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A CD is attached, containing the report in digital format (PDF), developed MATLAB scripts, a network
model of the 150kV transmission line FRT-NOR in DigSILENT Power Factory.

Literature references are shown as [i, p.k], where i is the number of the literature in the reference list,
which can be found after the main report at page 135. k is the page number in the given literature, the
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Summary

On the 4th of November 2008, the Danish government decided, that all transmission lines with a volt-
age level of 150kV must be undergrounded gradually, in order to reduce the visual pollution caused by
overhead lines (OHL). The undergrounding should be performed during the next 30 years. Also it was
decided that all new 400kV lines will be performed as cable lines.

Approximately 3000km of underground cables are going to be installed. In connection with the restruc-
turing, the grid is re-designed to be better suited for further implementation of renewable energy.

Under-grounding a large transmission grid has never been performed before and therefore operation and
maintenance experiences do not exist. New maintenance strategies shall be developed, in order to en-
sure a reliable power supply. High voltage cables are provided with a metallic screen, which provides
a low resistance path for charging current, to flow back to the source. The bonding of the screens may
be performed in different ways, but for long cross country cables, cross bonding is typical used. Cross
bonding requires that the cable screen is cross connected, every 1-3 kilometer along the line. The cross
connection is performed in link boxes, which for many cases, are placed underground next to the cables.
Maintenance experience has shown defects such as damaged arresters, corroded connections, and leaky
boxes. A survey in a certain area has shown that up to 80% of the link boxes were faulty.

As mentioned most of the boxes are placed underground, next to the cables, hence the boxes are not easy
to access. The cooperation company N1 has estimated the cost of 40,000 Dkk, for accessing one line
box. The manufacture has prescribed visual inspection of the boxes every second year.

Visual inspection is costly and therefore it is of great interest to be able to determine the condition of the
link boxes without having physical access to the boxes. Therefore the initial problem is:

Can the condition of the link boxes can be determined without having physical access to the boxes?

This study is based on a state of the art analysis, of what literature there may be found, within the area.
The analysis showed that there is a very little experience within the specific area. For this reason this
study will be based on known fault detection and localization methods. It is decided to base this work on
impedance measurements, because this makes the developed methods, easy to implement for the trans-
mission companies.



The screen circuit of cross bonded cable lines is studied, in respect to screen to screen faults and to
Screen to ground faults. It was found that main challenge is to detect, a large fault resistance, in a low
impedance screen circuit. It was found that the detectability increases if the frequency of the measuring
voltage is increased, due to the increase of reactance.

The earthing resistance at the cross bonding points, were found to cause large difficulties for detection of
screen to ground faults. In order to suppress the importance of the ground resistance it was favorable to
use ungrounded measuring voltage. Thereby a ground fault will provide a potential displacement of the
entire screen circuit, which increases the detectability. Also it was found that the detectability of ground
fault is dependent on the earthing resistance at the end of the major section.

Four study cases, representing possible screen circuit fault are chosen in cooperation with N1. In order
to analyze the study cases, there is made a DIgSILENT simulation model. The simulation model is val-
idated according to field measurements performed on the new established 150kV cable line FRT-NOR.
The validation compared simulated and measured impedances, both for healthy screen circuit and for
two different fault scenarios. The faults were measured and simulated by applying a 2.5€ resistance in
the first and second link box accordingly. Furthermore the model is validated for three different frequen-
cies. The validation showed that, by increasing the distance between the cables, the model represents the
actual cable line within ~ 3%, for both healthy and fault cases.

The validated simulation model is used to perform the following four study cases:

Screen-screen fault
Screen-ground fault
Disconnected screen conductor

Three screen to ground short circuit

For the two first study cases, the largest detectable fault resistances are determined to 55 and 68€2.

The disconnected conductor provided a large increase of apparent screen impedance. Thereby this is
detectable, but furthermore it is possible to locate this fault based on the charging current, which is pro-
portional to the distance to the fault.

The three screens to ground fault, is to represent a water filled link box. The largest detectable fault
resistance is determined. In order to study if a water filled link box is detectable there is performed a full
scale link box test. A link box identical to the used link boxes, at the FRT-NOR cable line is filled with
water and the resistance between the connection points are measured to ~ 35€.

Finally cable lines with several major sections are considered. It was found that for cable lines with more
than two major sections; at least one line box should be accessed, in order to measure the entire screen
circuit. Furthermore there is suggested a method where the screen circuit of the major sections are series
connected. For the series connection a significantly larger fault resistance is detectable.
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The findings and recommendations are summarizes in the following:

e There is developed a measuring technique, suitable for measuring screen circuit faults up to 9 times
the detectable fault resistance of one major section.

e Largest detectable fault resistances are determined.

o It is highly recommended to place strategically chosen link boxes at accessible locations.

As mentioned in the state of the art analysis, the subject of this study has until now, not been given much
attention. Therefore this project may be seen as the preliminary work, within the area.
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Introduction

Chapter 1

The 4™ of November 2008 published the Danish government guidelines for the future development of
the Danish electrical power grid. The main purpose of the guidelines is to meet the growing interest of
keeping the nature untouched by technical installations [8]].

In order to meet the guidelines requirements it has been decided to put all 132kV and 150kV transmission
lines into the ground as high voltages cables. This will be done over the next 30 years. Approximately
3000km of underground-cables are going to be established and the transmission grid at these voltage
levels are going to be re-designed so that the grid will be better suited for further implementation of
renewable energy sources such as wind power [8]]. In the past the load flow of electric power in Jutland
was north and south where it nowadays is more west to east. The present and the future layout of the

transmission grid in Denmark is illustrated in figure [I.1]
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Figure 1.1: To the left is the Danish transmission grid as it is today. To the right is the future Danish

transmission grid [8].

Under-grounding a large transmission grid has never been done before and therefore operation and main-
tenance experiences do not exist. It is therefore of great interest to develop new maintenance strategies



when making such a large conversion of the existing transmission grid and still ensure a high reliability
of supplying electric power.

High Voltage cables (HV cables) are provided with a metallic screen. The metallic screen provides a
low resistance path for charging and fault currents to flow back to the source [50, p.119]. Long cable
transmission-lines are normally cross bonded. This is done to minimize the induced voltage and losses
in the screen [43] p.61]. Figure illustrates a cross bonded section of a cable line. The cross bonding
is done in four link boxes where the screen is transposed in link box B and C. These link boxes are also
provided with surge arrestors which protects the screen against transient over-voltages at fault conditions.
The grounding of the screen is done in link box A and D.

Cable #1

r \ f f ‘ T ‘

_L_G 5 - é ) D_ ‘ N
| Cable #2 ) ‘ ; N ) T

!

—_ 1 Cable #3/ % N ‘l/ — | _:_
1R o | ] | |
! L,,EiJ [*777J L
_L Link box A Link box B _L L Link box C Link box D_L

Figure 1.2: Cross bonded cable section. Red marked lines illustrates connections inside the link boxes.

The link boxes are for cross country cable lines normally located underground near the cable system,
as shown in figure [I.3] Maintenance experience has shown different defects such as damaged surge
arresters, corroded screen connections and leaky link boxes. A survey in a certain area has shown that
up to 80% of the link boxes at a cross bonded transmission cable system was faulty [35]].

Figure 1.3: Link box placed approx 1.5m underground, next to the cable system.

It is important to ensure that the cross bonding points (Link box A-D i figure[I.2) are in good condition,

2 1. Introduction



in order to keep a high reliability of the transmission system. To investigate the condition of the cross
bonding points the cable manufacture prescribes visual inspection of the link boxes [37]. This method
is time consuming and very expensive. The Danish Transmission company N1 expects that it will cost
approx. 40,000 Dkk and take about 4 working days to do a visual inspection of a single link box. The
expenses include, among other things, compensation to the landowner for field damage, rental excavator
and etc.. This is the reasons why it is the, by far the most preferred method to be able to determine the
condition of the link boxes only from measurements at the end of the cable line.

Several hundred link-boxes are going to be installed the coming years in order to fulfill the earlier men-
tioned guidelines. N1 have no cost and time effective way to determine the condition of the cross bonding
points in a cross bonded transmission cable system. Therefore are N1 and other TSO’s interested to de-
velop measuring techniques that can monitor the condition of cross bonded transmission cable systems.
This leads to the following initiating problem:

”Can the condition of the link boxes in a cross bonded transmission cable system be determined without

having physical access to them?”

1. Introduction 3
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Chapter 2

System description of the cable line FRT-
NOR

The system description presents physical and electrical data for the cable system under consideration.
All data is provided by the co-operating company N1. The cable system is used for field measurements
1, 2 and 3, for which the test reports are given in Appendix[D| [E]and[F]

The system that has been used for field measurement is described in this section. The cable line is located
in the North Western part of Jutland i Denmark as shown in figure 2.1 The cable line connects the two
150kV substations Frgstrup (FRO) and Nors(NOR). The cable line is established in the autumn 2011,
and replaces the excising overhead line (OHL) shown in figure The measurements are performed in
January 2012, before the cable line is taking into service.

VVLSYEDAig

Figure 2.1: Geographical placing of the cable line at which measurements are performed.

The cable line has a total length of 15.1km shown in figure 2.2]

The system is considered for an estimated earth temperature of 5°C. This is because the cable system is
measured before the line is taken into service. The operation temperature is 60°C for the conductor and
52°C for the cable screen according to the data sheet.



2.1 The cable

Nors Fragstrup

- H

Figure 2.2: The 150kV cable line between Frgstrup and Nors.

2.1 The cable

Physical placing of the cables

The cable line consist of three parallel coaxial cables placed in flat formation 1.2m below the ground
surface. The horizontal distance between the cables is 0.3m as shown in figure[2.3]

NANON N N N N NN

1.2m

@ © ©

Figure 2.3: Cross section layout of the cable line between Frgstrup and Nors. The three coaxial ca-
bles are placed in flat formation with 0.3m between the cables and 1.2m below the ground
surface.

The line represents one major cross bonded section, followed by two sections using single point bound-
ing. The three minor sections of the cross bonded section is 3840m each. The two sections using single
point grounding are 1280m and 2300m accordingly. The line is transposed and the phases shift position
at four places, next to joint number 3,6,10 and 11 see figure [2.4] The cross bonded screen is also trans-
posed, meaning that the cable screen besides shifting phase also shifting physical placing at the cross
bonding points at joint 3 and 6 as shown in figure 2.4]

Nors 1280m -7"1‘“‘ 1280m __Joint___1280m J"a’"‘ W}&ﬁm 1280m 307"“ 1280m J"s‘“‘ 1280m J"g‘"‘ 1280m -“1""' Joint Frostrup

b DD DD o 9) X@ D DND o ) X@ ) O ) O
)]

R DD DN o 9) D DD =) / DI o S N o ) )]

el

P
=

| Cross bonding minor section ross bonding minor section Cross bonding minor section | |
ding major section I Single point section |

Figure 2.4: Bonding schematic for the cable line.

The two single point bounding sections are placed one after another next to substation FRT. For this part
the system is also equipped with a earth continuity conductor (ecc). This is performed by a non-insulated
95mm? copper wire placed in the ground between the cables. The purpose of this is providing a low
impedance return path for ground faults and minimize possible earth potential rise during ground faults
[23] p.11].

6 2. System description of the cable line FRT-NOR



2.1 The cable

Cable parameters

The coaxial cables is produced by the French company Nexans and is a XLPE 150kV power cable. The
cable is made of a number of layers as shown in figure 2.5]

Figure 2.5: Coaxial cable made of a number of layers. 1: Conductor, 2: Inner semi-conducting layer, 3:
Insulation, 4: Outer semi-conducting layer, 5: Copper wired screen, 6: Aluminum foil, 7:
Outer covering.

The insulation is made of Cross-linked polyethylene(XLPE). At both the inner and outer surface of the
insulation there is a semi-conductive layer to ensure homogeneous radial electric field distribution [45]
p-31]. The copper wired screen is made of 63 copper wires each with a diameter of 1.39mm, in total
performing a cross section area of 95mm?. The aluminum foil is separated from the copper wires by
semi conductive swelling tape. The aluminum foil and the copper wires are connected at the joints and
at the terminations of the cables[[16, p.36]. The aluminum foil and the swelling tape prevent moisture
and water from penetrating into the cable radial and longitudinal accordingly [45]. The outer covering
is made high-density polyethylene(HDPE) which provide protection from the surrounding environment
and can withstand high temperature. The outer most layers are a black semi conductive layer.

Cable parameters are obtained from the data sheet provided from the manufacture by the co-operating
company N1. Relevant values are presented in table 2.1]

Layer Parameter Value Material

Conductor Thickness 21mm Al

Inner semi-conducting layer Thickness 1.0mm extruded semi-conduction XLPE
Insulation Thickness 16.0mm XLPE

Outer semi-conduction layer ~ Thickness 2.lmm extruded semi-conduction XLPE
Copper wire screen Cross section  95mm? Cu

Aluminium screen Thickness 0.2mm Al

Outer covering Thickness 3.8mm HDPE

Table 2.1: Cable parameters from data sheet.

2. System description of the cable line FRT-NOR 7



2.2 Bonding cable

2.2 Bonding cable

The bonding cable is the connection between the joints and the link boxes. It is a coaxial cable with a

center conductor of 240mm? copper and a screen of 240mm? copper. The cable is shown in figure

Figure 2.6: Coaxial bonding cable made of a number of layers. 1: Conductor, 2: Inner semi-conducting
layer, 3: Insulation, 4: Outer semi-conducting layer, 5: Bedding/sealing, 6: Copper wired
screen, 7: Bedding/sealing, 8: Outer covering.

The layers of which the is made is listed in table [2.2]

Layer Parameter Value Material

Conductor Thickness 8.5mm Cu

Inner semi-conducting layer Thickness > 0.3mm extruded semi-conduction XLPE
Insulation Thickness 3.4mm XLPE

Outer semi-conduction layer ~ Thickness 0.3—-0.6mm extruded semi-conduction XLPE
Bedding/Sealing Thickness - semi-conduction swelling tape
Copper wire screen Cross section  nom.240mm? 2 layers Cu
Bedding/sealing Thickness - Swelling Tape

Outer sheath Thickness 4.0mm HDPE

Table 2.2: Bonding cable parameters from data sheet.
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2.3 Link box

2.3 Link box

The link box is a painted metallic box as shown in figure [2.7)and 2.8] The box is placed in the ground
next to the cables as shown in figure[1.3]in chapter|[l}
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Figure 2.7: Engineering drawing of a Link
box, all measurements are in cm. Figure 2.8: Installed link box from the con-
sidered cable line, placed at joint
no.10.

The connections from the cable screens to the link boxes are performed by bonding cables, which is
the coaxial cables shown in figure 2.6| The bonding cable is connected to the cables by premolded
Sectionalizing Straight Joints shown in figure [2.9] From the joint to the link box center conductor of the
bonding cable forms connection to the cable screen at one side of the joint and the screen of the bonding
cable form connection to the cable screen at the other side of the joint.

bonding connection heat shrinkable tube and premoulded joint bady bonding connection bonding cable
moisture impervious layer

2300 approx.

Figure 2.9: Premolded Sectionalizing Straight Joints, used for connection of cables and cross bonding
of screen.

For the considered line three different link box types are used: Cross bonding link box, solid grounding
link box and single point bounding link box. These may be seen in figure[2.10, 2.11]and 2.12]accordingly.
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2.3 Link box

Cabinet

Surge arrester

Support insulators
Gland for coaxial cable

Gland for earthing cable

B % %% 4

Fixing clamp

Cable end fixing clamp
Bus bars — —
Disconnectable crossing bar S Fer-i
Earthing bar bridge type
Protection cover

Box earthing bar w [ w | wo
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Figure 2.10: Cross bonding link box placed at joint 3

14 Heat shrinkable tube
and 6.
& 7l 334
+ * + |+ + o+ < @—
1 Cabinet Iy ( oW P
2 Support insulators Ml 9 [t [
3 Gland for coaxial cable + @% ‘@ L2 i
4 Gland for earthing cable [ 1|e 9] ' 9] ¢3=%= B A
5 Fixing clamp * »1 EZ‘ éi‘ é o = li
6 Cable end fixing clamp . T 7 ol 19
7 Earthing bus bar = ,’g o /&
8 Disconnectable earthing bar R e I }QJ
. 4 3
9 Protection cover "
10 Box earthing bar 10
12 Heat shrinkable tube Do | w0 5 138

Figure 2.11: Solid earthing link box placed at joint 9.
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2.3 Link box

. 1 334
1 Cabinet T == =+ = \\‘ A 6 ;ﬁ
2 Surge arrester [ § i ¥
3 Support insulators o 8 iy
4 Gland for coaxial cable " o < B
5 Gland for earthing cable * &I BSOS Ny F 9
6 Cable end fixing clamp o o e i 2
4] e 38
7 Bus bars ° ;
[ B B il ¥
8 Support bar = e + o P .
9 Adjustable support bar 5 ' | 12
10 Coaxial fixing clamp
11 Protection cover 138
12 Box earthing bar 100} 150 | 150
13 Door fixing bolts Figure 2.12: Single point bounding link box placed at
joint 10.

During the installation the link boxes are filled by
compound, as shown in figure 2.13] The com-
pound prevents water or moisture in the link box
from penetrating into the cables.

Figure 2.13: Link box during installation. It
may be seen that the bottom is
covered by compound.

2. System description of the cable line FRT-NOR
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2.4 Screen voltage Limiters

2.4 Screen voltage Limiters

The screen voltage limiters(SVL) are placed inside the link boxes. The purpose of the SVL is limitation
of the screen voltage from lightning impulses and switching surges [44] and not power frequency. The
system under consideration uses the Zink Oxide(ZnO) SVL type, housed in gray silicon. The used SVL

is shown in figure

33

T | I lo110
, L

216
150

E=w
T

B

Figure 2.14: Engineering drawing of a SVL, all measurements are in [mm)].

[
|
|

Ratings of the SVL from the data sheet is given in table[2.3]

Parameter Value
Rated voltage(U;) 10.0kV
Continuous operating voltage(U,)  8.5kV
Rated current(/,) 10.0kA

Table 2.3: SVL parameters.

U, is the maximum permissible r.m.s. value of power-frequency voltage between its terminals at which it
is designed to operate correctly under temporary overvoltage conditions. U, is the maximum designated
permissible R.M.S. value of power-frequency voltage that may be applied continuously between the
arrester terminals [22, p.23].
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2.5 Earthing points

2.5 Earthing points

The co-operations company N1 has provided earthing resistances for three points of the cable line see
table[2.4] The earthing resistances are measures in May 2011 by HEF (Himmerlands elforsyning).

Position Resistance [Q]

Joint 3 0.2
Joint 6 7.0

Table 2.4: Earthing resistances for some specific points of the cable line, measured by HEF.

The joint numbers are shown in figure [2.4]
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Chapter 3

Analysis of cross bonded cable systems

This chapter will first provide a state of the art analysis, where it is studied what literature there might be
found in the area of this project. This is followed by a review of different bonding schemes used for HV
cable lines, a special focus is given to the cross bonding method, which is typically used for long cross
country cable lines. The link boxes in cross bonded cable systems are divided into two categories, and
possible link box faults are presented for both types. In the final part three measuring techniques, and
their ability to be used for screen circuit determination is discussed.

3.1 State of the art analysis of link box condition monitoring

From the introduction it was explained that the purpose of this study is to determined the condition of
the link boxes, without having physical access to them.

A literature study is carried out, in order to find the available literature within specific field of: Determi-
nation of the condition of link boxes, without having physical access to them. To the authors knowledge,
there exist very little literature on the specific area, of link box condition determination. There was found
literature of three areas which relation to the subject of this study:

e Sheath voltage profile and maximum sheath voltage.
e Dimensioning of, and environmental influences of SVLs.
e Fault location on OHL and cable systems.

Sheath voltage profile and maximum sheath voltage
In the literature there may be found studies of screen voltage profiles for different bonding schemes and
earthing resistances [[14]].

The IEEE guide for bounding consider the maximum sheath voltage [23]]. This must not exceed 65 — 90V
throughout the whole length of the cables under normal operating conditions. In this contest, according
to the IEEE guide for substation grounding [25] the maximum sheath voltage at the cable ends should
not exceed 50V.

The IEEE Std. 575 suggested the application of approximate equations in order to calculate the induced
voltages and currents at cable sheaths. In the new revised form IEEE Std. 575-1988 [23]] suggests that

15



3.1 State of the art analysis of link box condition monitoring

the induced voltages must be calculated for each case using proper simulations.

The IEEE design guide for installation of cable systems in substations suggest that, metallic sheath/ar-
mor should be solidly grounded at one or more points so that they operate at or near ground voltage at
all times [24].

Environmental impact on the SVL

The functionallity of the SVLs according to environmental affection such as moisture, are considered
in [33[][44]. Important parameters according to accurate dimensioning of SVL are considered in [38]]
[40]]. The sheath voltage at the cross bonding points are considered in relation to lightning transients of
combined OHL and cable lines in [41] [39].

Fault location on OHL and cable systems
Several articles consider how to determine the location of a fault in an OHL system. [1]] [9]] consider
what there exist of fault location techniques.

An IEEE guide provide and discusses impedance and travelling wave based methods for detection and
location [26l]. Another IEEE guide provide techniques for fault location techniques on shielded power
cables [27]].

A Cigré guide considers standing screen voltage under normal and faulty condition [2]. Special bounding
are discussed and SVL type and placing are considered.

Summary state of the art

None of the references consider the condition of the link boxes in which the cross bondings are per-
formed and the SVLs are placed. The Cigré report states that the SVL are placed in housing sealed from
environmental affections.
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3.2 Screen bounding and grounding methods for cable lines

3.2 Screen bounding and grounding methods for cable lines

The screen circuit is of vital importance of any underground cable system. Are the screen circuit not in
proper condition, the protection equipment such as SVL, might not work properly causing serious risk of
cable damage. Also the ampacity might be reduced due to possible increased screen current and enlarged
heat dissipation in the cable. If the cable temperature is not monitored, there is a risk of overheating the
cable, causing rapid aging and possible risk of cable damage.

3.2.1 Single point grounding

The most simple is to connect one end of the screen to ground and leave the other end open. In this
case voltage is induced in the cable screen, because the screen conductor is located in a magnetic field,
produced by the conductor current. The magnetic field generates force acting on the electrons in the
cable screen, and cause a displacement of the electrons in the cable screen. The displacement of the
electrons generate a voltage difference between the two ends of the screen conductor [10, p.855].

Figure 3.1: Magnetic field from conductor, induce voltage into the screen [45) p.60].

One end of the screen conductor is kept at zero potential, due to the ground connection. The induced
voltage is therefore present at the not grounded end of the screen connector. The screen voltage is induced
by the flux from the load current (/) in the conductor. This forms the relation that the screen voltage
(U;) is proportional to both the cable length and the load current, as shown in figure [3.2][50, p.218]
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3.2 Screen bounding and grounding methods for cable lines

Voltage

Load current

Distance
Figure 3.2: Principle sketch of the magnitude of the induced screen voltage [45, p.60].

I order not to cause any damage to the outer insulation of the cable, the screen voltage should be limited.

Therefore single point grounding may not be used for long cable lines.

3.2.2 Multipoint ground

In order to decrease the voltage of the screen it is desirable to connect both ends of the screen to ground.
Grounding both ends creates the circuit shown in figure In this case the induced voltage generates a
current flowing in the screen because of the closed earth loop. The voltage across the total cable screen

is zero [S0| p.218].

Figure 3.3: Screen current when the screen in multi point grounded [45]].

The screen current will, because of the resistance of the cable screen, contribute to heating of the cable
and thereby reducing the ampacity of the cable and cause screen losses [50, p.218]. Multipoint ground is
used for submarine cables where it is not possible to ground the screen for the underwater distance. This
will lead to screen losses and heat up the screen, but the screen voltage is kept low.
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3.2 Screen bounding and grounding methods for cable lines

3.2.3 Cross bonding

As described in the previous section, it is desirable to have low screen voltage and at the same time keep
the screen current at a minimum. To obtain both criteria cross bonding may be used. Cross bonding is a
certain way of connecting the cable screens at a three phase cable system. The cable line is divided into
major sections, each major section is subdivided into three minor sections of equal length, as shown in

figure[3.4]

Major section

\ 4

A

Minor section Minor section Minor section

—€ Cable #1 )—G )—6 ) )

N

Cable #3
N

\ 4

A
\ 4
A

w
iy

B
!

Figure 3.4: Practical implementation of series connection of the three cable screens. The figure shows a
major section with cross bonded screens.

The cable screens are switched within a major section as shown in figure [3.4] hence the induced screen
voltage at one minor section is electrical displaced by 120° according to the induced voltage of the next
minor section. The vectorial sum of the total screen voltage of one major section will become zero, in
case the magnitude of the induced screen voltages are equal, as shown in figure [3.5]

Up

U, U, Ua

[
-

»
!

»
-

One minor section Two minor section Three minor section

Figure 3.5: Induced screen voltage of a cross bonded major cable section.

The induced screen voltage for a major section is shown figure 3.6
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3.2 Screen bounding and grounding methods for cable lines

Induced screen voltage

Length

Minor section Minor section Minor section

Major section

Figure 3.6: Induced screen voltage as a function of distance, over a complete major cable section.

For practical implementation is the cable line divided into a number of major sections. The length of the
major section is limited by the maximum allowed screen voltage. All three cable screens are grounded in
both ends of the major section. Where two minor sections are connected, there are placed screen voltage
limiters (SVL), to limit the screen voltage during fault conditions. The circulating screen current through
ground is eliminated and screen losses are minimized [45] p.62].

Cross bonding can be done in different ways. If the cable line is lead in flat formation the centre conductor
and maybe also the screen may be transposed. I general transposing describes whenever the conductor
shifts physical place according to the two other phases. Cross bonding is the screen shifting between the
three different phases. The different scenarios are illustrated in the following figures.

Figure shows one major section of a cable line, where the screen is cross bonded and transposed.

Major section

A

Minor section R Minor section _ Minor section

: 1

Cable #3
Y

"
)

P 4

Figure 3.7: One major section of a cable line, screen cross bonded and transposed.

Figure [3.8] shows one major section of a cable line. The line is transposed and cross bonded, but the
screen is not transposed. For this implementation it should be considered how to do the cable crossing,
and still obtain distance between the cables to ensure proper heat dissipation. In case the cables are closer
to each other at the point of crossing there is introduced a bottleneck for the ampacity of the line.
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3.2 Screen bounding and grounding methods for cable lines

Major section

Minor section Minor section Minor section

>« >

T 4

=

=

Figure 3.8: One major section of a cable line, transposed and cross bonded but the screen is not trans-
posed.

Figure 3.9 shows a third implementation where the line is transposed, cross bonded and also the screens
are transposed.

There is a third way of performing cross bonding af a cable line, were both the cables are transposed and
the cross bonding is done by transposing the screens, as shown in figure[3.9] Also for this implementation
the crossing point should be considered, for heat dissipation.
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Figure 3.9: Another implementation of cross bonding. In this case the line is both transposed and cross
bonded. Also both the conductor and the screen changes place between each minor section.
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In general the term transposed is used when the physical position is changed and cross bonded is used
whenever the screen is shifted between the three phases.
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3.2 Screen bounding and grounding methods for cable lines

3.2.4 Screen circuit, for cross bonding

The cable screens of a cross bonded cable system forms a electrical circuit, as shown in figure [3.10] the
phase conductors are not transposed. In top of the figure is a cross bonded cable system consisting of
eight minor sections, named A-H. The six minor sections at the left forms two major sections. The three
single phase cables named 1-3. It may be observed that the cable screens are grounded where two major
sections are connected and the SVL are placed at the points, where minor sections are connected.

In the middle of the figure only the screen circuit is shown. The screen conductor from each minor sec-
tion is named: Zyy.

Where:

- X Refers to the minor section of the impedance.

- y Refers to the phase conductor of the screen.

- Z, is the earthing impedance at the cross bonding points. This is further explained in section [3.2.6]

In the button of the figure the screen circuit seen from the cable end is shown. Typical for cross country
cable lines are the connections between minor and major sections placed underground. The impedance
Zmajorsection 18 the equivalent impedance of the complete major section.

Sending end Receiving end
Section A Section B Section C Section D Section E Section F Section G Section H
—ecaen ) ) ) ) ) ) ) p—
—6 Cable #2 ) ) ) ) ) ) ) ,,,,,
—oaen 1 )) : ) ) ; ) : )] ) : ) —
u u L u u \; q
Screen
circuit
Zm Zs, Zcs Zn, Zep Zes Zoy Zyy
—C 7 1 1 i I L W
Zn Zg; Zoy Zp, Zes Zry Zep Zys
—L 7 1 1 i I L W ———
Zps Zgy Zcp Zps Zgy Zr, Zas Ziy
—L - I o T
Z,
Equivalent
screen 5 B
circuit AL 82 C3
—L ]
Zny Zgy Zc, Ziajor section ‘ Zutajor sect
4‘:} [} 1 [}
Zps Zgy
—L ]

v secton
I
Zcp
| S—
Qze] Ze2

Figure 3.10: At the top a cross bonded cable system, consisting of 8 minor sections. In the middle the
electrical circuit formed by the cable screens are shown. At the bottom the screen circuit is
shown seen from one end. Zyq jorsecrion 18 the equivalent impedance of the major section.
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3.2 Screen bounding and grounding methods for cable lines

3.2.5 Cross bonding points

From figure [3.10]it is clear that the link boxes can be divided into two types. For this project these are
named A and B.

e Type A: This type is used in the end of each major section. The screen is directly connected to
ground in the A type boxes. Figure [3.11]show the principle of this box.

#1
o S ) 3
&%) € S

Receiving
end

Link box!

Figure 3.11: Electrical connection in type A link box.

e Type B: This type is used at the point where two minor sections are connected. The cable screen
from the individual screens are cross connected. Screen voltage limiters (SVL) are placed at each
cross connection. The SVL protects the cable screen from damage during high frequency over-
voltages. Figure [3.12]shown the principle of this box.

E Cable ) é 5 ;
#1

Sending ¢ Cable Receiving
end #2 end
Cable
#3

Figure 3.12: Electrical connection in type B link box.
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3.2 Screen bounding and grounding methods for cable lines

3.2.6 Earthing resistance

The earthing impedance can be split up into a earth resistance and a earth inductance equation [3.1]

Zo =R, + joL, Q] 3.1)

The earth resistance R, is defined as the resistance between the points of earthing on the system to an
area designated as neutral ground. Neutral ground is defined by an area which potential will not change
due to any surrounding electrical circuit. [53] p.366].

The earth inductance L, is very difficult to determine accurate, but because of the fact that the impedance
is dependent on the loop of the current. AC current through the earth will not be distributed on all of the
available area, but because of skin effect propagates deeper into the ground. The depth of the current can
be equivalent by using Carson equation [3.2]

d :660\@ m] (3.2)

From the depth it is possible to estimate the inductance equation

d
=2.1077. = m
L=2-10 : [H/ ] (3.3)

Where Dj is the geometrical average area of the conductor, typically determined from tables [53) p.109].
The impedance calculations are based on ideal conditions where the earth is considered homogeneous
and the earth surface is parallel to conductor [S3| p.118].

The earthing resistance is dependent on several things [11} p.4]:

Length/depth of the ground electrode

Diameter of the ground electrode

Number of ground electrodes

Design of the ground system

Soil type and temperature

As indicated above, the earthing resistance is dependent on the physical design of the ground electrode.
Besides the design the resistance is also dependent on the resistivity of the surrounding soil and the
temperature. The resistivity of the soil give an indication of the needed extent of the grounding system,
the resistivity may be determined by the Wenner method [11, p.6]. Soil resistivity of very moist soil
is around 30Qm, for clay soil it is around 100Qm and for sandy clay it is around 150Qm.[11, p.5] In
Denmark the soil has a large contain of sand and clay, for this reason a value between 100 and 150Q may
be expected [16, p.31]. The earthing resistance may also change with the seasons, due to changes in the
surrounding environment. The condition of the earth electrodes may change over time due to corrosion
and change of soil conditions. For these reasons it is required that the earthing resistance is checked
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3.2 Screen bounding and grounding methods for cable lines

regularly. In case the earthing resistance is increased more than 20% the installation should be correction
to lower the resistance by a technician. This also indicates that the value is expected to vary.

The size of the earthing resistances is required not to exceed certain limits depending on the system, it
should protect. For cross bonding point the value is normally between 10 —20€2 [29]].
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3.3 Faults in link boxes

3.3 Faults in link boxes

As described in the introduction, link boxes are subject to faults in the HV cable transmission systems[35]].
The connections inside the boxes are affected from intrusion of moisture. Moisture may, dependent on
the extent and duration, leads to unwanted connections inside the box. Figure[3.13|shows a link box under
inspection. From the figure it is clear that the conductors are corroded due to a presence of moisture.

B

1208y

A\

Figure 3.13: Link box under inspection. The electrical connections and conductors are corroded.[35]]

The corrosion leads to several unwanted phenomena. Connections points may change to high impedance
fault due to poor connections. The moisture may also constitute unwanted connections between different
screen circuits inside the link box. Is moisture present in the box for a long time, the impact of corroded
connections may increase significantly. If nothing is done to prevent the intrusion of moisture the risk
of material to vanish also becomes present. The influences on the electrical connection are dependent
on the amount of moisture and water inside the box. The amount of moisture and water that enters the
box is dependent on several things. E.g. the encapsulation of the box and the environment in which the
box is present. If the box is not airtight there is risk of the condensation due to temperature changes.
The surroundings may change with the seasons, during rain periods the risk of intrusion of moisture is
significantly larger than during dry periods.

In general the presence of moisture and water inside the link box may cause some of the following three
phenomenons:

e Impedanse between connections changes
e Unwanted connections may appear
e Disconnection of conductors.
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3.3 Faults in link boxes

It is not possible to foresee the placing of the moisture and water, any combination of the three listed

phenomenons may occur. In order to analyze the above mentioned phenomenon, a number of fault causes

are set up. These are subdivided according the two link box types.

The fault condition for type A link boxes will be:

e Case #1A:
o Case #2A:
e Case #3A:
o Case #4A:

Disconnected screen conductor

Unwanted short circuited between screen conductors
Unwanted ground connection of a single screen conductor
Disconnected ground conductor at star point connection

The fault condition for type B link boxes will be:

e Case #1B:
Case #2B:
Case #3B:
Case #4B:
Case #5B:

Disconnected screen conductor

Short circuit between screen conductors

Ground connection of a single screen conductor

Short circuit SVL

Disconnected ground connection at SVL’s star point connection

For each case the electrical circuit for a complete major section is shown. This will later be used for the

measuring method analysis.
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3.3 Faults in link boxes

Type A Link Box failure types

Case #1A
This fault condition have the screen conductor at cable #1 disconnected. The ground connections are
intact, as shown in figure [3.14]

E Cable ) éj ;
#1

Sending ¢ Cabie /m Receiving
end # J \ end
Cable
#3 J kj E%

Link box

Zs

Figure 3.14: Type A link box with a disconnected screen conductor at cable #1.

Seen from the sending end two of the screens will still be connected to ground whereas the last screen
conductor will be open-ended. Seen from the receiving end the three screen conductors will still be
connected to ground. In case of a corroded connection the faulty screen conductor should be represented
as series fault impedance with a finite value. Equivalent screen circuit of the faulty major cable section

is shown in figure

777777777 SectionF - _______ Section G

Zct Zp2 Zes3 Zri ,,,gi,,, Ze2
-1 o apuui
 E— e e S
Zcz ZD3 ZE1 ZFZ ZG3
/— 1 ] -
-] L Ll o

gzm

Figure 3.15: An major section with a disconnected screen conductor at cable #1 in a type A link box.
Equivalent screen circuit of the major section with the disconnection.
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3.3 Faults in link boxes

Case #2A
This fault condition have an unwanted connection between the screen conductors of cable #1 and #2.
The ground connections are all intact, as shown in figure [3.16

E Cable ) é 5 ;
#1

Sending " Cable Receiving
end #2 end
Cable
#3

Figure 3.16: Type A link box with a unwanted connection between the cable screens at cable #1 and #2.

The unwanted connection between the screen conductors may most likely have higher impedance com-
pared with the star connection. Therefore the short circuited between the screen conductor at cable #1
and #2 represented as a fault impedance Zr. Equivalent screen circuit of the faulty major cable section
is shown in figure (3.17

| | |
| | |
I ! i j W ‘
i l i i l | o
Sending | ! ! ! Receiving
end Lo U B ] ] I ] O end
ZC3 ZD7 ZEZ ZF3 ZG1
—{ ] L | L1 L | L+
Zct Zp2 Zg3 ZFrq Zs2
| E— | E—
Zco Zp3 Zg Zp> Zr Zs3
[ 1 [ 1 [ 1
-] L] L] L fF— L+

@ ze1

@ ze2

Figure 3.17: An major section with a unwanted connection between the screen conductors of cable #1
and cable #2 in a type A link box. Equivalent screen circuit of the major section with the
unwanted connection.
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3.3 Faults in link boxes

Case #3A
This fault condition have an single screen connection to ground at cable #1 . The connections to ground
are all intact, as shown in figure [3.1§]

Cable
#1
Sending " Cable
end #2 J

Cable
#3

Receiving
end

L,

Figure 3.18: Type A link box with a unwanted ground connection. The ground connection is located at
the sending end of cable #1’s screen conductor.

The unwanted ground connection may most likely have higher impedance than the conductor connection
to the star point. Therefore is the faulty connection represented as the fault impedance Zgr. Equivalent
screen circuit of the faulty major cable section is shown in figure [3.19]

SectionC - ————— SectionD - __, SectionE -, SectionF - __, Section G
Cable

Sendin Receiving
end end
Zcs Zs1
Zcq Zp2 Ze3 Zry Zao
| E— | E—
Zcz Zp3 Zes Zr2 Zr Zs3
- —
| E— | E— 4

QZM DZZ

Figure 3.19: An major section with an unwanted ground connection at the screen conductor of cable
#1 in a type A link box. Equivalent screen circuit of the major section with the unwanted
ground connection.
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3.3 Faults in link boxes

Case #4A
This fault condition has total disconnection of the ground conductor at the star point. All six screen
conductors have intact connections to the star point, as shown in figure[3.20]

E Cable ) é} ;
#1

Sending (" Cable /mReceiving
end # J \ end
Cable
#3 \j Eg
T
T inkbox
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Figure 3.20: Disconnected grounding at the star point connection.

In case of a corroded connection the faulty ground conductor should be represented as series fault
impedance with a finite value. This fault condition will affect all of the six screen conductors due to
the star point connection. Equivalent screen circuit of the faulty major cable section is shown in figure

Figure 3.21: An major section with a disconnected ground connection at the star point connection in
a type A link box. Equivalent screen circuit of the major section with the disconnected
ground connection.
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Type B Link Box failure types

Case #1B
Fault condition where the screen conductor at cable #1 disconnected. All other connections are intact, as

shown in figure[3.22]
E Cable ) é 5 ;
#1

Sending ¢ Cable /m Receiving
end # _J AN end
Cable
#3  J \j E%
7

JU

Link box:

Figure 3.22: Disconnected cross bonding between cable # 1 and #2.

