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Summary

For maintenance strategies utilities need to know the current condition of their network. In the
past years off-line partial discharge (PD) measurements have proven to provide a lot of useful
information on the condition of a cable system. But utilities are reluctant to put a cable off-line.
Therefore a new online method is developed to monitor PDs in a cable system. This method
requires current sensors in the Ring-Main-Units (RMUs) at both sides of a cable.

Online PD monitoring offers new possibilities. It is possible to monitor a cable system for a
longer period of time and monitor several cable systems at the same time. Because it is likely that
several cable systems will be monitored simultaneously the price of a test system is important.
An important part of a test system are the sensors. Currently, commercial current probes are
used. But these are quite expensive. Therefore an alternative is developed in the form of air-
core Rogowski coils. This report discusses the feasibility of cheap air-core Rogowski coils for PD
monitoring in RMUs. Two coils were designed and built to test the bandwidth, sensitivity and
electrical shielding effectiveness.

The sensitivity of both coils is measured with a network analyser and a test set-up. The test set-up
is used, to make the influence of the environment constant and the measurements reproducible.
The sensitivity of both coils is better than the minimal desired sensitivity, over the major part
of the frequency range of interest. Because the coils have resonances in the desired frequency
range, it is not possible to use the coils for the entire range. The usable bandwidth is limited by
the lowest resonance frequency.

In an RMU, disturbing electric and magnetic fields are present. When a coil is clamped around a
conductor, a current can couple capacitively to the coil and cause a disturbing signal at the output.
Therefore the coil must be shielded for electrical fields. A test set-up with an electrode through
the large loop of the coil was developed. With this test set-up two different coils are tested for
their shielding effectiveness. The shielding of the coil made with coaxial cable is about 2-3 times
as effective as a coil made with copper wire. The screen of the coaxial cable is interrupted after
every turn. All screen sections are connected to each other by a common earth wire around the
coil. At the end of the coil the screen and conductor are short-circuited.

In an RMU, the cable under test is not the only possible source of PDs. When the direction of
each measured pulse is determined, it is known whether the pulse comes from the cable under
test or not. Two methods to determine the pulse direction are developed. The first method
is called the Polarity-of-First-Peak (PFP) method. On two locations in the RMU the current is

vii



viii Summary

measured. The combination of the polarities of the first peak of both currents gives the direction
of the pulse. Measurements showed that this method works very good. The main disadvantage
of this method is the requirement that the pulses can be clearly separated from each other.

A second directional sensing method was developed. For this method the pulses do not need
to be separated as clearly. This sensing method also measures the current at two locations in
the RMU. These two currents are combined into one signal. The resulting signal only contains
the incoming pulses from the cable under test. Disturbing outgoing pulses are removed from
the resulting signal. Measurements on a test set-up showed that the method works reasonably
well. Pulses from the cable under test remain unchanged while disturbing pulses coming from
another 10kV cable are removed from the signal. Disturbing pulses from the transformer are not
removed from the signal. They can cause a disturbing signal with about the same amplitude as
the original pulse.



List of Symbols

For an explanation of the current symbols: i1, i2, itcce, Ipiecs bteer 93tces lec and iz and the im-
pedance symbols: Z1, Za, Zicce, Zplecr Z3tec and Zy,, see appendix A on page 53.
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Chapter 1

Introduction

In the Netherlands alone there is about 90,000 km medium voltage power cable installed for
the distribution of electrical power. A large part of these cables is relatively old and utilities want
to know when they need to be replaced. Unfortunately, it is complicated to determine the exact
remaining life of these cables. In such a situation the maintenance strategy of the cable systems
is very important.

Utilities are shifting their focus from events based maintenance (EBM) to condition based
maintenance (CBM). With EBM, action is taken after a failure has taken place. With CBM on
the contrary, action is taking place before failure. A network owner in the U.S.A. calculated that
condition based maintenance saves money, each dollar spent on diagnostic measurements saves
about 1.5 dollar for a typical mixed network [Steog]. As the name suggests, for CBM the current
condition of the network has to be known.

There are several diagnostic methods to determine the condition of cable systems. One of
the diagnostic methods available for medium voltage cables are partial discharge (PD) measure-
ments. Monitoring the PDs in a cable system gives a lot of information on the current state of
the cable. At the moment a cable has to be taken out of service before the cable can be tested.
Utilities are reluctant to put a cable off-line and in some situations a cable can not be taken off-
line without interrupting the power delivery to some customers. Therefore an online method to
measure PDs in medium voltage (MV) cables is being developed.

One of the most important parts in a measurement system are the sensors. In an online
measurement system the sensor must be installed without interrupting the power delivery and
without compromising safety standards. One option is to use commercially available general
purpose current probes with a ferromagnetic core. But these sensors can be quite expensive. If it
would be possible to replace the commercial sensors with cheap air core Rogowski coils [Rogr2],
the sensor costs will be reduced significantly, making it cheaper to monitor several cable systems
simultaneously. Air core Rogowski coils are less sensitive than sensors with a ferromagnetic core.
This is not by definition a problem, if also susceptibility for interference is reduced. Moreover, if
air core Rogowski coils are optimised for their specific application, it is likely that they can replace
expensive sensors with ferromagnetic core. This report discusses the design of such a sensor.

The sensors will be installed in the Ring Main Units (RMUs) at the beginning and end of the
MV cable under test. Because most RMUs consist of more than one incoming cable there are
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several sources from which a measured PD can originate. For cable testing, only the PDs origi-
nating from the cable under test should be recorded. If the sensors are directional sensitive, the
direction of PD pulses is known and thus also the origin of the PD pulses. Including directional
sensitivity to the sensors is a second subject in this report.

The structure of this report is as follows:

Chapter 2 Discusses the general theory of a Rogowski coil.
Chapter 3 Describes the design considerations of several aspects of the designed coils.
Chapter 4 Describes measurements of the transfer impedance of the realised coils.

Chapter 5 Describes a test set-up to measure the electrical shielding effectiveness of coils and
presents the experimental results for two coils.

Chapter 6 Discusses two developed directional sensing techniques that can be used online in an
RMU.

Chapter 7 Summarises the conclusions and gives recommendations for future research.



Chapter 2

Rogowski coil theory

A Rogowski coil has a core (air) with a toroidal shape. The coil is placed around a conductor. A
current through the conductor produces a magnetic field inducing a voltage over the coil. This
voltage is proportional to the rate of change of the current through the conductor. The Rogowski
coil was first described by W. Rogowski and W. Steinhaus in 1912 [Rogr2].

2.1 Mutual inductance

A primary current through the large loop of the Rogowski coil induces a voltage in the secondary
winding of the coil. This voltage v;, is proportional to the rate of change of the primary current
ipr With a factor M. This factor is the mutual inductance.

dipr :
Vind = M ;’; or Vipg = jwMI,, (2.1)

The value of the mutual inductance is calculated for different coil configurations in the following
sections.

2.1.1 Thin Rogowski coil

The Rogowski coil can be seen as an illustrative application of Ampeére’s law [Warg3]. This law
provides the relation between a current and the magnetic field in a closed loop around it. This
relation is given by:

]41:.‘7 cdl = iepe OF ]{Hcos(a)dl = fenc (2.2)

where dl is a small length along the loop, H is the magnetic field, « is the angle between the
magnetic field H and an element dl and i, is the current enclosed by the loop. When the next
assumptions are made this law can be used to derive the Rogowski coil response.

e The cross section of the turns is small compared to the coil diameter, so the magnetic field
H can be considered constant over the turn cross section.

o The winding density n is high and constant.
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Figure 2.1: Long, thin helical coil

Consider a long, thin helical coil enclosing a current, as in figure 2.1. The current iy, produces
a magnetic field H. The coil has n turns per metre and a cross section A. A section dl has ndl
turns. The magnetic flux linkage in one dl section is

d¢ = uH Andl cos(«) (23)

Where p is the magnetic permeability. The total flux enclosed by the entire coil (¢;0t) is given by
integrating d¢ along the coil:

Sror = / dp = pn A / H cos(@)dl = pnAip (2.4)

In the last step Ampere’s law (equation 2.2) is used to evaluate the integral. The voltage at the
terminals is given by the rate of change of the enclosed flux:

d¢tot dipr

Vind dt un dt (2‘ 5)

A Rogowski coil is often expressed in terms of a mutual inductance M between the coil and the
conductor (equation 2.1). The mutual inductance M in equation 2.5 is given by: M = pnA.

2.1.2 Coil with larger cross section

When the coil area is larger, the assumption that the magnetic field H is constant over the entire
cross section is no longer valid. It that case the method to calculate the mutual inductance M
(section 2.1.1) can not be used anymore. But also for a larger cross section the coil can be modelled
as a mutual inductance. For a coil with rectangular cross section and a current through the centre
of the coil (figure 2.2) the mutual inductance can be calculated as follows. Again Ampere’s law is
used as a starting point. Consider a circle with a radius 7 and a current ¢, through the middle.
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T2

Figure 2.2: Rogowski coil with rectangular cross section

Then the amplitude of the magnetic field H is constant along the circle. The magnetic flux
density B on the circle can be calculated using Ampére’s law (equation 2.2):

_ tprH

2 =1
mrH = ip, = oy

The magnetic flux enclosed by one turn ¢ep. is calculated by integrating B over the cross section:

Penc = // Z”’”“d dz = bt 1n ( ) (2.6)
T1 21 ™
This flux is enclosed by every single turn. So the total enclosed flux ¢ is:
ipr T
ot = N - Gene = NH 22 1 (2 (2)
Where N = n - G the total number of turns and G the length of the coil. The voltage induced in
the coil is: i Nh ”
md = = DM, (12) S 8
vind = 2m In (r1> dt (25)
So the mutual inductance M is given by:
M =Ygy ( ) (2-9)
2w 1

2.2 Selfinductance

A current flowing through the winding causes a magnetic flux opposing the flux caused by the
primary current. Therefore the enclosed flux and thus the induced voltage is less than without
a current through the coil winding. This means that when the coil is terminated with a finite
impedance the output voltage will be smaller than when left completely open. This effect can be
modelled with a self inductance. A current flowing through the winding causes a voltage drop
across the self inductance and thus a lower voltage at the output terminals.

