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Abstract-In this paper, EMTP-ATP simulation environment is
used to model on-line three-phase partial discharge(PD)
measuring system using Rogowski coil for the moniting of
falling trees on the covered-conductor (CC) overhehdistribution
lines. An on-line single-phase PD measuring systehas already
been simulated and experimentally verified. The préious model
has been extended for a three-phase system to armdyand resolve
the real problems faced by the utilities. The presg model is
investigated under various conditions with trees lening on more
than one phases. The model can be used to estiméte length of
the practical CC line at which PDs due to falling tees can be
detected; thus, deciding the number and positioningf the sensors
over a particular length of the CC overhead distritution line.

Keywords keywords. Partial discharge, Rogowski coil, EMTP-
ATP, covered-conductor, overhead distribution linessensors.

|. INTRODUCTION
HE presence of the partial discharges (PDs) isafribe

most prominent indicators of defects and ongoing

degradation process of electrical insulation systeFherefore,
it has been widely recognized as the most effectiagnostic
method for on-line condition assessment. For etegtower
distribution industries, continuous monitoring ottalled and
operating high voltage (HV) apparatus is of patécu
importance from safety and reliability point of wie

However, these leaning trees produce PDs in thdatisn of
the CC lines, which may rupture after the passdgeaertain
time, resulting in different kind of faults beingtioduced into
the network. By monitoring these PDs on-line, pesgive
deterioration of the insulation can be indicatearljedetection
of developing faults leads to better power qualdand
increased customer satisfaction. PD monitoring lve® an
analysis of materials, electric fields, arcing cweristics,
pulse wave propagation and attenuation, sensoriakpat
sensitivity, frequency response, calibration, noiged data
interpretation. For electric power distribution ustries,
continuous monitoring of installed and operating Bfparatus
is of particular importance from the point of viefvsafety and
reliability. The relatively new and challenging é&pgtion is
conducting on-line high frequency PD measuremeatstife
monitoring of falling trees on the CC overhead ritisttion
lines [1].

In CC overhead distribution networks, a wide aggilan of
on-line PD measurement as a condition monitorirgrigue
has not practically or economically been possifdlais is
partly because of the high costs of the equipmemd a
resources needed, compared to the cost of the c@nfoto
be monitored. One way of reducing the costs ofémgnting
an on-line PD measuring system is to use as sisgisors as

The CC lines have been used in MV networks throughdoOSSible (e.g., Rogowski coils ) and to integrate PD

the world since long. One compelling reason to@&dines is
that they are more compact and environment-friettty bare
conductors. The CC line also withstands clashing fatlen
trees for a considerable time without interruptiorthe power
supply. In this way, the line can continue to fiumctdespite
the tree contact and the removal of the trees eascheduled
appropriately. A drawback of CC lines in distrilmutinetworks
is that falling trees on the line can neither béeded with
normal protection relays nor be localized by adeanbigh
impedance relays because the fault current is appabely
nothing due to the CC insulation and tree resiganc
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monitoring functions to advanced network automafnThe
challenge for on-line PD measurements is to firel aptimal
locations for these sensors with respect to thensisivity,
interference level, signal distinction, and uniars
applicability. The advantage of on-line PD monmgriallows
for CC insulation diagnostics during normal opernatas well
as when the trees are leaning on the conductorenfatic
detection of the falling trees will reduce visuagpection work
after storms and it will improve reliability andfety of the
distribution system. Recently, a great interest liwesn shown
by electric utilities using CC system in distritmrtinetworks in
Finland to develop an on-line automatic system shauld be
capable of detecting falling trees on the linese Bkistem can
be planned to be integrated into the distributiomomation
system to reduce the overall costs of the CC [i8ks

The paper is organized in the following patternctea Il
presents the construction, working principle, amethdvior of
Rogowski coil for high frequency measurements.
experimental set-up is depicted in Section Ill. Madidation
of on-line single-phase PD measuring system madediried
out and three-phase PD measuring systems modeVé&aped
in Section IV. The conclusions are drawn in Section

The



Il. CONSTRUCTIONAND OPERATING PRINCIPLE OF ROGOWSKI
ColL

A Rogowski coil is basically a low-noise, toroidainding
on a non-magnetic core (generally air-cored), mlaaeound
the conductor to be measured, a fact that makes liglter
and smaller than iron-core devices.