At the sending end of the major section the screen conductor of cable #1 is disconnected. At the receiving
end the disconnection will occur at the screen conductor of cable #3. Equivalent screen circuit of the
faulty major cable section is shown in figure In case of a corroded connection the faulty screen
conductor should be represented as series fault impedance with a finite value.
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Figure 3.23: An major section with a disconnected screen conductor at cable #1 in a type B link box.
Equivalent screen circuit of the major section with the disconnection.
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3.3 Faults in link boxes

Case #2B
Fault condition at the sending end where the screen conductors of cable #1 and #2 are short circuited.
All other connections are intact, as shown in figure[3.24]

Cable
E; #1 ) é 5 ;g
Sending ¢ Cable
end #2

Receiving
end

Figure 3.24: Short circuited screen conductors at sending end.

At the sending end of the major section the screen conductors of cable #1 and #2 is short circuited. At
the receiving end the short circuit will occur between cable #1 and #3. Equivalent screen circuit of the
faulty major cable section is shown in figure[3.25] The short circuit is represented as the fault impedance
ZF.
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Figure 3.25: An major section with short circuit between the screen conductors of cable #1 and #2 at
sending end in a type B link box. Equivalent screen circuit of the major section with the
short circuit.
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3.3 Faults in link boxes

Case #3B
Fault condition at the sending end where the screen conductor of cable #1 is grounded. All other con-
nections are intact, as shown in figure [3.26]
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Figure 3.26: Ground connected screen conductor at sending end.

At the sending end of the major section the screen conductor of cable #1 is grounded. At the receiving
end the screen conductor of cable #3 will be grounded. Equivalent screen circuit of the faulty major
cable section is shown in figure The grounding is represented as the fault impedance Z.

Figure 3.27: An major section with ground connected screen conductor at cable #1. The grounding is
located in a type B link box at the sending end. Equivalent screen circuit of the major
section with the ground connection.
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3.3 Faults in link boxes

Case #4B
Fault condition where a SVL is short circuited. All other connections are intact, as shown in figure [3.28]

E Cable ) é 5 ;
#1
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Cable
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,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 3.28: Short circuited SVL.

There are direct connection between the potential of the screen, at cable #1(sending end) and cable
#2(receiving end), and ground potential. Equivalent screen circuit of the faulty major cable section is
shown in figure[3.29] The short circuit is represented as the fault impedance Z¢. It may be seen that case
#3 and #4 is identical if the casing is grounded.

Figure 3.29: An major section with a short circuited SVL. Equivalent screen circuit of the major section
with the ground connection.
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3.3 Faults in link boxes

Case #5B
This fault condition has total disconnection of the ground connection at the star point of the SVL’s. The
cross bonding is intact, as shown in figure [3.30}
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Figure 3.30: Disconnected grounding at the star connection of the SVL’s.

In case of a corroded connection the faulty ground conductor should be represented as series fault
impedance with a finite value. This fault condition will not affect the cross bonded system in normal
operation mode. Equivalent screen circuit of the faulty major cable section is shown in figure [3.31]
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Figure 3.31: An major section with a disconnected ground connection in a type B link box. Equivalent
screen circuit of the major section without the ground connection.
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3.3 Faults in link boxes

In Table 3.1] and 3.2] it is determined whereas the above cases have an unintended effect on the cross
bonding during normal operation. The tables are only valid for one fault condition per major section.

Affects the cross bonding
Case at normal operation condition

#1A (YES)
#2A NO
#3A NO
#4A (YES)

Table 3.1: Fault conditions in type A link boxes

Case #1 A and #4A in Table will affect the cross bonding if the cable line is exposed to unbalanced
faults or unbalanced load conditions.

Affects the cross bonding
Case at normal operation condition

#1B YES
#2B YES
#3B YES
#4B YES
#5B NO

Table 3.2: Fault conditions in type B link boxes

All the fault cases in table [3.2) affects the cross bonding, except for case #5B. The condition of type B
link boxes should have a high priority in order to ensure that the cross bonding serves as intended.
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3.4 Measuring techniques for cross bonded cable systems

The state of the art analysis, showed that there existed no methods in respect to determine the condition
of a cross bonded screen circuit. This section will analyze three known fault detection methods:

e Resistance (DC source)
e Impedance (AC source)
e Travelling wave (Impulse)

The methods will be evaluated in relation to their ability to determine the condition of the link boxes and
to locate a faulty link box.
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3.4.1 Resistance method
Screen to screen measurement

A simple technique to determine if the screen circuit is faulty is to apply a low voltage DC source to

the cable screen at the end of the line. From figure [3.10 on page 22]it can be seen that any combination

formed by two cable screen ends should be electrical connected through the third cross bonding point
and the resistance might be estimated by direct resistance calculations [46l p.30]

R

v
- ] (34)
q

Where p is the resistivity of the screen material, / is the total length of the measuring loop and q is the

cross section area of the screen. The connections points represent a fraction of the measured resistance.
In the calculations this is not included, in order to simplify the analysis. The measuring circuit is shown

in figure

Ra1 Rg2 Rcs
L1 | I | I
Raz Res Re1
| I | |
Raz Re1 Rc.

1
L1 | I | I

Figure 3.32: Measurement circuit for screen to screen measurement.

By measuring the resistance between two screen conductors it is desirable to determine if the cross
bonding is faulty or not. If the cross bonding is faulty the measured resistance should revile at which link
box the fault is located.

In case of a short circuit between two cross bonding points inside one of the two first link boxes the
following equations can be derived. The screen circuits may be seen in figure At the figure is also
shown a healthy screen circuit which is use as a reference.

R <(R32 +Rc3+Rps +Rc1) -Rr
eql —

+Rs1 +R Q| (3.5
R32+RC3+RB3+RC1+RF> Al 2] 35

R <(Rc3 +Rc1) -Rr
eq2 —

+Ra1 +Rar +Rpr +R Q| (3.6
Rc3+Rc1+RF> a1 +Rao+ Rpr +Rp3 Q] (3.6)

Where:
Rax, Rpx, Rcy 1s the resistance of the screen conductors. Where x specifies the cable number and A, B and
C specifies the minor section.
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To analyze this measuring technique the fault resistance Rr will be changed in value. The simulation
results shows that a fault resistance with values higher than 1002 have little or no influence on the
measured resistance, it is therefore decided to change the fault resistance in the span 0 — 100Q, in steps
of 1Q. All screen conductors have a resistance of 1. Calculation results may be seen in figure [3.33]
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Figure 3.33: Circuit A) fault in first link box. Circuit B) fault in second link box. Circuit C) no fault
present. Simulation results is shown to the right.

The above figures illustrate the difficulty in locating or even determine whether there is a short circuit
or not. If a fault is present and the measured resistance in the screen circuit is below 4Q it is possible
to locate the fault in the first link box. If the measured resistance have a value between four and 6 it
is not possible to locate the fault it is only possible to say that the screen circuit is faulty. A measured
resistance of five ohms could either mean a fault resistance in the first link box with a value of 12Q or a
fault resistance in the second link box with a value of 3.3Q. In case of a high resistance fault it would be
very difficult to determine the condition of the cross bonding.

Because of the short circuiting of the three cable screens at the third cross bonding point, the method is
unable to detect the condition of the cross bonding points located after the short circuit point.

The resistance measurement determines the resistance between two cable screens. The measure path

does not include any part of the earth circuit and do not achieve any information on the condition of the
earth connection.
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Screen to ground measurement

The resistance method has been used for fault location on Cable systems [34]. The method is today
applied for location of a detected fault on a HV line. This means that the method is applied when a
fault is detected by the line relay protection, for determination of the location of the fault. The method
is relative uncomplicated to implement due to the fact that the necessary equipment already exist, and is
used in the industry. The method is based on resistance measurement performed by applying DC voltage.
This section describes the principle of the resistance method, this is followed by a discussion of how the
method may be converted for measuring the condition of the screen circuit.

Principle of the resistance method

There are several ways of performing this technique, one way is to use the setup shown in figure [3.34]
this setup is called a improved Murray Bridge [34]. On the figure the two parallel horizontal lines are one
healthy and the faulty conductor, the two conductors are short circuited at the far end. Ry is the resistance
of the healthy conductor, R; and R, are the resistance of the faulty conductor from the near and the far
end accordingly, to the fault location.

R
Jor. — & <« Healthy
\ I X conductor

@ Fault location
Faulty

~ R; l R>
[ 1
A o L {:—% “Zonductor
DC
R¢

Figure 3.34: Test circuit for the improved bridge measuring.

Due to the high internal resistance in the voltmeter, the measured voltage is equal to the voltage drop
across R;. The measured current is the current passing through the same resistance R;. When both volt-
age and current are known the size of the resistance is easily calculated. The distance is then determined
by comparing the resistance to fault location and resistance of the whole line. As the figure shows the
method uses the ground as return path for the measurement.

Conversion to screen fault measurement

The resistance method is developed for localization of conductor to earth faults. Because of the circuit
formed by the cable screens of a three phase cross bonded cable system include earth connection, the
method cannot be used directly on the cable screens. The three cable screens are short circuited and

connected to ground at the third cross bonding point, as shown in figure

Although the above method cannot be used for fault location on the screen conductors, it is interesting to
analyze whether the principle of the method can used to detect ground faults in the link boxes of type B.

The equivalent resistance for the four fault scenarios in figure Each are calculated from equation

B3.7-B.I10
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Where:

R.4y 1s the equivalent resistance. Where y specifies the scenario number.

Rax, Rpx, Rcy 1s the resistance of the screen conductors. Where x specifies the cable number and A, B and
C specifies the minor section.

R, is the earthing resistance.

The fault resistance Rr is changed in value. The simulation results shows that a fault resistance with
values higher than 1000€2 have little or no influence on the measured resistance, it is therefore decided to
change the fault resistance in the span 0 — 1000€2, in steps of 1Q. All screen conductors have a resistance
of 1Q. The earth resistance R, have a value of 10Q. Simulation results may be seen in figure [3.35
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Figure 3.35: Circuit A) fault in first link box. Circuit B) fault in second link box. Circuit C) fault in
first link box at a “non-measured” phase. D) fault in second link box at a “non-measured”
phase. Simulation results is shown to the right.

Using this measuring method the condition of entire major section is determined by only one measure-
ment because the equivalent resistance for the four fault scenarios is more or less the same, as illustrated
in figure[3.35] It is possible to measure the presence of a ground fault, if the fault is low resistance mean-
ing less than ~ 50€2. In case of a ground fault with a high resistance this method is not suitable because
the equivalent resistance will become close to the healthy screen circuit resistance and it will therefore be
difficult to distinguish between a faulty and a healthy screen circuit. It is not possible with this method
to distinguish between a fault in the first and second link box due to the very small deviation between
the four equivalent resistances. A significant uncertainty of this method is the grounding resistance it is
known that this will change over time[/L1]]. This will have an influence on the measured circuit resistance
both in healthy condition and faulty condition.
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Sensitivity on fault and earth resistance.

As explained in the above section the earthing resistance will change over time. It is therefore interesting
to analyze what effect a change in the earth resistance has. The analysis will take both the fault and earth
resistance into consideration. The earth resistance is on the span of 5 — 15Q. The fault resistance is on
the span of 0 — 1000Q. The evaluated screen circuit is the first one from the top, shown in figure [3.35]
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Figure 3.36: To the left is a 3D plot of the equivalent resistance as a function of the earth resistance and
fault resistance. To the right is a contour plot of the equivalent resistance

As shown at the contour plot above shows that the equivalent resistance may have the same value with
numerous combinations of fault resistances and earth resistances this means that if is very difficult to
determine the condition of the link boxes.

The equivalent resistance will at low resistive fault be most sensitive to the fault itself. This means
that the fault would be difficult to locate but should be possible to determine that the section is faulty,
see figure [3.36] This is true if the earth resistance does not increase in value. At high resistance fault
the equivalent resistance will be sensitive to the earth resistance as shown in figure [3.36] It should be
mentioned that there at a healthy major section could be measured a resistance that indicate that the
section is faulty. This is the case if the earth resistance has changed to a lower value however, if the earth
resistance increases the section might look healthy but it is faulty.
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Summary of the resistance method

The resistance method is simply and cheap to implement, because measuring equipment are easy acces-
sible. The limitation of the method is one major section, due to the short circuit connection of the screen
circuit.

Screen to screen measurement
Disadvantages:

- High resistance faults can not be detected
- Low resistance faults can not be located.

Advantages:
- Disconnections can be detected
- Low resistance short circuit between cross bonding points in first and second link box, can be

detected.

Screen to ground measurement
Disadvantages

- Sensitive to the earthing resistance, at the cross bonding points
- High resistance faults cannot be detected.

Advantages
- Low resistive earth faults may be detected.

In order to use this method it is necessary to access at least one end of each major section.
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3.4.2 Impedance method

This section first describes the principles of the impedance method. This is followed by two study cases
with faults in the first link box and two study cases with faults in the second link box. Finally there will
be a discussion about additional opportunities with the impedance method.

Principle of the impedance method

The impedance measurements are used for fault localization on OHL and cable systems [54, p.74]. When
the distance protection detects a fault and disconnected the line, by the circuit breakers, it calculates the
fault location by the measured voltage and current at the end of the line, as shown in figure

Ziine
Infeeding _____ y

network Fault
IFault
% Ja\
N
@ UFauIt
Distance
Protection relay -

>

ZLoad

Figure 3.37: Principle of distance protection and measurement of fault impedance.

Using the measured voltage and current, the fault impedance Zgayy is calculated by equation [54]]
where bold letters indicate vectors. The fault impedance is compared to the impedance of the line Zy jne.
By this impedance comparison, the distance to the fault is determined.

UFault
Irauit

Zyaut = [.Q] 3.11)

Definition

The above mentioned fault impedance Zgay¢ Will, in the following sections be referred to, as an apparent
impedance. The apparent impedance is calculated per screen, based on the line-ground voltage at the
infeeding voltage source and the respective screen current. The notation of the apparent impedance will
be Za, Zp and Zc, where the subscript letter referees to screen A, B and C.

In this section the term equivalent impedance Zeq is used. This impedance represents a three phased
electrical circuit where a given number of impedances are lumped together to one impedance per screen.
The notation of the equivalent impedance will be Zega, Zegp and Zegc, Where the subscript letter referees
to screen A, B and C.

Conversion to screen fault measurement

The following study will analyze different ways of using the impedance method, for screen condition
determination. The analysis is based on applying AC voltage to the screen circuit. When AC is applied
to the screen circuit, the ratio between current and voltage be governed by the circuit impedance. Where
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the impedance consist of a resistive contribution, and a reactive contribution.

The resistance is determined by the conductivity and the additional losses (eddy currents, skin effect, and
proximity effect) of the current patch.

The reactance of the screen circuit is determined by the physical lying of the cable system. The screen
of a coaxial cable forms a hollow conductor. The inductance of a three screend cable system can be
determined by equation [3.12][53] p.113].

L=2-10""1n (DD) [H/m] (3.12)

S

In equation [3.12] D is the mutual geometrical mean distance and is determined from the equation shown
in figure [3.38] The self geometrical mean distance Dy is determined from figure 4.5 in [53, p.110]. It
is assumed that the current only flow in the three conductors, and that the material between the forward
and return patch is non magnetic.

D12 D23

D13

D = /Dyy- Do3 - Dy3

Figure 3.38: Calculation of the mutual geometrical mean distance of a cable system is layed in flat
formation.

As explained above the impedance depend on the geometry of the current patch, therefore the impedance
is dependent on how the cables are placed in the ground. For cross bonded cable lines, the cables may
be placed in two ways. In threefold formation or in flat formation, as shown in figure|3.39

© © ©

Figure 3.39: A HV cable transmission line, consisting of three separate cables placed in the ground. On
the left side of the figure the cables are placed in flat formation. On the right side they are
placed in tight triangle.

For the threefold formation the impedances of the three cable screens do not differ because the distance
between each of the three cables are equal. Using flat formation the distance between the cables are no
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longer equal. To compensate for this inequality the cables may be transposed, as a transposed OHL. In
relation to the screen circuit, it is important to distinguish between transposing and cross bonding. A
cable line may be cross bonded, without the cable screens being transposed as shown in figure 3.8] in
section

As described in section [3.2.4] the cross bonded cable screens are connected to ground in every third link
box. This forms a return path for the current through the ground. Under normal operating conditions
will the screen circuit be symmetrical, hence no ground current. In case of a fault in the screen circuit
this will become asymmetrical and thereby will a current flow through ground back to the sources. In
order to calculate the voltages and currents in such a system it is decided to model the cable system in
DIgSILENT, due to the complexity of the entire system.

The model consists of one major section since this measurement technique is limited by the star point
connection in the third link box this is illustrated in the equivalent circuit shown in figure [3.40]
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I Z1st major section, C
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L1
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Figure 3.40: Equivalent screen circuit representation of two major sections.

The DIgSILENT model will be used to analyze two fault conditions:

e Screen to screen fault in the first and second link box.
e Screen to ground fault in the first and second link box.

48 3. Analysis of cross bonded cable systems



3.4 Measuring techniques for cross bonded cable systems

DIgSILENT simulation model

A overview of the simulation model is shown in figure [3.41] The top of the figure is the conductor
circuit and the screen circuit is shown in the bottom. The model is based on cable data from an existing
150kV cable line [42]. The simulation model is explained in appendix [C} The appendix also provides
data used for the model. The DIgSILENT simulation model may be found on the attached CD in the
folder *DIgSILENT".
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Figure 3.41: DIgSILENT model used for impedance method simulations.

The screen faults are applied at the first and the second cross bonding point in the first and second link
box accordingly. In the figure this is terminal 4 and 8. The impedances are measured at the measuring
point in figure [3.41] Before any faults are applied the three apparent impedances at a healthy state is
simulated. Simulation results are shown in table 3.3

Screen impedance  |Z|[Q] ¢ [°]

VAN 0.796 44.23
Zg 0.796 44.18
Zc 0.796 44.18

Table 3.3: Apparent screen impedances of the healthy screen circuit.
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Screen to screen fault at terminal 4

This section consider a screen to screen short circuit at terminal 4 in figure [3.41] The simulated results
provides apparent impedances at the measuring point shown in figure [3.41] The short circuit is applied
between screen @ and b. Due to the cross bonding at the first link box, the faulty screens at the measuring
point will be screen ¢ and a, as shown in figure [3.42]
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Figure 3.42: Equivalent screen circuit of a major section. Fault is applied in the first link box.

In figure [3.42] vectors are denoted with boldfaced letters. Subscript letters denotes screen a, b or c. The
subscript number /-3 denotes the section. Where the first section is between the measuring point and
first link box, second section is between first and second link box and the third section is between the
second and third link box. The screen voltages U,, Uy, and U, and the screen currents I,, I and I, is the
measured quantities used to calculate the screen impedances Za, Zp and Z¢ which is done by equation
The ground loop is represented by two resistances Rey and Rez which are the ground resistance
at respectively the substation and the third link box and an impedance Zg which represent the ground
current return path. This impedance may be determined by Carson equations [53} p.118].

In order to study the influence of the fault impedance between screen a and b a number of simulations
have been carried out. The fault impedance have been changed in value in the span 0 — 50€ in steps of
0.05Q. The fault impedance is purely resistive. Simulation results may be seen in figure and
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Figure 3.43: Apparent impedance magni-
tude where a screen to screen
fault is applied in the first link
box.

Figure 3.44: Apparent impedance angle
where a screen to screen fault
is applied in the first link box.

The impedance of screen b is not affected by the fault. Whereas the impedances of screen a and ¢ drops

50 3. Analysis of cross bonded cable systems



3.4 Measuring techniques for cross bonded cable systems

significant in magnitude for low fault impedances. With a fault impedance of 3Q the screen a impedance
magnitude drops by ~ 8% and screen ¢ by ~ 15%. As the fault impedance gain higher values the two
screen impedances becomes less affected. At fault impedances Zy > 30 it become very difficult to
distinguish between a healthy major section and a faulty one.

The simulations showed that the screen impedance of screen a and ¢ was not with equal magnitude and
angle at low impedance faults. It was expected that these impedances were more or less the same. It is
believed that two things could cause this difference: The asymmetrical condition caused by the applied
fault and/or the flat formation of the cable system.

It is therefore decided to analysis the fault condition more in details to determine what causes the differ-
ence in the two faulty screen impedances.

The analysis is based on the screen circuit shown in figure The screen circuit is simplified by
excluding the ground return path. The return path through the ground may be omitted, since earthing
resistance at the third link box is relatively large compared to the screen circuit impedance. The screen
circuit impedance is less than one ohm whereas the earthing resistance is several ohms [11} p. 5]. All
nine screen conductors are given equal impedance values, which is %ZA, where Zy is screen a healthy
screen impedance as shown in table@ The fault impedance Zy is set to 3Q2

Uq la Za1 Zp2 Ze3
s [ — —
v L L L
Uy I Zpy Zep Za3
—
v LT L | LT
z
Ue [ Zcy F |:l:| Zap Zvs
N—= [— —
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Figure 3.45: Equivalent screen circuit of a major section with a screen to screen fault in first link box.

The three voltage sources are set to 1V RMS and each phase shifted by 120°.

Us= 120
Up= 1/-120 V] 3.13)
U= 12120

The detailed calculations are shown in appendix [A]and the results are presented here.
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The screen circuit shown in figure [3.45] is rearranged to the circuit shown in figure [3.46] The screen
impedances have the given values listed in table [3.4]

Ua Ia Zqu
RO
Equivalent impedance |Z| [Q] ¢ [°]

Up I Zqu

Zeqr 0.678 37.41 @ b,

Zen 0.859  46.93 —

Zeqc 0.678 37.41 Us I, Zogc
—(—_1

Table 3.4: Equivalent impedances. Figure 3.46: Simplified equivalent screen

circuit of a major section.

The screen currents becomes asymmetrical despite the two faulty screens have equal impedances (Zega =
Zeqc), as shown in table@ The asymmetrical currents are caused by the 120° phase shift of the voltage
sources. The voltages are symmetrical, hence the apparent impedances will be asymmetrical, as shown

in table

Calculated Deviation
Apparent impedance |Z| [Q] ¢ [°] |Z|[%] ¢6[%]
7 0.672 42.79 0.9 3.4
7y 0.796 44.23 ~0 ~0
Zc 0.738 34.84 0.6 2.8

Table 3.5: Apparent screen impedances and there deviation to simulated results.

As shown in above table the three apparent impedances have different values and differs less than 1%
in magnitude compared to the simulated results. The deviation may be caused by the simplified screen
circuit. Reason for the difference in the faulty screens are due to the asymmetrical screen circuit caused
by fault impedance and not the flat formation of the cable system. Furthermore this type of fault is
characterized with balanced voltages and unbalanced currents.
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Screen to ground fault at terminal 4

It is now studied how the circuit is influenced by an earth connection in the first link box. The earth
connection is applied by making a single screen to ground short circuit at terminal 4 in figure [3.41] The
fault is applied to screen @ meaning that at the measuring point the faulty screen is screen ¢, as shown in

A

figure 577
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Figure 3.47: Screen circuit of one major section including ground loop. R} indicate screen to ground

fault in the first link box.

The fault resistance R} is the serial connection of the earthing resistance R, at the star connection of the
SVL’s and the actual fault resistance Ry between the cross bonding connection and the housing of the

link box as shown in figure [3.48]

Figure 3.48: Screen to ground fault in link
box. Rp is the fault resistance
and R, is the earthing resis-
tance from the fault to ground
potential.

R, =R.+Ryp [Q] (3.14)
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Grounded voltage source

The fault resistance R} is changed in the span 5 — 50Q in order to study if it is possible to distinguish
between a healthy and faulty cross bonding. As a reference the healthy screen impedances in table [3.3]is
used. The voltage sources are placed in a substation therefore it is believed that the earthing resistance
R.1 is very low 0.1Q or less [2, p. 32]. The voltage sources grounding resistance is therefore set to 0.1Q.
The earthing resistance at the link boxes can have value in the span of 5 — 15Q [[18]][2]. The earthing
resistance at the star point grounding R, in the third link box is set to 10Q. Simulation results of the
measured impedances may be seen in figure and [3.50]
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Figure 3.49: Apparent impedance magni-
tude where a screen to ground
fault is applied in the first link
box.

Figure 3.50: Apparent impedance angle
where a screen to ground fault
is applied in the first link box.

In the above figures simulation results with a fault resistance R} = 10Q are pointed out. If the earthing
resistance is 10Q at the first and third link box and a ground fault is present in the first link box the
deviation between the faulty and healthy cross bonding is low, as shown in table Determining the
condition of the cross bonding would be difficult due to measurement errors.

If a similar fault happens in the second link box the maximum deviation between healthy and faulty
condition is &~ 1.3% in impedance magnitude and =~ 1.5% for the angle. Based on the very small deviation
this measuring technique is not a very good solution.

Apparent impedance |Z| [%] ¢ [%]

VAN ~07 =04
7y ~02 =~07
Zc ~32 =30

Table 3.6: Apparent impedances deviation compared to healthy screen conductor impedances.
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Ungrounded voltage source

In order to improve the measuring technique the effect of the grounding is studied. From a practical point
of view the voltage source grounding is the simplest one to disconnect. Removing this grounding the
voltage sources will become “floating” as shown in figure The current path in the ground is now

reduced only to be between the faulty link box and the solid grounded star point connection in the third
link box.
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Figure 3.51: Screen circuit of one major section. Screen to ground fault in the first link box.

A simulation with floating voltage sources are carried out. The simulation results are shown in figure
[3.52]and [3.53] Simulation parameters are identical to the previous simulation in section [3.4.2]
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Figure 3.52: Apparent impedance magni-
tude where a screen to ground
fault is applied in the first link
box.

Figure 3.53: Apparent impedance angle
where a screen to ground fault
is applied in the first link box.

The simulation results are significantly different when the ground connection is removed at the voltage
sources. As shown in table the faulty screen has decreased more than 30% in magnitude from the
value of a healthy value. This improvement should make the measuring technique suitable for detection
of a fault in the screen circuit and it may even be possible to determine the location of the fault.
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Apparent impedance  |Z| [%] o [%]

VAN ~199 ~-335
VA ~22.6 ~31.1
Zc ~ —35.7 ~ 1.7

Table 3.7: Apparent impedances deviation relative to healthy state. With floating voltage sources.

The impedance magnitude of the two non-faulty screens are increased approximately 20% above health
value, which was not expected. This phenomenon is therefore analyzed.

The simulation results showed that the screen currents were not affected by the ground fault and was
still balanced as shown in table[3.8] The symmetrical currents indicate that only a very small part of the
current will flow through the ground.

screen current  [I| [A] ¢ [°]

I 1.27 —43.8
I, 126 —164.3
I, 1.26 76.1

Table 3.8: Measured currents during a single screen fault to ground in first link box. RlF = 10Q.

Based on the above observations the screen circuit shown in figure [3.5T|reduced so the ground loop now
consist of two earthing resistances, as shown in figure[3.54]
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Figure 3.54: Screen circuit of one major section. Ground fault in the first link box, earth impedance
neglected.

The following calculations are based on the screen circuit above. All nine screen conductors are given
equal impedance values, which is %ZA, where Z, is screen a healthy screen impedance as shown in table
The earthing resistance in the third link box R,; is set to 10€2 and fault resistance R} to 10Q.

The three voltage sources are set 1V RMS and each phase shifted by 120°.

Us= 140
Up= 1/-120 V] (3.15)
U= 1/120
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The detailed calculations are shown in appendix [B]and the results are presented here.

The screen circuit shown in figure [3.54]is rearranged to the circuit shown in figure[3.53]
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>
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Figure 3.55: Reduced screen circuit.

The voltage is zero at point F in figure [3.55 due to the ground connection. The voltage at Uppeas, v
increases in magnitude and is phase shifted 180° relative to phase c. This decreases the voltage at Uyeqs,¢
so that the screen current is unaffected as simulation results showed in table[3.8]

The voltage at the measuring point at screen a and b will increase since these voltage is the vectorial
sum of the sources and the neutral voltage. This explain the increase in the measured impedances at the
non faulty screens since the screen currents are the same as for the healthy screen circuit, as illustrated

in figure

< Umeas,b

Figure 3.56: Vector representation of the voltages at the measuring point and the sources during at screen
to ground fault.

In table is the calculated results and there deviation relative to the simulated results. The deviation
may be cause by the simplified screen circuit use for the analysis. Furthermore this type of fault is
characterized with unbalanced voltages and balanced currents.

Calculated Deviation
Apparent impedance |Z| [Q] o0 [°] |Z|[%] ¢[%]
Za 0952 3042 0.3 34
Zg 0958 57.35 1.8 1.0
Zc 0.526 43.72 2.7 2.7

Table 3.9: Apparent impedances and there deviations to simulated results.
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Screen to screen fault at terminal 8

This section considers a screen to screen short circuit at terminal 8, hence a fault in the second link box.
The simulation results provides apparent impedances at the measuring point shown in figure [3.41] The
short circuit is applied at terminal 8 between screen b and ¢. Due to the cross bonding at the two link
boxes the faulty screens at the measuring point will be screen ¢ and a, as shown in figure
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Figure 3.57: Equivalent screen circuit of a major section. Fault is applied in the second link box.

In order to study the influence of the fault impedance between screen b and c¢ in the second link box,
a number of simulations have been carried out. The fault impedance have been changed in the span
0 —50Q in steps of 0.05Q. The fault impedance is purely resistive. Simulation results may be seen in

figure [3.58|and [3.59]
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Figure 3.58: Impedance magnitude where a Figure 3.59: Impedance angle where a
screen to screen fault is applied screen to screen fault is applied
in the second link box. in the second link box.

As the above figures illustrates the simulated fault impedances have similar characteristics as the simula-
tions performed in section[3.4.2] This make the fault localization difficult, it is not possible to distinguish
between a low resistance fault in the second link box and a high resistance fault in the first link box.
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Apparent Simulated Deviation
screen impedance 1Z| [Q2] o[°] |Z|][%] o[%]
Simulation results first link box

VAN 0.679 4348 -14.7 ~0

7y 0.796 44.18 ~0 ~0

Zc 0.734 3585 -7.8 -18.9

Simulation results second link box

VAN 0.765 43.72 39 1.2

73 0.792 4422 0.5 ~0

Zc 0.784 42.14 1.5 4.6

Table 3.10: Apparent screen impedances and there deviation to healthy state.

A screen to screen fault is more pronounced when applied in the first link box, as shown in table [3.10]
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Screen to ground fault at terminal 8

This study case considers a screen to ground fault applied at terminal 8. The fault was applied between
screen conductor b and ground potential. Due to the cross bonding the faulty screen at the measuring

point is screen ¢ as shown in figure[3.60] The voltage sources are chosen to be floating as the analysis in
section concluded as the most useful source connection.
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Figure 3.60: Equivalent screen circuit of a major section. The screen to ground fault is applied in the
third link box.

In order to study the influence of the fault impedance between ground and the screen conductor, a number
of simulations have been carried out. The fault impedance has been changed in the span 0 — 50Q2 in steps
of 0.05Q. The fault impedance is purely resistive. Simulation results may be seen in figure [3.61] and
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Figure 3.61: Apparent impedance magni- Figure 3.62: Apparent impedance angle
tude where a screen to ground where a screen to ground fault
fault is applied in the second is applied in the second link
link box. box.

As the above figures illustrate the simulated fault impedances have similar characteristics as the simula-

tions done in section This does fault localization difficult it is not possible to distinguish between
a low resistance fault in the second link box and a high resistance fault in the first link box.
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Apparent Simulated Deviation
screen impedance 1Z| [Q2] o[°] |Z|][%] o[%]
Simulation results first link box

VAN 0.939 2882 179 -34.8

7y 0.985 57.04 237 29.1

Zc 0.517 46.80 -35.1 5.9

Simulation results second link box

VAN 0.865 36.51 8.7 -17.5

73 0.894 5098 123 154

Zc 0.647 4502 -18.7 1.9

Table 3.11: Apparent screen impedances and there deviation to healthy state.

A screen to ground fault is more pronounced when applied in the first link box, as shown in table [3.11]

Additional options with the impedance method

By increasing the screen circuit impedance a larger fault resistance will become detectable. This could
be done by:

e Increasing the measuring frequency

e Series connection of cable systems consisting of several major section

Increasing the measuring frequency
The screen circuit is inductive and the impedance of an inductor is proportional to the frequency as shown
in equation[3.16|[46, p. 387].

Zi=2m-f-L Q] (3.16)

Where:
L is the inductance of the screen.
f is the measuring frequency.

The advantage of this option is that no further changes of the screen circuit must be made, it require
however a voltage source with adjustable frequency which may be difficult to purchase.

Series connection of cable systems consisting of several major section
Considering a cable system with three major sections, as shown in figure The total screen circuit
impedance is increased three times by series connecting the major sections.
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Major Major Major
section —L g section ; ; section q
LM;;suring
point [ [ L
Third Third Third
Link box Link box Link box

Figure 3.63: Principle for a impedance measuring setup where three major section are connected in
series in every third link box.

In order to do so, every third link must be accessed to do the series connection of the sections. If these
boxes are difficult to access this option may be time and cost ineffective.

Section summary

In this section, two scenarios has been studied. Screen to screen fault and screen to ground fault. There
have been made simulations of both cases using the simulation software DIgSILENT. The simulation
results were further studied, by detailed calculations to find the origin of the obtained simulation results.

Screen to screen fault

The screen to screen fault is characterized by balanced voltages and unbalanced screen currents. The two
faulty screens impedances decreases with unequal magnitudes due to the 120° phase shift between the
source voltages. The non faulty screen remains unaffected. Fault localization of this fault type is difficult.

Screen to ground fault

The voltage sources should be floating in order to detect screen to ground faults. The screen to ground
fault is characterized by balanced screen current and unbalanced voltages, hence an increase of the neu-
tral voltage at the star point connected voltage sources. The increase at the neutral voltage leads to an
increase of the voltage at the two non-faulty screens, hence these impedances will increase compared to
the impedance at healthy state. The voltage at the faulty screen will decrease and the screen impedance
too. Fault localization of this fault type is difficult.

Additional options with the impedance method

The impedance method may be improved in order to detect larger fault resistances by increasing the
measuring frequency or by series connection major sections at cable systems consisting of several major
sections.
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3.4.3 Travelling wave method

This section will briefly describe how the travelling wave theory, can be used to determine the condition
of the link boxes.

Travelling wave theory

Any transmission line may be modeled in two ways, either as lumped parameters or as distributed pa-
rameters. The lumped parameter representation is typically used for load flow analysis. The problems
concerning the use of lumped parameter representation, is further explained in Appendix [H| Figure 3.64]
shows a sketch of a two wire transmission line represented by lumped parameters.

S I-1 L2 L3 Ln
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u _—C —_—GC —_—Cs

Figure 3.64: Transmission line represented as lumped parameters [15].

The system is energizes by closing the breaker (S). The energization starts with a current flowing through
(L1), charging (C1). As voltage is established across (C1) current will start to flow through (L2) and so
on. From this explanation it may be seen that from the time the breaker closes, the voltage in the end of
the line is delayed.

To analyze the energization the line is assumed loss less, and thereby no resistance is included the analysis
is based on [[15]. As explained currents starts to flow, charging (C1). Ar after the energization has started
Ax of the line is charged, see equation [3.17

0=CUAx (3.17)

Due to the definition of current I = AQ/as, equation [3.17, may be expressed as equation m

Ax
I1=CU— 3.18
N (3.18)
Obtaining the limit condition of equation 3.18
Ax dx
lim /= lim CU— =CU— 3.19
ps0t T Aemo At dt ©-19)

Since dx/ar is the speed of propagation, this may be substituted by the propagation speed v.

3. Analysis of cross bonded cable systems 63



3.4 Measuring techniques for cross bonded cable systems

I=CUv (3.20)

As the current flows there is created a magnetic flux round the conductor. The magnetic flux induces an
emf, in the loop formed by the conductors and the wave front. The flux linkage may be determined by

equation [3.21] [15].

® = LAxI = LAxCUv (3.21)

The induced emf is, the rate of change of the flux linkage, per rate of time.

dod Ax
— =L — 3.22
7 CUVAt ( )

The limit of the right side of equation[3.22] is shown in equation [3.23]

Ax
lim LCUv— = LCUV* (3.23)
Ax—0 At

d®/qs is the voltage, thereby equation may be written in terms of the propagation speed v, see

equation [3.24]

[m/s] (3.24)

V=

1
VvLC

It may now be seen that the speed of propagation is dependent on the media of the surrounding medium
[15] p.236].

The propagation voltage and current wave are associated according to the surge impedance of the line.
The velocity may be derived from equation [3.20]

cU U
[=CUv=— = — =7, =

L
Jic 7 o (3.25)

The typical surge impedances for OHL is about 400€2, and for cables this is typically about 30 — 80€2.
Because the closer spacing makes the capacitance larger and the inductance smaller [[15} p.237].
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Reflection and refraction

When the current and voltage waves meet a discontinuous point, a part of the wave is refracted and a part
is reflected. This is illustrated in figure [3.65]
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Figure 3.65: Voltage and current wave reflected and refracted at the junction between Z4 and Zg.[[15]]

At the discontinuous point the energy of the reflected and refracted wave equals the energy of the incident
wave, due to energy conservation.
The reflection and refraction coefficients are given by equation [3.26]and [3.27][L5] p.244].

Reflection:
Zp—7Z4
U,=U;- V] (3.26
2=l o [V] (3.26)
Refraction:
2-Zp
Us;=U,;- V] (3.27
3 v Z V] (3.27)

In equation [3.26|and [3.27] Zj is the surge impedance of the media the wave is propagation into and Zy is
the surge impedance of the media the wave is coming from.

3.4.4 Section summary

Due to the above stated reflections, it is expected that these will change during fault conditions. The
travelling wave method may be used to evaluate if the surge impedances in the link boxes have changed.
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3.5 Chapter summary

The analysis of cross bonded cable systems with a number of interesting conclusions. The most important

conclusions are listed below.

State of the art analysis. There was found no literature that describes methods that can be used
to determine the condition of cross bonded cable systems.

Faults in link box. Faults in Type B link boxes will most likely lead to the cross bonding does not
work as intended.

Resistance method. The conclusion was that, it is a simple and well known measuring technique
that can detect both screen to screen fault and screen to ground fault. However the screen to ground
measurements are sensitive to the earthing resistance at both the fault location but also at the third
link box. This is a problem because the earthing resistance most likely will change over time,
hence the healthy state resistance will change which is not desirable. Localization of a fault is
difficult using this method.

Impedance method. This method is simple and well known and can detect both screen to screen
faults and screen to ground faults. By using floating voltage sources is the healthy state screen
impedances not sensitive to the earthing resistance at the third link box. The method may be im-
proved, in order to detected a larger fault resistance, by increasing the measuring frequency or by
series connecting major sections for cable systems consisting of several major sections. Localiza-
tion of a fault is difficult using this method.

Travelling wave method. This method is well known but complex. Screen to screen faults and
screen to ground faults may be detectable due to the change in surge impedance and thereby
changes the reflection/refraction coefficients. Localization of the fault may be possible using this
method.
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Chapter 4

Problem statement

As described in the problem analysis, problems concerning determination and localization of link box
faults may be difficult. Due to the lack of experience within the specific area, this study is based on how
impedance measurements can be used for link box condition determination.

