in describing a complex
structure such as a real three phase transformer.

2.4.2 Simulations using CAD systems

Effect of distance between the source and the MV nductors inside
the transformer

The three phase transformer structure was desigmedgh the CAD
software, including the magnetic core, LV and M\sbings, MV and LV
windings, mineral oil and mechanical supports,tasw in Fig. 2.34.

To start with, a discrete port, simulating the ¢imit monopole was
placed inside the transformer at about 5 cm fanftbe top (thus, above the
magnetic core) close to the MV and LV windingspnder to reproduce the
experimental setup used for to the test carriediou®.4.1. A receiving

94



monopole was placed, in both cases, close to tise bé the first MV
bushing (indicated with the number 1 in Fig 2.30).

FIGURE 2.34 Tree phase transformer designed through CAD softvmasing on the
structure of the transformer investigated in 2.4.1

OF

=
% SETON SR VIR | 7Y, 7Y ASAR B Ml RN 31 § B RUREPRE
e
O]
e]
S
=
c -100+
% monopole far from MV conductors
= monopole touching MV conductors
150 | | |
0 800 1300 1700 2500

Frequency [MHZz]

FIGURE 2.35Irradiation from a three phase transformer simalateough CAD software

Simulation results are reported in Fig. 2.35, whiens possible to see

that:

the EM field distribution outside the bushing prsemuch higher
amplitude in the low frequency region (<800 MHz) emh the

monopole is placed close to the MV conductor, duthé capacitive
coupling between the source and the MV bushing.

No significant differences can be noticed aboveO18Hz, which

means that the geometrical structure of the tramsdo tank along
with the apertures have a major role in the ENdfautside the tanks
in such a frequency range.
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 Comparing Fig. 2.33 to 2.35, it can be noted theg $imulation
results fit very well the experimental results wiiea source is placed
far from the MV conductors. Indeed it can be obedrin both figures
that when the source is placed far from the MV emboirs the lowest
detectable frequency is around 800 MHz.

» Comparing Fig. 2.32 to 2.35, it can be note thatdimulation results
fit very well the experimental results even whea #ource is placed
close to the MV conductors. Indeed it can be oles®m Figure 2.35
a peak in the EM emission between 500 and 800 MHize to the
contribute of the MV conductor inside the bushimdyich behaves
like an antenna. Similarly, it can be noticed tBM field distribution
outside the bushing starts at 500 MHz in Figur@ 28 well. The only
difference between the experimental and simulagsdlts lies in the
amplitude of the frequency components between 5@0890 MHz.
As a matter of facts, simulation shows that sualhmmnents are even
higher than those at high frequencies, while expenital results show
that they are definitely higher than the backgroummise but with
amplitude comparable to those at high frequency rBason of such
slight differences lies in the different positiohtbe monopoles in the
simulation and experimental setup. Indeed, thediataoon power
outside the transformer strongly depends from tistadce between
the source and the MV connection, that is to saytheir capacitive
coupling. In the case of the experimental tess gupposed that the
monopole is reasonably close to the MV conductansesevident
changes in EM emission were noted between 500 @ddvBHz with
respect to the case of monopole introduced intgptpe close to the
LV side, but it is not possible to quantify the eixdistance between
the monopole and the MV connections. On the otliEr, simulation
were carried out by placing the source touchingMideconductor, in
order to maximize the coupling between the sourak the bushing
and emphasize its contribute to the EM field detielet outside.

Resorting to simulation and experimental resuktgssrs can be designed

to optimize detection sensitivity. If PD detectias carried out below 800
MHz, only PD sources close to the MV windings coblkl detected with
good SNR being the irradiation produced by the rpoi® placed far from
the MV winding much lower than that originated Iy tmonopole close to
the windings. It is therefore convenient to carty BD measurement within
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a wider frequency range, in order to detect PD iboth close and far
from the MV conductors. In particular, it could bseful, for identification
and localization purposes, to design suitable deteaovering both high
frequency range (>1300 MHz), where the EM fieldsodg the aperture has
been shown to have, in general, maximum amplitule the lower
frequency range (500-1300 MHz) in order to enhatioe differences
between the PD phenomena, occurring close and ram fthe MV
conductors, resorting to their different frequespgctrum.

Effect of monopole orientation and position

Further simulations were carried out placing thettamy monopole with
different orientation and position within the tréorsner tank in order to
investigate the differences in the irradiated pattd-igures 2.36 -2.41 shows
the effect of the monopole orientation on the eieal field inside and
outside the transformer, evaluated at differemqudescies (500, 1000, 1500,
2200 and 3000 MHz). The monopole was placed bé@acentral bushing
close to (but not touching) the MV connection betwé¢he windings and the
bushing in order to investigate also the effecthoée different orientations
on the capacitive coupling between the source drad Hushing. It is
interesting to observe that the EM field distribuatiinside and outside the
transformer can vary significantly with the orieima of the monopole.
Better resolution and understanding of the restdis be obtained through
the 3D representation, shown in Figs. 2.42-2.45 .
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FIGURE 2.39 Simulated irradiation pattern inside and outside ttiree phase transformer
@ 2200 MHz depending on source orientation.
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FIGURE 2.41 Simulated irradiation pattern inside and outside ttiree phase transformer
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FIGURE 2.43 Simulated irradiation pattern inside and outside ttiree phase transformer
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2200 MHz

FIGURE 2.44 Simulated irradiation pattern inside and outside ttiree phase transformer
@ 2200 MHz depending on source orientation.

3C00C MHz

FIGURE 2.45 Simulated irradiation pattern inside and outside ttiree phase transformer
@ 3000 MHz depending on source orientation.

Figures 2.46, 2.47 and 2.48 show the simulationltesf the effect of the
position of the monopole on irradiation pattern.plrticular the monopole
was placed below one bushing in three differenttjpos: just below the
bushing, in the middle of the tank and near th& tasttom, always with the
same orientation alongaxis.
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FIGURE 2.46 Simulated irradiation pattern inside and outside ttivee phase transformer
at different frequencies when the monopole is plaatehe top of the tank.

Figure 2.46 shows results got when the monopoleplaaed just below
the bushing. It can be seen that at 500 MHz thetredal field is not
perturbed outside the tank. Variations occur cltesséhe bushing base at
1000 MHz and become maximum at 3000 MHz. Note tthatirradiation is
significantly attenuated in the second and, moslipfin the third bushing,
according to the experimental results collecteHign 2.32.
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FIGURE 2.47 Simulated irradiation pattern inside and outside ttiree phase transformer
at different frequencies when the monopole is planghe middle of the tank.

The electric field variation outside the transfornenk, especially close
to the bushing aperture, seems to be slightly migiteen the monopole is
placed in the middle of the tank (Fig. 2.47) thahew is placed under the
bushing (2.46). Such slight difference could be dmea better coupling
between the monopole and the whole winding whers iplaced in the
middle of the tank.
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FIGURE 2.48 Simulated irradiation pattern inside and outside ttiree phase transformer
at different frequencies when the monopole is glaateghe bottom of the tank.

At last, the electric field distribution outsideethank was investigated
placing the monopole under near the bottom of éiné.tSimulations results
are shown in Fig. 2.48, where, differently from tbéher two cases, it is
possible to see that electric field perturbatioouss at higher frequencies,
i.e., starting from 1500 MHz, and that the electfield amplitude is
significantly lower within the whole frequency ranglue to the combination
of several effects which are:

» Higher distance between the source and the busha&sglting in a

lower emission in the low frequency range (<800 NMHz
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Higher distance between the source and the apemdmeh means
lower excitation of aperture resonances resultmg lower emission
at higher frequencies.

Shielding effect due to the magnetic core, placeivben the source
and the apertures.

From the comparison between Figs 2.46-2.48, togeilth the results
shown in Figs. 2.36-2.45, it can be concluded that:
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Frequencies above 2 GHz have been shown, in generdle less
affected by the effect of monopole position andewtation. This
could be due to the predominance, at very highukagies, of the
tank and aperture dimension effect with respe¢héomagnetic cores
and the windings.

Sources far from the MV conductors produce sigaiftcvariations in
the external electric field only at high frequerfeyg., >1 GHz), which
means that antenna sensors working in VHF bandwidtild not
sense such phenomena. Therefore, broadband semnsdksg in
UHF bandwidth could be the optimal ones for camgyiout PD
measurements on such kind of transformers.

Diagnosis based only on PD amplitude could be sslyomisled
when UHF or VHF sensors are used. As an effechefattenuation
inside the transformer tank and, thus, dependinthemposition of the
source it is possible that the electric field sensg couplers placed in
different position could give results strongly \adoie in terms of
amplitude. It is therefore necessary to identifg fAD source and
focus the diagnosis mainly on PD amplitude treralwation once the
PD source is identified.