In the following sections the self inductance is calculated for the same coil configurations as
used for the calculation of the mutual inductance in section 2.1.
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2.2.1 Thin Rogowski coil

The calculation of the self inductance is similar to the calculation of the mutual inductance. The
flux linkage in a dl section is obtained from equation 2.3. The equation for the total flux is the
same as equation 2.4, except for the enclosed current, which is now N -ig... The current through
a winding ¢, is enclosed N times. So the total enclosed flux is the same as equation 2.4 with 4,
substituted with IV - 7.

Dtot = /d¢ = /mA/Hcos(a)dl = unANige (2.10)
The self inductance L is given by:

- ¢tot

lsec

L

= unAN (2.11)

2.2.2 Coil with larger cross section

Again, instead of enclosing the current i,, once, now the coil current i, is enclosed N times.
Consider a four turn coil as depicted in figure 2.3. The four turns carry a current is.. For a

o

D

L
"‘

Figure 2.3: Rogowski coil with four turns

concentric circle with a radius r between r; and rq, the magnetic field is given by (derived from
equation 2.2):
Z‘enc N - Z'sec
H = — 2.12
2mr 2mr (2.12)

The magnetic flux enclosed by one rectangular turn is given by:

o o ro rh ; ;
¢enc — // B . dA — / 7 /J’NZSGC — h’/‘LNZSGC ln <T_2> (2“13)
rnJdo  27r 27 1
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The self inductance L is given by the total enclosed flux divided by the current.

Lzég,_N-@m__N%um<g)

Tsec Tsec 2m 1

(2.14)

2.3 Equivalent circuits

2.3.1 Plain equivalent circuit

The first equivalent circuit consists of a current controlled voltage source representing the voltage
induced by 4,, (see equation 2.1). An inductance L representing the self inductance of the coil
and an impedance Z;, representing the load of the Rogowski coil (i.e. a 50(2 coaxial cable to an
oscilloscope). The circuit is depicted in figure 2.4.

Vtind(: JWMIpr) C) ZL Vsec

Figure 2.4: Equivalent circuit

The transfer impedance Z, is given by:

Viee  JwMZy
Iy 21+ jwL

Ly = (2.15)
For an infinite load impedance Z; the output voltage ;. is equal to the induced voltage v;pgq.
But when the impedance is finite, a small current will flow through the winding causing a voltage
drop over the self inductance L. For low frequencies this voltage drop can be neglected. Then
VUsec 18 equal to v,g and thus proportional to di,,/dt. For high frequencies this voltage drop can
not be neglected anymore, since the impedance of L becomes much larger than Z. Both the
induced voltage and the impedance of the self inductance are proportional to the frequency. The
extra voltage that is induced for higher frequencies falls entirely across the self inductance. This
means that the voltage across Z, is proportional to i, and no longer to the time derivative of 7p,.
This mode of operation is often called the self-integrating mode of a Rogowski coil or such a coil
is called a current transformer. The cut-off frequency between differentiating and self integrating
mode can be derived from equation 2.15.

wlL=27; = wco:% or fco=2i—l}/
Where w, is the cut-off frequency in rad/s and f,, the cut-off frequency in Hz. For frequen-
cies well below and above the cut-off frequency the equation for the transfer impedance can be
simplified:

(2.16)

Zy = jwM  for w < we

2.1
Zo=MZL fori> e (2.17)
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2.3.2 Inter-turn capacitance

There is a small capacitance between the turns of the winding. Consider a single turn of the
entire coil. The turn represents a small inductance [ and a small capacitance c to the next turn.
This capacitance is in parallel with the inductance. The entire coil has N of these sections in
series. This series of LC-combinations can be combined into one LC-combination with L =[- N
and C = £. The equivalent circuit is drawn in figure 2.5.

C

L

JoMIy  Zyp| | |Viee

Figure 2.5: Equivalent circuit with inter-turn capacitance

The transfer impedance for this model is given by:

Vsee . 1
Zy= -2 = juM - —— (2.18)

This transfer impedance has a sharp dip at the resonance frequency of the LC-combination. The
voltage v, is equal to zero at the notch frequency (1/+/ LC) because the impedance of the parallel
LC is infinite and the induced voltage falls entirely across it.

2.3.3 Transmission line effects

A Rogowski coil is often used in an environment with disturbing electric fields. These distur-
bances can be suppressed by a conducting screen around the coil (see section 3.5, [Bosoo], [Bel&s]
and [Coo63]). This screen can also be used as a return winding. That is achieved with a short-
circuit between the coil winding and screen at one side and a termination with an impedance at
the other side (e.g. 50(2 coaxial cable to the oscilloscope). The equivalent circuit of a small section
is drawn in figure 2.6. The induced voltage due to the primary current and mutual inductance
is represented by a voltage source, the self inductance by an inductance and the capacitance be-
tween winding and screen by a capacitance. The symbols [, m and c are respectively the self
inductance, mutual inductance and capacitance per unit length.
Using the equivalent circuit the following transmission line equations can be written:

v (z,w)

= —jwll(z,w) + jumly (W) (2.19)

dl(z,w)

0 eV (2 (2.20)
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I(z + Az,w)
I
_(f’_w_m\ @ s+ winding
JwumAzxly,
Viz,w)| ==-cAz Viz+ Az,w)

screen

Figure 2.6: Equivalent circuit transmission line section

Where | = L/G (self inductance per unit length), m = M/G (mutual inductance per unit
length) and ¢ = C,,,/G (capacitance per unit length) with Cj,, the capacitance between screen
and winding.

These equations are typical transmission line equations. They can be solved using the bound-
ary conditions. The coil is short circuited at z = 0 and terminated with impedance Zy at z = G.

V(z=G,w)
= = = —_— Z
V(z=0,w=0)=0 and Tz =G.0)
The output voltage at x = G is given by the equation below (see [Bosoo]).
Z1 2 I sinh(y(w)G)

Vsee = V(G,Ld) =

— - (2.21)
= cosh(v(w)G) + sinh(y(w)G)

With Z, = \/g the characteristic impedance of the coil and v(w) = jwVlec.
The output of an transmission line becomes zero when the length of the coil is an integer
multiple of half the wavelength. Then a standing wave occurs in the transmission line. This can

also be explained using the condition that equation 2.21 is equal to zero, when the numerator is
equal to zero.

Zp e sinh(y(w)G) = 0

Yw)G = jkw
i2rfVileG = jkm (2.22)
2fVICq = k

f notch (k ) 2\/—[’?0—"’5;
Where £ is a positive integer.
Equation 2.21 can be simplified for low frequencies. The following simplifications are made:

Y (w)G| <1 = cosh(y(w)G)~1 and sinh(y(w)G) = y(w)G

Substituting these equations in equation 2.21 yields:

V(Giw) = 2Ly ()G _ Zy - Ipr - mG 'jw\/g _ ., JwMZy
’ F+1WG  zfi+iwvicc T Zptiel

Equation 2.21 shows that for frequencies well below the lowest notch frequency the transfer
impedance is the same as the transfer impedance for the plain equivalent circuit (equation 2.15).

(2.23)
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Coil design

3.1 Design criteria
The Rogowski coil to be designed is restricted by several criteria.

e inner radius: r; > 33.5 mm
To make sure that the coil fits around most MV cables.

¢ outer radius: r2 < 60.5 mm
The space around the cable is limited.

e height: 4 < 60 mm
The space where the coil can be installed is limited.

e bandwidth: 30 kHz — 30 MHz

PDs are phenomena with a large frequency range. However higher frequencies attenu-
ate stronger than lower frequencies. Therefore high frequencies travel less far than lower
frequencies. Looking at frequencies higher than tens of MHz is useless because only PDs
originating from the first part of the cable (close to the sensor) can then be detected. Higher
frequencies from PDs further away are attenuated completely.

For PD monitoring also the location of the PD source (within the cable) must be deter-
mined. With lower frequencies it is not possible to determine the location with high preci-
sion. Therefore it is not useful to measure below 30 kHz.

¢ good suppression of the main power frequency (50 Hz)
The amplitude of main power frequency is large. To prevent clipping of the digitiser or
oscilloscope, it must be attenuated sufficiently.

e sensitivity: 1 V/A
The commercial sensors that are currently used have a sensitivity of 1 V/A over the entire
frequency range. To be competitive in measuring small PD currents, a sensitivity in this
order of magnitude is required.

II
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e insensitive to disturbing electric and magnetic fields
In an RMU disturbing electric and magnetic fields are present. For good measurements
these fields may not cause a signal on the output of the sensor.

3.2 Dimensions

The geometry is the most important factor for the performance of the Rogowski coil. The dimen-
sions are restricted by the environment. The inner diameter is determined by the diameter of the
thickest cable it has to be clamped around. The maximum height and outer diameter are limited
by the space available around the conductor.

For maximum sensitivity the transfer impedance has to be maximised. Equation 2.15 shows
the transfer impedance for a plain equivalent circuit. For frequencies well below the cut-off
frequency the term jwL in the denominator can be neglected (see equation 2.17). This shows that
the mutual inductance M needs to be maximised. This is done by making the cross section as
large as possible. For a rectangular cross section this means a maximum h and r; and minimum
1.

For frequencies above the cut-off frequency the term Z, in the denominator can be neglected
(see equation 2.17). Because M is in the numerator and L in the denominator and both are
proportional to the cross section, the cross section is irrelevant for Z; for high frequencies.

3.3 Number of turns

Another parameter that can be varied to optimise Z; is the number of turns. The mutual induc-
tance M is proportional to N, while the self-inductance L is proportional to N2. Therefore the
transfer impedance is proportional to:

Zy = jwM < N for w < wep (3-1)
MZ N 1
Zt - L L o m = N fOI' w > Weo (32')

This means that for low frequencies a high number of turns is best and for high frequencies a
low number of turns is best. A larger number of turns causes a larger self induction and thus a
lower cut-off frequency (see equation 2.16). That means that there is an optimal number of turns
as a trade off between these two. It must be noted that w,, is strongly influenced by the number
of turns. Anyhow, a large M/L ratio favours single turn Rogowski coils, and high M should
be realised through size. Since this results in sizes larger that the dimension criteria allow, the
number of turns has to be chosen larger. In fact, it is chosen such that the minimal required
Weo is obtained. A detailed analysis of the optimal number of turns [Vaeo4] showed that close to
10 turns is optimal in case of the desired dimension and frequency range.