Distance protection is widely used as network protection on transmission lines. Distance relays mea-
sure the line impedance online and compared this to a preconfigured line impedance. The transmission
companies therefore have to measure precisely the line impedance in order to configure the distance re-
lays. Therefore it would be preferable if the measuring equipment already owned by the transmission
companies, could be used for condition monitoring of the link boxes. The main focus of this study will
therefore be a condition evaluation based on impedance measurements.

The use of impedance measurements for link box condition determination will be validated according to
field measurements of the 150kV cable line FRT-NOR. The validation will include a comparison between
simulations and measurements. The validated simulation model will further be used to consider study
cases. The study cases will be selected in collaboration with N1, to represent possible screen circuit
faults, at the cable line FRT-NOR.

The problem formulation is divided into three main topics.

1 General use of impedance measurements, for link box condition determination, including sugges-
tions of how to perform measurements.

2 The above mentioned study cases selected in collaboration with N1.

3 To come up with suggestions on how to perform impedance measurements at lines consisting of
several major sections.

Questions regarding general use and measurements:

e How can the measuring strategy be improved in order to increase the sensitivity according to link
box faults?
e To what extent can line impedance measuring equipment be used for detection of a faulty link box?

Questions regarding study cases:

e The study cases will provide the largest detectable fault resistances for different fault conditions at
the line FRT-NOR.
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Questions regarding lines consisting of several sections:

e How may the impedance measurements be used at lines consisting of several sections?
e To what extent is fault localisation possible, when third link box is accessible?

To answer the general questions, the screen circuit will be studied analytically regarding Sc-Sc and Sc-Gr
fault. It will also be studied analytically if line impedance measuring equipment can be used for measur-

ing of the apparent screen impedances defined in section [3.4.2 on page 46| A simulation model of the

cable line FRT-NOR will be made. The model will be validated according to measurements as earlier
mentioned, and used for study cases.

The detectable resistance from the study cases will be compared to test results form a link box test. The
link box test will be performed using a link box similar to the used boxes at the line FRT-NOR. The link
box will be filled with water and the resistance between the connection points will be measured.

4.1 Delimitations

The condition of the screen circuit is affected by several things e.g. broken conductors as well as un-
wanted connections. The apparent screen impedances, defined in section [3.4.2] are affected in different
ways according to the type of fault. The possibility of localizing a link box fault may depend on how the
apparent impedances are affected and thereby the type of fault, therefore the condition determination is
divided into two main subjects:

e Detection of whether the screen circuit is healthy or faulty
e Determination of the location of a given fault.(in which link box)

Detection of whether the screen circuit is healthy or faulty is the primary task, and the secondary task is
the localisation of a given fault.

The general analysis of the screen circuit regarding improvement of the measuring technique is limited
only to include Sc-Sc and Sc-Gr faults.

The cable modelling will be done in the simulation software DIgSILENT power factory.

The problem analysis provided a short introduction to the travelling wave measuring technique. In co-
operation with the supervisors it is decided that the impedance method is the main focus of this project.
When the field measurements are performed, and time is allow, there will be made travelling wave mea-
surements. The measuring results will be included as a test report. Only if time allows it will an analysis
of the measuring results be performed.

The functionality of the SVLs is not considered.

68 4. Problem statement



4.2 Method

4.2 Method

The project is based on an initial state of the art analysis given in the problem analysis. From the initial
study, it became clear that there is very little knowledge and experience within the area. Therefore
the following study is based on already used fault detection techniques. To study the screen circuit, a
representative simulation model will be made. The model will be validated by comparing simulation
results to full scale test of the transmission line FRT-NOR. The model will be adjusted to represent the
actual circuit for both steady state and for applied screen circuit faults. The adjusted simulation model
will used to analyze the study cases. Parallel to the screen circuit analysis and modeling the electric
characteristic of the water filled link box will examined by performing a full scale test.

4.3 Report structure
The report is divided into seven chapter and an appendix part, as illustrated in figure 4.1}

Chapter 1 - Introduction
The first chapter is the introduction, which explains the background of the project.

Chapter 2 - System description
Physical and electrical parameters of the 150kV cable line FRT-NOR are presented.

Chapter 3 - Problem analysis

The second chapter describe different bonding techniques, followed by an analysis of the possible im-
plementations of already used fault detection techniques to determination the condition of the screen
circuit.

Chapter 4 - Problem statement
Chapter three provide the general questions for the project to answer.

Chapter 5 - Analysis and measuring techniques

The fourth chapter is a study of how the screen circuit is influenced by sc-sc and sc-gr faults. The screen
circuit is evaluated to achieve large sensitivity according to screen circuit faults. Different measuring
techniques are considered.

Chapter 6 - Validation of simulation model
Chapter five is to compare simulation results to measurements, deviations are studied and the model is
corrected.

Chapter 7 - Study cases
Chapter six is to present simulation of specific screen circuit faults. The largest detectable fault resis-
tances are determined.
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Chapter 8 - Cable systems with several major sections
Chapter seven is to consider how the impedance measurements may be used for cable lines consisting of

several major sections.

Chapter 1 Chapter 2 Chapter 3 f Chapter 4 ) Chapter 5 Chapter 6
Introduction System ™ Problem Problem > Analysis and ™ Simulation
description analysis statement measuring model
technique validation
—
Chapter 7 Chapter 8 Chapter 9 Chapter 10 Appendix
Study cases Cable Conclusion ™ Future work >
systems with
several
major
sections
Figure 4.1: Structure of the report.
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Chapter 5

Further analysis of screen circuit faults
and measuring technique

This chapter is divided into two main sections. The first part considers how the screen circuit is affected
by a Sc-Sc fault and a Sc-Gr fault. Methods for analyzing three phased circuits are used to explain
characteristic and it is shown how to affect the circuit to obtain larger influence of a Sc-Sc and a Sc-
Gr fault. The second part describes and discusses the choice of measuring technique, mentioned in the

problem analysis. Finally it is described how the technique is used for practical measurements.

5.1 Analysis of screen circuit faults

The problem analysis showed that a Sc-Sc and a Sc-Gr fault affects the apparent screen impedances. It
was shown that the screen circuit impedance is relative low and therefore only affected by low screen
fault resistances. In order to detect a fault in the screen circuit, using an impedance measurement, the ap-
parent screen impedances have be to be affected by the fault. It will therefore be studied how to achieved
high sensitivity according to screen circuit faults.

Expressions in this chapter are set up for faults in the second link box (SLB). The same approach could
be used for fault in the first link box (FLB). This is chosen because the analysis shows that faults in SLB
affects the screen circuit at least, and therefore determines how large an error resistance can be detected.
This study will first consider how a Sc-Sc fault affects the circuit; this is followed by a study of a Sc-Gr
fault.

Definition

Simulations in this chapter are based on a representative MATLAB model with the following parameters:
R = 0.145Q/km, L = 0.462mH/km corresponding to 0.205Q./45°@50Hz. AC losses, the mutual coupling
between the three screen conductors and the shunt capacitances are not considered. The minor sections
are 1km each. The fault resistance is considered pure resistive. The MATLAB scripts may be found on
the attached CD, in the folder: Matlab.
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5.1.1 Sc-Sc fault

A Sc-Sc fault forms an additional current path in the screen circuit, illustrated by the red arrow in figure
[5.1] Depending on the resistance of the fault, the currents from source U, and Uj, are, for the example
shown below, divided between the fault resistance and the screen element of the third minor section. The
current deviation is based on the relation on the fault and screen resistance.
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Figure 5.1: Principle sketch of one major section of cross bonded screen circuit. Including Sc-Sc fault
in the SLB.

As explained the impedance of the screen circuit is relatively low and therefore the fault resistance also
has to be relatively low to affect the circuit. In order to increase the influence of the fault it may be useful
to increase the impedance of the screen circuit.

By increasing the frequency, both the resistive and reactive part of the screen circuit increases. The
resistance due to increased AC losses from skin and proximity effect [30, p.145] and the reactance
proportional to the applied frequency X; o< f see equation [5.1] [46, p.387]. As mentioned, AC losses
are not considered in this model.

X =27 fL Q] (5.1)

It is therefore studied how an increased measuring frequency increases the detectability of a given fault
resistance.

There is made a mathematical, in order to study how the increased frequency affects the screen circuit,
in respect to screen circuit faults.

To study how the screen circuit is affected in respect to screen circuit faults, by increasing the screen
impedance and how fault affects the screen circuit at different screen circuit impedances it is chosen to
make a mathematical model of the circuit.

The delta connection between the points A, B and C in figure is converted to a star connection. The
conversion is performed at shown in figure[5.2] using equation 5.2} [5.3]and [5.4] [46, p. 392].
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Figure 5.2: Delta to star conversion. Iyy = ————— 54
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Using the delta to star conversion, the screen appear as shown in figure
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Figure 5.3: Screen circuit of one major section. Including Sc-Sc fault in the second link box.

The impedances Zy1, Zy, and Zy3 are dependent on the screen impedance and the fault resistance.

The three impedances of the star conversion are shown as a function of fault resistance in figure[5.4] In
figure the screen circuit is calculated for an applied frequency of 50Hz and in figure [5.4(b)] the
screen circuit is calculated for 360Hz.

The 50Hz frequency is chosen because this is the power frequency and only needs to be transformed to
a lower voltage to be applied as measuring voltage. The 360Hz is chosen to be within the range which
may be supplied by line impedance measuring equipment. The choice of the largest frequency will be
further explained at the end of this section.

The impedances of the star connection Zy1, Zy, and Zy3, are calculated using equation and
When Zy| and Zy, reaches the horizontal green line, and Zy3 reaches the horizontal red line, the screen
circuit equals the healthy circuit.
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Figure 5.4: Values of the star connection impedances in figure as a function of fault resistance, for
an applied frequency of 360Hz.

From ﬁgure@it may be seen that Zy;| and Zy, equals for all values of Rr. It may also be seen that when
the fault resistance Ry is 0Q the two impedances Zy; and Zy, are zero and Zy3 is half the value of one
minor section, due to the parallel connection by the fault.

It is seen that both cases approaches healthy state for increasing the fault resistance. For the situa-
tion where the frequency and thereby the screen impedances is increased the fault resistance affect the
impedance of the delta connection for a larger fault resistance.

To study how the apparent screen impedances are affected, the impedances of the star connection are im-
plemented in the remaining screen circuit see figure[5.3] Using the super position principle explained in
Appendix |A] the apparent screen impedances are calculated and plotted for 50Hz and 360Hz accordingly

in figure[5.5]
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Figure 5.5: Apparent screen impedances as a function of fault resistance. 50Hz applied measuring
voltage. [(b)] 360Hz applied measuring voltage.

The relative deviations from healthy screen circuit are calculated and shown in figure[5.6|
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Figure 5.6: Apparent screen impedances as a function of fault resistance. 50Hz applied measuring
voltage. [(b)| 360Hz applied measuring voltage.

From figure [5.6]it may be seen that the relative deviations of the screen impedances for 0Q fault resis-
tance are identical for S0Hz and 360Hz accordingly. As the fault resistance is increased the deviation
decreases, and the circuit approaches healthy state. It is observed that the deviations are present for sig-
nificantly larger fault resistances (Rr) when the applied frequency is 360Hz than for SOHz.

It is found that a larger fault resistance is detectable if the impedance of the screen circuit is increased.
It would therefore be reasonable to increase the measuring frequency further, in order to gain larger
sensitivity in respect to screen circuit faults. But the limitation may be the resonance points of the screen
circuit. At the resonance points the apparent screen impedances increases very rapidly, and only a small
change of frequency may cause a large impedances change. It may therefore be difficult the measure
close to the resonance points. The resonance points are proportional to both the inductance and the
capacitance of the screen circuit. However the inductance and capacitance are both proportional to the
length of the section. Therefore the resonance points appear at lower frequency for larger sections. This

is further explained in section|5.1.3 on page 80|

The impedance of the screen circuit is, beside the applied frequency, also dependent in the length of the
major section, the cross section area and material of the screen. The impedance of the screen circuit is
larger for long sections and small cross section areas. This also means that large sections provides larger
detectability than short sections. However there is a tradeoff between the length of the section, and the
limitation of frequency increase.

The increase of frequency makes the screen circuit affected by a larger fault resistance, and thereby the
detectability of larger fault resistance is increased.
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5.1.2 Sc-Gr fault

A ground fault affects the screen circuit in two ways:

e There is created a parallel current path through the ground between the two ground connections
e The ground connection which act as reference for voltage measurement is displaced.

Parallel current path

Applying an additional ground connection in one of the link boxes will form a current path through the
ground. The current path is shown by the red line in figure
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Figure 5.7: Principle sketch of one major section of the screen circuit, including ground fault in the
SLB.

The parallel current path through the ground do not lead to any significant decrease of impedance, be-
cause the impedance of the ground path is much higher than the metallic screen conductor equation [5.5]
This is due to the current loop through the ground, which is many times larger. The depth of which the
current will return through the ground may be calculated by Carsons equation[5.6][53] p.118]. At 50Hz
and ground resistivity of 100Q2m the equivalent depth is ~ 1km.

Zb3 <K ngundpath (55) d = 660- \/g (56)

Where:

d is the depth of the equivalent conductor.
p is the resistivity of the soil.

f is the frequency of the applied voltage.

Reference for voltage measurement

By applying floating measuring voltages(U,, Uy, U.) will the symmetry of the voltages at the measuring
points(Upeas,as Uneas,b> Umeas,c) In ﬁgure depends on the screen circuit symmetry, since the reference
of the measured voltages is ground potential.

If the grounding point at the end of the major section is displaced by adding another grounding point
e.g. by a ground fault, the reference point for the voltage measuring is displaced and the voltages at the
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measuring point become unsymmetrical according to ground.

If the measured voltages are unsymmetrical, the apparent screen impedances appear unsymmetrical,
despite the circuit has not changed, but only the potential of the entire screen circuit is displacement,
according to ground. Same characteristic as an earth fault in an ungrounded system, where the voltage
of the faulty phase is displaced to ground potential, making a voltage rise at the two healthy phases. Line
voltage become present at the healthy phases according to ground while the system remain operation [4].

The voltage reference is displaced from the grounding point in the end of the major section towards the
faulty ground connection in one of the link boxes e.g. from point A towards point C in figure

Assuming that the two grounding points in figure are at the same potential, the two earthing resis-
tances in combination with the screen impedance are forming a delta connection. The delta connection
is converted to a star connection as shown in figure [5.8|using equation [5.7] [5.8]and [5.9] [46, p. 392].
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Zp3+Rp +Rez '
B
B
Rpr-R
Figure 5.8: Delta to star conversion. R, = ﬁ 5.9)
b3 F' e2

Using the delta to star conversion the circuit appear as shown in figure Having only one ground
connection point xn, forming reference for the voltage measuring. The ground connection in figure
may be seen as a virtual reference to the circuit, because it replaces the two ground connections in figure
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Figure 5.9: Principle sketch of one major section of the screen circuit, including ground fault in the
second link box.

5. Further analysis of screen circuit faults and measuring technique 77



5.1 Analysis of screen circuit faults

The virtual ground connection forms the voltage reference. Thereby the voltage reference is dependent

on:

e Earthing resistance in the end of the major section and at the position of the fault
e The impedance of the screen element between the fault and the end of the major section.

Earthing resistance in the end of the major section

The influence of the earthing resistance in the end of the major section is studied by performing two
simulations. The simulations show the deviation of the apparent screen impedances in respect to healthy
state, as a function of fault resistance. For the first simulation the earthing resistance in the end of the
major section is 0.1€ and for the second simulation the earthing resistance is 5.

The equations of the star connection are implemented in the remaining screen circuit, using the super
position principle, as shown in Appendix

The fault resistance is increased from 0 — 50€2 and the simulation results are shown in figure [5.10]
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Figure 5.10: Magnitude of apparent screen impedances as a function of fault resistance. Earthing
resistance in the end of the major section of 0.1€Q. [(b)| Earthing resistance in the end of the
major section of 5Q.

From figure [5.10]it may be seen that for both earthing resistance the screen circuit approached healthy
state, as the fault resistance increases.

If the earthing resistance in the end of the major section is increased, the apparent screen impedances
differs significantly more from healthy state, than for the low earthing resistance in the end of the major

section.
Screen circuit impedance

To study if an increase of the screen circuit impedance, influence the affect of a ground fault, there is
performed another simulation. For this simulation the screen circuit impedances are calculated for an
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applied frequency of 360Hz. This is compared to an applied measuring frequency of 50Hz. For both
cases the earthing resistance in the end of the major section is 0.1€2 and the fault resistance is increased

from 0 — 50Q.
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Figure 5.11: Magnitude of apparent screen impedances, as a function of fault resistance, for earthing
resistance in the end of the major section 0.1€Q. (a)| SOHz applied measuring frequency.
360Hz applied measuring frequency.

From figure[5.1T]it is seen that the relative deviations are equal when the fault resistance is bolted 0 for
both frequencies. For an increasing fault resistances the apparent screen impedances approached healthy
state for both frequencies, however the slope at which the apparent screen impedances approaches healthy
state is significantly lower for 360Hz than for 50Hz. Thereby a larger ground fault resistance is detectable

if the screen impedance is increased.

As for the Sc-Sc fault the Sc-Gr fault become more pronounced if the measuring frequency is increased.
The frequency increase is as earlier explained limited by the resonance points, which is further explained

in section [5.1.3 on the following page|
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5.1.3 Consequences of increasing the measuring frequency

When increasing the frequency, the resonance points of the circuit may be considered. The resonance
points may be estimated from the domination capacitances and inductance. The estimation will not pro-
vide the accurate frequency of the resonance points. This is shown by an example based on the cable line
FRT-NOR.

The dominating inductance and capacitance of the FRT-NOR cable line are calculation to 5.12mH and
19.23uF accordingly. Based on the dominating components, the resonance frequency may be calculated
to 507Hz using equation [5.10] The calculation is shown in Appendix [H]

1

resonance — _ —— Hz| (5.10
J 2.my/L-C [Hz] (5.10)

Due to the distributed nature of the inductance and capacitance at a transmission line, the domination
components may not provide the accurate frequency of the resonance point. This is illustrated in figure
[5.12] where the resonance frequency, calculated by the dominating components, are compared to the
same line, represented by 1, 3, and 10 m-sections. Also the exact - model is shown. The exact T-model
is often used as a reference in the frequency domain [[16, p.22].
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Figure 5.12: Frequency spectrum of one, three, ten, equivalent pi, and domination components model.

From figure[5.12]it may be seen that the three m-section representations, is close to the exact . However
17 representation is approximately 100Hz below the others. The resonance frequency calculated by only
the two dominating components is =~ 30% lower that the exact 7.

Thereby using the dominating components as the upper limit, there is a larger margin to the actual reso-
nance point. The MATLAB script including the above calculations may be found on the attached CD in
the folder: Matlab.
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5.2 Measuring technique

The impedances method is based on the three phased apparent screen impedances, calculated by the
voltages according to ground and the current at the measuring point. The problem analysis showed that
the measuring voltage should be floating relative to ground.

5.2.1 Three phased measurement

The three impedances are calculated from the measured voltage and current, when a three phased flota-
tion supply is applied to the screen circuit. This technique is used for FM1 in Appendix |D] using a three
phased auto transformer, which is not star point grounded. The measuring principle is illustrated by
figure[5.13] where the voltages and currents are measured, using a three phased power analyzer.
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Figure 5.13: Three phased measuring principle.

5.2.2 Single phase measurement

For FM2 a single phase impedance measuring equipment is used. This is used in order to study the
possibility of using line impedance measuring equipment for screen circuit condition determination. The
line impedance measuring equipment provide the possibility of performing measurements with increased
frequency, which is reasonable according to the previous section.

The line impedance measuring equipment, available from the cooperating company, is an Omicron
CPC100 and a boosting unit CP CU1. The Omicron equipment apply a specified voltage or current
and frequency within the limits given below:

e Voltage 0 — 500V
e Current 0 — 100A
e Frequency 15 —400Hz

The Omicron CMC365 is used for performing measurements, because the line impedance equipment do
not provide enough measuring inputs.
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Procedure for super position measurement

The equivalent screen impedances are measured using the same procedure as for measuring line impedances.
These are measured from three single phase measurements, using the coupling scheme shown in figure
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Figure 5.14: Measuring setup for screen impedance measurements.

Form the three measurements shown in figure [5.14] three impedances are measured: Zs_p,Zs—c,Zp—c,
these are the impedance of the three loops formed by the three screens.

From the loop impedances the equivalent screen impedances are calculated using, three equations with
three unknowns, as shown by the equations below:

Zeqpn = 1 (Zap+Zac—Zpc)
Zqu = Zp p— Zqu [Q] (5.11)
ZeqC = 7y c— Zqu

The equivalent screen impedances in[5.11]are not equal to the apparent screen impedances, because the
actual circuit according to ground is not considered. To include the influence of the grounding reference
of the screen circuit three additional measurements are required. These are performed as shown in figure
5.15]
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Figure 5.15: Measuring setup for three phased voltage respons, based on the super position method.

From each of the three measurements in figure[5.15|two voltage are needed. The Omicron line impedances
measuring equipment are capable of measuring one voltage and one current, therefore additional mea-
suring equipment is required.

The apparent screen impedances are then calculated based on the measured equivalent impedances. The
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screen currents are calculated by the super position principle, using the equivalent impedances and the
measured screen voltages from figure [5.15] The apparent impedances are then calculated from the vec-
torial sum of the phase and neutral voltage and the total phase current.

The currents are calculated based in the measurements shown in figure

I Tt
a Zqu + (ZeZqB ‘ ‘ZeqC )
/ eqC
I, 2 Ty e [A] (5.12)
I, 2 gl
quJFZeqC
The currents are calculated based in the measurements shown in figure[5.15(b)]
I —
b ZquJF (Ze%A ‘ ‘ZeqC)
! eqC
I, L res [A] (5.13)
" . eqA
¢ Ib Zqu+ZeqC
The currents are calculated based in the measurements shown in figure
. = — U
¢ Zqu + (Zqu | |Zqu )
n o Zqu
I, = e [A] (5.14)
— .. o——eaA
b ¢ Zqu+ Zqu
Using the super position principle, the total screen current is calculated
/ "
Ia,tot - Ia - Ia - Ia
/ "
Ib,tot = Ip— Ib - Ih [A] (5.15)
/ "
Ic,tot = I.— Ic - Ic

Using the super position principle is the neutral voltage calculated. Based on the measurements shown

in figure [5.13]

UNn = Una +Uns + Unc [V] (5.16)

The apparent impedances may now be calculated.

_ Un+Uy

I ud
_ n+Up

Iy = T Q] (5.17)
_ n+Uc

ZC - Icﬁtot

A calculation example is shown in Appendix |[E.3 on page E-14]

A MATLAB script is made to handle the above equations. The script loads six measuring files and six
scale files generated by the Omicron CMC 365. The script may be found on the attached CD, in the
folder: Matlab.
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5.2.3 Data processing of measured signals

As mentioned above the voltage and current curves are measured using the CMC365. From the measure-
ments two thing should be determined:

e RMS value

e Phase angle

The CPC100 is provided with a selective filter so only the signals of interest, at the generated frequency
are evaluated. Due to the lack of measuring inputs at the CPC100, it was chosen to use the CMC356
to record all data. It was decided to filter the recorded data by the means of a digital filter algorithm.
Because the measured currents and voltages are used for impedance and voltage calculations later on,
it is essential that the filter doesn’t affect the magnitude and phase shift of the signal at the generated
frequency. Therefore will the chosen filter be tested as followed.

A peak filter algorithm has been chosen. Figure[5.16|shows the frequency response of a peak filter tuned
to 360Hz. The filter design have been done whit the MATLAB toolbox ’Filter Design’. At the tuned
frequency the filter have unity gain and phase shift of 0°, as shown in the figure. The filter is designed to
a sample rate of 948 1samples/s which corresponds to the chosen sample rate of the CMC 356.

266.395

Frequency: 0.3599354
Magnitude: 9.566747e-011

-20 —202.7161

-40 —139.0371

-60 75.3582

-80 —11.6793

Frequency: 0.3599354

Phase: 0.0265284 —-51.9997

L
(=
(=]

Magnitude (dB)
Phase (degrees)

-115.6786

'
L
[
(=]

—-179.3576

N
=
(=]

—-243.0365

L
@
S

| | I | | | | |
0 0.5 1 1.5 2 25 3 35 4 45
Frequency (kHz)

Figure 5.16: Frequency response of a peak-filter tuned to 360Hz

To test the filter a distorted signal with known frequency’s, amplitude and phase shift is used. Figure
[5.17|illustrate the principle.
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Figure 5.17: Testing the filter design with a know distorted signal.

Two distorted signals with the following frequencies have been generated:

Distorted signal 1

Signall = sin(2m-360-n)
Disturbancel = 0.2sin(27-900 - n) (5.18)
Signallpistorted = Signall + Disturbancel
Distorted signal 2
Signal2 = sin(2n-360-n—%)
Disturbance2 = 0.1sin (2x-900-n+ %) (5.19)
Signal2pistorted = Signal2 + Disturbance2

Where n is a time column vector containing 100 periods at 360Hz with a time step equal to 1/9481.

The distorted signals may be seen in figure
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Figure 5.18: |(a)| Distorted signals. Filtered signals only consisting of the initial signal without the
disturbance.

Figure |5.18(b)| shows the filtered samples marked with * and the initial signal without the disturbance
marked o. The RMS value of the filtered samples (100 periods) was calculated to 0.7071 which is equal
to the RMS value of the initial signal since the amplitude is unity, hence % =0.7071.
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The theoretical approach presented in [12] to calculate the average phase shift (¢) between two signals
has been adapted here to calculate the phase shift between the two filtered column vectors.

The complex cross correlation coefficient is defined as equation @[12],[3 1, p. 124]:

B <VI* >
V< IV >< P>

(5.20)

Where V(Signall) and I(Signal2) are the complex representation of the amplitudes of the voltage and
current, respectively. In this case are the amplitudes represented as real numbers only, and the conjuga-
tion between V and I, denote * in equation has therefore no effect. Equation holds true if and
only if the mean values of the signals are O [31} p. 124].

The cross correlation factor gives a measure of dependence between two signals and is defined within the
following interval; —1 < T" > 1. In the special case where < VI* >= 0 the signals are orthogonal [31] p.
124], hence I' = 0. A correlation factor of I' = 1 indicate that the correlation between V and [ is good,
hence when V increases in value / will do the same and vice versa, analogue to ¢ = 0. A correlation
factor of I' = —1, indicates that V and I are inverted to each other, hence then V increases in value I will
decrease, analogue to ¢ = .

Since the correlation factor in this case only consists of real numbers, it does not provide any information
about / is leading or lagging V. To overcome this is the waveforms are analysed further, which will be
done later.

The average values of the filtered signals are calculated using:[[12]

N
<VI>= 1 Y vi; (5.21)
Ni:I
2 1y 5
<V >=5 L (5.22)
i=1
2 1 al 2
<|P|>= N Y 1] (5.23)
i=1

[12] states that the average power factor between V and I is equal to the magnitude of I', hence |I'| =

cos(9).
By using equation [5.2Tl5.22] and [5.23| the average values of the filtered samples shown in figure[5.18(b)

<VI>=0.25
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<[V >=05

<|P|>=05

By using equation [5.20|T" is calculated to 0.5, hence:

® = arccos(I') = 1.0472 = g

V is the reference and in order to evaluate if / is leading or lagging V the following steps are performed:

Finding a sample (n,.4) there V have a positive peak
Use npeqr and npeqr + 1 to check the slope (o) of 1

If o is positive I is lagging V

If o is negative [ is leading V

In this case o is negative, hence I lagging V this may also be seen in[5.19]

Below here is an extract of the MATLAB syntax used for the calculation of 0.

for i = 1:r

VI(i) = V(i)xI(i);
W(i) = 1(i)*1(i);
(i) = 1(i)*1(i);
end
Vimean = mean(VI) %average value of Vxl
VVmean = mean(VV) %average value of VA2
Ilmean = mean(Il) %average value of 72
phi = acos(Vimean/sqrt (VVFmeanxlIFmean)); %calc phi by using the cross correlation factor
[peak sample] = max(V(1,1000:2000)); %Finding positiv peak @ V
if phi == %I|f phase shift = 0 do nothing
phi = phi;
elseif 0<(1(1,1000+sample+1)—1(1,1000+sample)) %check if | is leading or lagging xF
phi = —phi;
end

5.2.4 Travelling Wave measurement

As mentioned in the problem formulation, travelling wave measurements could be carried out, if time
allows. Travelling wave measurement was performed, and the test report may be found in Appendix
[ The measuring data may be found in the attached CD in the folder: Nors 25-01-2012. As earlier
mentioned it is decided, in cooperation with the supervisors, that the main focus of this study is the
impedance method. For this reason the measurements are not further analyzed.
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5.3 Chapter summary

The summary is divided according to the two main sections in this chapter.

Summary screen circuit analysis

It was found that by increasing the frequency of the measuring voltage and thereby the impedance of the
circuit, the Sc-Sc will affect the apparent screen impedances for larger fault resistances. However the
relative deviation for bolted Sc-Sc faults are not affected by the increased screen impedance.

The influence of the Sc-Gr fault to the apparent screen impedances are found to be dependent on the
impedance of the screen circuit and the earthing resistance at the end of the major section.

If the impedance of the circuit is increased a larger fault resistance will have influence on circuit and
therefore be detectable. The relative deviation, for bolted ground faults are not affected by the increased
screen impedance.

The influence of the ground fault is more pronounced for larger earthing resistance at the end of the
major section.

For the above mentioned reasons there is obtained higher sensitivity according to Sc-Sc and Sc-Gr fault
when the measuring frequency is increased.

Summary Measuring techniques

It is described how the apparent screen impedance may be determined from a sequence of single phase
measurements. This procedure making it possible to use general measuring equipment, and thereby the
method easier to implement for the transmission companies.

There could possible be made an excel spreadsheet calculation of calculation of the apparent screen
impedances, in the same way is for the line impedances, however an additional voltage measurement is
required in order to obtain the reference according to ground.

The method require several calculations in order to determined the apparent screen impedance. These
calculations may lead to increased inaccuracy, and thereby a increased margin is required in order not to
risk an inaccurate measurement cause a wrong condition determination.

The chosen digital filter algorithm does not influence the amplitude of the original signal of interest.
By filtering two signals the filter algorithm does not influence the phase shift (¢) between the signals.
Furthermore is the approach presented in [12] to calculate ¢ found very useful.
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Chapter 6

Validation of simulation model of FRT-
NOR

In this chapter the DIgSILENT simulation model is compared and validated according to measurements
performed during FM1 and FM?2, on the cable line (FRT-NOR). The validation includes the cable line in
both healthy and faulty state and at three different measuring frequencies.

6.1 Simulation model

The cable line between the substations Frgstrup(FRT) and Nors(NOR) has been modeled in DIgSILENT.
The model is shown in figure Appendix |C| provides a detailed description of the cable modeling.
The DIgSILENT simulation model may be found on the attached CD in the folder *DIgSILENT’.

Bl
20e)
01

Link Box

Main conductor circuit

= (Cross bonded screen circuit
=== Single point grounded circuit

ECC circuit

Ref. voltage source for short circuit calculation

Figure 6.1: DIgSILENT model of the cable line FRT-NOR. Letters indicate the transposition.
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6.2 Model validation

Key parameters of the model are listed below:

Earthing resistance in first link box: 0.2Q.
Earthing resistance in second link box: 7Q.
Earthing resistance in substations link box: 0.1Q.
Voltage source Uy: 1£0.

Voltage source Up: 1/ —120.

Voltage source Uc: 1£120.

The letters in figure [6.1]illustrate the transposition of the core and screen conductors.

6.2 Model validation

In order to validate the simulation model, the simulated apparent impedances are compared to measured
apparent impedances. The impedances are compared according to measurements performed during Field
measurement 1(FM1) and Field measurement 2(FM2), described in Appendix [D]and [E]

6.2.1 Model validation according to FM1

First the simulation model is validated according to FM1, for the screen circuit conditions given below:

Healthy screen circuit.

Screen to screen fault in first link box. (Sc-Sc FLB)
Screen to ground fault in first link box. (Sc-Gr FLB)
Screen to screen fault in second link box. (Sc-Sc SLB)
Screen to ground fault in second link box. (Sc-Gr SLB)

A fault resistance of 2.6Q is applied between Sc-Sc and Sc-Gr accordingly. There is selected a low
resistor in order to obtain a clear effect on the circuit.

FM1 is a three phase measurement at power frequency (50Hz), performed in substation Nors. The
measuring setup is shown in figure[6.2] The galvanic separation transformer provides floating measuring
voltages. The autotransformer is used to decrease the applied voltage. The measurements are performed
by using a three phased power analyzer. A detailed description is given by the test report in Appendix [D}

Galvanic separation P !
External Grid transformer Auto ower analyzer
3x400V 400/230V transformer
%
@@ System under
)A‘A

~ test

Figure 6.2: Sketch of measuring setup for impedance measurement, FM1.
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The validation is divided into two parts:

1 In the first part the healthy screen circuit is considered. When the screen circuit is healthy, the
circuit is symmetrical and no current flow through the ground. In this way, the validation is lim-
ited only to include the screen loop and not the ground loop. The deviations of apparent screen
impedance are calculated using equation[6.1] and the relative deviations are calculated by equation
6.2

AZ = Zsim - Zmeas (61)

Zsim — Zhealthy

AZrefHealthy = (62)

Zhealthy

2 In order to study the behavior of the simulation model and the actual screen circuit during faults,
there is performed a trend study. The trend study compares the deviation of screen impedance
according the healthy state for the simulations and measurements. The deviations are calculated

using equation[6.3]

AZ,, = Zfautt = Zhealthy (6.3)

Zhealth y
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Healthy screen circuit at 50Hz
Simulations are compared to measurements for the healthy screen circuit in table[6.I] The deviations are
calculated by equation [6.T]and the relative deviations by [6.2]

Screen  Measured Simulated Deviation Relative deviation
Zsim [Qlo] Zmeas [Qlo] AZ[QAO} AZre[%l%]
A 24574545 2257442 —-0.20£-1.25 —8.15£4-2.75
B 2.47/46.19 225/442 —-0.22/-—1.99 —8.92/—-4.31
C 247/4558 2.25/442 —-0.22/—1.38 —-891/-3.03

Table 6.1: Comparison of simulated and measured impedances for the healthy screen circuit at S0Hz.

From table [6.1] it is seen that the apparent screen impedances deviate 8 — 9% from measurements for
all three screens during healthy state. The worst case measuring accuracy of the inductance for FM1 is
+0.28% calculated in Appendix

Trend Study according to FM1 - S0Hz

Because of the deviations during healthy state the trend study may not act as expected. The trend study
is shown by table [6.2]to [6.5] The relative deviation of the individual screen impedances according to
healthy state, is calculated by equation [6.3]and listed.

Sc-Sc FLB Sc-Sc SLB
Screen Measured Simulated Screen Measured Simulated
AZ,e[%A%] AZre[%é%] AZre[%é%] AZ,E[%L%]
A 0.37£0.09 0£0.05 A 2.44/14.76 0.8920.45
B —31.81£2.55 —32.89/1.92 B —15.70£26.06 —6.67/13.78
C —19.92/45.06 —23.56./43.21 C —17.43/5.59 —11.11£0.07
Table 6.2: Trend of simulations and mea- Table 6.3: Trend of simulations and mea-
surements according to healthy surements according to healthy
screen circuit, for Sc-Sc fault in screen circuit, for Sc-Sc fault in
FLB at 50Hz. SLB at 50Hz.
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Sc-Gr FLB Sc-Gr SLB
Screen Measured Simulated Screen Simulated Measured
AZ,o[% £ %) AZ, o[ £ %) AZ,o[% £ %) AZ,o[% £ %)
A 4.07£5.13 2.67/0.05 A 0.00£—-0.20 —2.64/13.55
B 3.6526.30 1.33/7.24 B 0.40£0.70 —7.80£9.42
C —25.51/11.25 —23.56/11.52 C —2.20£2.3  —12.88/17.44
Table 6.4: Trend of simulations and mea- Table 6.5: Trend of simulations and mea-
surements according to healthy surements according to healthy
screen circuit, for Sc-Gr fault in screen circuit, for Sc-Gr fault in
FLB at 50Hz. SLB at 50Hz.

From table[6.21to[6.3]it is seen that the simulation model behave in the same manner as the measurements
of the actual circuit. The trend differs by 0 — 4% for faults in FLB and 1 — 9% for SLB. Based on these
observations it is concluded that the measuring technique can be used.

Improving the accuracy of the simulation model

Table [6.1| showed that the simulated apparent screen impedances of the healthy circuit are 8 — 9% lower
than the measured. The measuring accuracy is calculated to 0.28% in Appendix [D] The deviations are
significantly larger than the measuring accuracy. For this reason are the deviations studied further. From
table [6.1] it is seen that the deviations are very similar for the three screens. Therefore further analysis
are focused on screen A. The measured and simulated screen A resistance and reactance are calculated
and shown in table

Screen Resistance Reactance
] Q]
Measured Screen A impedance 1.72 1.75
Simulated Screen A impedance 1.61 1.57

Table 6.6: Measured and simulated screen A resistance and reactance.

Table [6.6] shows that the simulated resistance is ~ 6.4% lower than the measured. The resistance of the
simulation model is based on the routine test report performed on the exact cable, and therefore consid-
ered highly accurate. The resistance deviation is therefore expected to be due to poor connections at the
measuring setup, test cables, inaccurate temperature adjustment and inaccurate measuring equipment.
This is studied further in the following section.

The reactance is =~ 10.3% lower than the measured. The deviation of reactance could be caused by the
exact geometry of the cable line. It is considered not possible to keep an exact distance between the
cables of 0.3m, for the entire cable line. Therefore the sensitivity of reactance according to the distance
between the conductors are studied.

The distance between the cables are de- and increased as illustrated in figure and the correspond-
ing screen impedance and reactance are shown in table [6.7, The comparison is performed for screen
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A at 50Hz. The distances between the cables are 0.25,0.30,0.35,0.4m accordingly. The deviation is
calculated relative to a distance of 0.3m, which should be the distance between the cables.

0.25m 0.25m
0.30m 0.30m
0.35m 0.35m
0.40m 0.40m

Figure 6.3: De- and increasing the distance between the cables, to study the deviation of reactance.

Distance Simulated impedance Simulated reactance Relative deviation
Zin[Q2L°] X/[Q) AX;_,[%]

0.25m 2.15441.7 1.43 -89

0.30m(reference) 2.25/44.2 1.57 0

0.35m 2.33/46.2 1.68 +7.0

0.40m 2.40£47.9 1.78 +13.4

Table 6.7: Deviation of apparent screen reactance, relative to the distance between cables at SOHz.

From table it is seen that the reactance increases == 7% for an increase of 0.05m between the cables.
The relative deviation of the reactance was calculated to 10.3%. Therefore the distance between the
cables in the simulation model is increased to 0.35m.

The accuracy of FM1 measurements are in appendix [D|calculated to 0.28%, and the accuracy may there-
fore not cause the deviation. But it was found that the power analyzer has not been calibrated recently.
It could therefore be reasonable to question if the high accuracy of the power analyzer is still obtained.
It is decided to compare simulation results including the increased distance between the cables, to mea-
surements from FM2.