By using three sensors, one at each bushing, itldoe possible to
attempt a sort of localization of the PD sourcesgaring the electric
field values sensed by each of them. Indeed, it lwarseen in the
simulation results that the electric field is geatlgr higher in
correspondence of the bushing above the sourceettawin case of
multiple sources this localization procedure cawegcontroversial
results. Other techniques working in time domaim@ of Arrival )
could be used to achieve accurate results.
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FIGURE 2.49 Simulated irradiation pattern outside the threesphsansformer at different
frequencies as a function of two different valuésiblosses

At last, a simulation was carried out by placihg monopole far from
the MV conductors on the top of the transformer aadying the oil
losses in order to see the influence of oibtanthe EM emission outside
the tank. It can be seen that emission decreadbésthé increase of the
tarm value.

2.5 Design of an UHF coupler for PD acquisition in
MV transformers

An UHF coupler was designed to carry out PD detectin MV
distribution transformers. Before describing itmrgoortant to point out again
the difference between detection carried out byssenplaced in far field
region (antenna working principle) and in near diegkgion (capacitive
coupling principle). Indeed, the resonance frequeoic an antenna, or a
cutoff frequency of a waveguide, indicate the frmaey region where the
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system can detect EM irradiation in far field regidBelow the antenna
resonance, the system can not receive anythingrifield region, but it can
sense EM field variations if the source is closéth®antenna, i.e., within the
near- or the reactive- field region. The capability sense such EM
perturbation is given by both the distance betwé®sn source and the
receiver and the design of the receiver. When ctietein near or reactive
field region are considered, the term “couplert@asl of “antenna” should
be more appropriate, indicating that the capacitieepling between the
source and the sensor predominates on the irradiati

NEAR FIELD FAR FIELD
NON-RADIATIVE | RADIATIVE
(REACTIVE) (FRESNEL)

~ » Y %

N

- . Wi
I - FLANP A
[

EM Receiving Receiving
source coupler antenna

FIGURE 2.50 Sensor position with respect to the source.

In case of PD detection in distribution transformehas been shown that
significant benefits could be taken considering tlse of sensors placed at
few centimeters from the bushing base, i.e., inrdagtive field region with
respect to the circular apertures (modellized ak@circular antenna), thus
improving its coupling capacitive properties.

Let us consider now the specifications and rexpénts that an UHF
coupler should satisfy for PD detection purposesthe basis of the results
and considerations provided in 2.4.

* Broad bandwidthit has been shown in 2.3 and 2.4 that EM fieldsiolat
the transformer apertures can be detected witlhiroad band frequency
range. In particular, it has been shown that ENd$éiecan be detected
with maximum amplitude above 2 GHz, referring te thorst case seen
in Fig. 2.48 where the source is located at théohof the transformer,
below the magnetic core. Therefore, sensors vatddgoupling above 2
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GHz should be considered, but also coupling at tdveguency is to be
taken into account in order to not loose EM fieldrigtion at low
frequencies when the source is close to the MV gotuls.

* Good SNR, i.e. immunity to external disturbandé¥: transformers are
usually placed near other electrical apparatuseshwtan give rise to
electrical disturbances. A sensors with a reasgngolod shielding
should be therefore designed in order to be immian¢he external
disturbances as much as possible.

* Small sizesin the view of on-field applications, sensors dddue small
enough to be portable and to fit as best as pessh# transformer
apertures.

2.5.1. Description of the antenna sensor

The final UHF coupler designed according to thecBmations above
mentioned is shown in Figs. 2.51 and 2.52. Thd fieaign and geometrical
properties, shown in the following, were chosenerafan optimization
procedure which will be shown in the forthcominggmaaphs.

It consists of:

* alength of rectangular waveguide (WR 430 typd)9 tfhm wide,
55 mm high and 45 mm deep, short circuited at@bder side;

* an N-type connector place in the central pointhef wall at the
waveguide short circuited end;

» two copper exponential pitchers placed inside thgeguide: one
pitcher is connected between the central conductothe N
connector and the upper edge of the waveguideeabpen end,;
the second pitcher is connected between the N ctomground
to the lower edge of the waveguide at the open end;

* one lens of resin, 109 mm wide, 55 mm high and 10 deep,
placed at the waveguide open end.

The UHF coupler, referred in the following bern UHF coupler, was
conceived as a customization of the conventionalegaide WR 430, which
has a frequency bandwidth between 1.7 and 2.5 GHzarticular a section
of WR 430 waveguide, 7.5 cm deep, was considerestaating point to
design the customized sensor.
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FIGURE 2.51 Sketch of the UHF coupler designed for PD detectpmposes in
distribution transformer.

FIGURE 2.52 Picture of the UHF coupler before covering its frauith the lens of resin.

FIGURE 2.53 Sketch of a section of a standard WR 430 waveguioieopole-fed (left) and
the final UHF “horn” coupler (right).
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Indeed, both the dimension and the frequency baitdbwof such a
waveguide were considered suitable for PD detectooording to the
recommendation listed above, except for the cogpéh low frequencies
which is negligible for this kind of waveguide Fuetmore, waveguides are
shielded systems, therefore having optimum SNR iwitheir frequency
ranges.

The WR430, used in general as a feeder for horanaae, is shown in
Fig. 2.53 (left) in its classical configuration Wit feeding monopole placed
at A/4 from the back wall, wherk is the wavelength relevant to the cutoff
frequency of the waveguide. Commercial WR430 haegr first resonance,
relevant to the TE10 fundamental mode, at 1.7 Ghtk they do not allow
propagation of EM waves at lower frequency.

In order to improve the coupling at low frequescié was chosen to
modify the internal design of the antenna bothhift flown the resonance
frequency and to increase the capacitive couplbaya 500 MHz. At first,
the feeding point was moved from the lateral tolihek side creating a loop
lying in a plane which is parallel to the electfield components [70], as
shown in Fig. 2.54 (b). No differences in termseatitation of the TE10
mode exist between the two feeding choices. Them |dop was replaced
with a copper plate with an exponential profilegtF2.54a). In addition, a
mirror cooper plate with the same exponential peoftas connected to the
Type N connector ground and the upper part of theeguide aperture (Fig.

=]

(a) (b) (c) (d)

L
T

FIGURE 2.54 Different feeding options. Conventional TE10 exiita by electric
monopole (a) and loop (b). Variation replacing litap with a copper plate with exponential
profile (c). Introduction of mirror plate with expential profile connected to N-connector
ground to emulate double TEM horn antenna.
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FIGURE 2.55 Principle of TEM generation for a horn structemnnected to a coaxial line.

The aim of this modification was to keep the TE&8anant frequency
close to the original (indeed, the metallic plabmmected at the end of the
waveguide still constitutes a loop parallell to fhE10 electric field lines
within the waveguide) and, at the same time, tgprove the bandwidth of
the coupler at low frequency. As a matter of faad exponentially tapered
plates, separated and then fed by a coaxial linewalTEM mode
propagation. Indeed, current flowing through thexgal lines is converted to
waves due to the impedance mismatching betweecoidpdal connector and
the two metallic pitchers at the feed point [7OheTwaves which pass
through the electric and magnetic fields, generatethe voltage difference
between the two plates and by the current flowihgpugh the plates,
respectively, may form TEM modes, as sketched g1 Ei55. With such an
innovative modification of the WR 430 it is theredopossible to increase
considerably the bandwidth at lower frequenciesvalhig TEM modes to be
propagated and letting the waveguide working aardenna above its TE10
mode. At last, a lens of resin 10 mm deep was tsetbvering the WG
aperture in order to shift down the TE10 resonanode.

To describe the behavior of the UHF horn sensormmeasurements were
carried out both in far and near field.

Far-field properties

Both the conventional WG430 and the horn UHF cauplere tested and
compared in far-field region, i.e. at a distance3om from an emitting
antenna source. A broadband elliptic antenna wad @s a source when
circular polarization was investigated, while a-fogriodic antenna was used
for investigating the linear polarization. Irradaat results are shown in Fig.
2.58 where it is easy to observe that the horn @blipler can detect EM
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waves both in the WG430 bandwidth and in a loweqgdiency range. In
particular good sensitivity was found above 500 MHz

Network

Analyzer

—O Q

() «------------------- »> | EUT
4 3m 4
+ Elliptic E
1'4mi antenn 1.4mf
A 4 A 4

Ground —

FIGURE 2.56 Far-field measurement setup in circular polarizatibhe equipment under
test (EUT) was placed 3 m far from an elliptic amta. Both the emitting and the receiving
antennae were connected to a Netweork Analyzer.
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FIGURE 2.57 Far-field measurement setup in linear polarizatithe equipment under test
(EUT) was placed 3 m far from a log-periodic antenBoth the emitting and the receiving
antennae were connected to a Network Analyzer.
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FIGURE 2.58 Far-field measurement in linear and circular paion. The WG430 can
detect irradiation significantly only above its TEg&utoff (1.7 GHz), while the horn coupler
can detect irradiation even at lower frequencies.