3.4 Load impedance

The load impedance Z;, has also an influence on the transfer impedance, since the cut-off fre-
quency is directly proportional to Z;, (equation 2.16). For frequencies below the cut-off frequency,
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Zr1, has no influence on Z, (equation 2.r7), while for frequencies above the cut-off frequency Z;
is directly proportional to Zy.

From a practical point of view it would be best to terminate the coil with a standard 50
coaxial cable. A lower load impedance can be achieved with a resistor in parallel with the coaxial
cable. Increasing the impedance, on the other hand, is not that easy. A higher load impedance
can be achieved by terminating the coil with the desired higher load impedance, in parallel with a
buffer or amplifier with an input impedance much higher than Z;. From an EMC point of view
this is not desired since the power leads to the buffer/amplifier will pick up EM interference.

The Z; averaged over the entire bandwidth is maximal when f,. > 30 MHz. Making Z;, larger
than that has no influence on Z; over the desired bandwidth. The theoretical self inductance
calculated with equation 2.14 and h = 6 mm, N = 8, r; = 34 mm and ro = 64 mm gives L =
486 nH. If the cut-off frequency must be 30 MHz, the Z}, can be calculated with equation 2.16.
In that case Z;, must be 92 © or higher.

3.5 Electrical shielding

Electric fields couple capacitively to the turns of the coil. The effects of signals that couple in
capacitively can be minimised with an conducting screen around the coil. The disturbing signals
then couple to the screen. If the screen is properly connected to earth the current will flow to
earth without causing a voltage at the output.

The first option is to place a conducting screen around the coil (see [Bel85], [Bosoo], [Coo63]).
In most situations the screen and winding are short circuited at one end. Another option is to
use coaxial cable for the winding [Geroz]. In this paper a coil is described with a coaxial cable.
Every turn the screen is interrupted. The primary current also induces a voltage in the earth
screen. When the screen is never interrupted the induced voltage causes a current through the
screen. This current produces a magnetic flux that opposes the flux of the primary current and
virtually no flux remains to induce a voltage in the conductor of the coil. The interruptions divide
the screen into separate sections. All sections are connected to each other by a common wire
running around the coil. Because of this earth wire all capacitances between the screen of one
turn to the screen of the next turn is short-circuited. This prevents resonances caused by these
capacitances in combination with the self inductance. At the end the conductor and screen are
short circuited. (see figure 3.1). ’

3.6 Realised coils

Two coils are built and tested. In this section both coils are described. In the next chapters
(chapter 4 and chapter s5) the sensitivity (or transfer impedance) and shielding effectiveness of
these coils are discussed.

Figure 3.2 shows pictures of both realised coils. Both coils have the same dimensions, the
same number of turns and the same load impedance. The difference between both coils is that
the winding of the first coil (Rogr) is made of normal copper wire and the winding of the second
coil (Rog2) is made of coaxial cable (RG 58C/U). Because the coaxial cable is not as flexible as the
copper wire, the coaxial cable turns are slightly round. Therefore the inner diameter is slightly
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Figure 3.1: Rogowski coil with coaxial cable with interruptions in the earth shield

{a) Rogowski coil 1 (Rogr)

{(b) Rogowski coil 2 (Rogz2)

Figure 3.2: Realised Rogowski coils
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less and the turns are slightly higher. The coaxial cable is configured as described in section 3.5
and figure 3.1. The dimensions are:

e inner radius: r; = 30 mm
e outer radius: ro = 55 mm
e height: h = 62 mm

e number of turms: N = 8
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Transfer impedance

4.1 Theoretical transferimpedance

The theoretical sensitivity or transfer impedance of Rogr (copper wire) can be described by the
equivalent circuit in section 2.3.1. Because the distance between the turns is quite large, it is
expected that the inter-turn capacitance (as described in section 2.3.2) can be neglected.

Because Rog2 (coaxial cable) has an earth screen, it is expected that the transfer impedance
from section 2.3.3 is applicable for this coil. Depending on the values for the mutual inductance,
self inductance, capacitance and load impedance, this transfer impedance can be simplified for
low frequencies (wavelength much shorter than the length of the coil). This is explained in more
detail in section 2.3.3. In that case the transfer impedance is the same as for Rogr.

Because the dimensions of both coils are similar for both coils, the mutual inductance and
self inductance will be similar. The mutual inductance is calculated with equation 2.9: M =
60 nH . The self inductance is calculated with equation 2.14: L = 480 nH . The self inductance
is be larger because the wire itself has an inductance and because the coil has a low number of
turns, a lot of flux is present around the turns, contributing to the self inductance and not to the
mutual inductance. Both coils are loaded with a characteristically terminated 50(} coaxial cable.

For the transmission line model, the quantities m, [, c and G are required. The average radius
of Rogz2 is about 42 mm, thus the length of the coil is G = 26 cm. That means that m = M/G
= 230 nH/m and [ = L/G = 1.8 uH/m. The capacitance of an RG58 coaxial cable is about
100 pF/m. One turn has 0.174 m coaxial cable, so the total capacitance of 8 turns is: 139 pF. The
capacitance per unit length of the coil: ¢ = 139/0.26 = 535 pF/m. The lowest notch frequency is
calculated with equation 2.22: fytcr(1) = 62 MHz.

4.2 Transfer impedance test set-up

When the transfer impedance of a coil is measured, the environment may have an influence. To
make the influence constant and the measurements reproducible, a test set-up is constructed.
The test set-up is drawn schematically in figure 4.1. In the test set-up, the coil is enclosed at four
sides by a conducting brass screen. The coil is clamped around the conductor in the middle. The
current through this conductor is the primary current I,,,. At the left and right hand side of the

17
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test set-up, N-type connectors are installed. The shields of these connectors are connected to the
brass screen of the test set-up. The conductors of these connectors are connected to both sides of
the primary conductor in the middle of the test set-up. The connector at one side of the test set-
up is connected to port 1 of a network analyser and the connector at the other side is terminated
with 5o €. This terminating impedance could be any impedance, as long as it is not so large
that the primary current becomes too small to be detected by the coil. The brass enclosing is the
return path. The coil connector is connected with port 2 of the test set-up.

With the network analyser, the S-parameters Sy; and Ss; are measured. S-parameters are the
reflection and transmission coefhicients between incident and reflection waves for a network with
1 or more ports. Sp; is the ratio of the reflected wave to the incident wave on port 1. So; is the
ratio of the output of port 2 to the incident wave on port 1. These S-parameters can be converted
into the transfer impedance Z; = Viec/Ipr.

brass plates

Rogowski coil ‘/—|L\’

T

5002 termination

™ conductor
N-type connector

:tO:portl | j ,\ LJ

Figure 4.1: Test set-up for transfer impedance measurements

4.3 Measurement results

The transfer impedance (or sensitivity) of both coils is measured with the test set-up described
in section 4.2.

e In figure 4.2 the measured transfer impedance of Rogt is plotted. Both the measured and
a calculated transfer impedance are plotted. The values for M and L are fitted to make the
calculated transfer impedance match the measured transfer impedance as good as possible:
M=60nHand L = 1.4 zH.
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e In figure 4.3 the measured transfer impedance of Rogz is plotted together with the calcu-
lated transfer impedance. Note that frequency axis for this graph goes up to 100 MHz,
instead of 50 MHz. The values for m, [ and c are fitted to make the calculated transfer
impedance match the measured transfer impedance as good as possible: m = 300 nH/m,
! =7 pH/m and ¢ = 600 pF/m.

4.4 Discussion

This section discusses the transfer impedance measurement results. The first part of this section
discusses subjects applicable to both coils. After that, subjects specific for each coil are discussed
separately.

4.4.1 Both coils

The sensitivity criterium is 1 V/A. For the major part of the frequency range (above 2 — 3 MHz),
the measured transfer impedances are above this value.

Both coils have one or more resonances that can not be explained by the equivalent circuit.
Other measurements (not presented in this report), with the same coils on the same test set-up,
showed resonances at a different frequencies. The exact position of the coil in the test set-up,
varies between different measurements. Also the cable connecting the network analyser are not
in the exact same position every measurement. This is an indication that these resonances are
caused by the environment (the test set-up and connecting cables). The (varying) capacitance
between the coil and the enclosing brass screen, in combination with an inductance (e.g. the self
inductance), may cause resonances. Also, the cables connecting the test set-up to the network
analyser may cause resonances. During the measurements standing waves can occur between
the screen of a cable and earth. These standing waves can cause dips and peaks.

4.4.2 Rogowski coil 1

In the theory in chapter 2, two equivalent circuits were proposed for a Rogowski coil without
earth screen. One with (section 2.3.2) and one without (section 2.3.1) inter-turn capacitance.
Depending on the value of this inter-turn capacitance, it can or can not be neglected for the
frequency range of interest.

It seems that for the frequency range of interest the inter-turn capacitance can be neglected.
A capacitance in parallel with the self inductance leads to a wide dip in the transfer impedance at
w = 1/+/LC. But the measurements do not show a wide dip. Furthermore, for frequencies above
the resonance frequency, a transfer impedance with inter-turn capacitance should approach Z; =
jwM, while the measured transfer impedance is flat.

The measured mutual inductance is the same as calculated. The self inductance is about a
factor three larger than calculated. For a low number of turns, a lot of flux is present around
the wire, contributing to the self inductance. Also the wire itself has a self inductance. When
the actual measured values are used to calculate the transfer impedance, the measured transfer
impedance is virtually the same as calculated, except for a few resonances.
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Figure 4.3: Measured and calculated transfer impedance Rog2
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For frequencies below the lowest resonance frequency (=~ 18 MHz) both the calculated and
the measured curve match very well. The lowest resonance frequency of all measurements is
13 MHz. As states above a slightly different environment changes these resonances. For fre-
quencies below approximately 1o MHz the influence of the environment seems to be negligible.

4.4.3 Rogowski coil 2

The measurements on Rog2 show that the expected repeating pattern of discrete notch frequen-
cies occurs. There is a dip in the transfer impedance approximately every 30 MHz. The lowest
notch frequency is lower than expected, because the self inductance is larger than calculated.