6.2.2 Model validation according to FM2

FM2 is performed in substation Nors, at the same cable line as FM1. For FM2 the apparent impedances
for different frequencies are calculated from a sequence of single phase measurements using the method
described in chapter [5] The measuring setup is shown in figure [6.4] where the Omicron CPC100 and
CP CU 10 is used as power supply and Omicron CMC356 is used to record measurements. Detailed
description may be found in the test report in Appendix [E]

The accuracy of the CMC365 is typical lower than 0.06% [5]. The apparent impedances are calculated
based on 12 measurements. The worst case accuracy of the measurements are 1.02% including the
accuracy of the current shunts. Even though a number of calculations are performed the total apparent
impedance accuracy is expected lower than 2%.
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. Omicron
External Grid
3x400V |j\07MT64|
@ Omicron H Omicron | CO“P':”Q '7 System under
uni

)
CPC100 CP CUL | test

Figure 6.4: Sketch of measuring setup FM2.

The validation according to FM2 is divided into similar parts as for FM1. First the healthy state is
considered, followed by a trend study for the same four fault conditions. All simulations are carried out
for the increased distance between the cables at 0.35m.

Deviations between simulations and measurements are calculated by equation and compared for
30Hz, 90Hz and for 360Hz in table and[6.10accordingly.

Healthy 30 Hz Measured and simulated

Screen Measured  Simulated Relative deviation

Zmeas| QL% Zgim[QL°] AZ[% £ %)
A 1.92/33.3 1.89/32.1 1.6£3.5
B 1.92/33.5 1.89/32.1 1.6£4.2
Cc 1.92/33.4 1.89/32.1 1.1£4.0

Table 6.8: Comparison of simulations and measurements for healthy screen circuit at 30Hz.

Healthy 90 Hz Measured and simulated

Screen Measured  Simulated Relative deviation

Zmeas [Qéo] Zsim [QZO] AZ[%A%]
A 3.59462.7 3.46/61.8 3.841.5
B 3.59462.8 3.46£61.7 3.841.8
C 3.58£62.8 3.46/61.8 3.5/1.6

Table 6.9: Comparison of simulations and measurements for healthy screen circuit at 90Hz.

Healthy 360 Hz Measured and simulated

Screen Measured  Simulated Relative deviation

Zimeas| QL% Zgim|[ QL) AZ[% /%]
A 15.1£80.6 15.1/80.3 0£0.4
B 15.3/79.9  15.3/79.1 0£0.9
C 152822 15.4/82.2 ~1.320

Table 6.10: Comparison of simulations and measurements for healthy screen circuit at 360Hz.

From the above tables it is seen that simulations and measurements are close to each other. The 30Hz
simulation differ 1 — 4% in respect to measurements, 90Hz simulations differ 1.5 — 3.8% in respect to
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measurements and 360Hz simulations differ 0 — 1.3% in respect to measurements. A fault is more pro-

nounced if the measuring frequency is increased as proposed in Section It is therefore
reasonable that the model fits measurements best, for the highest frequency.

In the previous section where the simulations were compared with the measurements from FM1, there
was found a deviation of the resistance which could not be explained due to the routine test. Therefore
resistance and reactance are calculated for simulations and measurements during FM2, for 30Hz 90Hz
and 360Hz. This is shown in table and where also the resistance and reactance from the
previous section are shown.

Resistance

Screen Measured Simulated Relative deviation

Rmeas [Q] Rsim [Q’] ARW [%]

50Hz 1.72 1.61 6.4

30Hz 1.60 1.60 0.0

90Hz 1.65 1.64 0.6

360Hz 2.47 2.54 2.8

Table 6.11: Comparison of resistance.

Reactance

Screen Measured Simulated Relative deviation

Xineas [Q} Xsim [Q] AXre [%}
50Hz 1.75 1.68 4.0
30Hz 1.05 1.00 4.8
90Hz 3.19 3.05 1.4
360Hz 14.90 14.88 0.13

Table 6.12: Comparison of reactance.

Table[6.11]shows that the measured resistance of FM2 fits much better with simulations. This observation
further supports the questioning of the accuracy of the power analyzer. All of the deviations, with the
exception of one, are below the accuracy of 3.0%. A trend study of 30 and 360Hz is carried out in the
following section.
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6.2.3 Trend study
The trend studies compare the trends of the simulations and measurements results, for the four fault

conditions. The relative deviation of the screens impedances are calculated according to healthy screen
circuit for 30Hz and 360Hz.

Trend study 30Hz

The trend of simulations and measurements for applied 30Hz measuring voltages, are calculated by equa-

tion and compared in table[6.13|to[6.16]

Sc-Sc FLB - 30 Hz

Sc-Sc SLB - 30 Hz

Screen Measured Simulated
AZre[%é%] AZre[%l%]

A —21.84-50.8 —23.3/-52.8
B —29.7/11.4 —30.74£3.3
C 1.0£-0.5 1.6£—-0.8

Table 6.13: Trend of simulations and mea-
surements according to healthy
screen circuit, for Sc-Sc fault in
FLB at 30Hz.

Screen Measured Simulated
AZre[%é%] AZre[%l%]
A —15.148.6 —10.6£0.2
B 1.0£3.4 0£0.3
C —52/—-159 —-58£4£-16.8

Table 6.14: Trend of simulations and mea-
surements according to healthy
screen circuit, for Sc-Sc fault in
SLB at 30Hz.

From table [6.13] and [6.14] it may be seen that the relative deviations of the apparent screen impedances
are very similar for the measurements and the simulations. The largest deviation between measurements
and simulations are ~ 4.5% for a Sc-Sc fault in SLB. It may also be seen that deviation from healthy
state is = 15% more pronounced for Sc-Sc fault in FLB than in SLB.

Sc-Gr FLB - 30 Hz

Screen Measured Simulated
AZre[%é%] AZre[%l%]
A 5.7/1.8 2.1/7.4
B —234/-104 -—-23.84-109
C 2.1£-17.0 42/—5.8

Table 6.15: Trend of simulations and mea-
surements according to healthy
screen circuit, for Sc-Gr fault in
FLB at 30Hz.

Sc-Gr SLB - 30 Hz

Screen Measured Simulated
AZre [%Z%] AZre [%Z%]
A —-47/-03 -2.1/4-1.9
B 0£0.4 054£-04
C 1.0£1.6 1.1£0.7

Table 6.16: Trend of simulations and mea-
surements according to healthy
screen circuit, for Sc-Gr fault in
SLB at 30Hz.

From table and|[6.16]it can be seen that the trend of the simulation is very similar to the trend of the
measurements for the ground fault at 30Hz. The largest deviation is screen A for Sc-Gr fault in FLB for
which the trend differs by ~ 3.6%. By comparing the deviations of FLB and SLB, it is seen that a Sc-Gr
fault is ~ 20% more pronounced for when it is applied in FLB than in SLB.
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Trend study 360Hz

The trend of simulations and measurements for applied 360Hz measuring voltages, are calculated by

equation [6.3]and compared in table to[6.20]

Sc-sc FLB - 360 Hz Sc-sc SLB - 360 Hz
Screen Measured Simulated Screen Measured Simulated
AZre[%é%] AZ,, [%4%} AZ,, [%4%] AZre[%é%]
A —62.6/£—-56.8 —68.9/—55.7 A —36.845.7 —40.7/2.4
B —69.3/2.2 -71.9/—-0.8 B —1.1£-1.3 1.0£-1.3
C 47/ —-2.5 4.8/ —4.5 C -271/4-26.6 —-329/-27.1
Table 6.17: Trend of simulations and mea- Table 6.18: Trend of simulations and mea-
surements according to healthy surements according to healthy
screen circuit, for sc-sc fault in screen circuit, for sc-sc fault in
FLB at 360Hz. SLB at 360Hz.

From table and [6.18]it may be seen that for sc-sc fault the trend of the simulations are very equal to
the trend of the measurements, for an applied measuring voltage at 360Hz. The largest trend deviation is
~ 6% for screen A for fault in FLB.

It is also observed that the deviation according to healthy state is ~ 26% larger for fault in FLB that for
faults in SLB.

Sc-gr FLB - 360 Hz Sc-gr SLB - 360 Hz
Screen  Measured Simulated Screen Measured Simulated
AZre[%é%] AZ,, [%4%} AZ,, [%4%] AZre[%l%]
A 10.7/4.8 13.7/5.5 A —134/-04 —-12.0£0.2
B —-42.4,03 -369/1.9 B 1.6£—-4.38 3.2/—-4.9
C 63/—-10.7 6.1£—-11.5 C 5.5/1.6 4.8/2.4
Table 6.19: Trend of simulations and mea- Table 6.20: Trend of simulations and mea-
surements according to healthy surements according to healthy
screen circuit, for sc-gr fault in screen circuit, for sc-gr fault in
FLB at 360Hz. SLB at 360Hz.

From table [6.19] and [6.20] it can be seen that the deviation of the simulation results are very similar to
the deviations of the measurements. The largest disagreement between the trend of the simulations and
measurements are 3% for screen A in FLB.

It is also observed that the largest deviation from healthy state is ~ 40% for FLB and 13% for SLB.
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6.3 Chapter summary

Due to the significantly better agreement between simulations and measurements performed during FM2
than for FM1, it might be reasonable to question the accuracy of the power analyzer. Furthermore the
last calibration of the power analyzer was 15 years ago, hence the accuracy may no longer apply.

Simulations are compared to measurements for healthy screen circuit and it was found that by increas-
ing the distance between the cables from 0.3m to 0.35m the simulation model fits the measuring results
within 1.6% at 30Hz, within 3.6% at 90Hz and within 1% at 360Hz.

The trend study showed that the trend of the simulations according to Sc-Sc and Sc-Gr faults in FLB and
SLB are equal to the trend of the measurements within a margin of 6%.

From the above assumptions it has been confirmed that a sequence of single phase measurements can be
used to determine the apparent screen impedances.

It is observed that a Sc-Sc fault of 2.6Q affects the apparent screen impedances by ~ 15% more when it
is applied in FLB than in SLB at 30Hz. For 360Hz the deviation is ~ 30% larger for fault in FLLB than
for fault in SLB.

The Sc-Gr fault of 2.6Q affect the apparent screen impedances ~ 20% more when it is applied in FLB
than in SLB for an applied measuring voltage at 30Hz and ~ 30% for 360Hz.

The largest deviations of the simulations according to measurements are 6%, therefore the simulation
model is considered sufficient to be used for performing study cases, in the following chapter.
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Chapter 7

Study cases performed at the cable line
FRT-NOR

This chapter presents four study cases performed at the cable line FRO-NOR. The study cases are ana-
lyzed using the DIGSILENT cable model validated in chapter|6] The detectable fault resistance will be
determined. The result of a link box test is compared with simulation results in order to determine if a
water filled link box is detectable. Fault localization on the FRO-NOR cable line is discussed. Finally, a
sensitivity analysis of selected parameters are carried out.

The following study cases are chosen in cooperation with N1.

e Screen to screen fault. The screen to screen fault represents a short circuit between the two con-
ductors in the bonding cable connecting the link box to the cable joint.

e Single screen to ground fault. The single screen to ground fault is representing a short circuited
SVL.

e Disconnected screen conductor. Disconnected screen conductor in a link box

e 3-screen to ground fault. The 3-screen to ground fault represent a link box filled with water.

The following study cases are all performed with faults in the second link box, unless other is stated. The
study cases are simulated using the DIgSILENT model, described in appendix |C} The simulation model
may be found on the attached CD in the folder: DIgSILENT

In order to determine if a fault is detectable or not an evaluation scheme has been made. The deviation
of the apparent impedance magnitude between healthy and faulty state is divided into two categories.

If a screen impedance differs more than 5% from the corresponding healthy screen impedance, is it de-
termined that the given screen impedance have an abnormal value and the screen circuit have a detectable
faulty link box. If the screen impedance differs less than 5% is it determined that the screen circuit is
healthy. The 5% deviation is attributed to the accuracy of the measurement equipment and the simulation
model’s deviation from the physical system.

The fault categories mentioned above are each indicated with a color. A screen conductor that differs
more than 5% is marked with indicating a detectable fault. Red indicate that the faulty screen
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conductor differs less than 5%, meaning that the fault is undetectable. Figure [7.1]illustrate the division
of the categories. The screen impedance deviation is calculated using equation[7.1]

azry) = () %) .1

‘Z‘healthy

Where |Z|jcqirny may be found in table

The healthy screen magnitudes are used as reference in the following study cases.

Screen At 30Hz |Z|[Q] At360Hz |Z|[Q]

A 1.89 15.1
B 1.89 15.3
C 1.89 154

Table 7.1: Healthy screen impedances at different frequencies.

An example of the fault categories are shown in figure[7.1]

10_ .................. .................... ....................

Figure 7.1: Nllustrates the detectable fault resistance.

The two categories illustrated in the above figure may now be used to determine the detectable fault
resistance.

e Detectable fault resistance Ry < 550
e Undetectable fault resistance Ry > 55Q
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7.1 Screen to screen fault
7.1 Screen to screen fault

A short circuited bonding cable will affect the screen circuit as a Sc-Sc fault, such a fault is shown in
figure[7.2] The bonding cable is the connection between the joint and the link box.

bonding connection
\
!

heat shrinkable tube and
moisture impervious layer

premoulded joint body
\

bonding connection bonding cable
\

Core
conductor

Fault

Screen
conductor

Bonding cable

Figure 7.2: Tustration of the connections between the cable joint and bonding cable. The fault indicates
a short circuit between screen and core conductor in the bonding cable.

A representation of a Sc-Sc fault in DIgSILENT is shown in figure

Figure 7.3: Definition of screen to screen fault.

and 360Hz.

Simulation results are shown in figure Simulations are performed at a measuring frequency of 30Hz

7. Study cases performed at the cable line FRT-NOR
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7.1 Screen to screen fault

S
N
=]
— Al . —AlZ||
% 10 20 30 40 50 =% 20 40 60 80 100
R[al] R[]
(@ (b)
Figure 7.4: Simulation results of a screen to screen fault applied in the SLB at 30Hz and m 360Hz

At 30Hz. At 360Hz.

e Detectable fault resistance Ry < 55€2

e Detectable fault resistance Ry < 6£2
e Undetectable fault resistance Ry > 55Q

e Undetectable fault resistance Ry > 6

By increasing the measuring frequency the detectable fault resistance increases up to 55€2.
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7.2 Screen to ground fault

7.2 Screen to ground fault

A SVL may become faulty due to ageing, degradation of the metal oxide material or moisture penetration
[33]][44]. A faulty SVL may become a short circuit and thereby be represented as shown in figure

]

Figure 7.5: Definition of screen to ground fault.

A shorted SVL is simulated and the results are shown in figure[7.6] The fault is applied in SLB. Simula-
tions are performed with a measuring frequency at 30Hz and 360Hz.

15r 10

A e

g S e g
T aal T
=10 =
_1 5 L
—AlZ
20 :z:A
A
25 E
—AlZ|-
-30 i 15 i
0 10 20 30 40 50 0 50 100 150
R[] R 2]
() (b)

Figure 7.6: Simulation results of a screen to ground fault applied in the SLB at 30Hz and 360Hz

At 30Hz: At 360Hz:

e Detectable fault resistance Ry < 46£2

e Detectable fault resistance Ry < 5€2
e Undetectable fault resistance Ry > 46Q

e Undetectable fault resistance Ry > 50

Since the earthing resistance at the SLB is 7Q, a Sc-Gr fault is not detectable at 30Hz. If the measur-
ing frequency is increased to 360Hz a faulty SVL with an internal resistance of up to 39Q becomes

detectable, hence the earthing resistance is 7€.
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7.3 Disconnected screen conductor

7.3 Disconnected screen conductor

In case a screen conductor is total disconnected, hence the screen is open ended. The screen resistance
is infinity large at a DC measurement. Applying AC to the open ended screen will cause a capacitive
charging current to flow. The charging current will return through the shunt capacitances of the two
healthy screens, hence the applied voltage source is floating.

The open ended screen may be represented as shown in figure The voltage drop across R 4. and
Xl apie 1s relatively small since the charging current represent only a minor portion of the total current in
healthy state, hence U; =~ U,. Based on this assumption is the screen circuit simplified to the total shunt
capacitance of the disconnected screen conductor, as shown in figure

Rcable l Lcable l

I U U, I, U
g NN >
:: I/2CShum -l :: I/ZCshunt -l :: shunt l
// ~ ~
(a) (b)

Figure 7.7: Equivalent circuit of a disconnected screen conductor represented as a pi section.
Simplified equivalent circuit representing a disconnected screen conductor

The shunt capacitance of the total cable length is calculated in appendix [H to 19.23uF. Due to the
length dependency of the shunt capacitance may a disconnected screen conductor in FLB, SLB or TLB
be calculated as a fraction of the total shunt capacitance.

A disconnected screen in TLB at S0Hz:

1
X, = = 165.5Q 7.2
¢ 2m-50-19.23-10-6 (7.2)
A disconnected screen in SLB at SO0Hz:
= ! =248.3Q (7.3)
¢ 2m-50-2.19.23-10°6 T '
A disconnected screen in FLB at S0Hz:
1
.= 1 =496.3Q (7.4)
21-50-5-19.23- 10-6

Simulation results where the screen is disconnected in FLB, SLB and TLB respectively are shown in

table[7.2]
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7.3 Disconnected screen conductor

Screen Disconnection Disconnection Disconnection
FLB [Q2/°] SLB [Q/°] TLB[Q/°]

A 2.2/44.2 2.2/44.2 2.2/44.2
B 47734£—-89.4 239.7£—-89.7 159£—-89.7
C 2.2/442 2.2/44.2 2.2/442

Table 7.2: Simulation results for disconnected screen conductor in FLB, SLB and TLB respectively.

The simulation results in table shows that a disconnected screen will represent a difference of more
than 5% compared to the healthy screen impedance, hence this type of fault is detectable. It is also
observed that the fault impedance is highly capacitive, due to the charging current. Furthermore is it
possible to locate at which link box the disconnection is since the shunt capacitance dependents on the
length of the screen conductor.
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7.4 3-screen to ground fault

7.4 3-screen to ground fault

A 3sc-gr fault may appear if a link box is leaking and is filled with water. This study case will fist
considerer the detectable fault resistance based on simulation results. This is followed by a laboratory
test where a link box, similar to the ones used at the FRT-NOR cable line, is filled with water. The test

results are compared with the simulation results.

7.4.1 Simulation results

The 3-screen to ground fault is represented as shown in figure

FL-L]

EslL-L]

. .
g Fell-L)

]

roue Jrace]

EJL-E

Figure 7.8: Definition of 3-screen to ground fault.

Where: Rf(L—E) = R¢(L— L)+ 7, while the earthing resistance at the SLB is 7.

Ry(L —L) is represented at the x-axis, in figure . The fault is applied in SLB. Simulations are
performed with measuring frequencies of 30Hz and 360Hz.

5 : : 10

812 (%]

40 —AlZ|.} 50 |
0 5 10 15 20 25 ~o 50 100 150
R[] R[]

(a) (b)

Figure 7.9: Simulation results of a 3-screen to ground fault applied in the SLB at 30Hz and360Hz
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7.4 3-screen to ground fault

At 30Hz, figure At 360Hz, figure[7.9(b)}
e Detectable fault resistance Ry < 13Q e Detectable fault resistance Ry < 682
e Undetectable fault resistance Ry > 13Q ¢ Undetectable fault resistance Ry > 68Q

By increasing the measuring frequency the magnitude of the detectable fault resistance was increased
from 13 — 68Q2.

7.4.2 Link box test

The project group has performed a number of tests where a link box has been filled with water. This
was done in order to determine the expected fault resistance of a water filled link box. The complete test
report may be found in appendix

The test showed that the water conductivity is depending on the location at which it is collected.

Link boxes at cross country cable lines will most
likely be installed in farmer’s field. A water sam-
ple from the field, shown in figure [7.10] had the

following conductivity: 6361S/cm. Figure 7.10: The red arrow indicates the
place at which water sample
has been collected.

A water sample was collected from a water hole
placed near by the university, see figure[7.11] The
conductivity was measured to 8531S/cm.

Figure 7.11: Water hole near AAU, where
the second water sample was
collected.

A third water sample was collected form a lake at
the university. The location at which the sample is
taken may be seen in figure[7.12} The conductivity
of the sample is measured to 10401S/cm.

Figure 7.12: Small Lake near AAU, where
third water sample was col-
lected.
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7.4 3-screen to ground fault

A mixture of the samples in figure [7.1T] and [7.12) were used for the test. The conductivity of the mixture

was measured to 8921S/cm. Figure [7.13(a)| shows the water filled link box and the measuring points.
Measuring results are shown in figure[7.13(b)|

291 '
—#—8C-SC|
—¢—5C-gr |
2l gry
27¢

Resistance [()]
N
[+]

25_ F PO PR
| \

23 L | L L I L i
10 20 30 40 50 80 70 80
Voltage [V]

(b)

Figure 7.13: Water filled link box and measuring points. Measured resistances as a function of
applied voltage.

With an applied voltage of S0V the Sc-Sc resistance was measured to ~ 24Q and Sc-Gr ~ 27.5Q.

The Sc-Sc (Sc-Gr) resistance dependents on the conductivity of the water this is further explained in
appendix [G| A resistance interval which corresponds to the conductivities of the collected water samples
are calculated in above mentioned appendix. The interval is shown in figure [7.14]

40r
— o = 1040 uSicm
: — o =636 uSicm

- _
y 307
j
g
R
@ 250
m H

007 T T

15 1 i 1 1 i

0 20 40 60 80 100

Voltage [V]

Figure 7.14: Resistance between Sc-Sc in a water filled link box. The water conductivity is 636 and
1040mS/cm respectively.

Test results showed that resistance interval corresponding to the conductivities of the water samples, was
20 — 35Q as shown in figure [7.14] The simulation results at a measuring frequency of 360Hz showed
that a fault resistance of up to 682 was detectable, hence a water filled link box is detectable.
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7.5 Fault localization

7.5 Fault localization

Fault localization is difficult at the FRT-NOR cable line due to the inaccessible third link box. Figure
m illustrates the deviation of a faulty screen conductor in case of a fault (Sc-Sc, Sc-Gr and 3Sc-Gr).
The faults are applied in the FLB and the SLB respectively. Only if a screen impedance differs more than
50% the fault may be localized to the FLB. If the faulty screen impedance differs less, it is impossible to
localize the fault to an exact link box.

10r

§_30_. B O U OO RUPUE SRR [
= O : - 'lzlsscngLB g
3_40 7 - 'lzlscngLB
-50f ,/ : |Z|SCSCFLB i
60} [.# J T TS OE SUUP TP PP PPPPON e _|Z|35cgrSLB
_70..;/. IR PP U S PUE A PSOPP PP e lzlscgrSLB
a0 ! : : : |Z|5CSCSLB [
0 50 100 150 200 250

R[]

Figure 7.15: The three fault types (3Sc-Gr, Sc-Gr and Sc-Sc) applied in the FLB and SLB.

If the TLB was accessible fault localization would have been possible, since the major section then could
be measured at both ends. In case of a Sc-Sc fault with Ry = 25Q. Measurements would indicate that
one of the faulty screens would differ ~ 10% at one end and ~ 25% at the other, hence the second
measurement indicates that the faulty link box is localized closest to the second measuring site. This
statement is true if the screen conductors are star point connected at the end opposite to the measuring
point of the major section.
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7.6 Sensitivity analysis of selected parameters

7.6 Sensitivity analysis of selected parameters

Table shows the impact of increasing a parameter at the FRT-NOR cable line in respect to the max-

imum detectable fault resistance at 3Sc-Gr, Sc-Sc and Sc-Gr faults. The arrows in the table indicate

whereas the detectable fault resistance increases (1) or decreases ({.).

3Sc-Gr Sc-Sc  Sc-Gr
FRT-NOR(max Ry) [2] 68 55 46

Increased parameter values

Screen cross section area - - -
Minor section length

Flat formation width

— = =
— = =

Tight triangular formation

Grounding resistance at fault location

e

Grounding resistance at TLB - -

Table 7.3: Increased cable system parameters values and there effect on fault detection at a measuring

frequency of 360Hz.

Increasing the cross section area of the screen to 240mm? did not have significant influence at the
detectable fault resistance due to the fact that the screen circuit at 360Hz is mainly inductive.

By increasing the length of the minor sections the detectable fault resistances for all three cases
increases, since the screen circuit impedance is increased.

The screen circuit impedance is increased if the distance between the cables are increased (hence
larger current loop causes larger inductance) and the detectable fault resistance is increased at all
cases.

If the cable system is laid in tight triangular formation the screen circuit impedance is decreased
(current loops between the cables are decreased), hence the detectable fault resistance is decreased.

Increasing the grounding resistance at the faulty link box causes a decrease for the detectable
fault resistance in case of Sc-Gr faults. Because the measurable fault resistance remains the same
namely 46€2, hence a larger portion of the resistance is the earthing resistance.

3Sc-Gr and Sc-Sc faults are not influenced by increased earthing resistance at the faulty link box
or in the third link box(TLB). By increasing the earthing resistance at TLB is the detectable fault
resistance at Sc-Gr faults increased as earlier mentioned in chapter 5]
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7.7 Chapter summary

7.7 Chapter summary

Four study cases have been analyzed for the cable line FRT-NOR and it is concluded that it is possible to
detected all four fault types.

By increasing the measuring frequency to 360Hz is it possible to detect higher fault resistances compared
to a measuring frequency of 30Hz. This is valid for the study cases listed in table

Study case Ry [Q] Comment

3Sc-Gr 68 -
Sc-Gr 39 Repin =7Q
Sc-Sc 55 -

Table 7.4: Detectable fault resistance @ 360Hz.

In order to detect a disconnected screen conductor in one of the link boxes the measuring frequency
should be low, in this case S0Hz. By doing so the reactance of the screen shunt capacitance is high,
hence the return path for the current is relative high-impedance. At this fault type it is possible to detect
and localize the faulty link box furthermore is the fault impedance characterized by being capacitive.

Fault localization is only possible if the impedance differ more than 50%, since measurements only can
be performed at substation Nors.

Laboratory tests indicated that a link box filled with water would represent a 3-screen to ground fault of
~ 35Q, hence with a measuring frequency of 360Hz this would be detectable.

Sc-Gr faults are sensitive to the earthing resistances at the link boxes. An increased earthing resistance at
the TLB increases the detectable fault resistance. 3Sc-Gr, Sc-Sc and Sc-Gr are all sensitive to the spacing
between the three phases and the length of the sections. A larger spacing between the phases and/or a
longer section length will increase the detectable fault resistance.
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7.7 Chapter summary
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Chapter 8

Cable systems with several major sec-
tions

This chapter provides suggestions on how the impedance method may be applied to cable systems con-
sisting of more than one major section. In general this requires access to some of the link boxes. The
minimum of accessible link boxes are considered and it is studied how to make a strategic choice of
which boxes to be accessed.

8.1 Introduction to cable system consisting of more than one major sec-
tion

The problem analysis showed that the limitation of the impedance method is the major section next to the
measuring point, due to the star connection of the cable screens. Cross bonded cable lines may consist
of several major sections, depending on the length of the line.

If the entire cable line consist of two major sections, each major section may be measured by performing
one measurement from each end of the cable line as shown in figure 8.1} Hence no link boxes should be
accessed.

Substation A Cross bonded cable line Substation B

Major section A Major section B

\4
A

il

“@ﬁﬂﬂlﬂ N
oy |
=l
“@ﬁﬂﬂlﬂ v

Measuring Measgring
point point

Figure 8.1: Measuring points for a cable system with two major sections.

For cable lines consisting of three major sections, the two outer major sections A and C, may be measured
from each end, as shown in figure Section B is star point connected in both ends and cannot be
measured. Therefore access to link box 3 or 6 is required in order to measure the entire screen circuit.
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8.2 Cable systems with difficult accessible link boxes

Substation A Cross bonded cable line Substation B

Major section A Major section B Major section C
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Figure 8.2: Measuring points for a cable system with three major sections.

The placing and thereby the accessibility of the link boxes differs from line to line. For some lines, as the
measured FRT-NOR all link boxes are buried in the ground. For other lines, as the Horns Rev 2 cable,
every third link box is brought to the surface [29]. This study distinguish between:

e Cable lines where all the link boxes are difficult to access. Meaning that all link boxes are buried
in the ground, and can only be accessed by digging.

e Cable lines where every third link box is easily accessed. The link boxes separating the major
sections are placed where they can be accessed without digging.

The two types of systems are considered in the following two sections.

8.2 Cable systems with difficult accessible link boxes

A cable system with difficult accessible link boxes are characterized by having all link box buried into
the ground. The only way to access the link boxes are by digging down to them. In order to use the
impedance method on a cable system consisting of more than two major sections a number of link boxes
should be accessed each time the condition of the link boxes should be evaluated. Figure [8.3]illustrate
a cable system consisting of four major sections. In this case the minimum number of link boxes there
should be accessed in order to evaluate the condition the entire line is one - link box number 6.

Substation A Cross bonded cable line Substation B

Major section A Major section B Major section C Major section D
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Figure 8.3: Measuring points for a cable system with four major sections.
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8.2 Cable systems with difficult accessible link boxes

Table [8.1] shows how many and which link boxes there should be accessed, in order to measure all link
boxes of cable lines, consisting of 1-8 major sections.

No. of Quantity. of Link box No.
major sections accessible link boxes
1-2 0 -
3-4 1 3-6
5-6 2 6and9-6and 12
7-8 3 6,12 and 15 -6, 12 and 18

Table 8.1: The quantity of accessible link boxes and the link box number, counted from one substation.

The minimum of link boxes there needs to be accesses are a consequence of the fact that the impedance
method is limited by the star point connection of the screens. Therefore in order to use the impedance
method there should be measured directly in each section.

N1 has estimated that gaining access to a buried link box would cost approximately 40,000 Dkk and 4
days of work including restoration.

It is expected that the cable line has a lifespan of 40 years. The cable manufacturer prescribes that the
link boxes should be inspected every two years.

The cumulative cost of accessing the number of link boxes stated in table[8.1]is shown in figure[8.4] The
lifetime of the cable system is expected to be 40 years and the link boxes are accessed every two year.

x10°

N
3]

N
T

1.5¢
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T

0.5

Estimated costs of accessing LB in DKK

1-2 3-4 5-6 7-8
No. of major sections

Figure 8.4: Estimated costs of accessing the number of link box stated in table Expected lifetime of
the cable system is 40 years.

The cost of this maintenance can be reduced significantly by placing the selected link boxes easily ac-
cessible.
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8.3 Cable systems with easily accessible link boxes

8.3 Cable systems with easily accessible link boxes

A link box is easily accessible if it is placed in a well or the box is brought to the surface. This could
either be done to the number of link boxes mentioned in table (8.1 or every third link box.

If every third link box is easily accessible the task of condition determination is significantly differ-
ent, and a number of different measuring techniques may be used. In this section only the use of the
impedance method is considered.

In case every third link box is easily accessible and the impedance method is used to determine the
condition of the link boxes the following procedure could be used.
Figure [8.5]illustrates a cable line consisting of three major sections. The three sections are connected in

series as proposed in the problem analysis [3.4.3 on page 63| The screens are star point connected, but

ungrounded at the end opposite to which the measurements are performed.

Substation A - Substation B
Us Screen circuit
Major Major Major
section l ; section ; ; section
point \_‘ \_l
Link box Link box
No. 3 No. 6

Figure 8.5: Three major sections connected in series.

Impedance measurements may be performed either one or from both ends.

e If the measurements are only performed from one end, the most difficult link box to determine the
condition of, is the one closest to the star point. The detectable fault resistance depends on the
screen impedance between the faulty link box and the star point connection.

o If the measurements are performed from both ends of the line, the most faraway link box from the
measuring sites, is the most difficult one to determine the condition of. This is because for this
setup the link box with the smallest screen circuit behind position of the fault. Since it is possible
to measure from both ends of the screen circuit the entire system can be evaluated through two
measurements. For the system above the most faraway link box would be #4, counted from the
substation where the measurement is performed.

If the measurements are performed from both ends of the most difficult link boxes to determine the
condition of, is the boxes in the middle of the line. These boxes are furthest from both measuring point.
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8.3 Cable systems with easily accessible link boxes

8.3.1 Analysis of series connected sections

Resonance frequency

The screen circuit analysis in section[5.1]and the sensitivity analysis in section 7] showed that the largest
detectable Sc-Sc and 3Sc-Gr fault resistance is increased if the measuring frequency is increased. When
the screen circuit is increased to include several major sections, both the series inductance and shunt
capacitance are increased due to the proportionality to the cable length. The resonance frequency de-
creases with increasing cable length. This should be considered when selection measuring frequency.
Calculation of the resonance frequency is shown in Appendix

Shunt capacitance

The screen circuit analysis in section[5.1]and the sensitivity analysis in section 7] showed that the largest
detectable ground fault resistance is increased, if the earthing resistance at the end of the major section
is increased. The sensitivity analysis also showed that the detectability of Sc-Sc and 3Sc-Gr fault is not
affected by the resistance in the end of the section.

When every third link box is easily accessible the I%C I%C
grounding in the end of the section could possibly R L

be removed. If the grounding is removed the po-
tentials of the screen circuit, according to ground, I%C e
is determined by the shunt capacitances. R L

This may be seen in figure [8.6] where the three g . e
screen conductors are represented as 7-sections. I I

Figure 8.6: Ungrounded screen circuit.

Applying a ground fault may be seen as a fault

. . E:reen conductor
resistance parallel to the shunt capacitance, as
shown in figure The shunt impedance de-

g @l‘ p == Cshunt Rrautt

pends on the impedance of the fault and the shunt

capacitance. The impedance of the shunt capaci-

tor increases for decreasing frequency. It may for
Figure 8.7: Parallel connection of shunt ca-

this reason be reasonable use low measuring fre- °
pacitance and ground fault.

quency, when detection for ground faults.

8. Cable systems with several major sections 119



8.3 Cable systems with easily accessible link boxes

Example of three major sections connected in series

An example of three series connected major sections, will now be shown. The example consider mea-
surements performed from one and both ends. The largest detectable fault resistances are determined,
for the fault cases listed below. The screen circuit:

e Sc-Sc
e Sc-Gr
e 3Sc-Gr

The parameters of the major sections in figure are identical to the major section at the FRT-NOR
cable line. By series connection the three major sections the total cable line length become 34.56km
long. The DIgSILENT simulation model may be found on the attached CD in the folder *DIgSILENT".

According to section [8.3.1] a high simulation frequency should be selected for Sc-Sc and 3Sc-Gr fault
detection. The resonance frequency of the circuit is calculated to 260Hz using the DIgSILENT model.
Therefore is the simulation frequency chosen to 150Hz for 3Sc-Gr and Sc-Sc fault detection.

For ground fault detection a frequency of 20Hz is chosen, in order to increase the impedance of the shunt
capacitance, as explained in section [8.3.1]
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8.3 Cable systems with easily accessible link boxes

Measuring from one end.

For faults at the 8" link box, the screen circuit will appear as shown in figure Using the 5% de-
tectability limit the detectable fault resistances are given in table[8.2]

Substation A Cross bonded cable line Substation B

Major section A Major section B Major section C

|'__"|N“ [Em No.3 [E'M |'_

Series connected
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Series connected
S¢

Measuring
point

Figure 8.8: Three major sections connected in series.

Fault type Resistance

Sc-Sc 5Q
Sc-Gr 115Q
3Sc-Gr 15Q

Table 8.2: Largest detectable fault resistances, at 8™ link box for three major sections in series.

Form table [8.2]it may be seen that the largest detectable fault resistances are quite low. For this setup it

would not possible to detect the water filled link box. The sc-gr fault is the most prominent and thereby
easiest to detect.

Measuring from both ends.

Faults in the 4™ link box are simulated and the results are shown in figure The screens are star

point connected but ungrounded at the opposite end to which the simulations are performed, as for the
previous case.

Substation A Cross bonded cable line Substation B

Major section A Major section B Major section C
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Figure 8.9: Three major sections connected in series.
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8.3 Cable systems with easily accessible link boxes
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Figure 8.10: Largest detectable fault resistance for the three fault types: Sc-sc fault measuring fre-
quency 150Hz. [(b)] Sc-gr fault measuring frequency 20Hz. 3sc-gr fault measuring

frequency 150Hz.

The detectable fault resistances, illustrated by the colors, in figure[8.10]are listed in table [8.3]

Fault type Resistance
Sc-Sc 279Q
Sc-Gr 462Q

3Sc-Gr 432Q

Table 8.3: Largest detectable fault resistances, for the three series connected major sections.

It is seen that the largest detectable fault resistances are significantly larger than the detectable fault re-
sistances when the measurements are only performed from one end. The detectable fault resistances are
also much higher than, the detectable fault resistance from the study cases in chapter[7, where faults are

simulated in SLB for only one major section.
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8.3 Cable systems with easily accessible link boxes

Localization of a fault.

The previous section showed that the largest detectable fault resistance was 460, at a cable system
consisting of three major sections. The fault could be detected by series connecting the screen circuit of
the sections, and performing measurements from both ends.

In case a measurement indicates a faulty screen circuit, the fault may be located using the following
procedure. The procedure is divided into three steps.

1 Location faulty half.
2 Location faulty major section

3 Location faulty box

The steps are explained below and may also be seen in the block diagram shown in figure [8.16]

The screen circuit of three major sections, connected in series are shown in figure In order to
establish the series connection link box (LB) No. 3 and 6 are accessed, and can thereby be visual
inspected.

Substation A Cross bonded cable line Substation B
Major section A Major section B Major section C
it = = I = = = R
= = = = = = = =
= = = = =
|'__'|N.,1 [E’m No.3 [E'M |'__'|m ] No.6 [E’m |’__'|N”

Series connected Series connected
Screens Screens

-

Measuring Measuring
point point

Figure 8.11: Three major sections connected in series.

1 The first step is to measure the apparent screen impedances in both ends of the cable line, sub-
station A and substation B. For each of the measurements the three screens should be star point
connected, but not grounded at the opposite end.

The lowest measured apparent screen impedance indicate at which half of the line, the fault is
located. If the lowest screen impedance is measured in substation A, the fault is located in link box
1, 2 or 4, due to the visual inspection of LB. No. 3. Hence if the lowest apparent screen impedance
is measured in substation B, the fault is located in link box 5, 7 or 8.

For this example the lowest apparent screen impedance is measured in substation A, and the fault
is therefore located in link box 1, 2 or 4, see figure[8.12]
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Substation A Cross bonded cable line Substation B
Major section A Major section B Major section C
= —= —= = —= = = =
S = = =~ S~ S~

Screens

Lt
’7 Za < Zg — Faulty half

Measuring Measuring
point (Z,) point (Zg)

Series connected Series connected
Screens

Figure 8.12: Three major sections connected in series.

2 The second step is to remove the connections in LB No. 3. When the connections are removed the
apparent screen impedances should be measured in LB. 3, towards substation B (Z3_g) as shown
in figure[8:13] For this measurement the screens should be star point connected, but not grounded
in substation B.

Substation A Cross bonded cable line Substation B
Major section A Major section B Major section C
= e = e e = e e
= = = = = = = =
A A A A
- - = Series connected = =
Screens
Faulty half
Measuring
point

Figure 8.13: Three major sections connected in series.