Furthermore, the S11 parameter, relevant to the betF coupler, both
simulated and measured, is reported in Fig. 2.58yoBd the excellent
agreement between the measured and simulatedstegul important to
note that it has been possible to obtain a resdnequiency lower than that
of the WR430, without changing the size of the sresction. Such a result
was obtained introducing the lens of resin, agllttve shown in 2.5.2.

0 L T T T T T T T T ‘ T T T T
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FIGURE 2.59 Comparison between measurement and simulationeofftl horn coupler
parameter. Resonant frequency has been moved ffoi@Hz (WR430 characteristic TE10
resonance) to 1.5 GHz.
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Near-field properties

Near field properties were investigated by using tientical horn
couplers and placing them at a distance of 10 omth Bouplers were then
connected to the two ports of the Network Analyzex,portrayed in Fig.

2.60.

FIGURE 2.60 Near-field measurement setup simulated through GaBware. The two
couplers are positioned at 10 cm of distance amtexcted to the two ports of the Network

analyzer.

Insertion loss (S21) parameter was then measurédiamulated. Figure
2.61 shows the results of the measured S21 compartbdt simulated. It is
possible to observe, beyond the good fitting betweénulation and
experimental results, that the sensor works witbdgoapacitive coupling
between 500 and 1.4 GHz. This is an excellent tefdcause it allows to
detect the EM field variation outside the transferrtank when the source is
located close to the MV conductors, as seen ingoaph 2.4.
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FIGURE 2.61 Comparison between measurement and simulatioheo582 horn coupler
parameter. The sensor has very good capacitivdiogugetween 500 and 1.4 GHz.
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2.5.2. Optimization procedures

The actual characteristics of the optimized hoHiFLEoupler have been
shown in the previous paragraph. Anyway, optim@atprocedures have
been carried out both through simulation and expents in order to obtain
the final version of the sensor. In particular, #ftect on the S11 and S21
parameters were investigated during the projectyingr design
characteristics before finding out the best featumed then release the final
version described in 2.5.1.

All the simulation relevant to the S21 parameterewnearried out by
placing two identical equipment under test at aadise of 10 cm, as
sketched in Fig. 2.60.

Waveguide depth effect

At first, the effect of waveguide depth was invgsated through
simulations. Four different lengths were chosen: 2% 55, and 75 mm. In
particular, the latter was the one relevant tofits¢ prototype (still without
resin). The simulation results in term of S11 &2d are shown in Fig 2.63.

55 mm 75 mm

FIGURE 2.62 Simulation of different waveguide depth, withoesin.
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A low return losses (S11) value is generally dekssmce it means good
impedance matching between the feeder line ancetietive element, that is
to say that all the power is transmitted withoulleaions. However a
minimum value is generally accepted, which is -1, dbove that the
antenna is considered not properly matched. Itbeageen in Fig. 2.63 that
in all cases the peak of the S11 parameter is equdbelow -10 dB
indicating good impedance matching independentlyhenfour depth values
investigated. It can be seen that the first pr@ety75 mm) had a low
resonant frequency, corresponding to the projegtirements. However,
both S11 and S21 parameters were the worst if caedga the other depths.
In addition, S21 parameter had evident deficienalesve 2 GHz. A good
compromise was therefore found out in the wavegbitlenm deep, which
had the same resonant frequency of the WR430 (Hz) Gut higher
coupling at frequencies above 500 MHz.
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FIGURE 2.63 Simulation of S11 and S21 parameters for differeatveguide depth,
without resin.
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Pitcher’s profile effect

Before choosing the exponential profile, other etéht solutions were
investigated for the two pitchers inside the wavegu In particular, a
simulation was carried out with four profiles de&fthin the following as
exponential, abrupt curve, flat and inverse exptakmeferring to Fig. 2.64.
Simulation was carried out on two identical sen&&rsnm deep and without
any resin inside.
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FIGURE 2.64 Different pitcher’s profiles investigated througimulation.
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FIGURE 2.65 Simulation of S11 and S21 parameters for diffemtther profiles, without
resin.

118



From the simulations, whose results are shown gn E65, it comes out
that the abrupt curve and exponential profiles gme=d best S21 parameter,
being the transmission S21 peak at lower frequeéhey the others and
being the capacitive coupling at low frequenciesnately higher. From S11
parameter it can be seen that the exponentiall@rsfidefinitely better than
the abrupt curve, being the latter characterized lwery poor S11. It was
therefore chosen the exponential profile.
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FIGURE 2.66 Klopfenstein profile design.
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FIGURE 2.67 Comparison between S parameters simulated usingxponential and
Klopfenstein profile.
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A further simulation was then carried out compating exponential with
the Klopfenstein profile. Such a profile allows teetmatching between
coaxial impedance Z0 (50 ohm) and load impedaneg,the characteristic
impedance at the waveguide aperture (377 Ohnmganitbe seen in Fig. 2.67
that actually the Klopfenstein profile improves itld the S11 parameter
(from -15 to -20 dB) but such an improvement isirdedly too small to
justify the introduction in the antenna design abacomplex geometry.

Filling material effect
At last, once the waveguide depth and pitcher [@avere optimized, the
effect of the introduction of a resin material vilrgestigated.
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FIGURE 2.68 Comparison between S parameters simulated fardift filling.

In particular two solutions were taken into accouiling entirely the
sensor with epoxy resin or just covering the wawdg@aperture with a lens
of resin. Figure 2.68 shows the results obtainedhfthe simulation between
the horn sensor without resin, the horn sensor Witltm of resin at
waveguide aperture and the horn sensor complelielg fvith resin.

It can be observed that, in terms of S11, bettdcimag can be obtained
with the lens of resin. Furthermore, the resonaatidency can still be
shifted down from 1.7 GHz to less than 1.4 GHztdrms of S21, higher
coupling at low frequencies is given by the conmmléling of the sensor
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with resin, but S11 relevant to the sensor fillethwesin is definitely poor
around 2.3 GHz.

The best compromise in terms of S11 and S21 cahuseachieved by
introducing only a 10 mm layer of resin just at teveguide aperture.

2.6 Partial Discharge measurement on a three-phase
MV transformer

A real application of the study carried out in fhrevious paragraphs is
here shown through the detection, in factory, ofgfl@nomena inside a two
1000 kVA, 15000/400 V, three phase transformers.

During both measurements four sensors were used:

1. HECT around the transformer ground connectidhis setup is
generally not used on-field due to presence of re¢\gounding
connection between the transformer and the maith,eahich
results in a strong attenuation of the signal. @& ¢ontrary, in
factory it is possible to let the transformer grded only through
one earth connection, thus allowing PD detectioingusan
inductive HFCT clamped around that ground lead.

2. TEV Jumper at transformer top cov&uch sensor is a capacitive
probe able to sense the current pulses travelintherouter box
surface. Indeed, when PD occur inside the tanksieat currents
can be induced in the inner tank surface. Owingpertures in the
box, such pulses can also propagate along the sutéce, and
be detected through capacitive probes. It has pmed close to
the bushing as shown in Figure 2.68 (a).

3. Inductive sensorA magnetic sensor constituted of 5 turns around
a ferrite core was placed close to the base obtishing as shown
in Fig. 2.68 (b). Its bandwidth lies in the VHF ¢gn

4. HORN coupler It was placed close to the base of the bushing as
shown in Fig. 2.68 (c).
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Two different PD activities were detected in theo ttkansformers under
test. The relevant Phase Resolved Partial DischdRfePD) patterns
detected through the HFCT connected to a commere@l detection

instrument, having a bandwidth in the [0.016-35] Mtdnge, are collected
in Fig. 2.70.

.
TEV Jumper (a) Inductive strip sensor (b) HORN coupler (c)

FIGURE 2.69 Installation of different sensors close to thesfarmer bushings.
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FIGURE 2.70 PRPD pattern relevant PD activities originatedrfran internal defect (A)

and bubbles in the oil (B), detected through theCHFSensor clamped around the ground
connection of the transformer under test.

The other three sensors were then connected t@ tBdiz Spectrum
Analyzer using a 3 MHz resolution bandwidth. Resuitom this first
measurement are collected in Fig. 2.71, wherenitoeaseen that:

« the maximum spectrum in terms of bandwidth and @oge was

detected by the horn coupler, especially aboveNdB@, according to
the results obtained from the simulations.
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« The TEV jumper sensor was able to detect EM emmsgioca broad
band frequency range as well, due to the capaatwpling with the
aperture in the reactive field region.

« The inductive strip was able to detect only freques below 1500
MHz, but with significantly lower amplitude thanetinorn.
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FIGURE 2.71 Spectra relevant to PD activity (A), detected tigto different sensors.
Maximum amplitude was detected when Horn Couples used.