The mutual inductance is given by M = m - G. The measured mutual inductance is: M =
78 nH. This is larger than calculated, because the winding cross section is larger, since the turns
are slightly round.

The measurements show a small dip at 15 MHz. Other measurements (not plotted in this
report) show the dip at other frequencies or a small peak, instead of a dip. It seems that this dip
is caused by the coil in interaction with the environment, as explained above. Above 10 MHz,
the environment and the rest of the measurement system have an unknown influence on the
transfer impedance. Because in a practical situation, the transfer impedance is unknown above
10 MHz, it can not be used to accurately measure higher frequencies.

Comparing the amplitude of the dip for both coils, it appears that the dip is much smaller for
the screened Rogowski coil. Although this small dip is limiting the use of this coil, the screening
seems to quite effective in reducing the resonance. The resonances are an interaction between
coil and environment. The screening reduces the effect of the environment and thus reduces the
resonances.
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Electrical shielding

The Rogowski coils will be used in an RMU. An RMU is an environment with numerous dis-
turbing electrical and magnetic fields. The coil is clamped around a conductor to measure the
current through the conductor. For correct measurement the signal should only couple in induc-
tively. The signals may not couple in capacitively directly from the conductor to the coil or from
a nearby conductor to the coil. Also radio broadcast stations can disturb the measurement. To
suppress all these disturbances, the Rogowski coil has to be shielded.

5.1 Measuring electrical shielding effectiveness

The Rogowski coils must be shielded against external electric fields. To test the effectiveness of
the different shields a shielding test is required. The question that needs to be answered is: given
an external electric field, how much signal can be seen at the output terminals of the coil? This
question must be answered for both coils in such a way that the results are reproducible and
comparable.

5.1.1 Electrical shielding aspects

There are two aspects that contribute to the shield effectiveness:

1. How much current couples in given an external electric field? This can be expressed in the
ratio: Ijn;/Eez Where I;y; is the injected current and E.,; the externally applied electric
field. The impedance between the coil and an external electrode is Z.. = Vizt/Iinj, where
Veat is the voltage between coil and electrode. When the electrode is kept at the same
distance the voltage E.,; is proportional to V,,;. Thus the impedance between electrode
and coil (mainly a capacitance) is a measure for this aspect.

2. How much signal can be seen at the output terminal of the coil given an injected current:
Zsecinj = Vsec/Iin;? This aspect depends on where the current is injected in the coil.
E.g. when the current is injected close to the earth winding most current will flow to earth
without causing a voltage at the output. But when the current is injected at the other side of
the coil, most current will flow through the conductor (of the coaxial connector) and causes
a signal at the output.

23
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5.1.2 Test set-up

In an RMU most disturbing signals couple in from the enclosed conductor, because this is the
closest conductor. Therefore a test set-up that simulates this situation is developed. An electrode
is placed vertically on a wooden board. The electrode is a hollow brass pipe with an inner diameter
of 50 mm, an outer diameter of 52 mm, and a length of 100 mm. Next to the electrode a BNC
connector is placed on the board. The conductor of the connector is connected with the electrode
by a copper wire below the board. The Rogowski coil that needs to be tested is placed around the
electrode. See figure 5.1 for a drawing of the test set-up.

electrode /&
)

Rogowski coil

\
BNC connectors I

to port 1
\ to port 2 j):
==
L
I

! wooden board |

[ — (

copper wire
A

Figure 5.1: Electrical shielding test board

5.1.3 Measuring with the test set-up

With the test board, both electrical shielding aspects can be measured. The coil is placed around
the electrode. By means of insulating support the coil is vertically aligned in the middle of the
coil. The test board connector is connected to port 1 of a network analyser and the Rogowski
coil is connected to port 2 of the network analyser. A wire is connected between the screens of
the test board connector and the coil connector. This situation is drawn in figure 5.2. In this
figure an inductance Ly, is drawn to represent the inductance of the loop (test board connector
~ electrode — coil - test board connector). The parasitic parallel capacitance Cpq, is in parallel
with the electrode and coil. C,, is the capacitance between electrode and coil. This capacitance is
a measure for aspect 1.

With the network analyser, the S-parameters S1; and Sp; are measured. S-parameters are the
reflection and transmission coefficients between incident and reflection waves for a network with
I or more ports. Sip is the ratio of the reflected wave to the incident wave on port 1. Sy; is the
ratio of the output of port 2 to the incident wave on port 1. These S-parameters can be converted
into the input impedance Z; = V4 /I; and the transfer impedance Z; = V,/I;. Because of the
presence of Lo, and Cpq, the measured Z; does not directly correspond with Z,.. (Ce. in series
with coil impedance). Likewise, Z; does not correspond with Zgc.ip;. Section 5.1.5 describes how
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Figure 5.2: Circuit for the testing of both aspects

these quantities can be derived from the measured impedances. First the values for Ljo, and
Cpar need to be measured with a calibration measurement (see section 5.1.4).

5.1.4 Calibrating the test set-up

The test set-up itself also has an influence on the measurements. It has a parasitic parallel
capacitance Cpq, and the loop of the set-up has an inductance L;y0p. The main reason to fix
the electrode and connector on the board, is to make sure that this capacitance and inductance
are constant. When they are constant they can be measured before the actual measurements.
Afterwards they can be used to compensate the parasitic effects in the actual measurements.

The calibration measurement is as follows. The coil is removed from the test board. A copper
wire is connected from the electrode to the screen of the connector. This wire must be placed
such that the loop is about the same as with the measurements described earlier in section 5.1.3.
The impedance of the test set-up now consists of two parallel elements: Cpqr and Ligop. The
input impedance of this test set-up is measured.

For low frequencies the impedance of the inductance is much smaller than the impedance of
the capacitance. The value of L;,,, can be determined with the lower frequency range. At higher
frequencies Cp,, is significant. At the resonance frequency (w = 1/+/LioopCpar) the impedance
is infinite. With L;,,, and the resonance frequency already known, the value for Cpe, can be
calculated. When the resonance frequency is outside the measured range Cpqr can be determined
with a curve fit in the higher frequency range. In figure 5.3 the measured impedance and the
impedance of an ideal parallel LC are plotted. The values for the test board are: Cp,r = 7 pF and
Lioop = 0.38 uH. Note that the capacitance is extremely small, making it difficult to determine it
accurately. Consequently its influence on the results is negligible compared to the influence of
Lloop-
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Figure 5.3: Calibration measurement, measured impedance and calculated parallel LC im-
pedance

5.1.5 Interpreting experimental measurement results

The measured input impedance Z; and transfer impedance Z; are not directly the required im-
pedances. They need to be corrected for the impedances of the test set-up.

Aspect 1

The first aspect can be measured by measuring the input impedance of port 1 with the set-up
as described in section 5.1.3. The coil is connected with a 502 coaxial cable with the network
analyser. That means that the coil is loaded with
5082 like in a normal situation. The impedance as Lioop
seen from port 1 consists of Cp,, in paralle] with { coax cable
Lijoop and Cg. in series. See figure 5.4.

The measured input impedance Z; can be con-
verted into the required impedance Z,. after cor-

rection for Lioep and Cpqr. Zec is calculated from
Z; as follows:

Figure 5.4: Equivalent circuit for aspect 1

1 1 1 1
Z * = Zee=1——1— — 2L I
Z; ZCpa'r ZLloop + Zeoc €c Z% _ thm,. oop (5.1)

Where Zp;40p is the impedance of Lj,op and Zepa,r the impedance of Cpg,.
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Aspect 2

The second aspect is Zgecinj = Vsee/Iinj- It tells how much signal can be seen on the output
terminals of the Rogowski coil given an injected current. The measured transfer impedance
Zy = Va/I1 = Viee/Ih is not the same as Zgeein; since Cpqr 18 present in parallel with the coil.
That means that the current I; is not the same as ;.

ZCpar
L;=I— 26" o =]
" ZCpar + Zecloop ! ™

ZCpar + Zecloop

2
Zowr (5-2)

Where Zejoop is the sum Zee + Z1100p.
The measured transfer impedance can be converted into the required transfer impedance
using equation 5.2.

Zt _ E - Vtsec . ZCpar =
Il Iinj ZCpar + Zecloop
% ZCpar + Z, Z
nj par 'par

Total transfer function

Both aspects can be combined into one transfer function. This transfer function tells how sensi-
tive a coil is to a disturbing signal.

V:sec Ve Lin; 1
H = = 2. o Zsecinj ) Z— (54)

€ec

5.2 Measurement results

The measurements are conducted on the two Rogowski coils (section 3.6). The unscreened coil
with copper wire turns is called Rogr and the coil with coaxial cable with interruptions in the
earth screen is called Rog2. First the test set-up is calibrated as described in section 5.1.4, then
the measurements are performed as described in section 5.1.3. Finally the results are processed
as described in section 5.1.5 (using the calibration of section 5.1.4). The final results are presented
and discussed in this section.

5.2.1 Preliminary measurements

As stated earlier, the location of the torus of the coil where the current is injected is important.
Because the diameter of the electrode is quite large, current will be injected all along the coil. But
there may still be differences if the electrode moves slightly. To test whether this is the case the
electrode is moved inside the coil. The Sy; parameter is viewed real-time on the screen of the
network analyser. If this parameter changes with the position of the electrode, the measurement
will not be easily reproducible. The measurements showed for both tested coils that the Sg;
parameter did not change visibly.
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5.2.2 Aspect1

In figure 5.5 the impedance Z. is plotted for both coils. The measured impedance is as expected
mainly capacitive (Z,. ~ ]715). Here, the capacitance C is the capacitance C,. between electrode
and coil. The capacitances for Rogr and Rog2 are C,; = 19 pF and C,c2 = 46 pF.

The capacitance for Rogz is higher because the turns are closer to the electrode than the
turns of Rogr. The coaxial cable is not as flexible as the copper wire. Therefore the turns are
somewhat round and in the middle they (almost) touch the electrode. A second reason for the
higher capacitance is that the coaxial cable is thicker than the copper wire. Therefore the surface
is larger and thus the capacitance is larger.