To prevent the influence of nearby conductors dagriigh
currents, the Rogowski coil is designed with twaenoops
connected in electrically opposite directions [Zhis will
cancel all electromagnetic fields coming from adesthe coil
loop. The first loop is made-up of turns of thelcand the
other loop can be formed by returning the wire tigto the
centre of the winding as shown in Fig. 1, wheyed,, andd,.
are the internal, external, and net diameters efRbgowski
coil, respectively. The coil is effectively a mutuaductor
coupled to the conductor being measured and thgubéiom
the winding is an electromotive force proportiotmlithe rate
of change of current in the conductor. This voltaige
proportional to the current even when measuring piem

waveforms, so these transducers are good for niegsur

transients and for applications where they can rately
measure asymmetrical current flows.

The Rogowski coil operates on the basic principfe
Faraday's law. The air-cored coil is placed arouthe
conductor, where current pulses produced by PDs@ige
measured. This variable current produces a magfieliicand
the rate of change in current induces a voltaghercoil given
as:
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Fig. 1. Geometry and construction of the Rogoveski
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Fig. 2. The Rogowski coil equivalent circuit (luetbparameters model)
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wherev,(t) is the voltage induced in the coil by the currigpt
flowing in the conductor due to the mutual induc&am
between the main current and the coil, which isctically
independent of the conductor location inside thieloop.

For simplified analysis, the behavior of the Rogkiwil
with terminating impedanc&,,; can be represented by its
equivalent circuit of the lumped parameters as shiovFig. 2
[5], whereR, L;, andC; are the lumped resistance, inductance,
and capacitance of the coil, respectively. The wupltage at
the terminals of the winding wounded around theittal coil
is proportional to the time derivative of the cuntrlowing in
a conductor passing through the coil. An integrater
incorporated with the coil, which integrates théput voltage
Vou(t) according to the following equation to convertnito the
current flowing through the conductor as:

it) =- Mi Vou (D)t @)

The frequency response of the Rogowski coil seisseery
wide. There is no conductive coupling between tld c
sensors and the HV test circuits. Furthermore, tod
thstallation does not necessitate disconnection toé
grounding leads of the test objects and therefe®oimes a
non-intrusive sensor which is a very important asfer on-
site, on-line monitoring. It has the advantage of possessing
high signal to noise ratio (SNR) with wide frequegnc
bandwidth. There is no saturation due to air-coceil;
therefore, it is not damaged by over curreftthas very good
linearity due to the absence of magnetic materialhe
Rogowski coil based PD measurement system is aclmst
solution and can be easily implemented on-sitetduts light
weight. These advantages are essential for on-line PD
measurements; therefore, the Rogowski coils ardempesl
over conventional PD sensors to take measurememts f
detecting falling trees on CC overhead distributinas.

lll. EXPERIMENTAL SET-UP

An experimental set-up was arranged in the HV latoyy
at Helsinki University of Technology (TKK). A singlphase
CC line was laid at a certain heiglf(m) above the ground
level, and the return path was provided througtgtioeind.

The experimental system consisted of:

- CC line having length of 29.2 m, 10 mm inner déden of
the stranded aluminum conductor, and 14.5 mm aliéeneter
along with HDPE (high density polyethylene) insidat