PD activity B, likely due to bubble in oils, wastdeted through the
HFCT with significantly lower amplitude (75 mV) th&D activity A (max
amplitude 250 mV), which was likely due to an in&rPD within the paper
layers. During the first measurement through thec8pm Analyzer no
emission was sensed by the TEV Jumper and the tindustrip at PD
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inception. Only using the horn coupler it was pbkesio detect something
with quite small amplitude between 800 and 1500 Mé&kz can be seen in
Fig. 2.72.

Therefore, a 20 dB broad band amplifier was cormetedietween the
sensors and the Spectrum Analyzer.
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FIGURE 2.72 Spectrum relevant to PD activity (B), detectedtiyh Horn Coupler. EM
emitted outside the transformer apertures is \@mydue to the weak PD activity.

It can be observed in Fig. 2.73 that using the dmpit was possible to
detect a slight emission also with the TEV andititkictive strip. Anyway,
it can be seen that the spectrum detected by the doupler connected to
the amplifier is comparable to the other sensorhénlow frequency range
(<800 MHz), while it is significantly higher in thagh frequency range, i.e.,
where the S21 of the sensor presents a flat behavio

It is thus reasonable to think that PD activitysBoriginated from a source
far from the MV connection, so that the couplingvieen the source and the
MV bushing is weak and only the high frequenciesoaiated to the higher
modes of the cavity, can be irradiated outside témk, according to the
simulation results in 2.4. On the other hand, tBeddurce relevant to PD
activity A was better coupled with the MV conduaporresulting in a
perturbation of the EM field outside the aperture leaw frequencies
detectable even without any amplifier.

However, it is clear that horn coupler present goodpling with the
source and with the transformer apertures in bages, thus allowing PD
detection with very good SNR over a wide frequerange.
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FIGURE 2.73 Spectra relevant to PD activity (B), detected tigio different sensors. A 20
dB amplifier was connected between sensors andSectrum Analyzer. Maximum
amplitude was detected when Horn Coupler was used.

125



126



Chapter 3

PD propagation and detection in Medium
Voltage switchgears

3.1 Premise

Partial discharges are involved (as a symptom a asause) in 85% of
medium voltage (MV) switchgears faults [71, 72].uSh PD detection is a
key technigue to prevent switchgear dielectricuta$. As an example, when
surface PD are observed, cleaning or replacementerhinations can
prevent flashovers. However, it must be stressatlribt all defects in MV
switchgears are equally harmful and, therefore,atldPD activities deserve
the same level of attention. As a matter of facfona PD (that is,
discharges in free air volume due to metallic psitns on conductors)
produce ozone, which can attack chemically polymersulation systems
used in MV cables. The degradation rate, howewemat very large, as
ozone is spread in the surrounding environment. t@® contrary, as
mentioned above, PD on MV cable terminations preduacking, leading in
relatively short time to flashover. PD that areemial to cables, potential or
current transformers insulation systems (due toitieay protrusions,
contaminants, etc.) or in the bus spacers are ctesized by yet larger
degradation rates.

According to the above considerations, charactegiziPD within
switchgears through magnitude or repetition ratnelis not the most
effective way to carry out proper Condition Basedinenance (CBM)
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operations. Indeed, performing maintenance when medded (in the
presence of corona PD alone, for instance) meansring in extra costs
while, possibly, other more harmful sources go @ckked (due to, e.g.,
personnel limitations) leading to faults. In therreat scenario of severe
industrial competition, sustaining such costs idomger affordable, so that
more effective solutions need to be devised. THg way to maximize the
economic performance of CBM practices on switchgeasorts to a correct
identification of PD sources. As a matter of facBD sources are correctly
identified, ranking the harmfulness of the defecttthe various apparatus
becomes possible, leading to an effective scheofulriman and economic
resources.

The following paragraphs will discuss the bandwidih irradiated
phenomena associated to PD activities inside sgéats, in order to design
appropriate detecting sensors.

3.2 Overview on existing PD detection methods

3.2.1 PD detection from HFCT sensors installed inside the
switchgear

Providing MV switchgears with HFCT sensors permdyemstalled
around the cables ground lead connections cansepr@a good solution to
assess both the cable and the switchgear condition.

FIGURE 3.1 HFCT sensors installed inside the switchgear, atdha cables ground lead.
Indeed, irradiation phenomena, associated to thea@Dity within the

switchgear, or capacitive coupling, between the 98Drce and the cables
conductors, can lead PD pulses, originated indidectbinet, to propagate
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along the MV cables and, thus, to be detected ley HFCT inductive
sensors. However, it must be considered that gparels are also present in
MV substations, which are connected to the samelds+bar of the other
cabinets, but they are not provided with any MV lealtt is, therefore, not
possible to install HFCT sensors in such panels enadefore, monitor their
conditions.

3.2.2 PD detection from capacitive couplers installed inside the
switchgear

In some cases, switchgear manufacturers (espethakbe involved in gas
insulated 33 kV switchgears design) can provideddinets with voltage
probes embedded in the bushings connected to thebi#vbars. On-field
measurements have demonstrated that such low eolagbes can be
effective for PD detection, if proper designed stge quadrupole are
connected between the voltage probe and the PDisatogu unit. In this
case, the sensitivity inside the switchgear carreese outstandingly,
allowing PD detection to be carried out succesgiullspare panels too.

When the switchgears are not endowed with the abwmioned probes,
it is possible to permanently install capacitiveiglers to the MV bus-bars
inside the cabinets. However this solution hasetonoitually agreed with the
switchgear manufacturer. This procedure can takey lome and it is
approved, in general, with difficulty since the roduction of couplers
(which can also be manufactured by third comparias)represent an extra
cost and can affect the whole system reliabilityat proper designed and
gualified.

3.2.3 PD detection from Transient Earth Voltage capacitive
Sensors

When PD occur the phase-to-earth insulation, a Ismaantity of
electrical charge is transferred capacitively fritm@ PD source to the earthed
metal cladding. Therefore transient pulses canetralong the switchgears
earthed panel surface and be detected through mpgpacitive sensors
attached at the cabinet surface. Such sensoroammanly called Transient
Earth Voltage (TEV) probes and have a bandwidtyirapbetween few kHz
to a maximum of 100 MHz.
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To explain the working principle of such sensogt,Us assume the PD
event to be qualitatively modeled as a dischargevden two electrodes,
separated by a gap of air, connected in parallektocapacitance Ca,

representing the main insulation between MV elegrand the ground, as
shown in Fig. 3.2a.

u t—
Ca Ue o

FIGURE 3.2 Qualitatively representation of a discharge, odogrbetween two electrodes,
originating a transient current la flowing in thecait.

Metal-clad ] T

le

______________________________________________________________________

FIGURE 3.3 TEV capacitive coupler working principle. A transiesarth induced current,
le, flows along the switchgear metallic surface adoagly to a PD event inside the cabinet,
through earth stray capacitancé&®. By using a capacitive probe, C, in series to a

measuring impedanc&m, it is possible to record the transient curresbaited to the PD
event.

When the two electrodes are short circuited, camsetty to the PD
event, a transient current,, will flow along the circuit and a transient

voltage,u;, will appear acros€, [73]. Therefore, as an effect of the stray
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earth capacitanc€e (Fig. 3.3), a transient currehd will be induced also in
the inner surface of the switchgear metal-cladhére are apertures in the
switchgears, transient currents, le, can propagatein the outer surface of
the cabinet and it will be, therefore, possiblelébect such induced currents
through appropriate capacitive prob&s, attached to the metal outer
surface, as shown in Fig. 3.3. Furthermore, loasibn could be feasible, by
placing several TEV probes on the earthed metddatg of the switchgear,
and using well known algorithm as those based erlime of Arrival, i.e.,
based on the comparison of the time of flight of PDIses detected
simultaneously by different sensors placed in d#fié positions.

However, it must be considered that such a deteatnethod could
present two criticalities:

1. PD events occurring between two phases could bectek with
low sensitivity, since the coupling with the eadhmetal-clad can
be significantly lower if compared to a phase-totgrd discharge.

2. The outer metallic surface is always covered witthia layer of
insulating painting. The presence of this thin lasng layer can
result in a decrease of the global capacitance detwhe sensor
and the metal-clad and, thus, a reduction of geigitTherefore,
to increase the effectiveness of such sensors, shewyld be
placed in an unvarnished area of the metal-cladicfwlss, in
general, not feasible).