J— Zec Rog1 (copper wire
Zec Rog2 (coaxial cable)

Frequency (Hz)

| — Z,. Rog1 (copper wire)
" | ~ - Z,, Rog2 (coaxial cable) ||

(rad)
)
o
T

N - L
N-13

-1.6

Frequency (Hz)

Figure 5.5: Measured impedance Z.. = Y;ﬂ

5.2.3 Aspect2

In figure 5.6 the second aspect (Zseinj) is plotted for both coils. The impedance of Rog2 is almost
five times smaller than Rogr. That means that the same injected current causes a much smaller
voltage at the output. This is as expected since the coaxial cable has an earth screen.

The current that couples capacitively to the coil flows through the electrode. Because the
coil encloses the electrode, the coil also encloses this current. Thus, the current also couples
inductively to the coil, causing a signal at the output. Z,..in; can be split:

Vsec Vcap Vind
Zsecinj = T = + T
inj  linj  Iinj

(5-5)
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Where V.qp is the voltage at the output terminals, caused by the capacitively coupled current.
And V,,,4 the voltage at the output terminals, caused by the inductive coupling.

Assuming that the current coupling to the coil is distributed homogeneously along the elec-
trode, the current that couples inductively to the coil is 0.51;,,;. To correct Zecin; for this inductive
coupling, 0.5Z; has to be subtracted from Zecinj. For Rogr 0.5Z; ~ 1/20 - Zsecin; and for Roga
05Zt =~ 1/4 . Zsecinj~

Another thing worth highlighting is the dip at 30 MHz for Rogz2. This dip is probably caused
by a standing wave in the coil, comparable with the dips in the transfer impedance (see sec-
tion 2.3.3 and section 4.3).
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Figure 5.6: Measured impedance Zsecin; = yro

5.2.4 Total transfer function

Aspect 1 and aspect 2 can be combined into one transfer function H = Vj,/Viec. The results
are presented in figure 5.7. The transfer function for Rogr is about twice as high as Roga for
frequencies below 30 MHz. At 45 MHz both transfer function are equal and above that the
transfer function of Rogz is higher. Apparently the shielding is less effective above approximately
35 MHz. For high frequencies, aspect 1 is dominant for the shielding effectiveness. However, the
coil will not be used above 30 MHz.

The measurements show that Rog2 with the coaxial cable indeed has a better shielding that
Rogt without earth screen. The shielding will be further improved when turns are straight and
do not touch the conductor. When the inner diameter of the Rogowski coil is increased the
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turn cross section decreases and thus the sensitivity (Viec/Ipr) decreases. The best diameter is a
trade-off between these two.
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Figure 5.7: Transfer function H = “/;pr
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Directional sensing

Partial discharges not coming from the cable under test must be discarded. If the direction of
the travelling pulse is known, it is known whether the pulse comes from the cable under test
or from another source. If only the current and not the voltage of a pulse is measured it is not
possible to determine in which direction the pulse is travelling. A positive pulse travelling in
one direction and a negative pulse travelling in the opposite direction result in the same current
polarity. Therefore additional measurements are required to determine the pulse direction.

In the past, several methods were described to detect the direction of a travelling wave. For
example the directional coupling sensor described in [Olis4]. In [Pomgg] several methods ap-
plied in cable accessories are summarised. Unfortunately, none of these sensing methods can
be applied because they require an alteration of the circuit, which is impossible without taking
the cable off-line. One interesting method is described in [Wengs], an inductive and capacitive
sensor are combined to produce a directional sensor. Because a capacitive divider is used, this
technique can not be applied without taking the cable system off-line either.

This chapter discusses two methods that can detect the direction of the pulses: Polarity-of-
First-Peak sensing (PFP) and directional and differential sensing (DirecDiff).

6.1 KEMA test set-up

At the KEMA premises in Arnhem (the Netherlands) a test set-up is build for the PD online
project. The test set-up consists of two real RMUs with transformers and 30om 10okV PILC
cable in between. There is a joint half way this 10kV cable. Recently a second 10kV cable was
added to the test set-up. This XLPE cable starts at RMU 2 and loops back to another Magnefix
(switchgear) in the same RMU. This cable also has a joint in the middle. The transformer in
RMU 2 is connected to Magnefix 1. A schematic drawing of the test set-up can be found in
figure G.1.

In this chapter abbreviations and symbols are used for different parts and locations in an
RMU. Their meaning can be found in appendix A.
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Figure 6.1: KEMA test set-up

6.2 Polarity-of-First-Peak sensing
6.2.1 Theory

The magnetic field H around a conductor is proportional to the current through the conductor.
Together with the electric field E the magnetic field gives the Poynting vector according to:

S=ExH

The direction of the Poynting vector is the direction of the energy flow and thus the direction of
the pulse. As pointed out above, the direction of the magnetic field H is directly related to the
direction of the current. Likewise, the direction of the electric field E is directly related to the
polarity of the voltage. When the voltage and current of the pulse are known, the direction of £
and H are known and the direction of the pulse can be derived.

Unfortunately, it is not possible to measure the voltage directly because the power delivery
would have to be interrupted in order to install a voltage sensor. Instead, the voltage can be
reconstructed by measuring the current through another impedance in the RMU. The measured
current multiplied by the impedance gives the voltage across the impedance. If this impedance
is in parallel with the incoming cable under test, this is also the voltage across the cable. The
voltage over and the current through the cable are multiplied to get the power of the pulses in
the cable. This way the direction of the pulses can be determined.

In an RMU the impedances can be modelled as a combination of resistors, inductances and
capacitances. Consider a current pulse that starts with a half cycle of a sine wave (see figure 6.2).
The current before ¢ = 0 is zero and after ¢ = 0 the current
increases to a maximum and decreases again. Because before i (A)

t = 0 the current is equal to zero (in an ideal situation), it is

possible to determine whether the voltage across an impedance

is positive or negative directly after ¢ = 0, without knowing the T=0 it (5)

exact impedance (assuming the impedance is positive). The 3
voltage across a resistor, a capacitance and an inductance are
given by: vg = RiR, vg = % ficdtand vy = L%. All three
voltages have the same sign as the current directly after ¢ = 0
for the current as in figure 6.2 (assuming v = 0 at ¢ = 0). This means that the sign of the
voltage across an impedance directly after the beginning of the pulse is the same as the sign of

Figure 6.2: Example pulse
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the current through the impedance. This also means that the polarity of the first current peak is
the same as the polarity of the first voltage peak.

If the polarity of the first peak of both the current and the voltage are known, the polarity of
the first peak of the power is known as well and thereby the direction of the pulse. When the
polarity is the same (either both positive or both negative) the pulse travels in one direction and
when the polarity is different the pulse travels in the other direction. This way the polarity of the
first peak of both measured currents defines the pulse direction. The difference in polarity is also
explained in a different way in section 6.3. See also figure 6.6.

In the theory above an important assumption is made: the second impedance through which
the current is measured is positive. But when a PD comes from this impedance it can no longer
be seen as an impedance. It is a current source producing the pulse. Therefore only impedances
that do not produce PDs themselves can be used as a second sensor location for directional
sensing. In an RMU, the only component that does not produce PDs is the short XLPE cable,
being the impedance between the conductor of the cables to the transformer and earth (Z;cce).
Other 10kV cables and the transformer are possible PD sources.

6.2.2 Measurements

In order to verify the theory from section 6.2.1, measurements were done at the KEMA test set-
up (see figure 6.1). In RMU 2 there are two incoming 10kV cables. In RMU 2 a current probe is
attached PLEC 10kV cable 1 and another around earth TCC (see appendix A for an explanation of
these locations in an RMU). The direction of both probes is the same. Cable 1 is the cable under
test. Two pulses are injected at the far side of the cable under test and two pulses are injected at
the far side of other cable (cable 2) and another around 3 TCC. Injecting around 3 TCC represents
a pulse coming from the transformer. If the theory above is correct, the polarity of the first peak
of both currents is different for the pulses from cable 1 and the same for the pulses from cable 2
and the transformer.

Three different situations were investigated. For all measurements the currents 4; and iscce
were recorded.

Figure 6.3 A positive and negative incoming pulse from the cable under test. The polarity of the
first peak of both currents is opposite for both the positive and the negative pulse. This is
as expected for an incoming pulse.

Figure 6.4 Positive and negative pulse from the cable not under test. This is an outgoing pulse.
The polarity of the first peak of both currents is the same for both the positive and the
negative pulse. This is as expected for an outgoing pulse.

Figure 6.5 A pulse from the direction of the transformer. This is an outgoing pulse. The polarity
of the first peak of both current is the same. This is as expected for an outgoing pulse.

Figure 6.3 shows the measured currents for incoming pulses. The pulse arriving from the cable
is the large peak just after ¢ = 11 ps. Prior to this pulse there are some small oscillations. These
signals can not be the pulse arriving from the cable since they arrive too fast after the injection
pulse (the injection pulse is not drawn in the figure). The two measured currents were recorded
with one digitiser. The signals of the injected current and the primary current were not connected
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Figure 6.3: A positive and negative pulse from the cable under test (cable 1)
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Figure 6.4: A positive and negative pulse from the cable not under test (cable 2)
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Figure 6.5: A pulse from the direction of the transformer

to the digitiser at the time of the measurement. That means that cross-talk between channels can
not be the cause of the oscillations.

Because the speed of a pulse through a cable is approximately 2- 108 m/s and the cable length
is 300 m, the pulse arrives 1.5 us after the injection pulse. But the first oscillations are sooner.
The injection coil also acts as an antenna. The EM waves through the air travel with 3 - 108 m/s
and the two RMUs are only 20 m apart (the cable is on a reel). The circuit picks up these EM
waves in the air, causing a small signal. Another possibility is that the signal is picked up by the
CM circuit of the measuring system.

6.2.3 Discussion

The Polarity-of-First-Peak (PFP) directional sensing method works very satisfactory. Measure-
ments showed that on the KEMA test set-up with two real RMUs the method can accurately
determine the direction of the injected pulses.

It is obvious that the major advantage of the PFP technique is that the impedance does not
need to be known (as long as it does not produces PDs itself). But this technique also implies that
only the direction of the pulse is determined. There is no extra information about the power and
energy of the pulse. The voltage can be calculated when the impedance is known exactly. It can
be multiplied with the current through the cable i, to get the instantaneous power. This power
integrated over time gives the energy. But in case that it is not necessary to have information
about pulse power and energy the easy PFP technique is sufficient.
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Determining the polarity of the first peak for both current signals separately and determining
the pulse direction afterwards has the advantage that a different time shift for both channels is
no complication. The signals are only shifted in time, the polarity does not change.