- Flexible Rogowski coil (without integrator) moeat around
the CC line

- A pine tree leaning on the conductor to simutateal world
situation

- Pulse calibrator

- Digital oscilloscope, model Lecroy 9384TM

- Computing system (laptop) for data acquisition

- Grounding capacitor {bf magnitude 500 pF, for connecting



conductor-end to the ground, and 1.5 nC pulse propagating unidirectionally is eqlénéto 3 nC
- HV power supply, 20 kV (line-to-line) AC pulse discharge in a real system. It is challengingnodel a
The on-line single-phase PD measuring set-up ictihin  leaning tree in EMTP-ATP environment, which procki&ds,
Fig. 3. The Rogowski coil is looped around the @@ lto therefore, the pulse calibrator measurements andelsiare
capture the PD signals produced by the pulse eatibrand Used to develop an on-line PD measuring system.
due to a leaning pine tree when the line is enetgihe PD For the measurements, a calibrator pulse is sent fine
signals are displayed on the oscilloscope and dte i¢ stored €nd of the conductor and the Rogowski coil measergsnare
for further processing and features extraction. ZaekV AC taken at points fand B, at the distances of 6 m and 23.7 m
power is supplied by a step-down transformer. Téight of from the point of insertion of the calibrator pylsespectively,
the CC line is not fixed at all points becausesihanged with @S shown in Fig. 4. The voltage pulses capturedthgy
the supporting ropes. Moreover, the CC line comearer to Rogowski PD transducer at pointdhd Bfor 5 nC calibrator
the ground at the point where the tree is leaning.o pulse (which is equivalent to PD produced due &mileg of a
Two sets of PD measurements have already beerrpedo single tree and this fact has been explained larershown in
on the CC line [1]. First, for calibrating the PDeasuring Fig. 5. The decreasing amplitude at poiptsthe effect of the
system a pulse of known magnitude is injected into th€C line attenuation during the propagation of tigea.
conductor by a pulse calibrator, and the Rogowskil ¢

measurements are taken at pointaml B, as shown in Fig. 4 "' ™ot F1 @ P2

(a), Second, the conductor is energized with 20 kV ithigtion e } !

voltage, tree is leaned at point Bn the conductor, and the S S J_ .
[¢]

Rogowski coil measurements are taken at poifatsPshown in 6m 177 m 55m
Fig. 4 (b). The distances of the measuring pointaml R T
from the sources have been taken randomly; thesetaffect Ground
on the performance of the measurements in general. WV soURcE Py (b P2
It has already been determined by experiments Kggpe3) @ & L '

that PD magnitude produced due to the leaning mha tree ],ﬁ i i J_

on the CC line is around 3 nC [1]. This amount eany S5 202 m 55 m Cq
depending upon the size, weight, and the specit®déaning T
tree as well as the prevailing environmental cood#. This Ground
amount propagates in both directions on the CC Immwvever

Fig. 4. Single-line diagram for on-line PD measgrsystem with: (a) pulse
calibrator, (b) leaning tree while the line is egieed with 20 kV supply
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Fig. 5. Rogowski coil responses for 5 nC calibratolse at (a) pointsfand
(b) point B

Fig. 3. On-line Single-phase PD measuring set-up



IV. ATP SMULATION RESULTS

A. Validation of On-line Single-phase PD Measuring
System Model
The on-line single-phase PD measuring system isvrdra
using ATPDraw and the corresponding network of B2
measuring system including CC line and Rogowski i
shown in Fig. 6. The calibrator pulse producesvaukited PD
signal which is traveling down the CC line and épiured by
the Rogowski coil at a certain distance over the.li
The measured parameters of the Rogowski coil lumped
model are given as resistané® )(0.11W, inductancel() 0.6
nH, capacitanc€C) 50.3 pF, and terminating impedan@g,{ 1
2 KW. The Rogowski coil parameters are measured atFig. 6. ATPDraw circuit for on-line single-phasb Feasuring system
frequency of 1 KHz with the help of Agilent 4263BCR
meter. The resonance frequency calculated usinBolgewski i
coil measured lumped parameters model is 29 MHz. ;'
The distributed parameters can be calculated digidhe 251 i