3.2.4 PD detection through acoustic sensors

Properly designed microphones are largely usedPddetection in MV
switchgears [74]. Such sensors have bandwidth lying hundred of kHz
and are generally mounted on proper holders allgviite sensors to be
handled easily and brought close to the apparatitsesist be stressed that
such detectors are suitable for detection and itmtanf PD in air, like
surface or corona PD. On the contrary, the seitsiti¢ very poor for
internal PD (e.g., internal cavities inside the tbogs or in cable
terminations). Furthermore, in air-insulated dimition substations, several
corona phenomena can occur simultaneously outs&lewitchgears and be
detected by the same microphone, thus influenciveg acquisition and
reducing outstandingly the PD localization accuracy
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3.3 Investigation of PD irradiation properties insde
and outside switchgears

Irradiation inside and outside Medium Voltage stvijears is investigated
in the following paragraph. Indeed, a switchgean ba represented as a
resonant cavity excited by an impulsive source, ilamg to MV
transformers. By using equation (2.3) it is possitd evaluate the internal
resonances of the cabinets, associated to TE andrbjglagation modes,
which can be excited by an internal impulsive PDree.

By placing EM probes or antennas inside the sweeahgit could be,
therefore, possible to detect PD activities withhaadtageous SNR, being the
whole cabinet shielded from external disturbanesdesign such probes or
antennas it is, at first, necessary to workoutrsonance frequency of the
cabinets in order to match the sensor bandwidtiesmnances to those of the
cabinet. In order to carry out proper maintenangeswitchgears that are
already in service and, thus, can not be openeadldw the introduction of
internal sensors, it is essential to develop ealesensors able to sense either
EM irradiation through apertures in the cabinet, RID current pulses
traveling on the metal clad surface, i.e., follogvithe TEV principle. All
cases are investigated in the following.

3.3.1 PD detection inside switchgears through internal sensors

Likewise MV transformers, the cabinet resonances ba evaluated
resorting to the waveguide theory, being such rasoes the same of those
relevant to a short-circuited section of rectangul@aveguide. Thus, it is
possible to evaluate TE and TM propagation modé@sgusquations (2.3),
indicating the cutoff frequency of each possiblepgagation mode.

As an example, the switchgear discussed here &ransulated 15 kV
cubicle having the following geometrical sizes:gitil.95 m, width 0.56 m,
depth 1.15 m. The cubicle is endowed with a fraydrdl.20 m high, 0.50 m
wide, with 0.24 x 0.1 m rectangular inspection vand

Table 3.1 collects the TE and TM propagation mddeshe air-insulated
switchgear shown in Fig. 3.4. Anyway, the same @ssccan be carried out
for air-insulated switchgears having different dimsiens or gas-insulated.
Therefore, it is possible to design internal sem$or PD detection purposes,
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having a frequency bandwidth centered on a frequenaal or higher than
the fundamental resonant mode of the cabinet.

b=0.56 m

<
<«

v

a=1.95m

/c=1.15 m

FIGURE 3.4 Medium Voltagel5 kV air-insulated switchgear used for carrying the
investigation on PD propagation properties.

TABLE 3.1 TE and TM Propagation modes cutoff frequencies

m|nlp TE,f]np ™ rfnp
Frequency [MHz]| Frequency [MHZz]

1/0|1 151.4 /
111(0 / 297.92
111 307.6 307.69
2101 271.9 /
20| 2 302.8 /
1/2|0 / 551.3
1112 335.3 335.3
12| 2 572.4 572.4
2121 600.7 600.7
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3.3.2 PD detection outside switchgears through external antenna
Sensors

The irradiation outside the switchgear will be istigated in the
following. The cabinets are endowed, in generathwapertures which can
let the EM waves to propagate outside the switalsgedwo types of
apertures can be basically considered:

a) narrow slots between the cabinets and the door @)
b) narrow slots between the switching module and thbinet
(Fig.3.5b)

Both aperture types can be studied as narrow rgel@nslot antennas

having resonance frequenigyequal to

c
2L &u

f =

S

(3.1)

wherec is the speed of light andis the slot length. Therefore, whenever
the PD pulses, occurring inside the switchgear, eacite the resonant
frequencies of the slot apertures, EM waves carpggate outside the
cabinet and be detected through proper antennarses an example, for a
MV switchgears provided with a front door 1.20 mgthiand 0.50 m wide, as
the one shown in Fig. 3.4, two slots can be comstlealong the two
dimensions, having resonant frequencies at 125380dViHz, respectively,
according to (3.1).

The consideration above can be demonstrated thraugeries of
experimental tests carried out through an eledlyicahort monopole
connected to a Noise Generator (the same used apt@h2) and placed
inside the switchgear. In particular, the monopolas placed in
correspondence of the center of mass of the swaahdhe EM irradiation
outside the cabinet (with the door closed) waswapt by means of a log-
periodic antenna (30 MHz-3 GHz) connected to thees&pectrum Analyzer
used in Chapter 2. The first result, gained from é&xperimental test, was
that the antenna was able to sense EM waves iteadiautside the
switchgear, demonstrating that the narrow sloteveetually excited by the
internal source, letting EM waves propagate oujsie expected. The
receiving antenna was placed in several positiatts igspect to the cabinet
door, but always at the same distance from the ¢800mm), showing
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significant changes in the irradiation pattern enmis of magnitude of the
spectral components.

(a) (b)

FIGURE 3.5 Narrow slots in MV switchgears (marked in yellowhish can allow EM
irradiation outside the cabinet.

300 mm \ 1 Pe

(

™ Door

FIGURE 3.6 Drawing indicating the position of the log-periodiantenna during
experimental tests. The antenna was placed 300anfroin the door, oriented to the upper
left door's corner (P1) and to the middle pointhaf upper door's aperture (P2).

As an example, Fig. 3.7 shows two spectra detdayethe log-periodic
antenna in two different positions (indicated as &t P2 in Fig. 3.6,
respectively).
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FIGURE 3.7 Irradiated spectra detected during experimentdk tasing a log-periodic
antenna in two different detection points.

Furthermore, it can be noted that when the antehpéaced in front of
the door's corner (position P1), significant iredahn starts above 300 MHz
and that the highest irradiation occurs around 85z, i.e., approximately
around the resonance frequency of the shorter dperture. However,
smaller irradiation can be also noted at lowerdsmgies, around 150 MHz,
i.e., around both the estimated resonance frequefcthe longer door
aperture and the cabinet fundamental propagatiodemiigure 3.7 shows
also that irradiation is very poor at frequencieszdr than 300 MHz when
the antenna is placed in point P2, i.e. close tly timee shorter aperture.
Furthermore, irradiation above 300 MHz is almostdBin higher than that
measured in point P1.
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The experimental test carried out through the legeglic antenna and the
noise generator inside the switchgear was usef@ldborate some simple
conclusions of outstanding importance, which are:

 small apertures (few millimeters wide) can allowadiation
outside the switchgear;

* proper antennas can be designed to detect sudiaiioan;

» the frequency bandwidth of the irradiated spectoam depend on
both the slot dimensions and the cabinet size.dddthe cabinet
behaves like a resonant cavity, generating EM wawleish can
propagate outside the cabinet through the apertdies whole
system can, thus, considered as a high pass ligteéng a lower
cutoff-frequency which depends on the apertures. si

A further experiment was performed using a coroeaegator (Fig. 3.8),

constituted of a needle, connected to an HV sowee,a ground plane. The
corona sample was placed inside the switchgearruesé along with a
small 12 kV transformer.

An HFCT sensor was clamped around the sample gra@omtection in

order to compare the results obtained using thenaat to those of the
conventional inductive sensors.

FIGURE 3.8 Needle-ground plane corona generator.

Figure 3.9 shows the results of the PD detectioriezhout through the
log-periodic antenna, placed in position P2, cotewdo the Spectrum
Analyzer. It can bee seen how the spectrum relet@aitibhe corona PD is
mostly concentrated between 250 and 350 MHz, reural the resonant
frequency of the shorter door's dimension. It miost observed that no
spectral components were detected at higher freggsnindeed, it is
possible that the spectrum of corona PD is not vadeugh to excite the
higher internal resonances of the switchgear. ldbeeriodic antenna was
then connected to the Ultra Wide Bandwidth deteddready used in
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Chapter 1) by means of a signal demodulator whildwa to shift all the

frequency components detected in VHF or UHF rartgethe detector
frequency bandwidth (16 kHz-40 MHz). In such a ways possible to

obtain PRPD patterns similar to those obtainabiegusonventional HFCT

sensors connected to the PD detector and, thusy @&D phenomena
identification. Note that the two patterns differ the polarity. The reason
lies in the signal demodulator device, which wooksthe absolute value of
the recorded signals.

-45

50

-55 |

-60

Magnitude [dBm]

-65

-70

_75 1 I 1 1 1 1
200 300 400 500 600 700 800 900 1000
Frequency [MHZz]

FIGURE 3.9 Frequency spectrum relevant to the corona PD datetttrough the log-
periodic antenna connected to the Spectrum Analyzer
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FIGURE 3.10 Patterns relevant to HFCT sensor (a) and log-pirimatenna (b).
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3.3.3 Simulationsusing CAD systems

Simulations on PD irradiation outside MV switchgearere carried out
using the same Computer Aided Design software @ip@dr 2.