A disadvantage of this PFP method is that in case of two different pulses (from two different
sources/defects), the pulses must be clearly separated from each other. If an incoming pulse
and an outgoing pulse overlap (partially or completely) the combined signal can mistakenly be
interpreted as either an incoming or outgoing pulse. The directional sensing method described
in section 6.3 does not have this disadvantage. Also a low signal-to-noise ratio can result in
incorrect signal interpretation.

The misinterpretation of the pulse direction is not necessarily a problem for the analysis of
the cable state. The chance that an incoming and an outgoing pulse overlap is random. When
a pulse is mistakenly interpreted as an outgoing pulse, it will be ignored. That means that an
incoming pulse is ignored, while it should not have been ignored. But because the occurrence of
double pulses is completely random, this is no problem for the analysis of the state of the cable.
When a double pulse is interpreted as an incoming pulse, the pulse is interpreted as an incoming
pulse with a different charge than actual incoming pulse. The pulse is measured at both ends
of the cable. In such a situation, the ratio of the pulse charge measured at one end, to the pulse
charge measured at the other end of the cable, is different than expected and the pulse can be
discarded.

6.3 Directional and differential sensing

6.3.1 Theory

When a pulse coming from a 10kV cable enters an RMU, the current distributes over the im-
pedances in the RMU. The direction of the current through each impedance depends on were
the pulse enters the RMU. Consider figure 6.6(a). In this figure a pulse enters the RMU through
10kV cable 1. The direction of the current through the other impedances is drawn in the figure.
The direction of some currents is different if the pulse comes from 10kV cable 2 (Z3), see figure
6.6(Db). See appendix A for more information on the impedance symbols.

(51 12 (7 1 12 Ltr

Z2 Ztcce Ztr Zl Ztcce Zt'r

Ltcce Ltece

{a) Pulse coming from 10kV cable1 (b) Pulse coming from 10kV cable 2

Figure 6.6: Current directions when the pulse comes from 10kV cable 1 (left) or 2 (right)
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In the first situation (a pulse from 10kV cable 1), the direction of the currents ¢; and 4. are
opposite. In the second situation the direction of these two currents is the same. Consider the
situation that cable 1 is under test, then pulses from cable 1 are incoming pulses (as seen from the
RMU looking at the cable under test) and pulses from cable 2 and the transformer are outgoing
pulses. If the transfer function from 4. to i; is known, a measured i;... can be converted into
71. This transformed current and the measured 7; can be subtracted:

I — —I; =2I; ifincoming pulse (from cable 1)
L-5I1=0 if outgoing pulse (from cable 2 or transformer)

Il - Htcce,l . Itcce = { (61)

Where Hicce 1 is the transfer function from Iyec. to I7.

The resulting signal only contains the pulses incoming from cable 1 and no pulses from other
sources. In this way directional sensing is achieved without determining the direction of each
pulse separately. But this method has another advantage, it is a differential measuring technique.
That means that any disturbance signal that causes a current through both Z; and Z;.. in the
same direction is automatically removed from the resulting signal because of the subtraction.

Unfortunately there is one complication. The transfer function Hyc. 1 depends on the direc-
tion of the pulse. In other words, the direction of the pulse has to be known before the right
transfer function can be used. Using equation 6.1 and figure 6.6 the following can be derived:

o Hicce,in = T b = Yt""e{,: Y24Yer  for incoming pulses (6.2)
tece,l = cj:e v cce ] 2
Hicceout = 7= = 71 for outgoing pulses

Where Y is the admittance of the circuit component Z . The subscripts i, and o give the
direction as seen from the RMU looking at the cable under test. Note that if the admittance of
both 10kV cables are equal and dominant, both transfer functions are about equal.

If the transfer function for outgoing pulses is used in equation 6.1, the resulting signal is free
of disturbing outgoing pulses.

Ifilt = Il - Htcce,l,out : Itcce (63)

Where I, is the filtered signal.

Incoming pulses that are processed with equation 6.3 will be deformed because the transfer
function for outgoing pulses is used. This signal, free of disturbing outgoing pulses, can be used
to identify the interesting parts of the signal and then extract these parts from Ir. But if a second
transfer function H ;,, is used the desired effect can still be reached. Consider equation 6.4, the
part between the brackets is the same as in equation 6.3.

Ifilt = H2,in(Il - Htcce,l,out : Itcce) (64)

Where I;; is the resulting filtered signal and Hj ;,, is a transfer function to correct the deforma-
tion of incoming pulses.

Multiplying with H, ;,, has no effect for outgoing pulses because the part between the brackets
in equation 6.4 is equal to zero for outgoing pulses. The transfer function Hy ;, must be chosen
such that the deformation of incoming pulses in cancelled. In other words I;;; must be equal to
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I, for incoming pulses. Therefore I;;; in equation 6.4 is substituted with I; ;,. That means that
the transfer function must be calculated with a measured incoming pulse. Also I is substituted
with I1 ;n, and Iicce With Iieee in because Hj ;r, is calculated with an incoming pulse. Rewriting
the resulting equation results in equation 6.5.

Il,in Htcce,l,in 6
H 2,in = = ( 5)
Il,in - Htcce,l,out : Itcce,in Htcce,l,in + Htcce,l,out
This function is independent of the current I; or I;... because the transfer functions Hiece 1...
only depend on the impedances (see equation 6.2).
Before the measured signal can be filtered in this way, both transfer functions must be cal-
culated. The transfer function Hycce 1,0 must be calculated once for an outgoing pulse and the
transfer functions Hyece 1,in and Hs ;, must be calculated once for an incoming pulse.

6.3.2 Measurements on test board

In order to easily test the directional and differential sensing, a small test board was constructed.
The test board is a simple model of a real RMU. The board has four parallel impedances: two 50
coaxial cables (Z; and Zs), resistor simulating the impedance Z;... and a resistor simulating Z;,.
The values of the resistors are chosen such that they have about the same impedance as in a real
RMU for frequencies of 1t MHz (Z;, = 82 Q2 and Z;... = 120 Q). The test board is schematically
drawn in figure 6.7.

T E>Z1 T ZDZZ Ztcce Ztr

Figure 6.7: Directional and differential sensing test board

Injection at far end

For the first measurements, either single pulses or continuous pulses are injected at the far end of
both coaxial cables. A function generator is directly connected to one of the cables. For incoming
pulses the function generator is connected at the far end of cable 1. For outgoing pulses the
function generator is connected to the far end of cable 2. In both situations the cable where the
pulses are not injected is characteristically terminated with 50 €. The currents 4; (cable under
test) and ¢4c.. are measured.

The current #;... is measured with a Tektronix current probe. The current ¢; is measured
by directly measuring the voltage over the impedance Z;. Before the actual measurements a
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calibration measurement was conducted. The current i; is measured with the current probe and
the voltage is measured. The transfer function from the measured voltage to 4; is calculated. This
transfer function is used to convert the measured voltage into i; during the actual measurements.

First two calibration pulses (one incoming and one outgoing) are injected to calculate the
transfer functions Hicce,1,in and Hicce,1,0ut- These transfer functions are used to calculate Hy ;.
As a calibration pulse a very short pulse (but long enough for the used sample frequency) is used
to get a wide frequency spectrum.

These measured transfer functions can be compared with theoretically calculated transfer
functions. The impedances of the test board are relatively simple. The resistors and coaxial
cable are real impedances. The loops of the wires are modelled as inductions. The inductance
of one loop is estimated (~ 450 nH). This inductance is placed is series with each resistance.
For low frequencies (< 17 MHz) the theoretical curve can be matched with the measured curve
by adjusting the inductances. But above 17 MHz there are resonances in the measured transfer
function that can not be modelled with only a resistor and an inductance. Parasitic capacitances
and inductances are responsible for this.

After the calibration pulse, other pulses and signals are injected (both incoming and out-
going). For all these pulses iy, is calculated using equation 6.4. If the theory is correct the
outgoing pulses are removed from the clean signal and the incoming pulses are undistorted in
the clean signal. In figure 6.8 and 6.9 an incoming and outgoing square pulse are compared.
Note that these figures are zoomed in on the interesting part of the signal. The actual sample is
much longer to catch the entire signal until all oscillations are damped out. The incoming signal
matches very good with i; and the outgoing signal is nearly equal to zero.

Injection locally with injection coil

In a practical situation with real RMUs, it takes a lot of effort to inject a pulse at the far end of the
cable not under test. Someone has to drive to the other RMU and inject a calibration pulse there.
This is much easier for the cable under test because an injection coil is installed already at both
sides of this cable. This problem can be avoided if a pulse is injected locally with an injection coil
around the 10 kV cable PLEC.

The situation with local injection is also tested on the test board. An injection coil is clamped
around the conductor above Z; for incoming pulses and around Z, for outgoing pulses. The
currents i; and 4. are measured. These currents are used to calculate the filtered signal iz;;.
The transfer functions determined with pulses injected at the far end in the last section are used
for this calculation. If the theory is correct, i;; is equal to 4; for (incoming) pulses injected over
Zy and i ¢4, is equal to zero for (outgoing) pulses injected over Z;. However, if they do not match,
then Hicee 1.in and Hicee 1,00t are different for local and far end injection. That means that the
injection coil can not be modelled as a simple voltage source and other effects of the coil on the
circuit have to be considered.

In figure 6.10 an incoming pulse is filtered and compared with 7;. Both signals match quite
well, both the pulse shape and amplitude are similar. But the match is not as good as for pulses
injected at the far end, as shown in figure 6.11. (Figure 6.10 and 6.11 are zoomed in on the
interesting part of the signal.) Also an outgoing pulse is filtered. The filtered signal should have
been equal to zero. Apparently, this is not the case: the amplitude of the filtered is about one
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Figure 6.8: Measured i; and filtered signal for an incoming pulse injected at the far end (mea-
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sured on test board)
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third of the ¢;. The filtered signal amplitude is reduced but certainly not zero. For a shorter pulse
the amplitude appeared to be even higher. For a longer pulse the results match better with the
theory.