------- Measured calibrator pulse
Simulated calibrator pulse

lumped parameters by the length of the coil. Usthg
distributed parameters values, the sensitivity & €oil can
also be calculated, howevét, is taken as 0.001 (V/A) from
the manufacturer's data sheet [6]. In ATP simutetjbl andN
are used to model the Rogowski coil as a saturabteent 05¢
transformer having linear magnetizing charactexssti7]. [OY I / |
These characteristics will simulate the behavioarohir-cored o1 o o1 02 03 0a
Rogowski coil. As the value oM is not given by the Time (11s)

manufacturer, its assumed to be 200 nH in this work, and Fig- 7. Measured and simulated 5 nC calibratosezll

comes out to be 431 [8]. @

The CC line is mounted at an approximate heighB of o ‘ ‘ ‘ S p— Measured pulse
above ground level in the experimental set-up. fibguency- i Simulated pulse
dependent CC line characteristics can be calculal 5¢ i
theoretically [9]. As the high frequency PD signal
propagation is being investigated, the averageegahf the
line characteristics at MHz frequency range arectetl. The
calculated CC line characteristics using the thizalemodel
are used in simulation as: resistanceWM2n; characteristic
impedance, 350\, and propagation velocity, 230 ms. The i
lengths of coaxial cable and Rogowski coil cabe®and 2.3 ™[ ¢+ . . ]
m, respectively. These lines are considered adeksssines o 08 1 1S 2 25 3 354 48
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having zero resistance (due to shorter lengths) BhdV (b)
characteristic impedance. All the transmission dinare ——— FFT of measured pulse |
represented using a distributed parameters Claddem 02 FFT of simulated puise i

When a PD signal is traveling from the pulse calibr
towards the CC line through coaxial cable, there fisismatch
between the characteristic impedances of coaxided®0W )
and CC line (3500) at the point of their connection (see Fig
6). The signal is not totally transmitted to the @& and a
part of it is reflected back into the coaxial cafllbe reflection
coefficient in this case is 0.75. Therefore, only 25% of th %05
PD signal amplitude will reach the CC line and @gate
inside it. If a 5 nC pulse is injected from the smukalibrator, o,
only 1.25 nC pulse will reach the CC line for fath 10°
propagation; this amount is approximately equal RD
magnitude produced and propagating unidirectiordilg to a
leaning tree.

I
=
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Fig. 8. The Rogowski coil response for 5 nC calibr pulse at pointFn (a)
time domain, and (b) frequency domain



Keeping in view above fact, an average value ofG n

calibrator pulse is simulated in the PD measuriygtesn to
make the real analysis of a single pine tree lgapimthe CC
line. The measured and the simulated calibratosgsulare
shown in Fig. 7 [8], [10]-[12].

A comparison of the measured and simulated volpadgses

In these simulations, the distanBg(see Fig. 4) is kept at
3.5 km to avoid the interference of any signaleetfbns from
the termination of the CC line into the actual PD
measurements [12]. The PD measurements are taken at
distance of 3.5 km from the leaning trees on theli@€s. In
the simulations, following four scenarios are irtigegted and

captured by the Rogowski coil at poing, Bs shown in Fig. 4 simulations results for first three cases are shiowrigs. 10,

(a), is given in Fig. 8. The comparison is carriedt
considering the time domain performance and fasirieo
transform (FFT) analysis. From Fig. 8, it is reeshlthat
simulated PD measuring system

frequency domain. It is further revealed that resme occurs
at 5 MHz. The resonance frequency of the Rogowsikiis 29

MHz; however, due to the effect of cabling, straglictances
are introduced into the system. This results inloheer value
of the resonance frequency of the cail.

B. Modeling of On-line Three-phase PD Measuring
System

In the previous sub-section, the on-line singlesgh&D
measuring system has been modeled for CC line radattan
approximate height of 3 m above ground level (thenes
height in the experimental set-up). It would beeiasting to
analyze the PD measurements for practical threeepl@C
lines that are normally mounted at a height of nthesa 10 m.