The same cabinet investigated in the previous paphg was modeled
accurately according to its geometrical charadiesisSeveral discrete ports,
simulating PD event occurring in different positonvere placed inside the
modeled switchgear. The door's apertures werertgpesented through two
thin rectangular slot apertures, 2 mm wide, sinmgathe air gap between
the door and the cabinet, as sketched in Fig. 3.11.

'3
Ny —

FIGURE 3.11 Simulated switchgear. Discrete ports simulatingeR®nt are marked in red.
Green arrows represent the EM field probes useddtection. Cabinet door's apertures are
represented by narrow rectangular slots.

Electromagnetic field probes were used both insuel outside the
cabinet to sense the EM irradiation. Several pmsitiand orientation of the
receiving probes were investigated. For the sakebrewity, it will be
reported here only the result of one of the moghificant simulations,
where an electric probe was placed in front of ¢abinet door, 300 mm
close to the shortest door aperture and the sowas placed in
correspondence of the cabinet's center of the massaim of the simulation
was to replicate the results obtained from the empmtal tests with the
noise generator. Figure 3.12 collects the simutatiesults for several
frequency values.

It can be observed that there is no irradiatiorsidet the cabinet at 20
MHz. According to Figure 3.7, above 300 MHz vaoas of the electrical
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field can be sensed, due to the excitation of Hoetest aperture resonance.
It can also be observed that at higher frequencies,above 1 GHz, there
are some points, especially in correspondenceeofltior's aperture, where
the irradiation is significantly higher. Therefotbge position of the antenna
with respect to the door's aperture can influeheedetection sensitivity.
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FIGURE 3.12 Simulated switchgear. Electrical field simulatedtside the cabinet at
different frequencies

Note that between 350 and 900 MHz the amplitudéhefelectric field
detected close to the upper shortest door's apertimes not change
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significantly in terms of peak, according to Fig.7.30n the contrary,
significant variations can be noticed if detectisrcarried out close to the
longer door's dimension.

It is anyway important to underline the main resflthe investigation,
which is the possibility of detecting, outside thwsitchgear, the irradiation
associated to PD phenomena close to the apertures

3.4 PD detection through proper antenna sensors

It has been shown in the previous paragraphs tretiation inside and
outside the switchgears can occur consequentlyPto avent.

Focusing the attention on the latter case, sint®ducing of sensors
inside the switchgears is not possible on-line, sgeosors can be used to
sense the irradiation outside the cabinet:

1) TEV sensors, placed attached to the metalliasarof the cabinet

2) Antenna sensors, placed near the switchgeatuaper

The experimental results shown in Fig. 3.9 highkghthat EM waves
associated to a corona PD event can be detectsil®uhe cabinet close to
the door's apertures and that maximum emissionredaila frequency range
centered on the resonant frequency of such apsrture

As demonstrated in Chapter 2, if the sensor iseulaeery close to the
door's aperture (i.e. in the so-called reactivkl fregion with respect to the
slot) it is possible to sense also EM field vaaas in at frequencies related
to the internal resonances of the cabinet. Thesefthhe PD detection
optimum bandwidth can vary according to both thbireet and aperture's
dimensions.

Considering the typical dimensions of the switchigefeight between
1.5 and 2 m, dept between 0.5 and 1.5 m, width é@tvd.5 and 1.5 m) and
the typical dimensions of the rectangular apert(te®.3%1.5 m) it can be
generally assumed that the detection bandwidth Idhawolve lower
frequencies with respect to the MV transformerslis in Chapter 2. An
effective solution could be represented by antesgiasors having a wide
bandwidth below 1 GHz. Indeed, the test carried witlh the corona PD
demonstrated that the irradiation associated toctitena was almost zero
above 500 MHz.
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A commercially available antenna, indicated in floelow as "TEM
antenna" was found to be suitable for PD detecpomposes in MV
switchgear. Such an antenna is characterized by:

1) small dimensions: 50x30x200 mm

2) flat S11 up to 2 GHz

3) high capacitive coupling up to 500 MHz.

The comparison between the measured S21 paramétdreoTEM
antenna and the Horn antenna, described in Ch2apigishown in Fig. 3.13.
Note that below 500 MHz the capacitive couplingtttd TEM antenna is
significantly higher if compared to that of the IHoiTherefore, by placing
the antenna close to the cabinet's aperture ibssiple to sense EM field
variations at frequencies ranging in the VHF barmtwv{(30 - 300 MHz).
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FIGURE 3.13 Comparison between measured S21 parameter of TENHam Antenna
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Chapter 4

Applications:
on-line PD detection in MV grids

4.1 Premise

Optimum detection bandwidths have been singlediouhe previous

chapters for PD detection in MV cables, transforsrard switchgears.

The results can be summarized as follows

» Cables:HFCT inductive sensors can be clamped around dbées
ground lead or, alternatively, around the cablelitsThe optimum
bandwidth for such sensors has been found to lthinvithe range
of few tens of MHz, in order to acquire PD pulseaveform, to
carry out effective separation through proper atpars [19-22]
and, at the same time, achieve advantageous Signbaleise-
Ratio. Furthermore, antenna sensors can be usedetict the
irradiation associated to PD sources inside thdecabcessories,
thus improving the detection and localization efifeEness.

* MV/LV Transformers Installing HFCT sensors around cables
ground connection it is possible to sense alsoRBephenomena
occurring inside the transformers. However, it hé®en
demonstrated that using proper antenna sensoss possible to
detect, outside the transformers, also the irrazhadssociated to
the PD events, thus improving the detection andllpation. The
apertures in the transformer, through which EM wsavean
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propagate outside, are those in correspondencéneofbtishings.
Such apertures can behave as slot antennas, enbib#sonances
at frequencies even above 2 GHz. However, if prageersors are
placed close to the apertures (in the reactivaetfiggion), it is
possible to detect also the internal resonancetheftransformer
tank. The optimum bandwidth has found to lie in théF region.
SwitchgearsPD activities occurring inside the switchgears ban
sensed also using the HFCT connected around thiescagioound
lead. However, to carry out PD detection also iarsppanels it is
necessary to use external sensors, such as ameriteV sensors.
If antennas are used, it has been shown that atiadi can occur
outside the switchgears in correspondence of apertulue, as an
example, to the small air gap between the switchdear and the
cabinet. Tests and simulations have shown that suatiiation can
occur at frequencies even lower than 500 MHz. Tioeege sensors
having bandwidth lying within this range seems tduitable for
PD detection in such apparatuses. It is howeveormapt that the
central resonant frequency of antenna detectorslghi® not lower
than the cabinet lowest resonance frequency.

The investigation carried out in the previous cleaptis of utmost
importance to develop proper sensors for on-linedefection purposes
in MV distribution grid. Indeed, on-line PD monitog provide
significant advantages if compared to off-line PRtattion as, for
instances, the possibility of carry out the measweets without shutting
down the system along with the opportunity to asshe actual condition
of the equipment under test in its normal workgundition. This latter
aspect is important especially in machines likegfarmers and motors.
Indeed, the thermo-mechanical stress affecting sypgaratuses on-line
can not be reproduced off-line. On the other smeline measurement
can introduce some disadvantage, as:
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1. disturbances and noise can affect the measurement
sensitivity;

2. PD pulses, associated to a PD source within onesyan

propagate along the other interconnected appamause be
detected in different points, affecting the locatinn
effectiveness.



The first issue can be solved determining theinmpin detection
bandwidth for each apparatus under test, as destnib the previous
chapters, in order to design proper sensors aratheeve optimum SNR.
Furthermore, using proper detection instrumentsagdrithms [19-22] it
is possible to separate the pulses associated teynax disturbances to
those coming from PD activities. As regards theoseé issue, it is
necessary to carry out PD measurements in all titeraonnected
systems. As an example, if PD detection is caroiedon a MV cables, it
is suggested to extend the investigation also ¢oafpparatuses connected
at cable terminations, e.g., transformers, motorsaotchgears.

4.2 Examples of on-line PD measurement setups

Two typical PD on-line measurement setups are theseribed.

When switchgears and MV transformers are connettédl cable ends,
respectively, it is suggested to install the PDssemas shown in Fig. 4.1. In
particular, HFCT should be clamped around the giload of the cables
terminations in order to sense both PD activityhmitthe cable and those
inside the other apparatuses. For localization gaep, antenna sensors can
be used, additionally, close to the switchgear tedtransformer. Once the
sensors are installed, PD detection could be choig using a suitable PD
instrument. It can be suggested to run a continnowstoring session where
critical situations have been found during the escaneg of the MV network.
Alternatively to antennas, TEV sensors can be dsedD monitoring of
MV switchgears. In particular, a commercially ashie TEV Jumper sensor
is suggested. Its working principle is the samelrBV capacitive probes,
since it is able to detect the impulsive transiemtrents traveling on the
cabinet surface. The main difference with the offEV probes is that it
must be placed across the switchgear aperturesi@wiits direct coupling
with the cabinet apertures, where irradiation ogcauch a sensor has been
found to be more sensitive than the other TEV psobe

In large power-plants with 33 kV gas insulated nals, it can happen
that the cables re not accessible in the switchgean, but only in the lower
floor. In such a case, TEV sensors and antenmabeased upstairs, while
HFCT sensors can be installed downstairs, as sketichFigure 4.2.
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FIGURE 4.1 PD detection measurement setup for Switchgeaedadhsformer.
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FIGURE 4.2 PD detection measuring setup in MV substation wicables are not
accessible in the switchgear room.