6.3.3 Measurements on KEMA test set-up

After the measurements on the small test board similar measurements are conducted on the
test set-up at KEMA. The cable under test is cable 1. Two current probes are installed in RMU 2
Magnefix 1 around 10kV PLEC 1 and around earth TCC. For all measurements the current probes
(Fischer F-70) remain in place while several pulses are injected at various locations in RMU 1and
RMU 2.

Calibration pulses are injected locally at PLEC 10kV cable 1 (in RMU 2, Magnefix 1) and locally
at PLEC cable 2 (in RMU .2, Magnefix 1). With the measured 7; and ;... the transfer functions
are calculated. After that, pulses with various widths are injected locally. With these pulses the
calculated transfer functions are tested. For all locally injected PLEC 1 (incoming) pulses, ;¢
is virtually the same as i; (figure 6.12). For all locally injected PLEC 2 (outgoing) pulses, 4
is equal to zero (figure 6.13) . Just as with the measurement on the test board the filtering is
very good for locally injected pulses when the sensing method is calibrated with locally injected
pulses.

The important question is how well the transfer functions, calculated with local injection, are
applicable for pulses injected at the far end. Several pulses with different widths are injected at
the far side of both cables. In figure 6.14 i and 4; are plotted for an incoming pulse and in
figure 6.15 for an outgoing pulse.

The filtered signal is;;; and ¢; match very good for an incoming pulse. In the signal with the
outgoing pulse several reflections can be seen. The first pulses travels from RMU 2 to RMU 1
through the cable. It reflects at RMU 1 and travels back to RMU 2. This reflection can be seen as
the second larger peak in figure 6.15. This pulse also reflects on RMU 2 going back to RMU 1.
This continues until the pulse is damped out completely. The current 4, is almost zero during
the first pulses. But during the second pulse (reflection) the filtered signal is almost as large as
iy. Clearly the reflection from RMU 1 is interpreted as a signal coming from the cable under test
and will therefore remain as a signal in ¢;;.

The second 10kV cable (cable 2 on the KEMA test set-up) is not the only source of disturbing
PDs. Also the transformer is a possible PD source. Therefore pulses are injected at 3TCC at the
KEMA test set-up. Injecting around 3TCC simulates a pulse coming from the transformer. In
figure 6.16 iy and ¢; are plotted. Because a pulse from the transformer is an outgoing pulse
isy¢ should be zero. As can be seen in the figure this is clearly not the case. The amplitude of
iy is larger than the measured ¢;.

6.3.4 Discussion

Local and far end injection

The first tests on the test board showed that DirecDiff sensing works very good if calibrated with a
short pulse injected at the far end. However, it does not work very well when calibrated by means
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Figure 6.10: Measured ¢; and filtered signal for an incoming locally injected pulse (measured on
test board)
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set-up)



6.3 Directional and differential sensing 45

0~02 T T T T T T S S
: " | — measured i1

- - iﬁl!
0015 - : 8

001}

0.005

Current (A)
(=]

-0.005

-0.01

-0.015

-0.02 1 1 1 1 1 i I 1
11 1.2 1.3 1.4 15 1.6 17 18 1.9

Time (s) x 107

Figure 6.16: is;; and 4; for an outgoing pulse injected locally around 3TCC (measured at the
KEMA test set-up)

of pulses which are injected locally. Apparently the injection coil introduced an extra impedance
in the circuit that can not be neglected.

The measurements at the KEMA test set-up showed that DirecDiff sensing works quite well,
even when calibrated with locally injected pulses. Apparently the influence of the injection coil
on the circuit is much smaller than on the test board. The main difference between the test
board and the KEMA test set-up is the size. Also a different injection coil is used. On the test
board a current probe with magnetic core is used as injection coil, while at the KEMA test set-up
a coil with air core is used. The current probe used for injection on the test board has a transfer
impedance of 1-10 2 (depending on the frequency). The ferromagnetic core of this probe has a
pr > 1. The cross section of the core is approximately 10 cm?. The cross section of the loops
on the test board is about 200 cm?. That means that the core causes a significant increase in
magnetic flux and thus a larger inductance of the loop. Because the inductance is different, the
transfer functions Hicee,1,in and Hcee 1,0ut are changed by installing the coil on the test board.

An alternative calibration method might be to use real PD pulses instead of a pulse injected
locally. The PDs need to be clearly separated from each other. Then, the direction of these pulses
can be determined with the PFP method and used to calibrate the DirecDiff technique. Because
both an incoming and an outgoing pulse are required for the calibration this calibration method
can not be used if one of the two 10kV cables does not produce PDs. Further, PDs from inside
the RMU may be confusing.
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Pulses from the transformer

Pulses injected around 3TCC simulate a pulse coming from the transformer. The filtered signal
irue of these pulses should be equal to zero, but the measurements showed that this is clearly
not the case. This can be explained considering a differ-

ent equivalent circuit (figure 6.17). The original equiv-
alent circuit has four parallel impedances. The transfer Zn Zi2 Zi3
function Hicce 1,0ut is in that case the same for a pulse 7 7y Ziece Zen

from Z5 and from Z;.. But the inductance as seen from
the impedance producing the pulse is different for each
PD source. For example a pulse coming from Z, sees a
small inductance to Z; and Z;... and a larger inductance
to Z;r. While a pulse coming from Z;,. sees a small in-
ductance to Zye a larger inductance to Z; and an even larger inductance to Z;. This is not the
case when the circuit is modelled with only parallel impedances and inductances. In that case
the inductances are always the same. When the inductances are placed in the wire at the top of
the equivalent circuit (Z;1, Zj3 and Z3), Htcce,1,0ut 1S not the same for Zs and Zce.

Figure 6.17: Alternative equivalent
circuit
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Conclusions and recommendations

7.1 Inductive sensors

7.1.1 Transferimpedance

The transfer impedance of both developed coils is higher than the sensitivity criterium of 1 V/A
for the major part of the frequency range of interest, namely from 2 — 3 MHz up to 30 MHz.

The desired frequency range is not accomplished. Above 10 MHz, the environment and the
rest of the measurement system have an unknown influence on the transfer impedance. Because
in a practical situation, the transfer impedance is unknown above approximately 10 MHz, it can
not be used to accurately measure higher frequencies. The desired upper limit, 30 MHz, is
not reached. This limit can be improved if the resonances can be damped. [Andy1] describes a
method to damp resonances in Rogowski coils, by placing resistors between the turns. For the
coaxial cable coil the resonance is already relatively small.

7.1.2 Electrical shielding effectiveness

With the developed electrical shielding test set-up the electrical shielding effectiveness of Ro-
gowski coils can be determined. The shielding of the coaxial cable coil is about 2 — 3 times more
effective the shielding of the copper wire coil. With the coaxial cable the coupling to the envi-
ronment is worse, but the same injected current causes a smaller signal at the output. Overall
the disturbing signal at the output of the coaxial cable coil is smaller. There are more options
to shield a coil. E.g. a shield around the entire coil, a different configuration of the screen of
the coaxial cable or another type of coaxial cable with better screening properties. A complete
shielding, except for a slit of course, makes the coil less flexible for installing in RMUs.

7.2 Directional sensing

Two directional sensing techniques are proposed: Polarity-of-First-Peak (PFP) sensing and Direc-
tional and Differential sensing (DirecDiff) sensing.

47
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7.2.1 Polarity-of-First-Peak technique

The PFP directional sensing technique works on the small test board as well as for the large
KEMA test set-up. Both for far end injection and local injection the PFP sensing technique accu-
rately determines the pulse direction. Also pulses from the transformer are correctly recognised
as outgoing pulses. One drawback of this method is that the pulses must be clearly separated
from each other. When an incoming and an outgoing pulse (from different sources) arrive at the
same time, the resulting signal is seen as one signal and not as an incoming and an outgoing
pulse. Another disadvantage of this technique is that it is more complicated to automate than the
DirecDiff technique.

7.2.2 DirecDiff technique

The second directional sensing technique (DirecDiff sensing) can be applied as well. For the
calibration of this method an incoming and an outgoing calibration pulse are required. When
calibrated with pulses injected at the far end, pulses coming from the 10kV cables are filtered
very well. If pulses injected locally are used to calibrate the sensing method the results are also
usable, but somewhat less perfect as far end injection.

For the best results, far end injected pulses should be used for the calibration. Manually
injecting pulses a the far end of both 10kV cables is time consuming in practice. A possible al-
ternative is use PDs themselves for the calibration. This can only be achieved when clear distin-
guishable PD signals are obtained from both the cable under test and an outgoing cable. Further
research is required to test this method for calibration.

The major drawback of the DirecDiff method however, no matter where the calibration pulses
are injected, is that the pulses from the transformer are not recognised and filtered correctly. This
makes the method unusable if also the transformer is a PD source. More research is required to
find a way to correctly recognise and filter transformer PDs. One way to do this, is looking to the
frequency content. PDs from nearby equipment still have high frequencies, which is obviously
not the case for signals having travelled over a long cable.

Another way to cope with multiple disturbing PD sources, is to use two DirecDiff filters. One
calibrated with an outgoing pulse from the cable not and the other calibrated with an outgoing
pulse from the transformer. A recorded pulse is filtered with both filters. If the filtered signal of
one of the filters is equal to zero, it is an outgoing pulse. If both filtered signals are not equal to
zero, it is an incoming pulse.
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Appendix A

Nomenclature RMU

In an RMU there are several locations where a current sensor can be clamped around a conductor
to measure the current. A schematic drawing with the relevant parts of the RMU is depicted in
figure A.1. The names for the sensor locations and the currents at the different locations are
listed in table A.1. Table A.2 lists the abbreviations used in the names for the sensor locations in
the RMU.