The ATP simulated model for on-line three-phase P

measuring system is shown in Fig. 9 [for case (ifjor this
purpose, the CC line characteristics for a reabsibn (lines at
a height of 15 m above ground level) can be caledlfrom
the theoretical model, and are used in simulat®nesistance,

0.54 Wm; propagation velocity, 288 mg; and characteristic
The Rogowski coil parameters for

impedance, 473V [9].
simulations are same as have been used in the imgadi
single-line  PD measuring system, however, sensoes
mounted on each phase as RC1, RC2, and RC3 (se®) Fig

The simulated model can be used in order to estirtiet
maximum length of the real CC lines that can be itooed
with a PD sensor. As the PD source (calibratorguis of 5
nC, that is approximately equivalent to a pine fesming on
the CC line, the maximum distance at which therfglktrees
can be detected on the CC lines from the point
measurement, can be determined.

Fig. 9. ATPDraw circuit for dn—line three;phase ﬁ@ésuring system

response has a good iii.
agreement with the measurements, both in the timé a

Amplitude (mV)
o

11, and 12, respectively:

i. A tree is leaning on phase A (see Fig. 9)

ii. A tree is leaning on phases A and B
A tree is leaning on each phase A, B, and C

iv. Two trees are leaning on phase A

For case (i), the PD pulse captured by the Rogousikiat
phase A initiates att=12.18ns as shown in Fig. 10 (a). The
value of propagation velocity used in simulations is 288
m/ns; therefore, the distance traveled by the sigmil it
reaches the point of insertion of the Rogowski cisil
S=vt=3.508 km, which is in good agreement with the galu
used in simulation (3.5 km). This reveals thatgmeulated PD
measuring system can be used to detect the PD® dalting
trees as well as localizing the falling trees an@c lines.

The PD sensor signal at Phase A is stronger (0.5 do
to falling of a tree at the same phase, howevaer, siignals
captured at phases B and C are very weak/ because no
trees are leaning on these phases. There are amalint of
PD signals due to coupling capacitances of thesesqsh It

veals that PD sensors located at phases B andnfofc
detect falling trees on the phase A.
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Fig. 10. Simulated Rogowski coil PD measurements t leaning of a tree

on phase A, keeping§=3.5 km; (a) phase A, (b) phase B and C
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Fig. 11. Simulated Rogowski coil PD measurements tt leaning of a tree
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Fig. 12. Simulated Rogowski coil PD measurememtsalb phases due to
leaning of a tree on phase A, B and C, keef¥8.5 km

12 14

Similar results are also obtained for case (i) i®h®D
sensor mounted at phase C cannot detect fallings tian
phases A and B as shown in Fig. 11. In case il),PD
sensors have almost similar measurements dueliagfalf a
tree on each phase as shown in Fig. 12. It is waehtioning
that the quantity of PD magnitude detected by PBsmes
reduces when trees are falling on more than onsgsha.e.
PD magnitude is less when tree is leaning on phasewd B,
and even lesser when a tree is leaning on eachephiiae
quanitiy of PD magnitude increases linearly if thember of
leaning trees on the same phase increases asigigase (iv).

V. CONCLUSIONS

The on-line three-phase PD monitoring system is efextl
in EMTP-ATP simulation environment. The ATP simidat
results are verified by comparison with experimengsults,

which prove that PD measuring system has succssfeén
modeled that can be used to detect and localizefatlting
trees on the CC lines. The proposed model can bd ts
estimate the length of the line at which the PDs ttufalling
trees can be detected; thus deciding the number
positioning of the sensors over a particular lengftthe CC
line, the design trade-offs that must be made, tweddata
processing algorithms that will be developed.

The amplitude of PD signal captured due to leamh@
tree on CC line at a distance of 3.5 km is arounaMland 0.5
mV in case of single-phase and three-phase PD miegsu
systems, respectively. It means we need more PBogeiin
case of three-phase practical system. It is quitssiple to
detect PD signals beyond 4 km distance, providedetiare a
few trees leaning on the line or after the treetacinhas
violated the insulation so that the PD level st#otsncrease.
Automatic detection of the falling trees will reduwisual
inspection work after storms and it will improveiability and
safety of the distribution system. The proposedimm-three-
phase PD monitoring system can be planned to legrimted
into the distribution automation system in ordereduce the
overall costs of the CC lines.
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