The only possibly faulty link box in this direction is LB. No. 4. This measurement will now tell if
link box No. 4 is faulty or not.

For this example no faults are measured, and LB. No. 4 is considered healthy. The faulty LB. may
now be No. 1 or 2, as shown in figure [8.14]

Substation A Cross bonded cable line Substation B
Major section A Major section B Major section C
R = = = = = = =
= = = = = = = =
= = = = =
I:JN“ EENH No.3 EE'N‘, I:E'm UNus I:E'N; I:E'Na
= = = = Series connected = i
Screens
Faulty section
Measuring
point (Z3.s).
no faults
measured

Figure 8.14: Three major sections connected in series.

3 The third step includes two measurements. One from LB. No. 3 and another from substation A,
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as shown in figure [8.15] For each of the measurements the three screens should be star point con-
nected, but not grounded at the opposite end.

Substation A Cross bonded cable line Substation B

Series connected
Screens

- -
’7 Faulty section

Measuring Measurin
point (Za) point (Z.a)

«Q

Figure 8.15: Three major sections connected in series.

As described above the three screens should be star point connected at the opposite end. For this
reason these measurements only cover one major section. When only one major section is mea-
sured the largest detectable fault resistance is lower as for the series connection, due to the lower
healthy screen circuit impedance. This is a disadvantage of this fault location procedure.

The largest detectable fault resistances of the two measurements in step three, are shown in table
[8.4] Therefore if a fault is located in LB. No. 1 or 2. The fault may be detected from the initial
measurement, but can not be located, if the fault resistance is larger than the values given in table

B4

Fault type Resistance
Sc-Sc 190Q
Sc-Gr 1300Q2

3Sc-Gr 260Q

Table 8.4: Detectable fault resistances, for faults in the FLB.

It is also seen that for the Sc-Gr fault, a larger fault resistance is detectable, when the circuit is
reduced to one major section. Hence this type of fault may be localized using this method.

The fault localization is illustrated in figure [§.16]
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Measure screen circuit
from both ends.

- Substation A (Z)
- Substation B (Zg)

1.Location faulty half

Za<Zg Zg<Zp
Fault located in A half. Fault located in B half.
Measure at LB. No.3, Measure at LB. No.6,
towards substation B towards substation A
Zy5- Healthy Z3p- Faulty Zs.5- Faulty Zgs.5 - Healthy 2. Location faulty section
Fault located in LB. Fault located in Fault located in Fault located in
LB. No. 4. LB.No.5 No. 7 or 8.
Measure at substaion B

No. 1or2.
and at LB. No. 6,

towards substation B

Measure at substaion A
and atLB. No. 3,
towards substation A
3. Location faulty box

Zp<Zp.s Zps< Zep

Za3<Zsn Z3n<Zas

Fault located in

Fault located in
LB. No. 8.

LB. No. 7.

Fault located in

Fault located in
LB. No. 2,

LB. No. 1.

Figure 8.16: Procedure for fault location at three major sections.
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8.4 Practical considerations

This chapter showed that accessing one or more link boxes are necessary, when a screen circuit consists
of more than two major sections and the impedance method is used to determine the screen circuit
condition. It is therefore highly recommendable to make selected link boxes easy accessible, when new
cable lines are established. The maintenance of a cable system is limited only to a few components
(substation equipment and link boxes) compared to a OHL. The maintenance of an OHL is much more
comprehensive, as the following listing indicates:

Inspection of insulators

Inspection of phase conductors
Inspection of ground wire connections to tower
Inspection of the tower galvanization
Strength test of conductors

Inspection of mounting and tower bolts
Inspection of concrete foundation
Inspection of tower grounding

Pruning of trees near OHL (trimming)
Removing bird nests at towers
Inspection of vibration dampers... ect.

It is important to recognize that transmission lines do not become maintenance free when established as
cables. In order to do the cable line maintenance less complicated, both time and money is saved. The
cumulative cost of accessing a underground link box was earlier estimated to 800,000 DKk, if the lifetime
of the cable line is 40 years [[7] and the link box is accessed every two years, as prescribed by the cable
manufacturer [37]. Considering a cable line consisting of 8 major sections with 23 link boxes would cost
approximately 18 million Dkk only to get access to the link boxes.

The main argument for cable down the Danish transmission grid is the visual pollution OHL’s are re-
sponsible for. Figure[8.17|illustrate the visual difference by an OHL and cable line as seen from ground
level. If every link box was brought to the surface would this be much less visible and the number of
visible boxes would also be less than the towers at the OHL system.

OHL system

Cable system Link box
enclosure

Figure 8.17: Visual impact of OHL vs. cable lines, with accessible link boxes.

From a practical point of view would the maintenance of the cable system be much more time and cost
effective, if some or all link boxes are placed on the surface. The technology that may be used for
placing the link boxes on surface is known and tested. The main part of the 10kV grid in Denmark is
under grounded and many 10kV/0.4kV transformers are placed in a housing that might be suitable as an
enclosure for the link boxes, as figure [§.17]illustrates.
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8.5 Chapter summary

e Using the impedance method for condition determination, access is required to at least one end

of each major section. Therefore at lines consisting of more than two major sections, access to at
least one link box is required. In order to access each major section minimum every sixth link box
should be accessed. The minimum number of link boxes there should be accessed is given in table
B.I

Alternatively if every third link box is accessible, the screens could be series connected. If the
screens are series connected the entire screen circuit could be measured from one or both ends.
An example of three major sections connected in series are shown The detectable fault resistances
from one and both ends measuring are shown in table

Fault type Measuring in one end Measuring in both ends

Resistance Resistance
Sc-Sc 5Q 279Q
Sc-Gr 115Q 462Q
3Sc-Gr 15Q 432Q

Table 8.5: Detectable fault resistances, for measurements in one and both ends accordingly.

From table it is seen that it is possible to detect significantly larger fault resistances by per-
forming measurements from both ends.

However the fault resistances in table do not consider the location of the fault, but only the evalu-
ation of whether the screen circuit is healthy or fault.

There is given a procedure and limitations that could be used for localization of faults.

Since the major sections needs to be series connected, every third link box must be accessed, hence
a visual inspection of these link boxes may be carried out and the condition can be evaluated.

When several sections are connected in series the resonance frequency of the circuit is decreased.
This should be considered when selection the frequency of the measuring voltage.
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Chapter 9

Conclusion of link box condition moni-
toring

Cross country transmission cable lines have in many cases some or all of the link boxes placed under-
ground. This makes the maintenance of these time consuming and costly. It is therefore of great interest
to determine the condition of the link boxes without accessing them.

A state of the art analysis showed that the research within the specific area is very limited. Therefore no
recommendations and no suggestions exist, besides the cable manufacture who prescribes visual inspec-
tion every two years [37]]. N1 have estimated the cost of digging down to one link box, to approximately
40,000 Dkk. Cable lines have an expected life time of up to 40 years, hence accessing one single link
would cost 0.8 million DKK, if this was done every two years.

Therefore the purpose of this project is to develop a diagnostic tool, which may be used to determine the
condition of the link boxes without digging down to the boxes.

Due to the lack of experience within the area, this project is based on how already used measuring tech-
niques can be converted and used for link box condition determination. The main focus of the project
is analysis of how an impedance measuring may be used for condition determination. The advantage of
using known measuring techniques are that measuring equipment is available both for the project and for
further use by the transmission companies.

A main part of the project is considerations of, to what extent, an impedance measurement reflects the
condition of the link boxes. The measuring techniques are improved in order to detect the largest fault
resistance. The measuring techniques are tested in respect to field measurements.

The results of the project are divided into three main parts:

1. Screen circuit analysis and performance of measurements.

The screen circuit is analyzed with respect to a Sc-Sc and a Sc-Gr fault. The analysis showed
that the Sc-Gr becomes significantly more pronounced, using un-grounded measuring voltage, due
to the reference displacement. The analysis also showed that both fault become more pronounced
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and thereby more detectable, if the measuring frequency is increased. By increasing the frequency,
the resonance frequencies of the circuit should be considered in order to measure below the res-
onance points. The analysis also showed that the detectability of the Sc-Gr fault is dependent on
the earthing resistance at TLB. For larger resistance at TLB a Sc-Gr fault is more pronounced and
a larger fault resistance is detectable.

Performance of measurements are considered regarding the use of line impedance measuring
equipment. It is shown that a single phase line impedance measuring equipment can be used to

determined the apparent screen impedances, defined in section [3.4.2 on page 46| from a sequence

of single phase measurements. The technique is based on two sets of measurements. The first set

is used to calculate the equivalent screen impedances also defined in section|3.4.2 on page 46|and

the last set is used to obtain the three phased response of the screen circuit. The measurements are
calculated based on the super position principle.

The advantage of the measuring technique is that the apparent screen impedances can be obtained
using single phase line impedances measuring equipment. The disadvantage is that the apparent
impedances are calculated from several measurements and therefore measuring inaccuracy may be
accumulated.

Study cases

A simulation model of the cable line FRT-NOR was made in the simulation software DIgSILENT.
The model was validated through two field measurements performed at the cable line in January
2012. The first field test was based on three phased power supply and a power analyzer was
used to measure the impedance of the screen circuit. The second field test was used to test a
measuring technique where six single phase measurements was used to calculate a three phased
impedance representation of the screen circuit. By using the super position technique this was
possible. Furthermore was the power supply adjustable in frequency and the measurements was
carried out in a frequency span of 30 —360Hz. The power supply was an Omicron CPC100 and CP
CUI. All data was recorded with an Omicron CMC356, all the measuring equipment is owned by
NI1. It was an important issue that the measuring devices were known/ owned by the transmission
company so that the work from this report can be used afterwards. The second field test showed
that measuring technique worked very well and the results were used to validate the simulation
model. The largest deviation between the simulation model and the measurements was 6% but in
most cases was the deviation less than 3%.

Four study cases were chosen in cooperation with N1:

Sc-Gr fault

Sc-Sc fault

3sc-Gr fault
Disconnected screen

Based on the measurement accuracy of the Omicron 356 and the simulation model it was decided
that the largest detectable fault, for this project is defined as a fault condition there the deviation
between healthy and faulty screen impedance is 5%.

Simulation results showed that for a simulation frequency of 360Hz, is the largest detectable fault
resistance as follows:

130

9. Conclusion of link box condition monitoring



o Sc-Gr fault 46Q2
e Sc-Sc fault 55Q
e 3sc-Gr fault 68Q

Laboratory tests indicated that a water filed link box could be modeled as a 3sc-Gr fault in the
simulation model. The fault resistances between the screens and from screen to ground were
measured to ~ 35Q. Hence water filed link boxes at the FRT-NOR cable line, would be detectable
with the impedance method.

At the above listed study cases fault localization is very difficult. Only in case of a very low fault
resistance at screen to screen fault and 3sc-Gr fault localization to the first link box was possible.
If third link box had been accessible fault location would have been possible. Since this would
give the possibility to measure the major section from both ends. The study case were a screen
conductor was disconnected showed that the simulated fault resistance is equal to the shunt capac-
itance of the faulty screen. Hence localization of the fault is possible since the shunt capacitance
is proportional to the length of the line. The simulation frequency should be low in respect to the
other study cases, due to increase of the capacitive shunt reactance, in the case the frequency was
chosen to 50Hz.

3. Cable systems with several major sections

The final part of this report is dealing with cable systems with several major sections. At least one
link box at the end of a major section should be accessible in order to use the impedance method
presented in this work. These link boxes should be made easy accessible either by mounting the
box on the ground surface or in a well, this will spare time and money when the condition of the
screen circuit is evaluated. In case every third link box is made easy accessible a method was
presented where all major sections at the line was series connected. In this case a cable line with
three major sections were considered. By performing two measurements one in each substation
which the line connects, all the link boxes in the cable line can be evaluated. The largest detectable
fault resistances for the following study cases were:

e Sc-Gr fault 462Q
e Sc-Sc fault 279Q
e 3sc-Gr fault 432Q

The detectable fault resistance becomes up to 9 times larger in respect to cable system only con-
sisting of one major section.

If a fault is detected within the values above, fault localization is possible if the fault resistance,
for the different study cases, is less than:

e Sc-Gr fault 462Q
e Sc-Sc fault 190Q
e 3sc-Gr fault 260Q

It should be note that:

e Sc-Sc faults with a fault resistance 190Q2 < Ry < 2798 is only detectable.
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e 3sc-Gr faults with a fault resistance 2602 < Ry < 432Q is only detectable.

The conclusion of the initial problem is that the condition of the link boxes in a cross bonded
transmission cable system can be determined without having physical access to them using the
impedance method. Studies of the cable line FRO-NOR, showed that it is possible to detect a
water-filled link box.

Based on the work presented in this report it is recommended that minimum one link box at the end
of each major section of any given cable line, is easy (permanent) accessible so that the condition
of the screen circuit (link boxes) can be determined using the impedance method.

132 9. Conclusion of link box condition monitoring



Chapter 10

Future work

As mentioned in the state of the art analysis, the subject of this study has until now, not been given much
attention. Therefore this project may be seen as the preliminary work, within the area. Many subjects
are therefore still to be considered and some are listed here:

e As mentioned in Measuring Technique, section[5] an excel spread sheet could be used to handle
the measuring data. The spread sheet could be programmed to perform the calculation of the ap-
parent impedances directly from the recorded data file, from the measuring equipment. This could
largely simplify the data processing and reduce the risk of calculation errors.

e Alternatively the Omicron line impedance measuring equipment could be extended with additional
measuring inputs. The coupling between the different screen conductors could be made automatic.
Thereby could the recorded data be stored in one exportable file and used in above mentioned excel
spread sheet.

e Sc-Gr faults may be studied further in order to determine if the impedance method can detect a
shot circuited SVL.

e Sc-Sc fault may be studied further in order to determine if the impedance method can detect a
bonding cable fault.

e The DC measuring technique could be further studied in case of cable systems where every third
link box is accessible. The star point connection could then be removed and an insulation test
could be performed on the cable screens.

e The Travelling wave method could be further analyzed based on the Field test #3 in appendix
and the corresponding measurement results.

e Combining the travelling wave method and the impedance method could be studied in order to
improve fault localization. Fault detection by impedance measurements and fault localization by
travelling wave measurements.

e As an alternative measuring technique, a surveillance of the charging currents at the cable ter-
mination could be studied. A change in the cross bonded screen circuit may lead to changes of
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the charging currents. If this measurement could be could be useful, the screen circuit could be
measured, while the line is in service.
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Appendix A

Impedance calculation of screen to
screen fault

This appendix show how the apparent screen impedance Z,, Z, and Z., from the three phase screen
circuit in section [3.4.2] are calculated.

In figure [A.T] vectors are denoted with boldfaced letters. Subscript letters denotes screen a, b or c. The
subscript number / — 3 denotes the section. Where first section is between the measuring point and first
link box, second section is between first and second link box and the third section is between the second
and third link box.

Ua Ia Za Zp2 Zes
v L LI L
Uy Iy Zp1 Ze, Za3
v L] L L]

z
Ye [ Za F |:1:| Za Zb3
Ne—= ] | —  —
L LT L

Figure A.1: Equivalent screen circuit of a major section.

The used section impedances are from the DIgSILENT simulation results shown in tabular [3.3] For this
calculation the impedances for each section are considered equal to 1/3 of screen a:

1

Zar-3 = Zo13 = Zar3 = 5 (|Za] £u) = 0.265/44.23Q (A1)

The phase voltages have the following magnitudes and angles:

U, = |Ua|Zds = 140
U, = |UplZop, = 1£-120 [V] (A.2)
U = |UZd. = 12120

The screen circuit in figure[A.T]is simplified to the screen circuit shown in figure [A.2]
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Figure A.2: Simplified equivalent screen circuit of a major section.

Where:

Iy 3
Za2p3
Zv1 2,23

= Iy + 213

2L+ 73

= Zo1+Ze+Zaz

= 0.531/44.23
= 0.531/44.23 Q] (A3)
= 0.796/44.23

The delta connection between point A,B and C in figure[A.2]is transformed to a star connection as shown
in figure[A.3] using equation[A.3] [46] p. 392].

A
Z Zp-an
A b2,c3 A
— |
o — Zyna
ZY—nb
yas |:i| L Zp.ac |:i| *B B
Zpbe
| Zazp3 | D-b Zune
c C
C
Figure A.3: Delta to star transformation.
Where:
Ivzes = Zp_ap
Zays = Zp_pe Q] (A.4)
Zy = Zp_ac
Zy o = z—Dacfoa 0.415/33.12
—ac " ZDbe
Zy on = ZD—ac]j’ZD—aI:) +bZIHm 0.415/33.12 Q] (A.5)
Zy bn PN s, — 0.074.£77.35
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Ya la Za1 A Zyna
R

Up I Zp1c2,23 B Zy.nb

Us lc Za C Zy-nc
R

Figure A.4: Equivalent screen circuit with star transformed impedances.

The circuit in figure [A.4]is simplified. The new circuit is shown in figure [A.5]

U, A Zega
—
—(=A]
Up I Zoys
— >
—(=A]

Uc I zeqC
—Cy
&Y L

Figure A.5: Screen circuit with equivalent screen impedances.

Where the equivalent screen impedances:

Zeop = Za+Zym = 0.678/37.41
Zqu = Zbl,c2,33+ZY7nb = 0.859/46.93 [.Q] (A.6)
Zeww = Za+Zyne = 0.678/37.41

The three unbalanced screen current I, Iy, and I, are calculated using the superposition Theorem [46, p.
421]. Superposition Theorem is to short circuit two of the three voltage sources and calculate all currents
in the circuits, this procedure is repeated for each screen as shown in figure [E.20(a)HE.20(c)

Ua I Zqu
—>
—(=A
Ib, Zqu
«——
I
Ic, ZeqC
«——
I

Figure A.6: screen voltage b and c is short circuited.
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Where:

I
I,
L
Where:
I
I,
¢
Where:
I
L
;

I -
a Zqu*(ZeZqBHZeqc) 0.946/ —38.96
eqC o
0T = 0.419/-4423
- aﬁ = 0.531£—34.43
Ia' Zqu
I
L
2, Zeqe
==
Ic” ZeqC
<«— l—l
L

Figure A.7: screen voltage a and c is short circuited.

Up
Zqu + (Zqu ‘ |ZeqC )
| AT
Zqu +ZeqC
I . Les
b Zqu JrZeqC

0.8382£ —164.27

0.419£ —164.27
0.41884£ —164.27

Zqu

[ ]
I

Zqu

[ ]
I

ZeqC

U
Zqu + (Zqu | ‘Zqu )
. Zqu
¢ Zqu +Zqu
. Zqu
¢ Zqu +Zqu

[ ]
I

Figure A.8: screen voltage a and b is short circuited.

0.946.81.07

0.531£85.26
0.4194£75.75

[A] (A7)

[A] (A.8)

[A] (A.9)

The total screen current is then calculated by adding the three screen current, from the superposition
calculation. As seen the in equation the screen currents are unbalanced whereas the screen voltages

are balanced.

A4
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Lot = L-L—I = 1490/—42.69
ot = Ipb—I,—T, = 1256/ —164.27 [A] (A.10)
Lot = Le—I -1, 1.356/85.12
The three apparent screen impedances Z4,Zp and Z¢ can now be calculated.
Zy = - = 0.672/42.69
Zyg = g = 0.796/44.23 Q] (A.11)
Zc = = = 0.738/34.84
Using the apparent screen impedances the circuit appear as in figure |A.9
Ua I Za
— [ |
v L
Uy Iy Zs
— [ ]
—)—-"1]
Uc l Zc
—> ]
—)—-"C]
Figure A.9: Screen circuit, expressed with apparent screen impedances.
The impedances are further used in section|3.4.2
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Appendix B

Impedance calculation of screen to
ground fault

This appendix show how the apparent screen impedance Z,, Z, and Z., from the three phase circuit in
section [3.4.2] are calculated. The circuit is shown in figure

In the figure vectors are denoted with boldfaced letters. Subscript letters denotes screen a, b or ¢. The
subscript number / — 3 denotes the section. Where first section is between the measuring point and first
link box, second section is between first and second link box and the third section is between the second
and third link box.

Y I Za Zve Z:
~y | | |
Unesa  L—1 LT LT
Uy I Zo1 Zeo Zas
y | |
Unmeas.o | E— | E— | E—
Y le Z4 Zo Zs3
~y ——> [ ] |

]
Umesse  —— | |
Re |:;| Re2

Figure B.1: Screen circuit one major section. Ground fault in the first link box, earth impedance ne-
glected.

The used section impedances are from the DIgSILENT simulation results shown in tabular[3.3] For this
calculation the impedances for each section are considered equal to 1/3 of screen a:

Zar-3="Zi1-3=Ze1-3 = = (|Za] £0,) = 0.265/44.23Q (B.1)

W | —

The screen voltages have the following magnitudes and angles:

U, = |UalZLdy = 120
Uy, = |UplZdp = 1£-120 [V] (B.2)
U = [U]Zo. = 14120

The aim of this calculation is to determine the apparent screen impedances, which is defined as the
voltage at the measuring points Upeas.ar Umeas,p a0d Uppeasc in relation to ground, divided by the current
at the same point ,, I, and /..
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The screen circuit in figure 3.54]is simplified by adding series connected impedances and shown again

in figure[B.2]

Zarb2.c3

&Y L

Uy I Zp1.c2.23

&Y L

u z z

/\J“ I, c1 A a2,b3 B

L L
R Rez
C
1

Figure B.2: Simplified screen circuit of one major section.

From figure @ it can be seen that the two resistances Rrs and R,» together with the impedance Z ;3
forms a delta connection between the points A, B and C. The delta connection is transformed to a star
connection in figure [B.3] using equation[B.4][46] p.392].

Za23 Zp-ab A Zvna Zy-np B

Re Rez  Rpac Ro-bc
Zy-nc

Figure B.3: Delta to star transformation.

Where:

Zaps = Zp_ap
RF ZD—ac ['Q‘] (B '3)
Re2 = Zp pe

Zy an = z—Dafba = 026024320

Ly = 7 i = 026044320 Q] (B.4)

Zp_ac* Lp_pe _
ZY—cn - ZD—ac]?FZD—al]))+liD—bc - 49064 o 103

After the delta to star transformation the circuit appear as shown in figure [B.4]
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Uq la Zarb2c3
N L
Unmeas.a
Uy I Zp1c2.03
v >
Unmeas N Umeasp ———
Ye lo 'i| A Zy-na Zy-nb B
&Y L

Umeas.c

Figure B.4: Equivalent screen circuit, after transformation from delta to star connection.

Now the equivalent screen impedances Zeya, Zqqp and Z,,c can be determined by addition, using equation
B.3]

LZega = Zarp2.c3 0.796./44.23
Zeqg = Z1 2.3 = 0.796./44.23 Q] (B.5)
Zeqc = Za+Zy na+Zynp = 0.786£43.54

Using the equivalent screen impedances, the circuit may look like figure [B.5]

Ua Ia Zqu
—
—) ]
U, I, Zes
—
—)—==—1_]

I ZeqC
&Y L

Figure B.5: Screen circuit with equivalent screen impedances.

The next step is to determine the screen currents I,,Iy, and I, this is done using superposition [46} p. 421].
The voltages source are short circuited one by one, and each screen current determined. By addition the
resulting screen currents are determined. The three circuits used for super position in shown in figure
B.6HB.S]

U, I Zqu
(=1
Ib, Zqu
«——
I
Ic, ZeqC
«——
I

Figure B.6: screen voltage b and c is short circuited.
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Where:

Where:

Where:

I
L
L

_ Ua — _
ot (Z%BHZWC) 0.839/ — 44.12
eqC _
a- ZeqTquqC 0417/ —44.46
_ eqB _
= a- ZeqTquqC = 0422/—-43.77
|a’ Zqu
D
L

ZeqC

Figure B.7: screen voltage a and c is short circuited.

Up
Zqu + (Zqu ‘ ‘ZeqC )
. feaC
Ib Zqu + ZeqC
Ib . Zqu
Zqu +ZeqC

L

0.417£—-164.50

0.839£ —164.15
0.422/ —163.81

Ia” Zqu
L
Ib” Zqu
: b
UC Ic ZeqC
)

Figure B.8: screen voltage a and b is short circuited.

Uc

o Loy
¢ Zqu +Zqu
L TeddA
¢ Zqu+Zqu

Zqu + (Zqu | |Zqu )

0.8446..76.20

0.422/76.20
0.422/76.20

[A] (B.6)

[A] B.7)

[A] (B.8)

The total screen current is then calculated by adding the three screen current, from the superposition

calculation.

B-4
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Ia,tot =

Ib,tot

Ic,tot =

L-L-I, =
L-I,-I, =
L-I,—-I, =

1.2633/4—44.35
1.2554—-163.92
1.267£76.20

[A] (B.9)

The next step is to determine the voltage at the star point, where the three voltage sources are connected.
It is assumed that no current flow through Zy_,., and the voltage is equal on both sides. From these
considerations the voltage at the star point may be determined by equation

UmeasN = Le(Zy_na +Ze1) — Ue = 0.3342 —59.87

[V] (B.10)

Now the voltages at the measuring points can be determined. This is done by adding the voltage source

to the voltage at point Umeas N:

UmeasA = Umeasn+Ua = 1.203£-13.92
UmeasB = Umeasn+Up = 1.202£—106.05 [V] (B.11)
Umeasc = Umeasn+Uc = 0.6662119.92
The three apparent screen impedances Z4, Zg and Z¢ can now be calculated.
Za Spesi = 0.952/30.42
Zy f;‘*:“ = 0.958457.35 Q] (B.12)
Zc %‘;C = 0.526£43.72
Using the apparent screen impedances the circuit appear as in figure [B.9]
Ye la |i|
—
—(—-_
oy b, E
—
—(—==A]
Ye Ic |i|
)=
Figure B.9: Screen circuit, expressed with apparent screen impedances.
The impedances are further used in section[3.4.2]
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Appendix C
DIgSILENT simulation model

This appendix include information about the DIgSILENT model of the FRT-NOR cable line and a cable
model used in the problem analysis.

C.1 Model of the FRT-NOR cable line

Modelling of the FRT-NOR cable line is based on the parameters given in the system description.

C.1.1 Parameter determination

The following parameters are required in order to set up the cable model in DIgSILENT:

1 Conductor resistivity, DC resistance and thickness(radius)

2 Inner semi conductive layer relative permittivity and thickness
3 Insulation relative permittivity and thickness

4 Outer semi conductive layer relative permittivity and thickness
5 Sheath resistivity, DC resistance and thickness

6 Outer insulation relative permittivity and thickness.

Beside the above listed parameters the model also require the geometry of the cable system. Figure[C.]|
shown a cross section view of the actual cable and the layers that is modelled in DIgSILENT.

a— Outer insulation
Aluminium foil

-4—— Outer insulation

-4— Cable screen
~4— Semiconductive layer

Swelling tape
\ Copper wires
Semiconductive layer

-+— [nsulation

-4— [nsulation

-+—— Semiconductive layer -4+— Semiconductive layer

<+—— Stranded Conductor <4— Solid Conductor

(@ (b)

Figure C.1: Cross section view of the coaxial cable. Shows the actual cable. Shows the layers
which are modelled in DIgSILENT.
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C.1 Model of the FRT-NOR cable line

From figure [C.I] it may be seen that the model differs from the actual cable by the number of layers
and the structure of several layers. The differences are taken into consideration by adjusting the model
parameters. The determination of the model parameters are explained in the following.

1 The conductor of the actual cable is made of stranded aluminium wires as describes in section 2
For the DIgSILENT model the conductor may be modelled as a solid or hollow conductor and not
stranded. For this thesis it is chosen to model the conductor as a solid conductor see

—>

Stranded conductor Solid conductor

Figure C.2: The actual stranded conductor is modelled as a solid conductor, with corresponding DC
resistance.

For DIgSILENT modelling there are two ways to model a stranded conductor as a solid conductor,
by using a filling factor or DC resistance of the conductor. For this thesis the last method is used
and the DC resistance Rpc is calculated.

First the resistance R is calculated for a cable length / of 1000m from the resistivity and the cross
section by equation [C.I] The resistance Ry is then adjusted according to the temperature of the
cable system. The temperature corrected resistance Rpc is calculated using equation[C.2]

_parrl 2.826-107%-1000
A 1200-10°°

Ro = 23.55m%/km (C.1)

Where:

pas is the resistivity of Aluminium 2.826-10~3Qm [21] p.61]
A 1s the effective cross section of the conductor.

The resistance Ry is adjusted to a ground temperature of 5°C according to the system description.
Rpc is calculated by equation[C.2] In case has line has been in service before the measurements are
performed, the resistance should be corrected for operating temperature. Measurements made for
this project are made before the line is taken into service for the first time and thereby the cables
are at ground temperature.

Rpc =Ry - (1 + OCA1,20(9 — 20)) [Q] (C.2)

Rpe =0.02355-(144.03-1073(5 — 20)) = 22.13m/km (C.3)
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C.1 Model of the FRT-NOR cable line

Where:
Ola7—20 1s the temperature coefficient for Aluminium 4.03 - 1073Qm [21] p.61]
0 is the actual temperature of the cable, (5°C) as described in the system description.

2 In DIgSILENT it is possible to model the semi conductive layers as independent layer. Therefore
these should not be included in the isolation layer, as were common practice for the previous
versions of the simulation software [51]. According to the data sheet the inner semi conductive
layer is Imm thick. The conductivity of the semi conductive layers are much lower than both the
conductor and the screen [[16, p.35]. Therefore the resistivity is set to 10° which is ~ 3.5 - 10° times
larger than the resistivity of the conductor and also the default value for the simulation model.
The semi conductors may not be neglected according to the isolation property, this is due to the
relative permeability (€,_em;) Which is in the order of 1000 due to a high carbon content. Hence
the relative permittivity of 1000 is much higher then that of the insulation €,_x;pr = 2.5 [17] [21].

3 The insulation is made of XLPE as described in section2l The thickness of the insulation is 16mm
from table [2.1] The permeability of XLPE for this voltage rate is 2.5 [21], p.65]. The di-electric
loss angle of the insulation is 0.001 according to [21) p.65].

4 The outer semi conductive layer has identical electrical properties as the inner semi conductive
layer. Therefore the relative permittivity €,_.,; is modelled as 1000 according to [[17]]. The resis-
tivity is, as the inner semi conductive layer set to 10%. The thickness are 2.1mm according to table
[2-1)in the system description.

5 Asexplained in the system description in section[2]and shown in figure[C.3(a)|the cable is provided
with both a copper wired screen and a aluminium foil separated with a thin layer of semi conductive
swelling tape. The copper wired screen and the aluminium foil are directly connected together
both at each junction and cable ends and are therefore normally considered as a single equivalent
conducting layer for cable modelling [16, p.36]. The screen layers of the actual cable and the
modelled screen layers are shown in figure [C.3]

Aluminium foil
-+—— Swelling tape
Copper wires

-—— Screen

(@ (b)

Figure C.3: Cross section view of the screen of the coaxial cable. Shows the layers of the actual
cable screen. @ Shows the layers which may be modelled in the DIgSILENT.

For determination of the screen resistance, the copper wires and the aluminium foil are considered
individual. The copper wires may be considered in several ways. For EMT-based software it is
common practice to model the screen as a tubular layer with a thickness equal to the diameter of
the copper wires and the resistivity is set to twice the resistivity of copper, to compensate for the
gab between the wires|16],[17]].

Another approach proposed by the author of [29] is based on the same technique as used for the
stranded conductor. Using this technique the copper wires are modelled as a tubular layer with a

C. DIgSILENT simulation model C-3



C.1 Model of the FRT-NOR cable line

thickness equal to the diameter of the copper wires. The resistivity of the tubular layer is reduced
to have electrical properties as the actual copper screen.

The cable screen is modelled according to the same method as for the conductor. Therefore the
DC resistance of the screen is determined. This is done by considering the copper wires and the
aluminium foil individual. The copper screen consist of 95mm? copper, which resistance for a
length / of 1000m is determined by equation

pcu-l  1.7241-1078-1000
A 95-10-°

ROfsc.Cu -

= 181.5m2/km (C.4)

The resistivity of copper pc, is 1.7241 - 108 [21] p.61]. The DC resistance Ry—_s.cy, is adjusted for
a temperature of 5°C using equation [C.5] where the temperature coefficient for copper Oicy—29 is
3.93-1072 according to [21}, p.61].

RDcfsc.Cu :Rofsc.Al : (1 + (xCufZO(e - 20)) [Q] (CS)

RpC—se.cu =0.1815-(143.93-1073(5 —20)) = 170.8m2/km (C.6)

After the resistivity of the copper screen is determined the aluminium foil is considered.

The resistance of the aluminium foil is calculated from the cross section area and the resistivity
of the material. The cross section area is calculated from the inner and outer radius of the alu-
minium foil Ay = (r] — r3)T = (41.697 — 41.49%)1 = 52.26mm? see figure The resistivity
of aluminium is 2.826-10-8Qm [21] p.61]. The resistance of the aluminium foil Rg_. 4; is also
determined for a length [/ of 1000m by equation

par-l  2.826-10%-1000
A 5226-10°°

Ro_sen1 = = 540.8m9/km (C.7)

The DC resistance of the aluminium foil is adjusted for a temperature of 5°C, according to the
system description, using equation|C.8]

Rpc—se.At =Ro—sc.a1- (1 +0t4;-20(6 —20)) [Q] (C.8)

Rpc—sear =0.5408 - (1+4.03-1073(5 —20)) = 508.1m2/km (C.9)

The total screen DC resistance is determined as a parallel connection of the copper and the alu-
minium resistance by equation [C.10]
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C.1 Model of the FRT-NOR cable line

Rpc—sc.cu* Rpe—sc.al .

0.1708-0.5081

RDC —screen —

Rpc—secu+Rpc—sear 0.1708 +0.5081

= 127.8m2/km (C.10)

Beside the DC resistance the model also require the thickness of the screen. This is determined

as the diameter of the copper wires summed with the thickness if the aluminium foil see equation

C.11]

Thgereen =dcy +Thay =1.3940.2 = 1.59mm

Where:

T hgereen 18 the total modelled screen thickness
dcy 1s the diameter of the copper wires

T hy, is the thickness of the aluminium foil.

(C.1D)

6 The outer most layer is the outer covering. This is made of PE which has a relative permittivity

€,—oins 0f 2.3 and a di electric loss angle of 0.001 according to [21} p.65] and a thickness of 3.8mm

according to the system description in section [2]

Input parameters for the DISILENT model may be found in table[C.1]

Layer Parameter Value
Conductor Thickness 21mm
DC resistance at 5°C 22.13m/km
Inner semi conductive layer Thickness 1.0mm
Relative permittivity(€,_sem;) 1000
Insulation Thickness 16.0mm
Relative permittivity(€,_;s) 2.5
Outer semi conductive layer Thickness 2.1lmm
Relative permittivity(€,_semi) 1000
Screen Thickness 1.59mm
DC resistance at 5°C 127.8mQ/km
Outer covering Thickness 3.8mm
Relative permittivity(€p_ins) 2.3

Table C.1: Input parameters for the DIgSILENT model.

Later in the project the routine test of the exact cable became available. From this the measured screen
resistance is provided. The routine test stated the value: 0.145%/km at 20°C. The resistance is corrected

for a cable temperature of 5°C by equation [C.12]

Rpc =Ry - (1 —i—oc(G— 20))

[Q] (C.12)

C. DIgSILENT simulation model
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C.1 Model of the FRT-NOR cable line

The screen consist of both copper and aluminium for which the temperature correction coefficients are
different. By using both it was found that the DC resistance only differs by ~ 0.2mQ/km. It is therefore
chosen to use the coefficient of copper, because copper is dominating by cross section area.

The resistance 0.136%/km is implemented in the simulation model.

The above calculated screen resistance is together with the rest of the cable parameters in table [C.T|used
for cable modelling in the following section.
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C.1 Model of the FRT-NOR cable line

C.1.2 Cable modelling in DIgSILENT

The cable parameters determinated in the previous section are implemented in DIgSIELNT according to
the description in [13]. For modelling a cable system in the simulation software three elements may be
used. The single-core cable type (TypCab), the cable system type (Typ-Cabsys), and the cable system
coupling element (ElImCabsys)[13].

Single core cable type
The single core cable type(TypCab) is used to model a single core coaxial cable, consisting of a defined
number of layers. Figure|[C.4]shown the input window at which the cable parameters may be typed in.

Single Core Cable TyEe = GHES !?’Ok\l cable( a_
RMS-Simulation | EMT-Simulation | Hamonics | Optimization | State Estimator | Reliabity | Description |

Basic Data | Load Flow | VDE/IEC ShortCrout | Complete ShortCireut | ANSI Shot-Circut | IEC 61363

e 1706V caiel) Cance
Rated Voltage 170. kV
—Core
Shape ICompact ;I
QOuter Diameter 42 mm
»
Conducting Layers: _I
Exists | Resistivity | Relgtive P... | Thickness | Filing Factor | DC-Resista...
uOhm®cm mm % Ohm/kem
PConductor 2.82 1. 21. 0.02213 il
Sheath v 1724 1. 159 33 6 0.1278
Amour - 284 1 1 00 0| &
4 »
Insulation Layers:
Exists | Dielectric L... | Relative P... | Thickness
mm
P 1 (Insulation) 0.001 25 16. A
2 (Oversheath) | ¥ 0.001 23 38
3 (Serving) - 0.02 3 1 -
<« | »
Semiconducting Layers:
Exists | Resistivity | Relative Permea... | Relative Permitti... | Thickness
uOhm’cm mm
P Core Outer 1000000 1. 1000. 1. il
Ins. Outer | 1000000 1. 1000. 21

Figure C.4: Modelling of coaxial cable in DIgSILENT.

From figure[C.4]it can be seen that the cable is modelled using six layers. Two conductive layers conduc-
tor and screen, two semi conductive layers inner and outer semi conductive layer accordingly and two
layers of insulation, the insulation and the outer covering.
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C.1 Model of the FRT-NOR cable line

Cable system type

The cable system type(Typ-Cabsys) provide information of the formation of the cables placing in the

ground see figure The distance between the cables and the depth of the cables are defined in this
window, as horizontal and vertical coordinates x and y accordingly.

Cable Definition - Equipment Type LibranAFlat formation 03: _chT__ =)
RMS-Smuation | EMT-Smuation | Hamoncs | Optimzation | State Estimator | Relabity | Descroton |

I BascData | LoadFow | VDE/IEC ShotCrout | Complete ShoiCrout | ANSIShotCrout | IEC 61363 I
Name [Fiat formation 0.3} Cancel
Nom. Frequency  [50. H Caculate
Resistivity 100 Ohm'm  Conductivy [100. uS/em

Buied  [drect in Ground - Cireuts 1 E:

Single Core Cable Types of Line Creuts

Single Core Cable Type Num. of Phases [Rated Curent | Reduced [Cross Bonded | Colour
TypCab kA

1 v . -

Coordinate of Line Crrcuits fm]:

X1 x2 x [ v [y [ w3 ]
PCrcuit 1 [ 03 12 12 1Za

K1 L’ﬂ s s 0

Figure C.5: Cable layout in DIgSILENT.