Name Current symbol SP impedance were current
measured at this point flows
through

1okV PLEC iplec Zplec in case one cable

If more than one cable:
10kV PLEC 1
10kV PLEC 2

If more than one cable:

11 plecs 12, plec (counted from
TCC) or shorter: i1, io (if
there is no need to make a
difference between 4. and

ilec)

If more cables: Z pec,

Z2,plec
(1 = next to TCC)
or shorter: Z1, Z»

Last earth connection 10kV
If more than one cable:

ilec
If more than one cable:

1 same as 1okV PLEC

Earth 10kV 1 11 lecs 92 lec (counted from

Earth 10kV 2 TCC)

3 TCC 13tcc Z3tec
Earth TCC Ttece Zicce
TCC yellow, blue or red Yteeyr Tee,b OF Ticer -
Transformer Tir Zir

Table A.1: Name and symbols for the positions in an RMU
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Earth rail
)
L
_%:J/// 1 2 |
H—E) BN R
I [ o |
Transformer 10 kV cable Earth 10kV 2

Figure A.1: Schematic drawing of an RMU

Name Abbreviation
Past Last Earth Connection PLEC
Phase-to-Phase PP
Shield-to-Phase SP

Transformer Connecting Cable(s) TCC

Table A.2: Abbreviations used in position names



Appendix B

Literature research

In this appendix the literature research report is printed that made for the course Practical Library
Training. In this report a major part of the literature research done for the graduation project is
described in detail.

Summary M.Sc. project

The M.Sc. project is part of a larger research project. The goal of that project is to develop a
system to measure partial discharges (PD) in medium voltage power system cables. The partial
discharge measurement has to take place on-line, without interrupting the power delivery. The
M.Sc. project concerns the sensors for this system. Below are the goals for the M.Sc. project.

1. Research and design Rogowski coils for on-line partial discharge detection in medium volt-
age power system cables. Optimise the sensors (dimensions, number of windings, inte-
grators, etc ...) for different sensor locations, propagation channels.

2. Research the need for and different options to shield these sensors
3. Calibration of the developed sensors

4. Make the sensors directional by using the correct combinations of measuring locations and
transformation and interpretation of the measured signals.

5. Search for easy to use materials for the core of the Rogowski coil.

Literature research goals

During the literature research only literature for item number 1 of the M.Sc. project summary
(see section above) is searched for. The literature research goals are:

e Search for information about inductive current sensors used for monitoring partial dis-

charges (PD’s). Not necessarily for monitoring PD’s in cables, sensors to monitor currents
in transformers, generators, cable joints, etc... are relevant too. It has to be possible to
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install the sensors while the monitored object is in service. The sensor has to be usable
under noisy conditions.

The literature should provide information on the fundamental principles, a description of
the sensors properties and/or design considerations.

The publication type is irrelevant. The fundamental principles of the Rogowski coil will
most probably be explained in books since the principles were already published in 1912.

The Rogowski coil has been used for decades for several purposes. In the last few decades
the Rogowski coil has used to monitor partial discharge in devices. Therefore the research
period is set from 1960 to present. It is not necessary to find very recent literature about
the subject because the sensor has been used and studied for decades.

The literature research is not limited to country or research facility.

A practical trainee has done a literature research about the Rogowski coil in general. There-
fore this literature research focuses on inductive sensors especially for PD monitoring.

Concept table of contents of graduation report

I.

2.

Summary

Introduction

. Rogowski coil theory
. Shielding

. Design

. Calibration

. Experiments

. Directional sensor

. Conclusions

Search terms

The search terms below were used to search for literature. Two or more of these terms were used
together in several combinations.

Partial discharge*

PD*
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Rogowski

Sensor*

Inductive

On-line or online or on line

e Cable*
e Measurement or measure or measuring

¢ Monitoring or monitor

In Vubis the Dutch translations of these search terms have been used also.

Consulted sources

The table lists the consulted sources. The sources were consulted in the order they are in the
table. The last column lists the number of new references that were initially selected using that
source. If a reference was selected earlier in another database, the reference is not added again
to the “No. of selected items" column. The initial selection of the references was made based on
title and abstract (if available).

Source Consulted via | Searched period | No. of selected items
TU/e catalogus Vubis all 7
IEEE-IEE Electronic Library | IEEE Xplore 1960—present 19
INSPEC WebSPIRS 1969—present 5
Compendex ScienceDirect | 1966-present o
ETDE Energy Database ETDEWEB 1974~-present o
Google www.google.nl all I

Selection criteria

Since most sources provide an abstract together with the title, both were used to make the first
selection. For the sources where no abstract was available, the first selection was made based on
just the title. If the title and abstract contain the following information the publication is selected.
When there was doubt on the usability of the publication the reference was selected.

+ Information about the theory and design of inductive sensors for on-line partial discharge
measurement.

+ Because PD’s have a wide bandwidth, references about high frequency Rogowski coils are
selected.

+ The reference contains information about shielding inductive PD sensors from a noisy
(lots of disturbing EM fields) environment. Or sensors used in a noisy environment.
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+ The reference is about a complete on-line PD measurement system for on-line PD monitor-
ing. Because the sensors are part of the complete system, it is likely that the reference will
contain a description of the sensor or references to other literature describing the sensors.

Publications were rejected because of the following reasons:

If only other types of sensors were used for PD detection the publication is not selected.

— The sensor is only usable to detect PD’s in cables with a helical earth screen.

In the past several off-line PD measurement systems have been developed. A description
of an off-line PD measurement system is not selected because those systems don’t use
inductive sensors.

References in other languages than Dutch, English or German are rejected. The reference
is kept for possibly later usage.

For the final selection the full text is retrieved. The full text is judged on the same criteria
as for the initial selection. All publications are read and judged whether they contain useful
information. If they do, the publication is selected. If not, the publication still might have ref-
erences to useful publications. The location of the reference in the full text often gives excellent
information about the contents of that reference. If a publication itself does not contain useful
information, but it has good references, the publication is selected anyway. This is done to be able
to complete the snowball method diagram. To distinguish these publications from publications
with information on the M.Sc. subject, these publications are printed in italic in the references
list in section 11 and in the snowball diagram.

In several cases the reference does not contain information useful for the M.Sc. project and
has no direct references to useful publications. Often these publications do contain references
to other publications about on-line PD measurement. Because these new publications might
have references to useful information, they are selected anyway. The newly found references are
retrieved and judged in the same way. This process is repeated until no more good references are
found. If in the end the entire thread does not contain any useful information or references to
useful information the entire thread is rejected afterwards. As above here also the publications
not containing useful information themselves are printed in italic in the references list and on
the snowball method diagram.

Snowball method

e The snowball search was started with [PEMoo]. This is a recent doctoral dissertation with
a chapter describing the design of a Rogowski coil used for on-line PD monitoring in a
generator. In this chapter the developed sensor is described in detail. The references in the
text of the chapter seem to point to some good publications.

e A second starting point is [NEVo3). This is a recent publication that describes a Rogowski
coil developed for on-line PD measurement. This coil is used in a situation similar to the
situation of the M.Sc. project.
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e A third starting point is [WIEo3]. A publication of the same project as the M.Sc. project.
Therefore it deals with sensors for the exact same application. Also the publication is of a
very recent date.

In figure B.1 on page 62 the snowball diagram is shown.

Citation method

Sources

The table lists the sources consulted for the citation method. The sources were consulted in the
order they are in the table. The last column lists the number of new references that were selected
using that source. If a reference was selected earlier in another database or with another search
method the reference is not added again to the "No. of selected items" column.

Source Consulted via | Searched period | No. of selected items
Science Citation Index Expanded | Web of Science | all (1988-2004) 4
IEEE-IEE Electronic Library IEEE Xplore 1960-2004 o
Compendex ScienceDirect | all (1994—2004) o
Starting publications

Because the snowball method revealed several relatively old publications there are several options
for starting publications. A practical trainee already has done literature research on the Rogowksi
coil in general. A few publications found with the snowball searching method were found earlier
by the practical trainee. Because he already performed the citation method on these publications,
they were not used again as a starting publication. All other publications were used as a starting
publication for the citation search method.

The citation diagram is plotted in figure B.2 on page 63.
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Relations pattern

Chapter 12 '60-"69 | 7o-79 |’80-'89 |’90o-'99 | ’'co-'04
I. Introduction [Rogr2] [Nevos]
2. Rogowski coil | [Rogi2] [Bauy8] | [Bel8s] [Warg3] | [Pemoo]
theory [Nasy9] | [Bur8y] [Wongo] | [Wieos]
[Pely1] [Pet83]
[Sty82]
3. Shielding [Bauy8] | [Bel8s] [Helgs] [Geroz]
[Wongo]
4. Design [Bauy8] | [Pet83] [Calor] [Geroz]
[Helgs] | [Nevos]
[Wono3] | [Pemoo]
5. Calibration [Nasyg] | [El80] [Calo1] [Nevos]
[Pel71]
6. Experiments [Rog12] [Nasy9] | [Bel8s] [Pemo3] | [Nevos]
[Pely1] [Ell80] [Wonos] | [Pemoo]
7. Directional sen-
sor
8. Conclusions [Nevos]

Conclusions

The found literature can be roughly divided into two categories:. The first category focuses on
the measurements and analysis of partial discharges. Virtually all publications in this category
describe the used sensors only briefly or not at all. The second category focuses on the sensor
itself. In most cases this sensor is not developed specifically for the measurement of partial
discharges. But the theory and a lot of the design considerations are the same for different
sensor applications.

The literature research shows that the Rogowski coil can be used in different ways. By chang-
ing the properties of the coil, the materials used and the connected impedance the response of
the Rogowski coil can be changed. The coil is highly insensitive to external noise sources and
this insensitivity can be even more improved with a complete shield or the use of a coaxial cable.
Inductive current sensors have been used to measure partial discharges under noisy conditions.

The most cited publication is the original publication that describes the Rogowski coil by W.
Rogowski and W. Steinhaus [Rogi2]. An important company researching the off line and on
line measurement of partial discharges is KEMA in Arnhem. On the Rogowski coil in general,
the publication by D.A. Ward [Warg3] is cited a lot. This is a very informative article about the
Rogowski coil, theory and different applications. Another publication cited a lot is [Coo63] by J.
Cooper. This is a publication relatively old, but still cited a lot. It seems to be the first publication
describing the Rogowski coil with earth screen as a delay line.

A practical trainee conducted literature research earlier on the Rogowski coil in general.
The practical trainee found only four publications found in this literature study [Nevo3], [Pet83],
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[Rogi2] and [Warg3]. This shows that is was useful to conduct the literature research on almost
the same subject, but with a different approach. One of the publications was about the same
research project as the M.Sc. project [Wieo3), it was written by the supervisors. The rest of the
publications were new.

Diagrams
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Figure B.1: Snowball diagram
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