Screening through acoustic sensors can be dongaswgmphasized in

Chapter 3, such sensors are not able to detedhtemal PD activity due to
cavities in solid insulation materials.
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4.3 PD detection and localization in MV cables

HFCT sensors were permanently installed aroundtbend lead of three
11 kV single-core cable terminations, located iasah MV air-insulated
switchgear.

MV cables were connecting two switchgear substati@S1 and SS2)
256 m far from each other, as sketched in Fig. #t® three single-core
cables monitored by the HFCTs were joined togeiter a three-core joint
(J1) 43 m far from the measurement point (SS1). Tfiree-core cable
coming out from J1 was then split again in corresigmce of joint J2 in
three single-core cables before reaching the stidast8S2. The joint J2 was
195 m far from the substation SS1 and 61 m far fileenSubstation SS2.

At first, measurements were carried out in SS1ni8aant PD activity
was found affecting all the phases. From the arsmbysthe Phase Resolved
Partial Discharge (PRPD) pattern, shown in Fig.4h#, PD activity was
identified as an internal PD. Further measuremevese thus scheduled
within one month, in order to analyze the amplitutend of this
phenomenon, evaluate the PD harmfulness and plan rdguired
maintenance on cables.

194 m

Sl a1

:._H oo liS-com HomE

51 b n 2 552
i T

256 mL

o Detection point

FIGURE 4.3 MV cable circuit layout.
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FIGURE 4.4 Internal PD activities acquired in MV cables thgptHFCT sensors
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FIGURE 4.5 TDR software used to localize the PD source.

Resorting to Time Domain Reflectometry (TDR) teciuds, PD
waveforms were analyzed in order to localize the $Drce within the
cables (Fig. 4.5). As a matter of fact, once thaltoable length is known
and the propagation speed is estimated, it is plest use software properly
designed to estimate the distance between the mesasnt point and the PD
source. Fundamental requirements in the use of lewelization techniques
are:

1. record the entire PD pulses waveform with approri@ane-length in
order to capture multiple reflections along theleab

2. use UWB detectors having at least 20 MHz of bantiwid order to
preserve the most of the PD pulses shape.

As shown in Figure 4.5, the PD source was localaeti91 m far from
the substation SS1. Therefore, it was highly prébabat the PD source
could be located at joint J2. This result was comdid by the TDR analysis
done on the other two phases, indicating once ag&D source 191 m far
from the measurement point, that is to say, inespondence of the joint J2.
From these results, it was speculated that thedrice could be inside the
joint, between the phases in the three-core siddne small difference
between the result given by the TDR method (19hmnd) the actual distance
between the joint J2 and the SS1 (195 m) was bsthae to unavoidable
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inaccuracies on the estimation of both the cabée=d@nd the joint location
by utility people.

Two other measurement sessions were carried et Bfand 4 months,
respectively. The recorded PRPD patterns are reghant Fig. 4.6, while the
amplitude trend is shown in Fig. 4.7

PHASE 4 PHASE 8 PHASE 12
8 w00 Ly I [P o
o PHASE 4 PHASE 8 PHASE 12
Amplitude: 250 e 5 .. < .
3 Ai s H M_ _ § ‘ B
I T |! |t -
200 e et oy =
Amplitude: 200 mV. i PHASE 4 i PHASE 8 _ I _PHASE 12
15001 A e = e i
I w4
P - W
a s [Oeg]

FIGURE 4.6 Acquired PRPD Patterns during the three measuresessions. Note the
increase of the PD activity in Phase 12.
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Maximum PD Amplitude [mV]

4 8 12

Phases

FIGURE 4.7 Amplitude trend of recorded PD activity in phases84and 12. Note the
significant increase of about 200 mV in phase 12veen the second and the third
measurement.
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No significant increase in terms of PD amplitudesvedserved after the
second session except for phase 4 that experiancettrease of almost 100
mV. After the third measurement a significant ease in PD amplitude was
noted in Phase 12, which was found to be 200 m¥Yidrigvith respect to the
previous measurement session. Hence, an alarm weas tp the utility
people, suggesting the replacement of joint J2.

The cable eventually failed during a DC hipot testphase 12 carried
out by utility personnel to analyze the currentapson of the line. Joint J2
was cut out from the cable and a phase/phase dailithin the joint was
found, as effectively predicted by the PD analysis.

4.4 PD detection in MV transformers

The measurements here described were carried osgwaral 400/15000
V oil-insulated transformers (see Fig. 4.8) in &aspark. Five transformers
exploded during the last year, and the reason wisawn.

FIGURE 4.8 On-line PD measurement setup for a 400V / 15 kMrsitlated transformer
in a solar park. PD detection carried out througtCH and Horn Antennas.

Resorting to HFCT sensors, clamped around the safjpleund lead,
and Horn antennas, significant PD activities, §kelue to interfaces
between oil and air on the transformer top, werected on-line. Figure
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4.9 and 4.10 show the PRPD patterns detected thrélKCT and horn
antenna, respectively. The PD source was localizeide the transformer
since it could be detected using both the antemdatlae HFCT. show the
PRPD patterns detected through HFCT and horn aateespectively.
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FIGURE 4.9 PRPD patterns acquired through HFCT clamped aroM cables
connected at transformer terminals.
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FIGURE 4.10 PRPD pattern acquired through Horn antenna sensoorrespondence of
the cable entrance.

4.5 PD investigation in MV substations

4.5.1 PD sources localization in MV switchgears

Cross coupling between compartments in MV subgtatiois
unavoidable for both conducted as well as irradiaignals. Indeed, large
number of cabinets are connected to the same busndlagrounded at the
same main earth, as sketched in Fig . As a conseguéhe same PD
phenomenon is usually observed in at least twocatjacompartments.

Localization can, therefore, become complex if m&alt with an
appropriate methodology. Radiated signals outsile tabinet are
affected by reflections, so that exact locationofsen more complex.

151



Conducted signals may give rise to localizationbbemms when cabinets
without cable earthing system (e.g., spare cabinets affected by PD
activities (e.g., in spacers): these PD may beadlletein other cabinets
giving rise to wrong localization.

—

. BusBar

———
& Main Earth
B /

—_— (ﬁ_

R

FIGURE 4.11 Switchgears are connected one each other througltbiéldar and common
earth. When PD occur inside one cabinet, it casdmsed also in the adjacent ones.

To achieve exact PD source location the followimgcedure could be
employed. First of all, measurements should beooeréd on all the
compartments within the same room. Generally, waeRD source is
active, one or more adjacent compartments will gte\positive evidence
of PD activity. The compartments where PD phenomamealocated with
highest likelihood are tested again, for both TEWda(if possible)
conducted signals. Generally speaking, the compartmvhere the PD
source is located will be characterized, with respe the others, by:

- PD pulses having larger magnitude and equivadantiwidth;

- Larger repetition rate

These considerations can be used to devise a docatidex, L;
evaluated as (4.1), whef@my is the 98 percentile of the PD amplitude
distribution (in mV) andF is the equivalent bandwidth of the pulse (in
MHz), evaluated as (1.24). Due to attenuation phesta, the largdkt; in
one compartment, the larger the probability that BD source is located
within the compartment itself. It must be obsertiedt the repetition rate
parameter is not taken into account and should cuisidered for
localization purposes, since it can strongly dependthe way noise
couple with a particular compartment, fluctuatedamly, etc., repetition
rate.
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I-I = Qmax EF (41)

Moreover, it must be stressed that such a locatimaindex can be
evaluated only if the same sensor is used in cpomdence of each
cabinet, during PD measurements. As a matter ds faifferent sensors
can have significantly different bandwidth and sewisy, resulting in the
impossibility to correlate the recorde@m.x and F parameter. HFCT
sensors are suggested for such applications, simeePD amplitude
recorded through antenna and TEV sensors can vily the sensor
position.

Examples relevant to PD localization in MV switchge resorting to
the Localization Index application, are describadhe following. The
first example refers to a PD measurement carrietl inua 33 kV
substation. In total, 13 compartments were scanioedPD using the
HFCT sensor around the ground lead of 33 kV cabtemected to each
compartment.

1,00E-2 " 650.0

Equialent Time [ns]
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00 20 40/60 80 100 124

CoronaPD !

|

Disturbance

zzzzz

Surface PD
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PPPPP [Deg] 0

0 £
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FIGURE 4.12 Example of acquisition and separation in a 33 kV BMtchgear. Several
phenomena were detected, but only one criticalgtiméace PD).