Figure shows that the cable line are modelled as a flat formation with a horizontal distance of 0.3m
between the cables according to the system description in section 2]

In order to connect the cable type to the system type the coupling elements(EImCabsys) is used. The
coupling element is shown in figure Figure also shows a capacitor connected between the
conductor and the screen circuit, this has no electrical purpose but is included for making the making the
software consider the overall model as one system and not two insulated areas.

Basic Data | EMT-Simulation | Descrption |

Neme [MinorSection 1
Cancel

Cable Defintion  w| = | Equipment Type Library\Flat formation 0.3 —‘

Route ﬂﬂ Update

[~ Outof Service

Line Mode!

(" Lumped Parameter (P)

Distrbuted Parameter
<

Line Name:

Terminal(4)

Series Ca..

u Polarty

EmLne EimLneroute

[B-Crout 1/ Conductor Teminal | =
Croul 1/ Shealh_| * Sheel Teminali

0398
0.000

Figure C.6: Cable layout in DIgSILENT.
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C.1 Model of the FRT-NOR cable line

Cross bonding points

The cross bonding points are performed with three single phase reactors. Using single phase reactors it
is possible to determine the phases on the bus bar at which the reactor should be connected as shown in

figure[C.7]

‘erminal(4)
o

0]
plom|
*ﬂm
om
000
Sewnca.
0
=L Terminal(s)

Terminal(6)

Terminal(7)

Terminal(10)
Temina(11)
Terminal(13)

poes. = E=d Sheat Sheat1)
Acvass.
==
Series Reactor - Grid\Series »)éanor.ams'nd
Ao Vebng. Complete ShortCreuit | ANSI ShogCreuit | IEC 61363 | RMS-Simulation | EMT-Simulation | oK
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Figure C.7: DIgSILENT modelling of cross bonding, using three single phase reactors.

Grounding point

At the end of the major section the cable screens are ground connected. The grounding point is performed
using a voltage source which voltage are set equal to zero. The connection from the three cable screens
are performed using three single phase reactors at the cross bonding points. The reactors connect each
of the cable screens to a single phase bus bar. The voltage source used for grounding is connected to this
single phase bus bar as shown in figure[C.8]
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Figure C.8: DIgSILENT modelling of the screen grounding point at the end of the cable line.

The earthing resistance is set equal to 0.1 at the grounding point in figure[C.8]
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C.1 Model of the FRT-NOR cable line

Line Element

The line element is used for both the core and the screen. For this the length of the section is applied
corresponding the system description 3.84km. The line element is shown in figure [C.9]
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Figure C.9: Line element in DIgSILENT at which the section length is specified.
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C.1 Model of the FRT-NOR cable line

ECC

The ECC is modelled based on the same Principe used for the conductor. The diameter and the DC-
resistance is found in the ABB XLPE land cable systems, users guide, table 20 to 11.2mm and 0.192%2/km.

The DC-resistance is adjusted to a ground temperature of 5°C according to the system description using

equation
Rpc—ece =Ro- (14 0tcu—20(0 —20)) [Q] (C.13)
Rpc—cce =0.193-(1+3.93-1073(5—20)) = 0.182m%/km (C.14)
Where:
Olcu—20 is the temperature coefficient for Copper 3.93-1073Qm p.61].
0 is the actual temperature of the cable, (5°C) as described in the system description.
Implementation of the ECC is done using a single core cable type shown in figure[C.10]
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Figure C.10: DIgSIELENT modelling of the ECC.
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C.1 Model of the FRT-NOR cable line

Cable system with ECC
The cable systems for the sections with the ECC, is modelled as shown in figure [C.T1]
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Figure C.11: Cable system for sections equipt with ECC.

For the sections with the ECC the coupling element is expanded also to include the ECC as shown in

figure[C.12]
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Figure C.12: Coupling element for sections with ECC.
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C.1 Model of the FRT-NOR cable line

Overall diagram
The overall diagram of the DIgSILENT model is shown in figure [C.13]
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Figure C.13: Overall DIgSILENT model, showing the entire system.

C. DIgSILENT simulation model C-13



C.2 Cable model used in the problem analysis

C.2 Cable model used in the problem analysis

For evaluation of the impedance method in the problem

in figure

analysis is uses the DIgSILENT model shown
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Figure C.14: Overall DIgSILENT model, used in problem analysis.

Figure shows the data input for the cable model above. The data input is provided by [42]. Each
minor section is 1km long, hence the entire cable line have a length of 3km. The earthing resistance at
the third link box is set to 10Q.
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Figure C.15: Input data for the cable model used in the problem analysis.
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Appendix D

Field measurement #1 of the 150kV line
between Frgstrup and Nors

The 150kV transmission line at which the measurement will be performed is a 15.1km long, new estab-
lished cable line which replaces an excising OHL between Frgstrup and Nors. Frgstrup and Nors(FRT-
NOR) is located in the north western part of Jutland as shown in figure [D.1]

Figure D.1: Geographical placing of the 150kV line between Frgstrup and Nors.

The purpose of the measurement is to obtain measuring data on the screen circuit of a cross bonded
cable system. The data will be used for validation of a measuring technique for link box condition
determination.

D-1



The cable line consists of three single core coaxial cables. The coaxial cables are placed in flat formation
1.2m below the ground surface with a horizontal distance of 0.3m between the cables as shown in figure
D.2]

NAN N N N N N NN

1.2m

@ ©©

Figure D.2: Cross section layout of the cable line between Frgstrup and Nors. The three coaxial ca-
bles are placed in flat formation with 0.3m between the cables and 1.2m below the ground
surface.

All cables are insulated by XLPE and with a cross section area of 1200mm?”. The line represents one
major cross bonded section, followed by two minor sections using single point bounding. The three
minor sections of the cross bonded section is 3840m each. The two sections using single point grounding
are 1280m and 2300m accordingly. The line is both transposed and cross bonded. A sketch of the line is
shown in figure[D.3] Detailed description of the cable system is given in system description in chapter[2]

el H>o Ho DD 5 M =5 > 5 Y] ) D D S 5 B!
o >0 o Jha e oo T >0 o o Mo o
= - g.r [:, O v —— Ecocanduotr_ ¢

Cross bonding minor section L ross bonding minor section |

Single point section

Figure D.3: Bonding schematic for the 150kV transmission line connection Frgstrup and Nors in the
northern part of Jutland.

The measurements are performed at HV substation Nors at the termination of the cable line. From figure
[D.3]it may be seen that the screen circuit is star connected at grounded at joint 9. Because of the star
connection at joint 9, the measuring circuit will be the cable line from Nors to the cross bonding point at
joint 9 as shown in figure[D.4]

Nors 1280m J"l‘“( 1280m Joint 1280m Joint 1280m J°4‘"‘ 1280m 305‘"‘ 1280m Joint 1280m J°7‘“‘ 1280m 308‘"[ 1280m 309'”‘
2
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a) =) =) D, ) = ) D) ) ) = )
: i

Measuring site

..l,
I
n
1k
T

| Cross bonding minor section | Cross bonding minor section | Cross bonding minor section |

f Cross bonding major section I

Figure D.4: Measured part of the cable line FRT-NOR.
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For this measurement only the circuit formed to the cable screens are of interest, therefore figure [D.4]
may be reduced only to include the cable screens. The impedances of the three cable parts of each minor
section may also be lumped together. The reduced circuit is shown in figure Figure [D.5| shown the
physical placing of the screen circuit and the lumped impedances are marked Z,, where x represents the
screen conductor and y represents the minor section.

First Second Third
Minor section Minor section Minor section

jJuI0d Buunsespy

Link Box Link Box Ze Q

Figure D.5: Measured part of the cable line FRT-NOR.
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D.1 Planning field measurements FRT-NOR

D.1 Planning field measurements FRT-NOR

It is planned to do three sets of measurement. The different sets are done to obtain measuring for different
fault conditions. All faults are implemented by insertion a resistance in the link boxes. The three sets are
listed below in the order at which they are planned to be performed:

SET 1:
e Healthy screen circuit
SET 2 - Faults in the FLB:

e Sc-Sc fault in the FLB. (2.6Q)
e Sc-Gr fault in the FLB. (2.6Q)

SET 3 - Faults in the SLB:

e Sc-Sc fault in the SLB. (2.6Q)
e Sc-Gr fault in the SLB. (2.6Q)

The electric equivalent screen circuits for the four fault conditions are shown in figure These are
based on figure Figure shows the screen circuit, not taking care of the physical placing of the
elements of the screen circuit due to cross-bonding. The link box faults are marked by a fault resistance
of 2.6Q2.
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Figure D.6: Electrical equivalent screen circuit of the measuring circuit shown in ﬁgure shows
screen B to screen C fault in the first link box. [(b)] shows screen C to ground fault in the first
link box. [(c)|shows screen A to screen B fault in the second link box. [(c)|shows screen C to
ground fault in the second link box.
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D.1 Planning field measurements FRT-NOR

D.1.1 Simulation model

A simulation model similar to the line FRT-NOR is set up, in the simulation software DIgSILENT. A
detailed describtion of the model may be found in Appendix [C| An overview of the simulation model is

shown in figure
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== Main conductor circuit

= Cross bonded screen circuit
== Single point grounded circuit
== ECC circuit

Ref. voltage source for short circuit calculation

Figure D.7: DIgSILENT model of the 150kV cable line between Frgstrup and Nors, used for AC fault
simulations.

For the simulation the core conductor of the three cables are grounded in both ends which will also be
the case for the actual circuit during measurement.

During the simulation the screen circuit is supplied by three star connected voltage sources. The values
of these are listed below:

Vsourcel = 1VZ0° (Magnitude in RMS)
Vsource2 = 1VZ — 120° (Magnitude in RMS)
Vsource3 = 1V.£120° (Magnitude in RMS)

The grounding resistance in FLB is 0.2Q, in SLB 7Q and in substations 0.1€Q2. The apparent screen
impedances are calculated based on the voltage and current at sources Uy, Up and U in figure
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D.1 Planning field measurements FRT-NOR

D.1.2 Simulations results of FRT-NOR FM1

Before the measurements are carried out there are made simulations to see what to expect of the measure-
ments. Simulations are also used to study what variations of the fault resistance, means to the measured
apparent screen impedances.

Simulation sets

For the simulation three phases are applied to the three screen conductors. The simulation provide ap-
parent impedances at the measuring point. There are made simulations for five different fault conditions.
One simulation where the screen circuit is intact, and four different fault conditions. The five simulations
are listed below:

SET 1:
e Healthy screen circuit
SET 2 - Faults in the FLB:

e Sc-Sc fault in the FLB. (2.6Q)
e Sc-Gr fault in the FLB. (2.6Q)

SET 3 - Faults in the SLB:

e Sc-Sc fault in the SLB. (2.6Q2)
e Sc-Gr fault in the SLB. (2.6Q)

The fault conditions are simulated as a short circuit either between two screen conductors or between
one screen and the grounded enclosure in the first or the second link box. The short circuit resistance
for the measurement is chosen to 2.6 because this value is possible to apply in the link boxes. For
the measurement the added fault resistance is 2.6€2 but this value is expected to within a precision of a
few hundred milli-ohms due to mechanical connections and temperature changes. To take the possible
variations of the fault resistance into consideration, simulations are made with fault resistance from
2 —3Q and the apparent impedances are shown as graphs. From the graphs it can be seen what influence,
variations of fault impedances have to the apparent phase impedances.

The apparent phase impedances of the screen circuit for the five different conditions are listed in table
[D.2] These are calculated based on a fault resistance of exactly 2.6Q.

SET1 - Healthy screen circuit
For the Healthy screen circuit three phases are applied and the apparent impedances are simulated. The
results are presented in table

Screen |Z|[Q] 0[]
Zy 225 44.20
Zgp 225 4420
Zc 225 44.20

Table D.1: Simulated apparent impedances for the healthy screen circuit.
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D.1 Planning field measurements FRT-NOR

SET?2 - Sc-Sc fault in the FLB (B-C, 1.LB)

For this simulation there is applied a screen to screen fault between screen A and C in the first link box.
The fault resistance is changed from 2 — 3Q. The magnitude and angle of the apparent impedance at the
measuring point are simulated and shown in figure [D.8(a)|and [D.8(b)l
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Figure D.8: Simulated apparent impedances with fault resistance between two phases in first link box
changed from 2 — 3Q.

From figure [D.8(a)| and [D.8(b)] it can be seen that the apparent impedance of the two screens between
which the fault is applied are approximately 0.7Q2 lower than the non faulty screen. The apparent
impedance of the non faulty screen is unaffected by the fault.

SET2 - Sc-Gr fault in the FLB (C-Gr, 1.LB)
For this simulation there is applied a Sc-Gr fault from screen C in the FLB. The fault resistance is
changed from 2 — 3Q. The magnitude and angle of the apparent impedance at the measuring point are

simulated and shown in figure[D.9(a)and [D.9(b)| It may be seen from the figures that the fault resistance
is changed from 12 — 134, this is because there is included a grounding resistance of 10Q2.
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Figure D.9: Simulated apparent impedances with fault resistance between one screen and ground in first
link box changed from 2 — 3Q.
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D.1 Planning field measurements FRT-NOR

From figure [D.9(a) and [D.9(b)|it can be seen that the screen from which the fault is applied has dropped
to approximately 0.9Q compared to healthy screen circuit. The apparent impedances of the non faulty
screens has increased approximately 1Q from healthy screen circuit.

SET3 - Sc-Sc fault in the SLB (B-C, 2.LLB)

For this simulation there is applied a Sc-Sc fault in the SLB. The fault resistance is changed from 2 — 3.
The magnitude and angle of the apparent impedance at the measuring point are simulated and shown in

figure [D.10(a) and [D.TO(b)}
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Figure D.10: Simulated apparent impedances with fault resistance between two phases in second link
box changed from 2 — 3Q.

SET3 - Sc-Gr fault in the SLB (C-Gr, 2.LB)

For this simulation there is applied a Sc-Gr fault in the SLB. The fault resistance is changed from 2 — 3Q.
The magnitude and angle of the apparent impedance at the measuring point are simulated and shown in
figure [D.11(a)] and [D.11(b)l It may be seen from the figures that the fault resistance is changed from
12 — 13Q, this is because there is included a grounding resistance of 10Q2.
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Figure D.11: Simulated apparent impedances with fault resistance between one phase and ground in
second link box changed from 2 — 3Q.
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D.1 Planning field measurements FRT-NOR

D.1.3 SET 1-3 Summary

The simulation results in figure to [D.11] shown the effect of the variances of the fault resistance
between 2 — 3Q. From the figures it is concluded that the measured apparent impedances are influenced
by maximum 100mQ when the fault resistance is changed from 2 — 3Q. The condition which is most
sensitive to variations of the fault resistance is when a Sc-Sc fault is applied in the FLB. The phase of
the apparent impedance is maximum influenced by 3° when the fault resistance is changed from 2 — 3Q.
Also according to the phase, the Sc to Sc fault in the FLB is the most sensitive.

As explained in the beginning of this section simulated impedance for a fault resistance of 2.6Q2 is
summed up in table[D.2]

Simulation Apparent impedance[€2/°]

Zy Zp Zc
healthy screen circuit 2.25/44.20 2.25/44.20 2.25/44.20
B-C, FLB 2.25/44.22 1.51/£45.05 1.72£63.30
C-Gr, FLB 2.31/£44.42 2.28/47.40 1.72/49.29
B-C, SLB 2.27/44.40 2.10£50.29 2.00£44.20
C-Gr, SLB 2.25/44.10 2.24/44.50 2.20/43.20

Table D.2: Apparent impedances for the five simulations. For all of the cases the fault resistance is 2.6Q.

Table [D.2] provide target values for measurement. The earlier presented grapes may be used to foresee
the influence of the deviation of the fault resistance on the apparent impedances.

D. Field measurement #1 of the 150kV line between Frostrup and Nors D-9



D.2 Performing measurement

D.2 Performing measurement

Date: 11.1.2012.

Location: 150kV HV station Nors, Buskkarvej 13, 7700 Thisted.

Participants: Morten Thule Hansen(AAU), Kasper Schultz Pedersen(AAU), Peter Rgnne-Hansen (N1),
Lars Brix (N1).

The measurements will be performed at the 150kV HV station Nors, on the 150kV cable line FRT-NOR.

D.2.1 Measuring process

The cable line which is subject to measurement is just established and not taking into operation at the
time. The cable line is intended to replace an excising OHL. During the test the OHL will be taking out
of service for safety reasons. By disconnecting the existing OHL line the surrounding noise may also be
reduced.

To achieve high safety when working at HV systems there is set up a process for the events and the order
in which whey should be performed during the test.

The following list presents the order of events, which will be performed during the test:

The OHL is disconnected and de-energized by N1

The OHL is grounded and locked in both ends by N1

Measuring equipment are brought into the measuring site and the tent is set up

The ground connections at the cable termination in Nors is disconnected see figure
Possible induced screen voltages are measured according to ground, for safety reasons
DC resistance measurement is performed, between screen and to ground

Measuring SET 1 is performed

Measuring SET 2 is performed

o RN R W -

Measuring SET 3 is performed

[
=]

Ground connection at the cable terminations are re-established
The OHL grounding is removed by N1
The OHL is put into service by N1

—
N =

D.2.2 Dimensioning test setup

In order to dimension the equipment for the measuring setup it is studied how much power the system
can handle without being subject to any damage and how much power may possible be delivered by
available testing equipment.

During the measurement voltage will be applied to the screens of the three cables. The screen of the
cables are insulated for DC 25kV [20]. The cable screen represents a cross section area of 95mm? and is
for this reason capable of carrying more than 100A [6l p.185]. From these assumptions it is concluded
that the test voltage and current are limited by the testing equipment.
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The system will be supplied by three phases which voltages are floating according to ground potential.
This can be done using a galvanic separation transformer and a three phased auto transformer. The
university owns galvanic separation transformers and three phased auto transformers with a rated power
of 5kVA and 6.24kVA respectively. These are with a physical size and mass which make it possible to
be transported to the measuring site Nors. The auto transformer beside the power capability also has a
maximum current capability of 8A at the secondary side.

From simulation the relation between applied voltage, current and dissipated power for the actual circuit
can be studied. The condition which represents the lowest impedance is when a fault is applied between
two phases in the first link box. For this condition the current will increase fastest according to applied
voltage. A simulation is performed using a fault resistance of 0Q between phase a and c in the first link
box. Simulation results are shown in figure [D.12(a) and [D.12(b)|

A R

X:7.36
. 2 ......................................................
< a : :
= <L :
k= 515 ............. O SO O
L = : :
= A S SO S g
O | §
a
| c
.......................................... b o
— = :
C (=Y .
ol < :
i i max; 0 | Fmme i i
10 15 20 0 10 20 30 40
Phase voltage [V] Phase voltage [V]
(a) (b)

Figure D.12: urrent in the three phases as a function of applied phase voltage. Dissipated appar-
ent power per phase as a function of applied phase voltage.

The current limitation of the auto transformer is marked on figure as a pink line and the date
cursor indicate the corresponding voltage for phase ¢. From the figure it can be seen that the current
is at the maximum when the circuit is supplied by 7.36V. From figure the dissipated apparent
power corresponding to a voltage of 7.4V can be seen, also marked by a data cursor. It can be seen that
this point is much lower than the horizontal pink line in figure indication the maximum apparent
power of the galvanic separation transformer.

From the study it is concluded that the measuring equipment are suitable for the test. It is decidable
to choose the applied voltage and current so that coupling of surrounding noise into the circuit may be
reduced but still keeping a sufficient margin from the limits of the equipment. In order to fulfill the
mentioned criteria it is decided to increase the voltage until the three currents are approximately SA. By
increasing the voltage the three phase current may differ from each other according to the given fault
situation. It is important be aware that the highest current not become close the current limitation of the
auto transformer.

If the current become close the current limitation of the auto transformer, the core of the transformer may
saturate. If the core of the transformer become close to saturation, the characteristic become non-linear.
A non-linear characteristic lead to generation of harmonic currents [3]. Simulations and calculations are
carried out for 50Hz only therefore only this frequency should be evaluated during the measurement. In
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order to consider the possible content of harmonic during the measurement it may be preferred to record
the waveforms to be able to analyze the frequency content of the signal.
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D.2.3 Measuring setup

The measuring setup for the field measurement #1 is shown in figure[D.13]
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Figure D.13: Measurement setup for field tests. Three phased supply is provided by the cooperation
company N1.

Three phases are applied to the screen circuit. The three phases are supplied by the auto transformer in
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order to make the voltage adjustable. The three phase voltages and three phase currents are recorded.
Also the voltage at the star point of the voltages sources are measured. All voltages are measured ac-
cording to ground potential. The measurement is performed using both Omicron CMC356 and Voltech
PM3000A. The procedure is repeated for the four different fault conditions.

The complete measuring setup is placed in the HV substation Nors where all measurements are per-
formed.

I order to keep the measuring equipment dry a tent is installed at the measuring site in Nors. The tent is
non-magnetic to prevent coupling from the surroundings. The site is shown on figure [D.T4]

Figure D.14: Test setup next to cable termination in HV substation Nors.

The grounding of the cable screen is removed as shown in figure [D.15] The connection between cable
screen and the Omicron connection box is done by grounding cables as shown in figure[D.13]

|
|
| Grounding of
center
conductor

Silicon
insulator

Connection to -
cable screen Grounding of
cable screen

revmoved

HV cable

Conduction
plate at which
cable screen
is terminated

Figure D.15: Cable termination in the HV substation Nors.
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Connection of fault simulation resistance in link box is shown in figure[D.T6]. The resistance is connected
between two screen connections or between one screen and ground.

Resistor

Connection of
resistor of
screen circuit

SVL

Ground
connection of
SVL

Linkbox

Figure D.16: Linkbox with fault simulation resistor placed between two cable screens.

As ground potential the substation grounding is used. The substation ground is accessed, by connection
to the copper wires used for equipment grounding inside the substation as shown in figure [D.17]

Figure D.17: Connection to substation ground.
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D.2.4 Measuring equipment

Table [D.3]includes the instruments, which will be used for field measurement #1. As earlier explained

the screen circuit is supplied by three phases though a galvanic separation transformer and an autotrans-

former shown in figure [D.13]
Type Producer Model AAU number
Galvanic separation transformer Noratel 6-010-718711 93629
Auto transformer Metrel MTH 450/B 89101
Universal relay test set Omicron CMC 365 owned by N1
Grounding box Omicron CP GB1 owned by N1
Universal power analyzer Voltech PM3000A 29388
C-Shunt Precision shunts Omicron C-Shunt 10 owned by N1

Variable effect resistance 2.5Q Danotherm 2.5Q slider -

Table D.3: Instruments used for field measurement 1.

The Omicron universal relay test set (CMC356) is
connected to a PC which is equipped with omicron
test universe software.

The CP GB1 grounding box including overvolt-
age protection which conducts to ground in case of
overvoltages. The grounding box is used as con-
nection point between the measuring equipment
and the cable system as shown in figure[D.13]

The Omicron C-ShuntlO current shunts have a
measuring range of 0 — 12.5A. The shunt resis-
tance is 10mQ.

Figure D.18: Omicron CMC356 Universal
relay test set.

Figure D.19: Omicron CP GB1 Grounding
box.

Figure D.20: Omicron C-shunt 10 current
shunt.
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The universal power analyzer measures voltages
and currents. The power analyzer is equipped with

a filter which makes it possible only to measure the

fundamental frequency.
a Y Figure D.21: Voltech PM3000A power ana-

lyzer.

During the test, the voltage is increased slowly using the auto transformer in figure [D.22] While increas-
ing the current is observed on the display of the power analyzer. It is decided to increase the voltage until
the current is approximately SA in order not to overload the auto transformer.

Galvanic
separation
transformer

Auto
transformer

Figure D.22: Galvanic separation transformer and autotransformer.
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Connection between the measuring equipment and the cable system is shown in figure [D.23] Test cables
with banana plugs and crocodile clamps are used for connection of the measuring equipment. Connection
from the grounding box to the system is performed using grounding cables as shown in figure [D.23]

N

e e

Figure D.23: Omicron CP GB1 grounding box including over voltage protection. Used as connection
point to the system.

Measurement performed using both power analyzer and Omicron relay testing set shown in figure[D.24]
Recording with Omicron is manually triggered and measurements are logged at a 9.48kHz sampling rate
with a time span of 15 sec. Recording from power analyzer is done manually, by reading the values from
the display for each fault conditions.

The measuring range on the power analyzer is automatically set to 20V and 10A. The power analyzer is
set to measure only to fundamental frequency.

PC for
recording of
Omicron
measurement

Power
analyser
Voltech

PM3000A

Omicron
CMC356

Figure D.24: Measuring equipment for measuring set 1. Power analyzer and Omicron CMC356, with
recording PC.
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D.2.5 Measuring accuracy

The purpose of the measurement is validation of screen condition determination. The analyses showed
that a condition change may only affect the system impedance by a small value, relative to healthy circuit,
therefore measurement accuracy is important. The measuring is influence by accuracy of the measuring
equipment and the temperature at the measuring site.

Equipment accuracy

Measurements are performed using both Power analyzer and Omicron CMC356 as shown in figure[D.13]
Both measuring instruments are connected at the same time. Figure [D.13|shows that the current mea-
surements of the two instruments are connected in series and the voltage measurements are performed
at the point of connection. Using this connection setup the current measurement for both instruments
will account for both the current obtained by the circuit and for the current absorbed by the voltage mea-
surement see figure The input impedance for the instruments are 500kQ and 1MQ accordingly.
The voltage applied for the measurement is in the range of 10V which generate a current of 30p1A see
equation[D.TJand [D.2] It is concluded that this current is so small that it will not affect the measurement.

upply Voltech  Omicron U Cable syste

U 10
I, = =— =10pA (D.1)
! Ryoltech IM a Romicron
U 10 = =
l,=———=—-=20pA (D.2)
Romicron 500k Figure D.25: Setup scheme of voltage and

current measurement.

Accuracy of Power analyzer - Voltech PM3000A
The power analyzer is directly connected from the voltage supply(autotransformer) meaning no probes

are used as shown in figure[D.13]

From the datasheet [52] it is found that the power analyzer measures voltage and current with an accuracy
of:

+0.05%rdg +0.05%mg (D.3)

Where:
- rdg means reading
- mg means measuring range.

This means that the accuracy is dependent of the size of the readings and the measuring range. The
reading differ according to measurement but the voltage range is 20V and the current range is 10A for
all measurement.
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Measurement ~ Power analyzer Range Power analyzer accuracy

Voltage phase A 20V 40.05%rdg + 10mV
Voltage phase B 20V +0.05%rdg = 10mV
Voltage phase C 20V +0.05%rdg = 10mV
Current phase A 10A +0.05%rdg + SmA
Current phase B 10A +0.05%rdg == 5mA
Current phase C 10A +0.05%rdg == 5mA

Table D.4: Accuracy of the power analyzer measurement.

To relate the accuracies from table direct to voltage and current, there will be calculated an example.
The example is carried out with basis of the values measured for phase A on the healthy screen circuit
from table [D.8]

Uy = £0.0005-13.035£10mV = £16.5mV (D4)

Accuracy of the measured current is calculated using equation

Iy = £0.0005-5.309 £ 5SmA = £7.7mA (D.5)

Accuracy of Omicron CMC356

The Omicron CMC356 is able to measure voltages in the range of 0 — 600V [S]]. This means that the
voltage can be measured directly without using any probes from the connection point in figure
The voltage measurement is therefore only influenced by the accuracy of the voltage inputs. The typical
accuracy of the omicron is by the reference manual [5] found to:

+0.06%rdg (D.6)

Where:
- rdg means reading.

The current is measured using current shunts shown in figure The used current shunts has a
maximum ability of 12.5A which is converted to 125mV. The current measurement is influenced by
both the accuracy of the current shunt and the accuracy of the voltage input of the omicron. The two
accuracies shall be added in order to determine the resulting accuracy.

The accuracy of the current shunts are +0.1% and the accuracy of the voltage input is +0.06%rdg. The
total worst case accuracy is therefore determined to +0.16% using the min/max method.
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Measurement ~ Probe division Probe accuracy Omicron CMC356

Voltage phase A no probe - +0.06%rdg
Voltage phase B no probe - +0.06%rdg
Voltage phase C no probe - +0.06%rdg
Current phase A 12.5A/125mV +0.1% +0.16%rdg
Current phase B 12.5A/125mV +0.1% +0.16%rdg
Current phase C  12.5A/125mV +0.1% +0.16%rdg

Table D.5: Accuracy of the Omicron CMC356.

As for the power analyzer, there will for the Omicron, be made an accuracy calculation example. The
accuracy for voltage and current given in table [D.5]is used. This example is carried out based of the
same measurement as the previous example, measured for phase A on the healthy screen circuit. The
measured values are given in figure Accuracy of the measured voltage is calculated using equation

.7

Uy = £0.0006-13.035 = £7.8mV (D.7)

Accuracy of the measured current is calculated using equation[D.§]

Iy =+£0.0016-5.309 = £8.5mA (D.8)

In case the impedance was calculated based on the Omicron recorded data the accuracy of the impedance
would be the sum of the accuracies: +0.22%.

Impedance Accuracy

For this thesis the impedance is the parameter of most interest. The impedance of the measurement is
calculated using ohms law using equation [D.9]

U
Z=— Q] (D.9)
1
The previous section describes that there are some accuracies influencing the voltage and current mea-
surement. The impedance is the quotient of two accuracies. Therefore the worst case accuracy of the
impedance becomes the sum, of the two accuracies.

The accuracy of the impedance measured by the power analyzer may be calculated from the accuracy of
the voltage and current. Based on the previous example the voltage accuracy is +0.13% from equation
[D.4]and the current +0.15% from equation[D.5] The worst case accuracy of the impedance becomes the
sum of the voltage and current accuracy: £0.28%. It is seen that both accuracies are lower than 0.5%. It
is chosen to use the measurements from the power analyzer further, because from the power analyser the

D. Field measurement #1 of the 150kV line between Frostrup and Nors D-21



D.2 Performing measurement

voltages and currents can be obtained directly. The recorded voltages and currents from the CMC356,
should be analyzed by data processing to obtain the apparent screen impedances.
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D.3 Measuring results

The resistor, used as fault resistor is shown in figure[D.16] The resistance of the fault resistor is measured
at the site with the temperature of the surroundings. The value is presented in table

Parameter R[Q]
Rfault 2 6

Table D.6: Measured fault resistor is the site.

The DC resistance of the screen circuit is measured using a fluke 179 with AAU number 70388. The
resistances are presented in table

Parameter R[Q]

R:L1-L2 3.2
R:LI-L3 33
R: L2-L3 32

Table D.7: Measured loop resistances using fluke 179.

D. Field measurement #1 of the 150kV line between Frostrup and Nors D-23



D.3 Measuring results

D.3.1 Power analyser

Healthy screen circuit

The values given in table[D.8|are measuring results of the healthy screen circuit. The values are measured
by the power analyzer, while the screen circuit is supplied by galvanic separation transformer and auto
transformer. The measuring setup may be seen in figure[D.T3]

Voltage[V] Current[A] PF R[Q] X[Q2]
Screen A 13.035 5.309 0.701(ind) 1.7218 1.7494
Screen B 12.443 5.046 0.692(ind) 1.7072 1.7794
Screen C 12.681 5.133 0.700(ind) 1.7288 1.7639

Table D.8: Measuring results for the healthy screen circuit.

From the measured resistance and reactance the corresponding measured impedances may be calculates
using equation [D.10]and this is referred to as the measured impedance.

1Z| = VR? + X2 (D.10) /7 = cos”' (PF) (D.11)

The measured impedances are compared to the simulated and the deviations are calculated using equation
and shown in table The sign indicated if the simulated value is higher or lower than the
measured. + indicates a higher simulated value, and — indicates that the simulated value is lower than
the measured. The relative deviations are calculated from equation [D.13] these are also shown in table
D.9

AZ = Zyeas — Zsim (D.12) AZre =7 (D.13)
meas
Simulated Measured Deviation Relative deviation
Zsim [Qéo] Zmeas [-Qlo] AZ[Q'AO] AZre[%é%]
Screen A 2.25/44.2 2.4546/45.45 —-0.20£4-1.25 —8.15/2.75
Screen B 2.25/44.2 2.4659/46.19 —-0.22/-—1.99 —8.92/4.31
Screen C  2.25/44.2 2.4698/45.58 —0.22/—1.38 —8.91/3.03

Table D.9: Comparison of simulated and measured impedances for the healthy screen circuit.

From the simulated and measured values it is observed that the system close to symmetrical, when no
faults are applied. It is also observed that the measured impedances are 8 — 9% larger in amplitude and
1 —3% larger in phase than values.
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Sc-Sc fault in FLB (B-C, 1 LB)

The values given in table [D.10] are measuring results of the screen circuit with a Sc-Sc fault present in
the FLB. The values are measured by the power analyzer, while the screen circuit is supplied by galvanic
separation transformer and auto transformer. The measuring setup may be seen in figure

Voltage[V] Current[A] PF R[Q] X[Q]
Screen A 11.623 4.754 0.701(ind) 1.7162 1.7420
Screen B 11.026 6.558 0.707(ind) 1.1901 1.1879
Screen C 11.052 5.589 0.906(ind) 1.7919 0.8368

Table D.10: Measuring results with a Sc-Sc fault at 2.6Q in the FLB.

Simulated and measured apparent screen impedances are shown in table [D.T1]

Simulated Measured

Zsim ['Q'AO] Zmeas [Qéo]
Screen A 2.25/44.22 2.4454/45.49
Screen B 1.51/45.05 1.6815/45.01
Screen C 1.72/63.30 1.9777/25.04

Table D.11: comparison of simulated and measured impedances for Sc-Sc fault at 2.6Q2 in the FLB.

Form table[D.TT] it is seen than in general there are measured larger impedances than there are simulated.
The measurements are further used for model validation in Chapter|[6]
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Sc-Gr fault in FLB (C-Gr, 1% LB)

The values given in table [D.12] are measuring results of the screen circuit with a Sc-Gr fault present in
the FLB. The values are measured by the power analyzer, while the screen circuit is supplied by galvanic
separation transformer and auto transformer. The measuring setup may be seen in figure

Voltage[V] Current[A] PF R[Q] X[Q]
Screen A 13.165 5.160 0.672(ind) 1.7148 1.8887
Screen B 13.353 5.220 0.728(ind) 1.8622 1.7552
Screen C 10.462 5.672 0.761(ind) 1.4046 1.1959

Table D.12: Measuring results with a Sc-Gr fault at 2.6Q in the FLB.

Simulated and measured apparent screen impedances are shown in table

Simulated Measured

Zsim [Qlo] Zmeus [Qlo]
Screen A 2.31/42.22 2.5510/£47.78
Screen B 2.28/47.40 2.5590/43.28
Screen C  1.72/49.29 1.8447./40.45

Table D.13: Comparison of simulated and measured impedances for Sc-Gr fault of 2.6Q in the FLB.

Form table[D.T3] it is seen than in general there are measured larger impedances than there are simulated.
The measurements are further used for model validation in Chapter|[6]

D-26 D. Field measurement #1 of the 150kV line between Frostrup and Nors



D.3 Measuring results

Sc-Sc fault in SLB (B-C, 2" LB)

The values given in table [D.14] are measuring results of the screen circuit with a Sc-Sc fault present in
the SLB. The values are measured by the power analyzer, while the screen circuit is supplied by galvanic
separation transformer and auto transformer. The measuring setup may be seen in figure

Voltage[V] Current[A] PF R[Q] X[Q]
Screen A 11.606 4.844 0.780(ind) 1.8709 1.4974
Screen B 11.097 5.447 0.724(ind) 1.4762 1.4032
Screen C 11.119 5.339 0.832(ind) 1.7343 1.1527

Table D.14: Measuring results with a Sc-Sc fault at 2.6Q in the SLB.

Simulated and measured apparent screen impedances are shown in table [D.T5]

Simulated Measured

Zsim ['Q'AO] Zmeas [Qéo]
Screen A 2.27/44.40 2.3964/38.74
Screen B 2.10£50.29 2.0367£43.61
Screen C 2.00£44.20 2.0824/33.70

Table D.15: Comparison of simulated and measured impedances for Sc-Sc fault of 2.6Q in the SLB.

The Measurements are further used for model validation in Chapter|[6]
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Sc-Gr fault in SLB (C-Gr, 2" LB)

The values given i table [D.16]are measuring results of the screen circuit with a Sc-Gr fault present in the
SLB. The values are measured by the power analyzer, while the screen circuit is supplied by galvanic
separation transformer and auto transformer. The measuring setup may be seen in figure

Voltage[V] Current[A] PF R[Q] X[Q]
Screen A 12.473 5.200 0.774(ind) 1.8506 1.5120
Screen B 12.127 5.330 0.745(ind) 1.6965 1.5162
Screen C 11.751 5.459 0.792(ind) 1.7059 1.3113

Table D.16: Measuring results with a Sc-Gr fault at 2.6Q in the SLB.

Simulated and measured apparent screen impedances are shown in table

Simulated Measured

Zyim[QLY]  Zineas[QL°]
ScreenA 2.25/44.10 2.3897/39.29
Screen B 2.24/44.50 2.2753/41.84
Screen C  2.20£43.20 2.1517/37.63

Table D.17: Comparison of simulated and measured impedances for Sc-Gr fault of 2.6Q in the SLB.

The measurements are further used for model validation in Chapter|[6]

D.3.2 Omicron CMC356

The measuring results shown in the figures below are measured with Omicron CMC356. The measuring
setup may be seen in figure [D.13] Measuring results may be found at the CD in folder Nors 11-01-2012.
The recorded waveforms are used to analyze the harmonic content of the measured voltage and currents.
It is believed that possible harmonic currents / voltages caused by the non-linear magnetization curve of
the auto transformer.

Intact screen circuit

By looking at the voltage and current waveforms shown in figure [D.26(a)| and [D.26(b)|it is not expected
that the harmonic content of other than the fundamental frequency of 5S0Hz is present. However the

voltage waveform is bit flattened at the positive peaks.

In order to determine the harmonic contents of the signals a discrete Fourier transform (DFT) is used.
An efficient algorithm to compute this is a fast Fourier transform (FFT).

The fundamental frequency is 50Hz and the window for the FFT is therefore the number of samples
recorded over a time period of 20m:s.

The sampling rate is 28.4kHz number of samples are therefore
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Nyampie =28400-0.02 = 568 (D.14)

The Nyympre samples of the voltage and current waveforms are computed with the FFT algorithm which
return the DFT as shown in figure [D.26(c)| and [D.26(d)
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Figure D.26: Measured voltages and currents waveforms are shown in and corresponding fre-
quency spectra are shown in [(c)|and [(d)} for the intact screen circuit.

From the DFT in figure [D.2]it is seen that the fundamental frequency of 50Hz is domination the fifth
and 11™ are negligible. Therefore it is concluded that the non-linearity of the auto transformer do not
influence the results.
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Sc-Sc fault in FLB (B-C, 1% link box)
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Figure D.27: Measured voltage and current waveforms with a Sc-Sc fault at 2.6€2 in the FLB.

Figure shows that the screen voltages are balanced whereas the currents are unbalanced indicating
that a two screen fault is present in a link box, according to the analysis in appendix

Sc-Gr fault in FLB (C-Gr, 1% link box)
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Figure D.28: Measured voltage and current waveforms with a screen-ground fault at 2.6Q in the first
link box.

Figure[D.28|shows that the phase currents are balanced and the voltages are unbalanced indicating that a
single Sc-Gr fault is present in one of the link boxes, according to the analysis in appendix [B] It should
also be noted that the neutral voltage at the star connected sources also as increased indicating that a
ground fault is present.
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Sc-Sc fault in SLB (B-C, 2" link box)
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Figure D.29: Measured voltages and currents waveforms with a Sc-Sc fault at 2.6Q in the SLB.

Figure shows that the screen voltages are balanced whereas the currents are unbalanced indicating
that a two screen fault is present in a link box, according to the analysis in appendix

Sc-Gr fault in SLB (C-Gr, 2™ link box)
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Figure D.30: Measured voltages and currents waveforms with a Sc-Gr fault at 2.6Q in the SLB.
Figure [D.30] both the screen voltages and currents are balanced making it difficult to determine if the

screen circuit is faulty or not. Because of the balanced screen voltages the neutral voltage at the star
connected sources hasn’t increased.
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D.4 Field measurement #1 summary

From the waveforms recorded by the omicron it is observed that the harmonic content is so little that it
will not influence the measurement.

From the measuring results from both the power analyzer and the omicron it can be seen that the screen
circuit is close to symmetrical when no faults are applied.

When there is applied a Sc-Sc fault in the FLB it can be seen from table and the figures [D.27(a)
and [D.27(b)] that the currents become unsymmetrical but the voltages are symmetrical.

If there is applied a Sc-Gr fault in the FLB it can be seen from table and the figures and
that the voltages become unsymmetrical and the currents are symmetrical.

For the SLB the Sc-Sc fault may be identified by the same characteristic in figure [D.29(a)| and [D.29(b)]
Ground fault in the SLB is difficult to identify, for this case there it is observed, from figure and
[D.30(b)l that both voltages and currents are close to symmetrical.
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Appendix E

Field measurement #2 of the 150kV line
between Frgstrup and Nors

Field measurement #2 is performed at the same, 150kV cable line as field measurement #1. A sketch of

the cable line is shown in figure [E.T] detailed description of the specific line may be found in the system
description.
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| 1055 bonding minor secion |

Figure E.1: Bonding schematic for the 150kV transmission line connection Frgstrup and Nors in the
northern part of Jutland.

Field measurement #2 have three main purposes:

1 To study the three phase respons of the screen circuit from a sequence of single phase measure-
ments

2 To study the influence for different fault resistances

3 To study the frequency respons of the screen circuit for a higher frequency then the fundamental
50Hz for this measurement 360Hz is applied.

The single phase measurements are performed in order to study the possibility of obtaining the three
phase response of the screen circuit, from a sequence of single phase measurements. This is of interest
because a three phased voltage source with changeable frequency was not available. A single phase

measuring supply is available from the co-operation company, which have the option to change the
frequency.

The increased frequency measurement is carried out in order to increase the healthy impedance of the
screen circuit.

E-1
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E.1 Planning field measurements #2 FRT-NOR

The measurements performed during field measurement #2 are divided into three sets. For all of the

three sets the screen circuit is applied by AC voltage where the frequency is increased in steps from
30 —360Hz.

Both studies are performed for nine different screen conditions which are listed below.
SET 1:

e Healthy screen circuit
SET 2 - Faults in the first link box(FLB):

e (Sc-Sc) fault in the (FLB). (2.6€2)
e (Sc-Gr) fault in the (FLB). (2.6Q)
e (Sc-Sc) fault in the (FLB). (108Q)
e (Sc-Gr) fault in the (FLB). (108Q)

SET 3 - Faults in the second link box(SLB):

e (Sc-Sc) fault in the (SLB). (2.6Q2)
e (Sc-Gr) fault in the (SLB). (2.6Q)
e (Sc-Sc) fault in the (SLB). (108Q)
e (Sc-Gr) fault in the (SLB). (108Q)

Each screen condition include six measurements, three used for determination of equivalent phase impedances
and three used to obtain the three phased voltage response of the circuit.

For all five conditions and a sequence of seven frequencies are applied and recorded. The frequencies
are 30,70,90,210,260,310,360Hz. The frequencies are chosen not to be multiplies of the operation
frequency 50Hz, in order to avoid disturbances from the fundamental and harmonics of this.
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E.1.1 Simulation model

Sc-Sc and Sc-Gr faults are simulated in both first and second link box as indicated in figure [E.2] The
faults are simulated with a fault resistance of 2.6Q and 108Q. The earthing resistance in first link box is
0.2Q and in the second link box 72 as stated in the system description.

Terminal(2)
Terminal(g)

minal(12)

=3
£
E
2

First Link box E  Skcond Link box Third Link box
2 = Single point

screen section

eeeeeeee

gggggggggggggg

"
SEe
-

ECC
Simulated screen

@ Voltage Screen A — Screen C Screen A — Screen B
source A.B and C R=2.60 and R=108Q R=2.6Q and R=1080
Screen C — Ground Screen A — Ground
R=2.6Q and R=108Q R=2.6Q and R=108Q
R=0.2Q Re=7Q

Figure E.2: Detail of figure in appendix showing the screen circuit and what terminals the faults
are applied.

The voltage sources are set to following values.

VsourceA = 120
Viewrees = 1/—120 kV] (E.1)
Vsourcec' = 1120

In the following the screen impedances are notated screen A, B and C. This corresponds to the screen
impedance at voltage source A, B and C.

(Sc-Sc) fault in FLB (terminal 4) is applied between screen A and C

(Sc-Gr) fault in FLB (terminal 4) is applied to screen C, the fault resistance is respectively 2.8Q
and 108.2Q

(Sc-Sc) fault in SLB (terminal 6) is applied between screen A and B

(Sc-Gr) fault in SLB (terminal 6) is applied to screen A, the fault resistance is respectively 9.6Q
and 115Q
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E.1.2 Simulation results

The following tables shows the simulated results at a fundamental frequency of 360Hz.

Healthy screen circuit

Healthy impedance |Z| [Q] ¢ [°]

Screen A 13.8 80.1
Screen B 14.0 78.3
Screen C 14.2 81.6

Table E.1: Simulated apparent impedances at 360Hz, healthy screen circuit.

Faults in FLB Faults in SLB

Sc-Sc 2.6Q2 FLB 1Z| [Q] ¢[°] Sc-Sc2.6Q2SLB  |Z| [Q] ¢ [°]
Screen A 4.5 35.1 Screen A 8.3 81.6
Screen B 4.1 77.0 Screen B 14.1 77.4
Screen C 15.0 77.5 Screen C 9.8 59.5

Sc-Sc 108Q2 FLLB Sc-Sc 1082 SLB
Screen A 14.2 73.8 Screen A 13.5 78.8
Screen B 13.0 74.2 Screen B 14.0 78.3
Screen C 14.3 81.6 Screen C 14.4 79.8

Sc-Gr 2.8Q FLB Sc-Gr 9.6Q2 SLB
Screen A 15.1 82.3 Screen A 12.3 81.4
Screen B 11.7 80.5 Screen B 14.2 73.9
Screen C 14.3 75.9 Screen C 15.1 83.0

Sc-Gr 108.2Q2 FLB Sc-Gr 115Q SLB
Screen A 13.9 81.2 Screen A 13.5 79.4
Screen B 13.6  77.0 Screen B 142 777
Screen C 14.4 80.9 Screen C 14.3 82.4

Table E.2: Simulated results for fault cases Table E.3: Simulated results for fault cases
in FLB, fundamental frequency is in SLB, fundamental frequency is
360Hz. 360Hz.
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E.2 Performing measurement #2

Date: 18.1.2012.

Location: 150kV HV station Nors, Buskkarvej 13, 7700 Thisted.

Participants: Morten Thule Hansen(AAU), Kasper Schultz Pedersen(AAU), Peter Rgnne-Hansen (N1),
Lars Brix (N1).

The measurements will be performed at the 150kV HV substation Nors, on the 150kV cable line FRT-
NOR.

E.2.1 Measuring process

The cable line which is subject to measurement is just established and not taking into operation at the
time. The cable line is intended to replace an excising OHL. During the test the OHL will be taking out
of service for safety reasons. By disconnecting the existing OHL line the surrounding noise may also be
reduced.

To achieve high safety when working at HV systems there is set up a process for the events and the order
in which whey should be performed during the test.

The following list presents the order of events, which will be performed during the test:

The OHL is disconnected and de-energized by N1

The OHL is grounded and locked in both ends by N1

Measuring equipment are brought into the measuring site

The ground connections at the cable termination in Nors is disconnected se figure
Possible induced screen voltages are measured according to ground, for safety reasons
Measuring SET 1 is performed

Measuring SET 2 is performed

Measuring SET 3 is performed

o QN A W=

Ground connections at the cable terminations are re-established
The OHL grounding is removed by N1
The OHL is put into service by N1

-
—
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E.2.2 Measuring setup

Field measurements #2 only includes single phase measurements. All measurements are supplied by the
Omicron CPC100 and CP CU10 see figure [E.TT|and [E.T2] The CPC100 and CP CU10 setup, are only
capable of supplying single phase, and may be controlled to apply a given voltage or a given current. For
this test it is decided not to do measurements using the CPC100 but only perform measurements by the
Omicron CMC365 see figure [E.10] The CPC100 and CP CU10 are used only for power supply.

For each circuit condition there is performed six single phase measurements divided between two dif-
ferent measuring setup. The two measuring setup are referred to as measuring setup one and measuring
setup two and shown in figure [E.5|and [E.7]

1 Measuring setup one is used for calculation of equivalent screen impedances see figure[E.3| Three
measuring combinations are performed to obtain all combinations of the screen circuit.

(a) (b) (©
Figure E.3: Measuring setup for screen impedance measurements.
2 Measuring setup two is used for calculation of the three phase voltage response of the circuit, based

on the super position method see figure The star point voltage is determined using equation
Also the applied voltage is measured.

() (b) (©

Figure E.4: Measuring setup for three phased voltage response, based on the super position method.

Ustar = UNa + UNb + UNC (EZ)
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Measuring setup one

Measuring setup one is shown in figure[E.5] For this measuring setup the applied voltage and current are
measured and recorded by the Omicron CMC356. The supply and measuring equipment are connected
to the screen circuit in three different combinations: A-B, A-C or B-C. The connections are performed
using the grounding box shown in figure [E.T3] the three different combinations are illustrated in figure
E.0
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Figure E.5: Measurement setup one for field measurement #2 tests.

!

= =

(a) (b) (©

A C
[ttt Rl qm— ===
I I
& &

!
1

Figure E.6: The three combinations performed using measuring setup one. Shows measuring of loop
A-B.[(b)] Shows measuring of loop A-C.[(c)]Shows measuring of loop B-C.
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Measuring setup two

Measuring setup two is the super position method see figure[E.7] For this setup two voltages are measured
and recorded by the Omicron CMC356 shown in figure [E.T0} The two voltages are: The applied voltage
and the star point voltage according to ground as shown in figure [E77] The overall diagram of the
measuring setup may be seen in figure [E.7] The three connections are shown in figure [E-§]
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Figure E.7: Measurement setup two, for field measurement #2 tests.

Point of coupling ! Point of coupling 18 2 Point of coupling 18 2
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Figure E.8: The three connections performed using measuring setup two. Shows measuring super
position for source one. [(b)] Shows measuring super position for source two. Shows
measuring super position for source three.
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As earlier explained the measuring setup is placed in substation Nors next to the cable termination as
shown in figure [E.9] The same non-magnetic tent that were used for field measurements #1 is again used

for protection of the equipment from unlikely weather.

\
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Figure E.9: Test setup in substation Nors, placed next to the cable termination.

The connections from the measuring equipment to the screen circuit are performed almost in the same
way as were used for field measurements #1. The center conductors are grounded during the test, the
grounding of the screen conductors are removed and connected to the grounding box using earthing ca-

bles.

Further illustrations of the connections to the cable screens, implementation of screen faults in the link
boxes and grounding connections for the measuring connections may be found in field measurements #1,

in Appendix

E. Field measurement #2 of the 150kV line between Frostrup and Nors
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E.2.3 Measuring equipment

Table [E4] includes the instruments, which will be used for field measurement #2. Measuring setup one

and two uses the same equipment.

Type Producer Model AAU number
Universal relay test set Omicron CMC 365 owned by N1
Universal testing device Omicron CPC 100 owned by N1
Multifunctional coupling unit Omicron CPCU 1 owned by N1
Grounding box Omicron CP GB1 owned by N1
C-Shunt Precision shunts Omicron C-Shunt 10 owned by N1

Variable effect resistance 2.5Q  Danotherm 2.5Q slider -
Variable effect resistance 1002 Danotherm 100Q slider -

Table E.4: Instruments used for FM 2.

The Omicron universal relay test set (CMC356) is
connected to a PC which is equipped with Omi-

cron test universe software.

Figure E.10: Omicron CMC356 Universal
relay test set.

The Omicron universal testing device is pro-
grammed from the associated software to perform
a scequence of measurements with defined fre-
quency and voltage or current.

Figure E.11: Omicron CPC 100 Universal
testing device.
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The Omicron multifunctional coupling unit, gen-
erating the power supply for measurement. The
unit is controlled from the Omicron CPC 100.

The CP GBI grounding box including overvolt-
age protection which conducts to ground in case of
overvoltages. The grounding box is used as con-
nection point between the measuring equipment
and the cable system as shown in figure [E.5] and

E7

The Omicron C-ShuntlOQ current shunts have a
measuring range of 0 — 12.5A. The shunt resis-
tance is 10mQ.

Figure E.12: Omicron CP CU 1 multifunc-
tional coupling unit.

Figure E.13: Omicron CP GB1 Grounding
box.

Figure E.14: Omicron C-shunt 10 current
shunt.

E. Field measurement #2 of the 150kV line between Frostrup and Nors E-11



E.2 Performing measurement #2

E.2.4 Measuring accuracy

The purpose of the measurement is validation of screen condition determination. The analyses showed
that a condition change may only affect the system impedance by a small value, relative to healthy circuit,
therefore measurement accuracy is important. The measuring is influence by accuracy of the measuring
equipment and the temperature at the measuring site.

Equipment accuracy

Measurements are performed using Omicron CMC356 as shown on figure and therefore the
accuracy of the CMC356 is considered. Both current and voltage measurement are performed at the
point of connection.

Accuracy of Omicron CMC356

The Omicron CMC356 is capable for measuring voltages in the range of 0 — 600V [3]. This means that
the voltage can be measured directly without using any probes from the connection point in figure [E.5]
and The voltage measurement is therefore only influenced by the accuracy of the voltage inputs.
The typical accuracy of the omicron is by the reference manual [S]] found to:

+0.06%rdg (E.3)

Where:
- rdg means reading.

The current is measured using current shunts shown in figure [E.14] The used current shunts has a maxi-
mum ability of 12.5A which is converted to 125mV. The current measurement is influenced by both the
accuracy of the current shunt and the accuracy of the voltage input of the Omicron. The two accuracies
shall be added in order to determine the worst case accuracy.

The accuracy of the current shunts are £0.1% and the accuracy of the voltage input is 0.06%rdg. The
total accuracy is therefore determined to £0.16% using the min/max method.

Measurement  Probe division Probe accuracy Omicron CMC356

Voltage phase A no probe - +0.06%rdg
Voltage phase B no probe - +0.06%rdg
Voltage phase C no probe - +0.06%rdg
Current phase A 12.5A/125mV +0.1% +0.16%rdg
Current phase B 12.5A/125mV +0.1% +0.16%rdg
Current phase C  12.5A/125mV +0.1% +0.16%rdg

Table E.5: Accuracy of the Omicron CMC356.
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In order to relate the relative accuracies in table [E.5|to real quantities there are made a calculation exam-
ple. For the example the accuracies for voltage and current given in table [E.5|are used. The example is
based in the measurements performed on the healthy screen circuit.

Accuracy of the measured voltage is calculated using equation [E.4]

Uy = £0.0006-156.2 = £93.7mV (E4)

Accuracy of the measured current is calculated using equation

Iy =+£0.0016-5.1 = £8.16mA (E.5)

For this thesis the impedance is the parameter of most interest. The impedance is calculated based on the
measured voltage and current. In the case where the impedance calculation is based on one voltage and
one current measurement the resulting worst case accuracy is the sum of the accuracies for the voltage
and current respectively.

For this test the accuracy of the impedance would be +0.22%.

When the impedance calculation is based on the sum of several voltage and current measurements, the
total accuracy is the sum of the accuracy of each single measurement. An example could be the star point
voltage calculated by equation [E.2] For this parameter three values are measured to obtain one voltage,
for this voltage the resulting accuracy is the sum of the accuracies of each measurement.

AUsmr = AUNa +AUN1; +AUNC (E6)

Where:
A, is the accuracy of the subscript x.

For the star point voltage the accuracy may be calculated by equation to: 0.06 +0.06 +0.06 =
+0.18%.

The apparent impedances are calculated based on 12 measurements. The worst case accuracy of the mea-
surements are 1.02% including the accuracy of the current shunts. Even though a number of calculations
are performed the total apparent impedance accuracy is expected lower than 2%.
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E.3 Measurement results

As described earlier each measuring case consists of two different test setup and the total number of
measurements are six. The measurements are subdivided onto three measurements which includes the
source-voltage and current, as shown in figure and three measurement witch include the source-
voltage and star point to ground voltage, as shown in figure Measuring results may be found at the
CD in folder Nors 18-01-2012.

Valid for all six measurements are that they are recorded for a period of 14 seconds. Each record consists
of seven different fundamental frequencies. The fundamental frequency is changed every two seconds.
The fundamental frequencies are:

Time [Sec] Fundamental frequency [Hz]

0-2 30
2—-4 70
4—6 90
6—38 210
8—10 260
10-12 310
12—-14 360

Table E.6: Fundamental frequencies for each recording.

The CPC 100 is delivering 10A at the first five fundamental frequencies and 5A at the two highest
fundamental frequencies.

In figure [E.15] is the waveforms of the voltage and the current shown. The measured waveforms are
recorded with CMC 356 as shown in the test setup in figure The recorded voltage is measured
between screen A and B and the recorded current is measured in screen A, as shown in figure No
fault is present in the screen circuit.
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Figure E.15: Measured voltage between screen A and B. Measured current when screen A and B
are connected. No fault is present in the screen circuit.

As the above figures illustrates the current and especially the voltage waveforms consists not only of the
fundamental frequency but also harmonics of higher order.

In order to determine the harmonic contents of the signals a discrete Fourier transform (DFT) is used.
An efficient algorithm to compute the frequency content is a fast Fourier transform (FFT) [32] p.526].
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The time window of the FFT is one period of the fundamental frequency, hence 30Hz will have a window
of 33.3ms and 360Hz a window of 2.78ms.

The sampling rate of the recorded waveforms are 9.5kHz.

In order to reconstruct a continuous signal more than two samples per period is need [19, p.208]. The
highest order of harmonic that can be reconstructed for the 360Hz measurements are therefore.

samplings rate - period time  9500-0.00278

=132=1 E.
2 5 32=13 (E.7)

Max harmonic order =

The result of the FFT analysis is shown in figure [E.16 The figure illustrate the frequency content of the
seven fundamental frequencies listed in table [E.6] The figures illustrate the harmonic content up to the
order of 13.
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Figure E.16: Frequency content of the measured voltage and current for the healthy screen circuit.

Harmonics of orders 3, 5 and 7 is the most dominating harmonics.
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In order to use the measurement results for the further processing these need to be filtered so that only
the fundamental frequency is left. In order to do so the recorded data will be filtered with peak filters,
which is inverted notch filters. Seven filters are made each tuned to one fundamental frequency 30, 70,

90, 210, 260, 310 and 360Hz respectively.

The filters are made in MATLAB by using the toolbox ’ Filter Design ’. A screenshot of the design for
the peak filter tuned at 360Hz and the filter response is shown in figure

<) PeakiNotch Design 3]
PeakjNotch Design

Deesign 2 peak or notch fiter.

iew Filter Response

Save variable a5: | F360
Main | DataTypes | Code Generation
Fiter specifications

Respanse: [Pesk v | order: [6

Frequency specifications
Frequency constraints: |Center frequency and qualty Factor
Frequency units: He | nputFs: [3500

Center Fraquency: 360 Qualty factor |5

Magnitude speciications

Magritude constraints: [Unconstrained

Algerithm
Desion method: | Butterworth
Structure: Direct-form I 505

Scale 505 filter coefficients to reduce chance of overflow

[ o J[ camcel J[ teb | [ o

(@)

Magnitude (dB)

O —{266.395
™ | Frequency: 0.3599354
\/ Magnitude: 9.566747e-011
201 \ —202.7161
/A
A
40 N —139.0371
/ N\
/ AN
-60-/ L 753582
/. ~_ 7
/ | T I3
-80 / L T 116793 8
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100 | Phase: 0.0256284 \,\\;\ oo 2
\ —
120 \ T 1156786
140 { ™ —179.3576
\ AN
\ \
160} M \ —-243.0365
R E——— AN
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05 1 15 35 4 45

2 25
Frequency (kHz)

(b)

Figure E.17: Screenshot of the filter builder tool in MATLAB. |(b)| Filter response of a peak filter

tuned at 360Hz.
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The recorded data from figure [E.15| has been filtered and the result is shown in figure [E.T§]
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Figure E.18: |(a))Measured voltage between screen A and B after filtering. |(b)|Corresponding current in
screen A and B after filtering. No fault is present in the screen circuit.
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E.3 Measurement results

A record of 500ms for each of the seven frequency samples have been filtered. The filtered data is used
to calculate the effective values (RMS value) of the respective voltage and currents and the phase shift
between these. The following figure shows a section of the syntax that calculates the above mentioned
RMS-values and phase shift.

for i = 1:7
Virms (i) = sqrt(mean(Vaa(:,N,i)."2)); %Calc RMS voltage 7 freq.
Ifrms (i) = sqrt(mean(laa(:,N,i).*2)); %Calc RMS current 7 freq.
V(:,i) = Vaa(:,N,i); %Converting matrix :x3 => :x2
I(:,i) = laa(:,N,i); %Converting matrix :x3 => :x2
for j = 1:max(size(V))
VI(j, 1) = V(i)=1(i);
end
for j = 1:1:max(size(V))
W(j,i) = V(i)*V(i);
end
for j = 1:1:max(size(V))
1) = 1) 1(i);
end
Vimean(i) = mean(VI(:,i)) %average value of Vx|
VVmean(i) = mean(VV(:,i)) %average value of V72
Ilmean (i) = mean(Il(:,i)) %average value of |72
cosT(i) = Vimean(i)/sqrt(VVmean(i)*limean(i)); %calc cos(phi) by using the cross correlation factor
end
angleRad = acos(cosT); %Calc phi [rad]
for i = 1:7
[peak sample] = max(V(1000:2000,i)); %Finding positiv peak @V
if angleRad(i) == 0 %!f phase shift = 0 do nothing

angleRad (i) = angleRad(i);

elseif 0<(1(1000+sample+1,i)—1(1000+sample,i)) %check if | is leading or lagging V
angleRad (i) = —angleRad(i);

end

end

The theoretical approach presented in [12] to calculate the average phase shift (®) between two signals
has been adapted here to calculate the phase shift between the two filtered column vectors.

The complex cross correlation coefficient is defined as [[12],[31} p. 124]:

<VI*>

= (E.8)
V<V >< 2| >

Where V and I are the complex representation of the amplitudes of the voltage and current, respectively.
In this case are the amplitudes represented as real numbers only and the conjugation between V and I,
denote * in[E.8| has therefore no effect. holds true if and only if the mean values of the signals are 0
[31), p. 124].
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The cross correlation factor gives a measure of dependence between two signals. —1 <T" > 1 in case
< VI" >= 0 the signals are orthogonal [31}, p. 124], hence I = 0. If the correlation factor for V and /
is unity then is the correlation between the signals good, meaning that if V increases in value / will do
the same and vice versa analogue to ® = 0. On the other hand if I' = —1, means that V and [ is inverted.
Then V increases in value / will decrease, hence & = .

Since the correlation factor in this case only consists og real numbers it does not provide any information
about / is leading or lagging V. To overcome this the waveforms are analyzed, which will be done later.

The average values of the filtered signals are calculated using:[[12]

N
<VI>= lZv,-l,- (E.9)
Nizl
2 1 u 2
<|Vi>=5 LIV (E.10)
i=1
2 1 u 2
<|P|>= <Y |4 (E.11)
Ni:l

[12] states that the average power factor between V and I is equal to the magnitude of T, hence |['| =
cos(®P).

It is now checked if [ is leading or lagging V the following steps are performed:

Finding a sample (n,..) there V have a peak

Use npeqr and npeqr + 1 to check the slope (o) of 1

If o is positive [ is lagging V

If o is negative [ is leading V

As earlier mentioned six measurements are needed in order to calculate the apparent impedances of
the phases. In the table below is shown the RMS values, from the measurements with a fundamental
frequency of 360Hz

Measurement U [V] Uy [V] I[A] ¢ [°] (ref. U)

Screen A-B 156.2 - 5.1 -80.7
Screen B-C 153.8 - 5.1 -80.8
Screen A-C 1554 - 5.1 -80.7
Screen A 116.9 40.0 - -179.4
Screen B 115.7 38.0 - -179.5
Screen C 115.6 38.4 - -179.9

Table E.7: Measurement results of the 360Hz measurements
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E.3.1 Analysis of field measurements
Using the six single phase measurement results in table |[E.7] it is possible to calculate the apparent

impedances of the screen circuit and compare this, to the simulation results performed in section
The procedure for calculation the apparent impedances are shown and explained in the following.

Screen impedances are calculated from the measurements shown in figure [E.19]

(a) (b) (©)

Figure E.19: Measuring setup for screen impedance measurements.

Screen A-B impedance:

UZ0 156.220

Zy = = =30.6£80.7 Q] (E.12
AP0 5.1/-807 Q] €12
Screen B-C impedance:
U/0 153.82£0
g ¢ = = =30.2/80.8 Q] (E.13
BC™ /0 5.1/-808 Q] E13)
Screen A-C impedance:
U/0 155.420
Za c= =30.5£80.7 [Q] (E.14)

120 ~ 5.1/-80.7

Calculation of the equivalent phase impedances will now be done.

The three impedances in the above equations are the sum of two equivalent screen impedances, as shown

in equation[E.T3]

Za 3 = Zega+Zeg
ZA—C = Zqu + ZeqC [Q] (E 15)
ZBfC = Zqu + ZeqC

Solving the three equations with three unknowns the equivalent screen impedances may be determined.
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By isolation and rearranging of the equations in[E.T5] Zeqa, Zeqp and Zeqc are determined.

=

(ZAB+Zr_c—71p_()

Zy B—7Z\
Zy c—71p
Zega = 15.4280.6
Zeqg = 15.1/808
Zeqc = 15.0/80.8

Equation are the equivalent impedances of the circuit.

[Q] (E.16)

Q] (B.17)

The super position principle is used to determine the currents based on the above calculated impedances.
For this calculation it is essential which voltage there is applied. The applied voltages are the last three
voltages U in table The voltages are phase shifted so that they represent a three phased voltage

source, as shown in equation [E.T§]

U = 116.940
U, = 1157£4-120
U = 115.6£120

V] (E.18)

Using the applied voltages, the super position principle is applied. The three currents corresponding to
each voltage source are determined as shown in figure [E.20]

Zqu

Zeq B

Uq I, Zega la Zegn
@ N T
Iy ’ Zqu Uy I Zqu
L "_@ L
Ic’ ZeqC IC” ZeqC
«—— [ ——
L | I
(@) (b)

ZeqC

Figure E.20: Screen circuits used for current calculations.

Voltage applied to screen A whereas screen B and C are short circuited.

Ua

Zqu + (Zqu | ‘ZeqC )

=5.1£-80.7

L _ 25,807

a’ Zqu+ZeqC
. TeqB
a Zqu+ZeqC

2.54—-280.7

A] (E.19)
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E.3 Measurement results

Voltage applied to screen B whereas screen A and C are short circuited.

_ Up —
Ip Zeaw | (ZeqnZeat) 5.1/159.2
! _ eqC _
I? Iy- m =2.5/159.3 [A] (E.20)
¢ — Ibﬁ:2641591
Voltage applied to screen C whereas screen B and C are short circuited.
_ U, _
. = Zqu+(ZeZqAIIZqu) 5.1£39.2
I, = ¢ 7Zeq%j'_’%m =2.5/39.3 [A] (E.21)
L, = I Zqueif%qu =2.6/39.1
The three phased representation is the sum of the above calculated screen currents.
Lot = L-I,—I,=7.6/-809
ot = Ih—I,—I, =7.6/159.4 [A] (E.22)
Lt = IL—I. -1, =77/39.1
Finally the neutral voltage at the voltage sources start point is calculated.
Un=U U Unc=2.1£4—-164.4
N NA + UnB + Unc V] (E.23)

Un =40/ —179.4 4 38/(—179.5 — 120) +38.44(—179.9 + 120) = 2.1/ — 164.4

The apparent impedances with no fault at the screen circuit may now be determined. This is done by
adding the star point voltage to the three source voltages. The resulting voltages are divided by the total
current.

Zy = B0 — 1517806
zg = BB — 153,799 [Q] (E.24)
Zc = YBle — 152/820
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E.3.2 Calculation of measuring results

In the following tables are the measuring results with a fundamental frequency of 360Hz presented. All
the shown impedances are processed in the same way as the calculated impedances showed in subsection

E31l

Healthy screen circuit

Apparent impedance  |Z| [Q] ¢ [°]

Screen A 15.1 80.6
Screen B 15.3 79.9
Screen C 15.2 82.0

Table E.8: Measured screen impedances at 360Hz, healthy screen circuit.

Fault cases in FLB Fault cases in SLB
Sc-Sc2.6QFLB |Z|[22] o[°] Sc-Sc2.6Q2SLB  |Z| [Q] ¢ [°]
Screen A 8.3 81.6 Screen A 9.5 85.2
Screen B 14.1 77.4 Screen B 15.1 78.8
Screen C 9.8 59.5 Screen C 11.1 60.2
Sc-Sc 108Q2 FLLB Sc-Sc 1082 SLB
Screen A 13.5 78.8 Screen A 14.7 79.1
Screen B 14.0 78.3 Screen B 15.3 79.8
Screen C 14.4 79.8 Screen C 15.3 79.9
Sc-Gr 2.6Q2 FLLB Sc-Gr 2.6Q2 SLB
Screen A 12.3 81.4 Screen A 13.1 80.2
Screen B 14.2 73.9 Screen B 15.5 76.0
Screen C 15.1 83.0 Screen C 16.0 83.3
Sc-Gr 108Q2 FLB Sc-Gr 108Q2 SLB
Screen A 13.5 79.4 Screen A 14.9 80.2
Screen B 14.2 77.7 Screen B 15.2 79.6
Screen C 14.3 82.4 Screen C 15.3 81.8
Table E.9: Measuring results for fault cases Table E.10: Measuring results for fault cases
in FLB, fundamental frequency is in SLB, fundamental frequency
360Hz. is 360Hz.
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E.3.3 Calculation of deviations

This section deals with the deviations between the healthy screen circuit and the faulty screen circuit at
a fundamental frequency of 360Hz.

Also the deviations between the measured and simulated results at healthy state are evaluated. The
comparison is used to determine if the simulation model is useful or not.

_ 17 4= Zlsimutared
|\Z| deviation = "was‘“zrfsimu[m:d""“ @ed . 100

(%] (E.25)
— q)measuredfq)simulated . 100

¢dev1atzon - Osimulated

Above equations are used for calculating the deviation between the measured and simulated results for
the healthy screen circuit, deviation may be seen in table [E.T1]

Screen |Z| [%] ¢ [%]

A 94 0.6
B 9.3 2.0
C 7.0 0.5

Table E.11: Deviation between the measured and simulated results for the healthy screen circuit. Fun-
damental frequency is 360Hz

In the following tables are the deviation between the healthy and faulty screen circuit calculated using

equation [E.26]

‘Z‘meas.app.imp. — |Z‘healrhy—meax . 100

|Z |deviation.,measured — [Z]heats —_meas

q)meas.app.imp._¢healthy7meas . 100

q)deviation,measured = 0
healthy—meas

[%] (E.26)
‘leimﬂppjmp.7‘Z|healthy—sim . 100
‘Z|hea/1hy—.vim

’Z|deviation,simulated =

q)xim.upp.imp.7¢hea/1hy—sim . 100
q)healthyfxim

¢deviation,simulated =

Deviation for fault cases in FLB.
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Deviation measured Deviation simulated

Sc-Sc 2.6Q FLB Z| %] 0[%]  |Z|[%]  o[%]
A -53.0 1.2 674  -56.2
B -61.4 3.1 -70.7 1.7
C 13 -27.4 5.6 5.0
Sc-Sc 108Q FLB
A 2.0 22 2.9 7.9
B 8.5 2.0 7.1 5.2
C 0 2.7 0.7 0
Sc-Gr 2.6Q/2.8Q FLB
A 10.6 1 9.4 2.7
B 425 75 -16.4 2.8
C 6.6 1.2 0.7 -7.0
Sc-Gr 108€/108.2Q FLB
A 13 15 0.7 1.4
B 5.2 2.8 2.9 1.7
C 0 0.5 1.4 -0.9

Table E.12: Deviation of measured and simulated fault cases in FLB, fundamental frequency is
360Hz.The deviation is calculated by using equation [E.26]

Deviation for fault cases in SLB.

Deviation measured Deviation simulated

Sc-Sc 2.6Q SLB |Z| [%] 0 [%] |Z|[%] 0[%]
A -37.1 5.7 -39.9 1.9
B -1.3 -1.4 0.7 -1.1
C -27.0 -26.6 -31.0 -27.1
Sc-Sc 108Q2 SLB
A -2.6 -1.9 2.2 -1.6
B 0 -0.1 0 0
C 0 -2.6 1.4 2.2
Sc-Gr 2.60/9.6Q2 SLB
A -13.2 -0.5 -10.9 1.6
B 1.3 -4.9 1.4 -5.6
C 5.3 1.6 6.3 1.7
Sc-Gr 108Q/115Q SLB
A -1.3 -0.5 2.2 -0.9
B 0.7 -04 1.4 -0.8
C 0.7 -0.2 0.7 1.0

Table E.13: Deviation of measured and simulated fault cases in SLB, fundamental frequency is
360Hz.The deviation is calculated by using equation [E.26]
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Fault cases in FLB
Graphical illustration of table [E.12] Apparent impedance deviation for fault cases in FLB.
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Figure E.21: Apparent impedance deviation for fault cases in FLB. |(a)] Magnitude deviation. Angle
deviation.
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Graphical illustration of table [E.13] Apparent impedance deviation for fault cases in SLB.
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Figure E.22: Apparent impedance deviation for fault cases in SLB. |(a)] Magnitude deviation. Angle

deviation.

As figure [E.2T] and [E.22] illustrate that the trend is the same for simulated and measured results. Fault
cases with a low resistance fault of 2.6Q2 are detectable whereas fault cases with a high fault resistance
of 108Q2 are less detectable. Since the trend is the same this measuring technique is believed to be valid

to use for the determination of the condition of the screen circuit.
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E.4 Field measurement #2 summary

E.4 Field measurement #2 summary

From the analysis of measuring results, it is seen that some data processing may be used to determine
the apparent screen impedances from the sequence of single phase measurements.

From figure [E.21] and [E.22] it may be seen that there are significant deviations between simulations and
measurements. The deviations are analyzed further when the simulation model is validated in chapter|[6]
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Appendix F

Field measurement #3 of the 150kV line
between Frgstrup and Nors

The third field measurement (FM3) is an impulse test. This test was carried out as an additional mea-
suring method to the impedance method. Together with the supervisors and N1 it was decided only to
include a detailed study of the impedance method in this report.

This measuring report is included as an appendix which may be used for further studies. Measuring
results may be found at the CD in folder Nors 25-01-2012.

FM3 is performed at the same 150kV cable line as FM1 and FM2. Line data may be found in the system
description in chapter

F.1 Planning field measurements #3 FRT-NOR

The measurements performed during FM3 are divided into two sets. Healthy screen circuit and faults
applied in the second link box (SLB). It was not possible to apply faults to first link box (FLB) because
the drainage equipment which should keep the hole free of water was broken, and the hole was flooded.
All measurements are performed in HV substation Nors. The fault conditions screen to screen (Sc-Sc)

and screen to ground (Sc-Gr) are further explained in section [3.3 on page 26|
SET 1:

e Healthy screen circuit
SET 2 - Faults in SLB:

e (Sc-Sc) fault in SLB. (2.5Q)
e (Sc-Gr) fault in SLB. (2.5Q)
e (Sc-Sc) fault in SLB. (100Q)
e (Sc-Gr) fault in SLB. (100Q)
e Dismounted SVL.

For set 1 and set 2 there are applied a 2kV standard lightning impulse (1.2/50us) to each screen and

core conductor. Current and voltages are measured at all screens and core conductors. Furthermore each
impulse is repeated and measured three times.
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F.1 Planning field measurements #3 FRT-NOR

F.1.1 Simulation model

A PSCAD simulation model was made as a part of the planning. The parameters used for the cable
modeling are calculated using the approach presented in [51]]. The input parameters are listed in table
[F1} The PSCAD model may be found at the attached CD in the folder PSCAD.

Layer Parameter Value

Conductor Radius 0.02Im
Resistivity ~ 3.23-1073Qm
Permeability 1

Insulation Thickness 0.0191m
Permittivity 2.96
Permeability 1

Screen Thickness 0.00159m
Resistivity ~ 3.45-1078Qm
Permeability 1

Outer insulation ~ Thickness 0.0038m
Permittivity 2.3
Permeability 1

Table F.1: Input parameters for the PSCAD model.

The PSCAD simulation model is shown in figure [FI]

Clgmet 8 4 & CapeT!
g _la_ Fi A Efl
Se-6

L]
2

= ' B
= C3 R\
MVQS\U/L 1o 4'? Cable1 % ‘

5000 Ep 56-6
cy V 3 |

c . 1
Cabled & s & __Cablef]
co—— % 2
2 Cabled q'_% r%ﬂ
o Y 3 ‘
|E3 : 83

Figure F.1: PSCAD model used for field measurement preparation.

Placing of the cables in the PSCAD simulation model is shown in figure [F.2]
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F.1 Planning field measurements #3 FRT-NOR

Frequency Dependent (Phase) Model Options

Definition Canvas (cableLine:Cable_2)
Travel Time Interpolation: On
Curve Fitting Starting Frequency: 0.5
_ ) Curve Fitting End Frequency: 1.0ES
W [Hiz] Total Mumber of Frequency Increments: 100
Maximum Order of Fitting for YSurge: 20
Maximum Fitting Emor for ¥Surge: 0.2
Pole |dentification for Prop. Func.: Mode Fit
Max. Order per Delay Grp. for Prop. Func.: 20

Maximum Fitting Error for Prop. Func.: 0.2
DC Comection: Disabled

Ground Resistivity: 100.0

Cable#2 1 Cable#1 1 Cable®#3

Conductor: Conductor Conductor:
Insulater 1 Insulator 1 Insulator 1

Sheath Sheath Sheath
Insulator 2. Insulator 2. Insulator 2.

0.0191---
0.00159---

Figure F.2: Cable layout in the PSCAD model.