Two PD phenomena were observed on almost all timepactments.
They were separated exploiting the characteristafs the pulse
waveshapes [75]. The first one (see the patterorteg in Figure 4.12)
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was addressed to surface PD, i.e., PD occurringromsulating surface,
caused by prevailingly tangential field, [76]. TeePD are typical of
tracking phenomena occurring at cable terminaticdhgrefore further
investigations were needed to determine the exaxtion of the source.
Localization was firstly attempted by checking thaximum magnitudes
of PD recorded at each cubicle, as shown in Fi§.4.1

SURFACE/INTERFACE PD

60
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40 -

: l,

H DL D D D L2 N0 0 0O N0 bHL b b
KON -V OV S N e N R

o
DY

FIGURE 4.13 Comparison of maximum PD magnitudes (in mV) recdrfte the Surface
PD of Fig. 4.12.
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FIGURE 4.14 comparison of (normalized) localization index vauéor the surface
phenomenon of Fig. 4.12.

The results were partially inconclusive: two of thdbicles had larger
PD levels (4TO and 1S0), but the maximum levelsewwsst significantly
different. Using the localization index (Fig. 4.14) could be ascertained
that PD were occurring at compartment 4T0. The seécohenomenon
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(see the PD pattern reported in Fig. 4.12) couldaberibed to corona
phenomena. This phenomenon was recorded on sesx@rgdartments, so
that localization through the index (1) was atteadaptThe result, reported
in Fig. 4.14 permitted to address it to compartmii. In this case,
maintenance was not scheduled due to the factdbwana PD are not
harmful if not of very large intensity. However, tust be noted the
importance of separation and identification procdedunaintenance based
only on PD magnitude is not effective. As an exampluppose to decide
to carry out maintenance in the cabinet where Rivicis found to have
maximum amplitude. In this case, Panel 1L5 wouldtaken out of
service. But, the activity occurring inside suctpanel is just a corona
PD, i.e., not equally harmful to the surface PDuwaag in panel 4T0. As
a matter of fact, panel 4TO is the critical switehg although the surface
PD was much lower than the corona in 1L5. As a destration, panel
4TO had a failure in cable termination after ofdyr months from the
measurement.

AMPLITUDE ANALYSIS
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160 - ALARM!I!

140 4
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< 100 4
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E 801
60 +
40 —/ \ D Corona
20 I:l I:I:l I:I:l I:I:l I:I:l I:I:l [] Interfaces PD Cable
0 T T T T Y 1 Termination
Ol M s T = g B3 2
& 8§ g @ © F a3 o]

FIGURE 4.15 Comparison between the corona and surface PD ampliPD analysis and
diagnosis based only on PD amplitude are not éffedf multiple PD sources are not
properly separated and identified.

45.2 PD detection in MV switchgears through EM field
couplers

Both TEV jumper sensor and HFCT were used to pigkPD signals

from a 15 kV air insulated compartment. The HFCBwkmped around the
ground lead of the cable termination.
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FIGURE 4.16 PD activity measured at a MV switchgear cubiclangsan HFCT clamped
on cable ground lead (left). PD activity measured MV switchgear cubicle using a TEV

jumper sensor (right).

Figure 4.16 (left) shows the PD pattern of a phesrmon that could be
ascribed (based on the artificial intelligence toblthe PD detector, then
confirmed after opening the cubicle) to surface &f2urring at a cable
termination. Figure 4.16 (right) shows the PD measients carried out by
sweeping the TEV jumper on the cubicle surfaceolhes out that, apart
from some distortion (associated with the use ofa-linear circuit as an
interface between sensor and detector), the TE¥osas able to pick up the
PD signal, providing a pattern that can be fed utomatic identification
system for PD source identification.
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FIGURE 4.17 Example of PD detection carried out using TEV Jumgensor across
cabinet's apertures. The maximum amplitude wasdfdarbe at the same height of the cable
termination, confirming the location of the PD smes in the cable.
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FIGURE 4.18 Internal and surface PD detected through TEM amtesemsor.

Furthermore, TEM antenna sensor was used to selsin Phe same
substation of Figs. 4.13-4.16. The pattern showign 4.18 (left) is relevant
to an internal PD within a solid material, likely&lto a cavity in the epoxy
barriers or ceramic bushings. Such PD activity detected in a spare panel,
confirming the effectiveness of using antenna sensoMV substations in
addition to HFCT.

The second PRPD pattern (Fig. 4.18, right) is iakvo the same surface
PD detected in panel 4T0 using the HFCT conneci¢le cable. The same
surface PD was detected also in the adjacent pdnglsvith significantly
lower amplitude and repetition rate.

4.5.3 Discrimination between PD sources close and far from the
switchgears

At last, another example describing the presencenoltiple sources
inside a MV substation is dealt with in the followi

In the substation under exam, 15 switchgears wevestigated. A
three-core MV cable was connected inside each bg#&ar. Pumps and
motors were connected to the other cables end, indastry 200 m far
from the MV substation, as sketched in Fig. 4.19.

HFCT sensors were clamped around each MV cablegdime ground
lead was not accessible. Several PD activities weresed in each cable,
but, thanks to the sensors appropriate bandwidibngato the T-F
separation map, it was possible to separate suctlgs®D activities
occurring inside the substation cabinets from thiosated either in the
MV cables or in the machines connected at therdr e

Indeed, the PRPD pattern was obtained in each memsumt point,
and different phenomena were separated as showigi.20.
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FIGURE 4.19 Layout of a power-plant. All cables are connectedwitchgears, at one end,
and to motors/pumps at the other end.
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FIGURE 4.20 Example of PD acquisition in one of the switchgeafs-ig. 4.19. Low
frequency internal PD are relevant to defects ipepail cable insulation, far from the
detection point. High frequency clusters in the Map are relevant to PD located inside
one of the switchgears, close to the detectiontpoin
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In every cabinet, PD phenomena having significahtgh F parameter
(i.e., equivalent frequency > 8 MHz) were detectéde to corona and
surface activities. Such activities were clearlyedo PD source inside
some cabinet in the switchgear room. Since all tabinets were
interconnected, it was easy to sense such acsvitieall the panels.
However, resorting to the Localization Index anay#t was possible to
address the PD source to the appropriate panel.

In addition, a low frequency activity (F<4 MHz) cd®e observed in
Figure. 4.20, having the typical characteristicsaahsulation defect due to
presence of multiple cavities. However, this POvégtwas easily addressed
to a PD source far from the switchgear room, treeuging either inside the
MV cable or in the motor (or pump) connected at ¢thble far end. The
reason of such diagnosis is lying in three fundaaldacts:

1. this PD activity was not sensed in the adjacentlsan

2. this PD activity was not sensed through antennamssn

3. the relevant equivalent frequency is quite lowjéating the presence

of attenuation phenomena between the PD sourcehendetection
point.

As a matter of fact, according to the investigatoanried out in Chapter
3, when PD occur inside a switchgear, it is expktbedetect the irradiation
associated to the PD with proper sensors places ¢tothe cabinet.

Furthermore, as an effect of both the irradiatiod ¢he interconnection
between the cabinets through the MV bus bars, éxjgected to sense the
same phenomenon, but with lower amplitude, in thacent panels.

On the contrary, when a PD occur far from the dvge&ar rooms, it can
propagate along the MV cables, so that it can arnnvthe substation and be
detected through HFCT clamped around the cablesveMer, PD pulses
associated to this PD will arrive to the switchgeamsiderably attenuated in
amplitude and frequency, due to the attenuatiothenMV cables, and will
not produce any kind of irradiation.
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4.6 Conclusion

Investigation on PD propagation in MV apparatuses warried out in
order to single out the optimum detection bandwidth

Irradiation phenomena were studied in cables, $wiars and
transformers, showing the real possibility to assdbe insulation
condition wusing properly designed antenna sensol@ga width
conventional inductive sensors installed on MV ealjround lead.

By providing a large number of MV systems with pamantly
installed sensors, it is possible to carry out PBasurements using the
same PD detector, in order to

e acquire the PD pulses;

» separate the PD activities from disturbances/noeed
crosstalk (i.e., PD activities occurring in othehages or
systems);

* correlate the data;

» localize the PD source;

» address proper diagnosis;

e carry out proper maintenance.

In such a way, investment on diagnostics in MVirdisition grid is
economically viable and effective.

Prerequisite to develop proper sensors is the ateknowledge of the
PD propagation properties within the systems unideestigation. The
work here presented highlighted innovative techegjwand models to
both analyze and predict the frequency optimum faditth where PD
detection can performed achieving maximum SNR.

Such techniques and models can be further develapddmproved in
order to extend the investigation over a wide ranfesystems having
different geometries, both in MV and in HV.
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