The impulse generator is modeled as shown in figure [F:3] according to the PSCAD modeling guide [43].
The SuH is the inductance of the cable, connecting the impulse generator to the cable termination [[16,
p.92].

S5e-6

e

Figure F.3: PSCAD modeling of lightning impulse.
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F.1 Planning field measurements #3 FRT-NOR

F.1.2 Simulation results

The cable line is simulated where no faults are applied and an impulse is applied to screen three. Simu-
lation results are shown in figure [F4Jto
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@ @ :
je)] j=)] :
& & :
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Figure F.4: Screen voltages, impulse ap- Figure F.5: Core voltages, impulse applied
plied to screen three. to screen three.
1 -
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< < -1}
k= =
o 2
3 32
-3 —laf
bl
20 ‘ ' 4 ‘ -
o) 02 0.4 06 0.8 1 ) 02 04 06 0.8 1
Time [sec] X 10-3 Time [sec] X 10-3
Figure F.6: Screen currents, impulse applied Figure F.7: Core currents, impulse applied
to screen three. to screen three.
F-4

F. Field measurement #3 of the 150kV line between Frgstrup and Nors



F.2 Performing measurement #3

F.2 Performing measurement #3

Date: 25.1.2012.

Location: 150kV HV station Nors, Buskkarvej 13, 7700 Thisted.

Participants: Morten Thule Hansen(AAU), Kasper Schultz Pedersen(AAU), Peter Rgnne-Hansen (N1),
Lars Brix (N1).

The measurements are performed in substation Nors, at the 150kV cable line FRT-NOR.

F.2.1 Measuring process

The cable line which is subject to measurement is just established and not taking into service at the time.
The cable line is intended to replace an excising OHL. During the test the OHL will be taking out of
service for safety reasons.

To achieve high safety when working at HV systems there is set up a process for the events and the order
in which they should be performed during the test.

The following list presents the order of events, which will be performed during the test:

The OHL is disconnected and de-energized by N1

The OHL is grounded and locked in both ends by N1

Measuring equipment is brought into the measuring site

The ground connections at the cable termination in Nors are disconnected se figure [D.15]
Possible induced screen voltages are measured according to ground, for safety reasons
Measuring SET 1 is performed

Measuring SET 2 is performed

Ground connections at the cable terminations are re-established

The OHL grounding is removed by N1

The OHL is taken into service by N1

o N AN AW =

—
el
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F.2 Performing measurement #3

F.2.2 Measuring setup

An impulse generator is used to generate a standard lightning impulse, with 2kV chest voltage. Four
scopes are used to measure three screen voltages, three screen currents, three core voltages and three
core currents.

Measurements are performed in one end of the cable line in substation Nors. The impulse is applied to
each screen and core conductor one at a time. The measuring setup is shown in figure [F.8]and [F.9]

Cable 3 (L3)
Cable 2 (L2)
Scope 4
Tektronix
DPO 2014 oscilloscope
Cable 1 (L1)
D
Scope 3 Scope 1
Scope 2 P P
Tektronix Tektronix Tektronix
DPO 2014 oscilloscope DPO 2014 oscilloscope DPO 4054B oscilloscope
b l l [
Diff. Probe. Diff. Probe Diff. Probe sleo10 siso10 Si9010
Pei0 Pe0 P00 q
’ ’ '

Heafely PC6-288.1
[ﬁRLmN [ﬁRLmN [ﬁRucoN sty s 280 (/\R [ﬁRLm ﬁ] Rurse

Substation
grounding

Figure F.8: Measurement setup for impulse applied to one of the screen conductors. Measuring resis-
tances are shown in table[F.5]
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Scope 4

Cable 3 (L3)

Cable 2 (L2)

Tektronix
DPO 2014 oscilloscope

Cable 1 (L1)

Scope 2

Tektronix
DPO 2014 oscilloscope

[ [

[

Diff.Probe
P5200

Diff. Probe

Diff. Probe.
P5200

P5200

L

[ﬁmm [ﬁRLzsc i] Russe

Scope 3

Scope 1

Tektronix

DPO 2014 oscilloscope

Tektronix
DPO 4054B oscilloscope

]

[ l

Diff. Probe.
Si9010

Diff. Probe
sSig010

Diff. Probe
sig010

Heafely PC6-288.1
Impuls generator A

[ﬁRLQ»mN ﬁ] Rur.con

Substation
grounding

Figure F.9: Measurement setup for impulse applied to one of the core conductors. Measuring resistances
are shown in table[F5]
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As earlier explained the measuring setup is placed in substation Nors next to the cable termination as
shown in figure The same non-magnetic tent that was used for FM1 and FM2 is used again to
protect the equipment from bad weather.

A -
T e
>

- i
A2 ]
| S
(]
1

b=
\

Figure F.10: Test setup in substation Nors, placed next to the cable termination.

The connections from the measuring equipment to the cables are performed using grounding cables.
The grounding cables connect the cable termination to the coupling board shown in figure [F.16 At the
coupling board the probes are easily changes between the between conductors and screens according to
where the impulse is applied.

The grounding of the screen conductors are removed and grounding cables are used to connect screen
and core conductors to the coupling board.

- Grounding cable,
e connects the core
- conductor to
the coupling board

Silicon
insulator

Grounding
cable,
connects the
screen
conductor to
the coupling
board

Grounding of
cable screen
§ revmoved
Conduction

HV cable

plate at which
cable screen
is terminated

Figure F.11: Cable termination in substation Nors. Grounding of screens are removed and connected to
grounding cables.
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F.2.3 Measuring equipment

Table[F.2]includes the instruments, which will be used for FM #3.

Type Producer Model AAU number
Impulse generator Haefely PC6-288.1 -
Digital oscilloscope Tektronix DPO 4054B 92345
Digital oscilloscope Tektronix DPO 2014 92314
Digital oscilloscope Tektronix DPO 2014 -
Digital oscilloscope Tektronix DPO 2014 -

HV Differential probe Sapphire Instruments  SI-9010 77694
HV Differential probe Sapphire Instruments  SI-9010 77695
HYV Differential probe Sapphire Instruments  SI-9010 89235
HYV Differential probe Tektronix P5200 88440
HYV Differential probe Tektronix P5200 88443
HV Differential probe Tektronix P5200 88444
Current probe Tektronix TCPO150 79022
Current probe Tektronix TCP0030 79027
Current probe Tektronix TCP0030 92340
Current probe Tektronix TCP0030 92341
Current probe Tektronix TCP0030 83328
Current probe Tektronix TCP0030 83329
Couplings board incl. resistors ESPH3-1031 V1.0 -
Variable effect resistance 2.5Q  Danotherm 2.5Q slider -
Variable effect resistance 1002  Danotherm 100€2 slider -

Table F.2: Instruments used for FM 3.

The surge tester used for impulse test is a Haefely
PC6-288.1 surge tester shown in figure [F.12] The
impulse generator generates a 2.00kV 1.2/50usec

impulse.

Figure F.12: Haefely

tester.

PC6-288.1  surge

Two types of scopes are used. One type is used for generating a trigger signal for the other three scopes.

F. Field measurement #3 of the 150kV line between Frgstrup and Nors
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F.2 Performing measurement #3

The Tektronix DPO4054B oscilloscope is used for
measuring and recording voltages and to generate
trigger signal for the other three scopes.

Figure F.13: Tektronix DPO4054B digital
oscilloscope.

One Tektronix DPO2014 oscilloscope is used for
measuring and recording voltages and two of the
same type is used for measuring and record cur-

rents. These are all triggered by the Tektronix

DPO4054B. Figure F.14: Tektronix DPO2014 digital os-
cilloscope.

F.2.4 Bandwidth of oscilloscopes

In order to gain acceptable resolution on the measurements there should be at least 10 samples during the
front time of 1.2us [16 p.53]. Therefore the sample time should be no larger than 120ns see equation

[EIl

12107
SampleTime < 0 - 120ns FED

The largest sample time require a sampling frequency of on less than 8.33MHz, see equation[F.2]

1
S leFrg > ——— = 8.33MH F2
WP = 120109 ’ =2
The bandwidth of the oscilloscopes are 100MHz and 500MHz accordingly [48]] [49]. The bandwidths of
the oscilloscopes are more than 10 times larger than the requirement and may therefore be used.

In order to record the applied impulse and the reflections the scopes are used in single trigger mode. In
single trigger mode the waveforms shown on the oscilloscopes screen are stored, therefore the horizon-
tal scale should be considered. Also the amount of stored points are decided on the scopes individual.
Unfortunately it was not possible to choose the same amount of stored points for the two different oscil-
loscopes.

The horizontal scale and amount of stored points are given in table[F.3]
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Type Horizontal scale Stored points
DPO4054B 200ws/div 100k
DPO2014 200ws/div 125k

Table F.3: Record settings for scopes.

From the settings in table [F.3] the sampling frequency of the recorded signals can be calculated for the
two scope modes accordingly, see equation [F.3|and [F.4] The oscilloscope screens are horizontal divided
into 10 divisions.

100k
o o . (F3
125k
SampleFrq1s = ——— = 62.5MH (4
amp c I"QZOM 200“5/diV' 10 Z ( )

It is seen that the sampling frequency of the stored signals meets the requirement in equation [F.2]

F.2.5 Amplitude of measured voltages

Simulations performed during the planning are used to predict the voltages and currents that should be
measured.

Impulse on screen
When the 2.0kV impulse is applied to one of the screen conductors, the voltages at the other screens
should not exceed 0.7kV. The voltages at the core conductors are all below 2.0kV

The current at the energized screen has a peak value of 77A, the currents at the other screens are below
2A. The currents in the core conductors do not exceed 4A.

Impulse on core conductor
When the 2.0kV impulse is applied to one of the core conductors, the voltages at the other core conduc-
tors should not exceed 0.7kV. The voltages at the screen conductors are all below 1.1kV

The current at the energized core conductor has a peak value of 40A, the currents at the other cores are
below 2A. The currents in the screens conductors do not exceed 3A.

Two types of differential probes are used. The probes the ratio setting of the probes are set as shown in

table[E4l
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Type Ratio

Sapphire  1/1000
Tektronix  1/500

Table F.4: Ratio of the differential probes.

The three Sapphire probes are used to measure the three screen voltages and the three Tektronix are used
to measure the three core voltages. The differential probes are shown in figure [F.15]

Figure F.15: Six differential probes used for voltage measurement.
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F.2.6 Current measurement

For the current measurement two types of current probes are used. One type for measuring the current at
the applied impulse and the other type is used for measuring the current of the five other conductors.

The current probe used for the applied impulse is a Tektronix TCPO150, which is apple of measuring
current up to 150A. The other current probes are Tektronix TCP0030 which are able to measure up to
30A. The current probes may be seen at the couplings board in figure [F.16]

[N

Figure F.16: Coupling board. The current probes are connected to the white wires.
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F.3 Measurement results

Measuring and fault resistances were measured after the test was performed, by a Fluke F179 multimeter,
AAU number 72503C02 and is given in table[F.5] R; and R, are the applied fault resistances.

Resistor Value

L1-CON 532.7Q
L1-SC 533.7Q2
L2-CON 539.0Q
L2-SC 538.8Q2
L3-CON 540.0Q
L3-SC 533.7Q
R1 2.3Q

R2 99.7Q

Table F.5: Measured resistances.

For impulse applied to screen conductors(Scl, Sc2, Sc3), the following screen circuit conditions are
measured:

Healthy screen circuit.
Sc-Sc fault in SLB (R1).
Sc-Sc fault in SLB (R2).
Sc-Gr fault in SLB (R1).
Sc-Gr fault in SLB (R2).
SVL dismounted.

For impulse applied to center conductors(L1, L2, L3), the following screen circuit conditions are mea-
sured:

e Healthy screen circuit.
e Sc-sc faultin SLB (R1).
e Sc-gr fault in SLB (R1).

The screen circuit conditions listed below is selected to be shown in the following pages. The rest of the
measurements may be found on the attached CD.

Healthy screen circuit, impulse on screen 3.
Sc-Sc fault in SLB(R1), impulse on screen 3.
Sc-Gr fault in SLB(R1), impulse on screen 3.
Dismounted SVL in SLB, impulse on screen 3.

Healthy screen circuit, impulse on core conductor 3.
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Healthy screen circuit.
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Measurement results

Sc-Sc SLB.

Voltage [V]

Current [A]
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Figure F.21: Screen voltages, impulse on
screen 3, Sc-Sc SLB (R1).

Time [sec]

Figure F.23: Screen currents, impulse on
screen 3, Sc-Sc SLB (R1).
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Figure F.22: Core conductor voltages, im-
pulse on Screen 3, Sc-Sc SLB
(R1).
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Figure F.24: Core conductor currents, im-
pulse on Screen 3, Sc-Sc SLB
(RD).
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Sc-Gr SLB
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Figure F.25: Screen voltages, impulse on Figure F.26: Core conductor voltages, im-

screen 3, Sc-Gr SLB (R1). gl;lls)e on Screen 3, Sc-Gr SLB
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Figure F.27: Screen currents, impulse on Figure F.28: Core conductor currents, im-
screen 3, Sc-Gr SLB (R1). E)lglls)e on Screen 3, Sc-Gr SLB
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Dismounted SVL in SLB
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Figure F.29: Screen voltages, impulse on
screen 3, dismounted SVL in
SLB.
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Figure F.30: Core conductor voltages, im-

pulse on screen 3, dismounted
SVL in SLB.
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Figure F.31: Screen currents, impulse on
screen 3, dismounted SVL in
SLB.

Figure F.32: Core conductor currents, im-

pulse on screen 3, dismounted
SVL in SLB.
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Impulse applied to center conductor 3, for healthy screen circuit.
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Figure F.33: Core conductor voltages, im- . .
& £ Figure F.34: Screen voltage, impulse on
pulse on core 3, healthy screen .
circuit core 3, healthy screen circuit.

B
o
1

[9%)
(%))

w
(=)

= NN
S =)

Current [A]

10

Current [A]

—la

Ib
— e
Time [sec] 4 0 2 4 6 8 10

25 i i i i I

Time [sec] w10

Figure F.35: Core conductor currents, im- . .
Figure F.36: Screen currents, impulse on
pulse on core 3, healthy screen

.. core 3, healthy screen circuit.
circuit.
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F.4 Analysis of measurements

In the problem analysis, section [3.4.3] the reflection and refraction coefficients were briefly introduced.
Due to the reflection coefficients, a part of the injected wave is reflected back into the media it came
from. Thereby the size of the reflected wave says something about what surge impedance the wave was
met by.

Figure shows the three screen currents when an impulse is applied to screen C and the screen
circuit is in healthy state. In figure there is applied a Sc-Sc fault in the SLB.
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Figure F.37: Screen currents, when an impulse is applied to screen 3, Healthy screen circuit. |(b)
Screen currents, impulse applied to Screen 3, Sc-Sc SLB (R1).

In order to detect if the screen circuit is faulty or not, it could be reasonable to do a reference measurement
at the time the line is established, this could be saved used as a reference.

It might be difficult to determine the difference between the measurements in figure One way
to compare two reflection measurements, is to subtract the two reflections. Thereby the instant of dis-
agreement appear as the time the curve differs from zero. This can be seen in figure [.38] where current

measurements for Sc-Sc fault in figure [F37(b)] are subtracted the healthy screen currents in figure[F-37(a)l
It may be seen that the differences appear at ~ 160us.
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Figure F.38: Subtracted screen currents for Healthy and Sc-Sc fault in SLB. Impulse on screen 3.

From the above it may be seen that the impulse method could be used to study the condition of the link
boxes. As proposed in the beginning of this chapter, here will only be giving an introduction to how the
impulse method could be used. Therefore further analysis is not part of this work.

F-20 F. Field measurement #3 of the 150kV line between Frgstrup and Nors



Appendix G

Link Box fault resistance

The purpose of the link box test is to study, what resistance there may be formed between the terminal,
caused by water intrusion. The connection between the terminals are considered resistive due to the
geometry, but is during ther test observed from the measuring equipment. Electric resistance dependent
on the conducting volume: length (/) and cross section area (A), the resistivity(p) of the conduction
material between the terminals see equation [LLOf.

b
R:P7 [Q] (G.1)

The conduction material is water, and this is present everywhere inside the box, and it is therefore not
directly possible to determine the volume of the conduction material. Also the amount of water may
change over time, due to penetration and vaporization of water. The current density is not homogenises
because of the geometrical shape of the electrodes and therefore the length and cross section is complex
to determine .

The conductivity of the water is dependent on the chemical composition. The chemical composition
of the water that might penetrate into the link box may depend according to the environment in which
the box is installed. The project group has therefore discussed the chemical composition of water, with
engineering assistant Henrik Koch from the Section of Environmental Engineering. From this discussion
it was found that rain water, is distilled water with supplements of what it had to take down through the
atmosphere. The conductivity of distilled water is in the range of a few micro siemens per centimeter
(#S/cm). For areas with heavy industries which high pollution the rain may pick up different material
through the air and gain higher conductive. In China there have been performed measurements which
indicate that in the most polluted areas the conductivity of rain water may be up to 1000 — 20001S/cm
[47]. Another significant factor is what the rain water might be mixed with during the penetration down
through the ground from the surface until it reaches the link box. Also the amount of ground water at the
location at which the link box is installed may influence the water in the link box. If the box is located
beneath a forest then the contribution of fertilizer may be small, compared to one installed in a farmers
field. Some link boxes may be installed close to a road where there may be expected a high concentration
of natrium clorid due to salting of roads. According to the environment the conductivity may be expected
in a range from 10 — 20001S/cm.



G.1 Water samples

From the previous explanation it is found that some exact fault resistance in the link boxes are not possible
to calculate. It is therefore decided to set up a test. A link box is borrowed from the co-operation company
N1. The SVL is removed from the box and the box is filled by water as shown in figure[G.1}

Figure G.1: Link box filled by water for fault resistance test.

G.1 Water samples

To study the variations of conductivity it is decided to collect four water from different locations in the
area around AAU. To be able to measure the conductivity of water an Cond 340i conductivity measur-
ing instrument is borrowed from the Section of Environmental Engineering at AAU. The instrument
is shown in figure [G.2] The instrument measures the conductivity and the temperature. The read con-
ductivity is corrected to the standard conductivity of 20°C. The water samples are all taken i February
2012.

(a) (b)

Figure G.2: Instrument used for conductivity measurement of water samples. [(a)| Shows the instrument
and the connected sensor. [(b)] Shows the instrument during measuring, the sensor is placed
in the water and the conductivity is read from the display.
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G.1 Water samples

It is expected that most link boxes are installed in
farmers field and therefore a sample from a farm-
ers field is taken. The sample is taken at sufficient
distance to roads, see figure[G.3] The conductivity
is measured to 6361S/cm.

The second sample is taken from a water hole
placed near the university and close to a road as
shown in figure [G.4 It was expected that the
conductivity of this is rather high, due the salt-
ing of the road. The conductivity is measured to
8531S/cm.

The third is taken form a lake at another place of
the university, this is not close to any road see fig-
ure The conductivity of the sample is mea-
sured to 10401S/cm.

The fourth sample is taken directly from the water
supply see figure[G.6] It is known that this may not
be directly connected to the measurement from the
nature, but is performed for comparable reasons.
[G3] The conductivity of the sample is measured
to 440”5/ cm.

Figure G.3: The red arrow indicated the
place at which the farmers field
water sample has been taken.

Aalbﬁ Umversnte:

Figure G.4: Water hole near AAU, where
second water sample is taken.

Figure G.5: Small lake near AAU, where
third water sample is taken.

Figure G.6: Link box filled by water for
fault resistance test.

The conductivity of four water samples are measured and it is found that the three taken from the nature

differs from 636 — 10401S/cm. The conductivity of the sample from the water supply is =~ 1/2 of the

conductivity of the average of the samples in the nature. The link box is filled with water from the places

shown in figure|[G.4]and [G.5]
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G.2 Performing Link box test

Voltage is applied between the earthing bus bar and one of the cross bonding terminals. It is decided to
apply AC voltage because this is the situation for the actual case. The test setup is shown in figure[G.7]

External Grid
230V

Adjustable Power
supply 0-250VAC
\Y

I

\

Power analyzer
voltech PM100

IS

Screen terminals Earthing bus bar

Link box filled by water

Figure G.7: Test setup used for link box measurement.

The voltage is supplied by an adjustable voltage
supply 0 —250VAC. The maximum current of the
supply is 3A. The supply is shown in figure [G.8]

A single phase power analyser is used to measure

voltage, current and phase angle. The power anal-

yser is shown in figure[G.9]

Figure G.9: Power analyser Voltech PM100.

Table include the instruments that have been used for the link box test.
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G.2 Performing Link box test

Type Producer Model AAU number
Adjustable power supply Impo - 87735
Power analyzer Voltech ~ PM100 35596

Table G.1: Instruments used for link box Test.

Test 1
Figure[G.10|shows the link box during test. It may be seen that the water covers a few centimeter of the
terminals.

Figure G.10: Link box under test, half filled by water.

The applied voltage is increased in steps (= 50, 100, 150,200) and the current is read after a couple of
minutes when the setup has stabilized. The test is performed according to the procedure listed below.

1 ~ 50V is applied and the corresponding current is read.
2 Voltage increased to ~ 100V and the current is read.
3 Voltage increased to ~ 150V and the current is read.
4 Voltage increased to ~ 200V and the current is read.

5 Voltage decreased to /= 50V the setup is left energized until the following day.

The procedure is performed one time a day, three days after another, to study if the water should change
characteristic when voltage is applied over time. Measuring results are given in table[G.2] where the first
day is marked la — 4a, the second 15 —4b and the third 1¢ — 4c. It is observed that the power factor for
every measurement is 1. The corresponding resistance is calculated for each measurement directly using
ohms law.
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G.2 Performing Link box test

Measurement  Voltage[V] Current[A] Resistance[€2]

la 51 0.22 237.7
1b 105 0.46 227.8
Ic 150 0.70 214.0
1d 217 1.02 213.8
2a 52 0.22 240.6
2b 104 0.45 230.9
2c 153 0.70 221.6
2d 210 0.99 2114
3a 52 0.21 240.6
3b 107 0.46 230.9
3c 155 0.69 221.6
3d 208 0.97 2114

Table G.2: Measurement from test 1.

From table [G.2]it may be seen that the calculated resistance decreases as the applied voltage increases.
The measurements from table[G.2] are plotted in figure [G.1T]

121 : 2457
—s—Measure 1
240t : Measure 2
1t —s—Measure 3
235+
Pt o) L
= 8 230
@ Bz
= (4] L
3 o6} g 225
o
220+
047 —— Measure 1
Measure 2 2157 : —
0.2 ‘ ‘ ——Measure 3 20— ‘ ‘
50 100 150 200 50 100 150 200
Voltage [V] Voltage [V]
(@ (b)

Figure G.11: Link box test with water level as shown in figure Shows corresponding voltage
and current. @] Shows calculated resistance as a function of applied voltage.

From figure [G.11] it may be seen that the that the first measurement differs a few ohms from the two
others, but sill the same trend is present, for all three measurements. It is also seen that the resistance
decreases when the applied voltage is increased. The resistance is ~ 240Q for a voltage of 50V and
~ 210Q when the applied voltage is increased to 200V.
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G.2 Performing Link box test

Test 2

After the three measurements of test 1, it is decided to increase the water level, to study if the amount of
water affect the resistance. The water level is increased as shown in figure [G.12] and the conductivity is
measured to 8921S/cm.

Figure G.12: Link box under test, completely filled by water.

As for the first test voltages and currents are read from the power analyzer. The results are listed in
table [G.3] where the resistances are calculated directly using ohms law. From the table it is seen that
the resistance is decreased significantly compared to test 1. The decreased resistance make the applied
voltage lower than for test 1, because the current limitation of the power supply is reached. Because of
significant decreased resistance, test 2 will study both Sc-Sc and Sc-Gr fault.

The measuring results are shown in table [G.3] where a — e marks the five measuring points.

Measurement  Voltage[V] Current[A] Resistance[€2]

Sc-sc-a 13.7 0.55 24.8
Sc-sc-b 24.5 1.00 24.4
Sc-sc-c 379 1.58 24.1
Sc-sc-d 49.3 2.08 23.8
Sc-sc-e 62.2 2.64 23.6
Sc-gr-a 15.0 0.53 28.8
Sc-gr-b 39.7 1.06 28.0
Sc-gr-c 42.8 1.55 27.6
Sc-gr-d 57.3 2.07 27.5
Sc-gr-e 72.0 2.65 27.2

Table G.3: Measurement from test 2.

The results from table [G.3] are plotted in figure[G.13]
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Figure G.13: Link box test with completely filled box is shown in figure Shows corresponding
voltage and current. @] Shows calculated resistance as a function of applied voltage.

The black line shows Sc-Gr fault and the red line shows Sc-Sc fault. It is seen that the Sc-Sc fault
provide lower resistance than the Sc-Gr fault, which might be due to the shorter distance between the
screen terminal than from screen terminal to earthing bus bar.

From test 2 it is observed that the resistance decreases when the applied voltage is increased, which
trend is identical to test 1. The resistances are measured to ~ 24.8Q2 and ~ 28.5€2 for Sc-Sc and Sc-
Gr accordingly, for an applied voltage of ~ 15V. When the applied voltage is increased to ~ 65V the
resistances has decreased to 23.5Q and 27.2Q for the two different fault types.
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G.3 Influence of the water conductivity

As earlier explained three water samples were taken from the nature. The conductivities of the samples
are within the interval 636 — 10401S/cm. It is studied how much the conductivity interval affect the fault
resistance. The study is based on equation|G.I|shown in the beginning of this section. Using this equation
there is calculate a value which expresses the volume of the conduction material YA this constant is for
this calculation named ky see equation The matlab script may be found on the CD, in the folder:
MATLAB.

p-!

R=C"=p-ky Q] (G.2)

The conductivities from the three water samples are converted to resistivitys using equation |G.3]

= p[Qm] (G.3)

The three measured conductivities and corresponding resistivities are shown in table[G.4]

Water sample  Conductivity[rS/ecm] ~ Resistivity[Qm]

Farmers field 636 prr=157233
Water hole 980 Py =102 041
Small lake 1140 ps =96 154

Table G.4: Conductivity and resistivity of the three water samples.

The conductivity of the water from the link box is converted to resistivity by [G.4] based on equation|G.3]

1

892[1S 107 /e
100

= 112108[Qm| (G.4)

By rearranging equation [G.2] the volume constant (ky) is calculated based on the measured conductivity
and the average resistance from test 2.

R 24.14
ky =—

= =215-107 G.5
p 112108 G-5)

Using the volume constant(ky ) from equation and the resistivitys from table there are calculated
corresponding fault resistances from each water conductivity.

R, :pff'kv =33.9Q (G6)
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Run =pun kv = 22.0Q (G.7)

Ry =Py 'kV =20.7Q (G.8)

The expected fault resistances are calculated to be within the interval 20.7 — 33.9Q according to the
conductivity of the water. For comparison water from the water supply would establish a resistance of
48.9Q. Because of the relative large deviation between the upper and lower limit of the interval, it is
decided not to distinguish between Sc-Sc and Sc-Gr fault. The interval according to conductivity, and
the decrease according to applied voltage is illustrated in figure[G.14]
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Figure G.14: Resistance interval as a function of applied voltage.

Figure [G.14]shows the resistance interval, that the fault resistance is expected to be within.

G.4 Observations during the test

It was observed that there was formed
a glossy layer on the water as shown in
figure [G.I5] which might indicate that
some kind of electrolysis were going
on. No further attempt is done to ex-

plain the deposits on the water surface.

Figure G.15: Glossy surface on water during test.
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G.5 Link box test summary

The link box test shown that it is very difficult to determine the size of the expected fault resistance, cause
by water intrusion. The conductivity of the water may differ in a wide range according to the surrounding
environment. The performed water samples from the nature differs from 636 — 10401S/cm.

From the tests it is observed that the amount of water have great influence of the measured resistance.
As earlier explained it is expected that the when a link box starts to become leaky the will may over time
be completely filled by water. Therefore it is expected that the second test, where the box is filled by
water, may provide the most proper results. Another term has not been taken into account, which is the
size of the electrodes covered by water. From the system description in chapter [2|it is seen that during
installation the button of the boxes are covered by compound, making the part of the electrodes which
are in direct contact with the water smaller, than what is tested. This may increase the resistance for the
actual system.

From the test it is also observed that the resistance decreases ~ 1Q2 when the applied voltage is increased
by 40V.

Based on the test results and the observations it is assumed that it is not unlikely that water in the link
boxes forms resistance of 35Q.

G. Link Box fault resistance G-11



G.5 Link box test summary

G-12 G. Link Box fault resistance



Appendix H

Calculation of resonance points

H.1 Calculation of inductance and capacitance

This appendix describes how the dominating components of the screen circuit may be calculated. The
calculated parameters are compared to the domination components calculated by the DIgSILENT model
of the cable line FRT-NOR, described in Appendix [C] The resonance frequencies are calculated for both
the calculation and the DIgSILENT model and compared. Finally the effect of using lumped parameter
representation, in respect to determination of the resonance frequency, is considered.

Series inductance

The series inductance of a transposed three phased system may be calculated by equation [H.] [36]:

D H
L=2-10"7-In=-2 [] (H.1)
D m

N

Where D,, is the geometrical mean distance between the conductors determined by equation the
distances used in equation can be seen in figure Dy is the geometrical mean radius of the
conductor.

N N 7
I 1 | | 2 | 3 |

. } Dyy ‘ i Dog T )
Dn=/Dia-Di3-Dy;  [m] (H2) N N NS

Figure H.1: Calculation of geometrical mean distance.

D,, =v0.3-0.6-0.3 =0.38m (H.3)

Because the cable screen is a hollow conductor, the radius may be corrected. The inner radius of the
cable screen is 40.1mm and the outer radius is 41.7mm. The 72/, ratio is calculated to 0.962 and used
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H.1 Calculation of inductance and capacitance

for correction figure For the correction, the Ds/r, ratio is read from the graph in figure to 0.987
and thereby Dj is determined to 41.16mm.

Cable Screen 7/ i
Q9 AL

085 i 4 I - 1
- -
I _
e
B I
B~ L
Q750 I
Figure H.2: Sketch of cable screen. 95 %} 10

Figure H.3: Graph for correction of radius
[53].

Using the calculated geometrical mean distance and mean radius, the series inductance may be calculated
using equation The calculation is shown in equation [H.4]

0.38

L=2-10""In————
10.04116

= 445nH/m (H4)
Multiplying equation by the length of the line the total inductance may be determined see equation
H.5|

Lphase = 445"H/m - 11520 = 5.12mH (H.5)

Shunt capacitance

The cable screen forms two capacitances. One from the screen to the surrounding soil through the outer
insulation, and another from the cable screen to the center conductor, because the center conductor is
grounded during the tests. The two capacitances are shown in figure [H.4]
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Ground

Cable Screen

Center
conductor

Figure H.4: HV cable forming two capacitors from the screen to ground and to center conductor.

The capacitance may be calculated by equation
[36l p.29], where b is the distance from center

i i - 2-T-gp-€
of the inner conductor to ground potential, a is the C— bO r [F/m] (H.6)
radius of the inner conductor and € is the permit- In;

tivity of the dielectric.

The capacitance from the cable screen to the center conductor may be calculated by equation |H.7|:

Cable Screen

2-1-€-2.5 F cond
- % = OZOL (H7) conductor
lnT m

Ci_ins=C1-1=0.20nF-11520m = 2.33uF (H.8)
Figure H.5: Distances for calcu-
lation shunt capaci-
tance.

The capacitance from cable screen to surrounding soil may be calculated by equation [H.9

H. Calculation of resonance points H-3



H.1 Calculation of inductance and capacitance

Cable Screen

2-w-e  2-m-gr-2.3 F
C=m ST (H.9)
In In733 m

Co_ins=0Cr-1=147nF-11520m = 16.9uF (H.10)
Figure H.6: Distances for calcu-

lation shunt capaci-
tance.

From equation |[H.8| and it is seen that the capacitance from screen to soil is 7.3gg higher than the
capacitance from screen to center conductor.

As it may be seen from figure[H.7|the two capacitors of the cable are present as a parallel connection and
therefore their capacitance may be added in order to determine the total capacitance see equation [H.11]

F
Comunt—toral = 2.33+16.9 = 19.237~ (H.11)
m

Figure H.7: Inner and outer ca-
pacitance of HV ca-
ble.

The calculated inductance and capacitance are compared with the inductance and capacitance from the
DIgSILENT model of the cable line FRT-NOR, explained in Appendix

DIgSILENT screen impedance

The series impedance of the screen conductor is identified from the DIgSILENT cable model: 0.53%/minorsection.

The inductance (L) is calculated from the series impedance, by equation for the fundamental
frequency of 50Hz.

X 0.53
Lininor—section = 2'TCL'f = 2.1-50 = 1.7mH (H.12)
The total phase self induction is calculated by equation
Lphase =3-1.7=5.1mH (H.13)

DIgSILENT shunt capacitance
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H.1 Calculation of inductance and capacitance

The shunt admittance of the cable screen is identified from the admittance matrix: 5411S/km.

The admittance per km is multiplied by the length of the major section, and the shunt reactance is
determined by equation

1
Xc— phase = —————— = 160.5Q H.14
Cphase = SA1nS - 11.52 (H.14)

From the shunt reactance is calculated by equation[H.13] for the fundamental frequency f of 50Hz.

1
C =———=198uF H.15
phase chphase 27tf 22 ( )

The total series impedance and shunt capacitances of the calculation and from DIgSILENT are shown in
table [H.I] The corresponding resonance frequencies are calculated by equation [H.16]and also shown in
the table.

1

resonance — _ —— Hz| (H.16
. 27VL-C [Hz] (H16)

Parameter Calculated DIgSILENT
Inductance 5.12mH 5.1mH
Capacitance 19.23uF 19.8uF

Resonance Frequency  507.2Hz 500.8Hz

Table H.1: Comparison of Inductance, capacitance and resonance frequency calculated and DIgSILENT
values.

It is seen that the calculated frequencies are close to the values from DIgSILENT.

Representing a transmission line by lumped parameters may lead to inaccurate results, because for a
transmission line the parameters are distributed along the line. Therefore the effect of lumped parameter
representation is studied in the following.
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H.1 Calculation of inductance and capacitance

H.1.1 Transmission line representation

To show the effect of using lumped parameters the following analysis will compare one, three and ten
cascade coupled m-section. The cascade coupled 7-section representation is compared to the exact -
model, which is often used as reference for validation of line models in the frequency domain [16].

The comparison is carried out for the actual screen circuit, using the parameters calculated in the previ-
ous section.

For an transmission line the series impedance and shunt admittance are uniformly distributed along the
line as shown in figure [H.§| [28, p.243].

Rdx Ldx
- - NV
V(t,0) Gdx == Cdx V(tL)
L -—

Figure H.8: Transmission line with parameters distributed along the line.

Where Rdx is the resistance per dx length, Ldx is the inductance per dx length, Cdx is the capacitance
per unit length and Gdx is the conductance per unit length.

Using the approach presented in [53]], the voltage and current may be expressed as equation [H.17] and
[H.I8

V(x) = cosh(x)U, + Zcsinh(yx)1, V] (H.17)

I(x) = %sinh(yx)U, + cosh(yx)I, [A] (H.18)

Where U, and I, is the receiving end voltage and current. Z. is the characteristic impedance and given in
equation and v is the propagation constant determined by equation [H.20[[28] p.245].

1Z | R+ joL
Ze=1\| == ——— Q| (H.1
Y G+ joC Q] (H.19)

Y=VZY = /(R+ joL)(G + joC) = a.+ jB [1/m] (H.20)
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H.1 Calculation of inductance and capacitance

I order to use the transmission line model in connection with other systems, the an equivalent T-mode is
typically used, this is shown in figure [H.9]

Z!
I I
L
Vs Y Y Vi
2 2

Figure H.9: 1 representation of the equivalent T model.

Where Z' is defined by equation and Y’ by equation

, . sinh(yx)
2=2 [2/m] (H.21)
Y _ ¥ tanh(y) [S/m] (H.22)

Where:

Z = (R+ jx)L. L is the total transmission line length.
Y = (G+ jB)L. L is the total transmission line length.
L is the total length of the transmission line.

Y is the propagation constant given in equation [H.20]

Using equation and result in correct calculation of voltages and currents at the cable termina-
tions [53]]. The voltage and currents, at the frequency to which the parameters are tuned, will be accurate
because this lumped parameter representation are taking into account, the travelling wave theory.

Often the simplified version nominal -model is used instead of the equivalent t-model. In the nominal
n-model the series impedance and shunt admittance are not recalculated by equation and
Instead the series impedance and shunt admittance per unit length is used directly for calculation of
the parameters (Z and Y). This lumped representation reduces the accuracy of the model. In order
to compensate for the accuracy a number of nominal ©-sections may by cascade coupled, where the
parameters are equal divided between all 7 sections.

H.1.2 Effect of lumped parameters

Figure shows the equivalent T-model, and the nominal ©t-model is shown in figure [H.T0(b)] In
both circuits there are included an load impedance Z; which is set to 1Q.

The input impedance of the equivalent T-model is calculated as equation [H.23}
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Z'(jw) Z(jw)
] o ]
| — | —
D 2X¢'(jw) 2X¢ (jw) Z/(jw) r’ 2X(jw) 2X(jw) Z (jw)
Z\ny(jw) Zmil(jw)
(@) (b)

Figure H.10: |(a)|input impedance of equivalent T-model. [(b)|input impedance of nominal T model.

Ziy = [Z,(jo)|12Xc(jo) +Z' (jo)]|[2Xc(jo) [Q] (H.23)

Where:
Xe(jO) = vy

The input impedance of the nominal -model is calculated as equation [H.24}

Zin1 = [Z(jo)|[2Xc (jo) + Z(jo)]|[2Xc(jo) [Q] (H.24)

The input impedances of two cascade coupled nominal 7-sections, are calculated by replacing Z; in the
first model by the input impedance of the second, as shown in equation[H.23|

Zina = [Zin1 (J©)||2Xc (jo) + Z(jo)][[2Xc(jo) [Q] (H.25)

The cascade of n w-sections are performed by repeating the above procedure n times.

The impedances are calculated for a frequency spectrum of 0 — 2000Hz and shown in figure[H.4] The fig-
ure compare one, three and ten nominal 7-sections to the equivalent T-model. In the frequency spectrum
there is also seen the result for using only the domination components of the circuit.

The input impedance of the representation by the domination components are performed using equation

based on figure

Z(jw)
[ 1
D Xe(jow) Z.(jw)
Zin-p = [ZL(jo) +Z(jo)]||Xc(jo) Q] Zino(j)
(H.26)

Figure H.11: Equivalent line diagram using
domination components.
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Figure H.12: Frequency spectrum of one, three, ten, equivalent pi, and domination components model.

From figure it is seen that the peak of the domination components matches well the resonance
frequencies calculated in the preceding section (510Hz). It is also seen that the three cascade coupled
m-sections, which is used by DIgSILENT, matches the frequency response generated by DIgSILENT in

figure (800Hz).

700
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Figure H.13: DIgSILENT frequency sweep.

Therefore the exact resonance points may not be determined only based on the domination components,
but an indication of the location may be obtained.
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