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1 Introduction

In this chapter will be described the basics of fhleenomena occurring during
energization of a cable.

1.1 General overview of a power system network

The generated power from power plants, wind famts, is transported and distributed
to the consumers using the electrical grid, whiglfarmed by the transmission and
distribution systems depending on the voltage kvt transmission level the grid is
dominantly laid out as overhead lines, where as dis&ribution mainly consist of
underground cables. In Denmark the transmissiomworkt is operated by TSO
(Transmission System Operator) Energinet.dk A/&0&tkV, 220 kV, 150 kV and 132
kV. The Danish distribution network is operatedlbgal DSO (Distribution SO) and
the levels are 60 kV, 10 kV 0,4 kV.(1)

There has to be a balance between the power gedeteansmitted and consumed by
the customers, since energy cannot be stored ge lguantities. Furthermore, the

frequency and voltage of the system has to bedwidtant.

1.2 Trend in transmission and distribution network in Denmark

In 2008 it was decided in Denmark that all voltégeels up to 400 kV will within the
next 20 years be put in the ground. There is ng lime experience with long high
voltage AC (HVAC) cables and the longest is located@okyo and is 40 km long. The
main reasons for replacing overhead lines (OHLE#&lyles in Denmark are that people

were protesting against the OHL in order to susaaith protect the environment. (2)

1.2.1Advantages and disadvantages of using cables compdrwith overhead lines

In chapter 3 a more detailed description of cablar&cteristics is given. At this point
some of the advantages and disadvantages of usirgsccompared with overhead lines

are given:
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Advantages:(3)

» Cables occupy much less free space, since thdgaated in the ground
* The risk of electric shock is less

» Cables are less exposed to suffer damages caustdrims, lightning etc.
* The risk of corrosion is less

Disadvantages:

* The investment costs for cables are higher butdst of high voltage cables and
accessories is decreasing

* Repair is more difficult than OHL

* There exist no long time experience with long highage cables

* The location of an occurring fault is more difficto detect

* The capacitance is much higher (20-50 times (4)jclwvlusually has to be
compensated by the use of shunt reactors

* By using shunt reactors, resonance frequencieselestthe reactor and the cables
capacitance is approximately 45-47, which is vdoge to the operation frequency.
)

» Since the losses (and hence the resistance) invarpsystem is low, transient
oscillations caused by for example a switching apen is low damped. During
this prolonged oscillation dangerously high volageay occur. (5)

« Same life time as OHL (40 years), but the OHL canrénovated, yielding a
prolonged life. (6)

1.3 Energization of HV cable network

One of the problems associated with the use ofeesalait transmission as well
distribution levels are cable energization. As widl described in chapter 2 the aim of
this report is to investigate the transient behawvaf a cable when it is being energized
as well as being de-energized. The fundamentahetransient phenomena during an

energization of a cable integrated in a cable netwill be described in the following.
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1.3.1Problems associated with energization of a HV cable

* Resonance circuits

Cables consist of a large shunt capacitance ané senes impedance forming various
resonance circuits so that there will be energyllason between the electric and
magnetic field at certain resonance frequenciesngduenergization which can cause

overvoltages.

* High overvoltage at the receiving end of the calleing energization compared
with the sending end due to reflections

* De-energization of the cable

When the cable is being disconnected some trappexd) stores in the electric field,

which can cause a high voltage across the circadkers contacts.

* High inrush current from the already energized esblconnected at the same
busbar

When energizing a cable located in a cable griderergy transfer from the already

energized cable to the switched on cable takeplac

The above mentioned phenomena will be describdukifiollowing.

1.4 Overvoltages during cable energization

A transient overvoltage can occur when a cableeisid energized. The amplitude
depends on the instant value of the phase voltdgs whe circuit breaker is closed @t t
The maximum overvoltage will occur if the grid \exe is at its peak value at t

If the voltage is crossing zero athe transient overvoltage will be at its minimubhis

is caused by the charging of the cables capacsaacd an energy exchange between

the electric and magnetic field will begin.

In order to explain the overvoltage a very simptifisingle-phase model of the cable
under investigation is represented by a lumped lt€uit in PSCAD with open end.

The parameters are calculated in chapter 6 anchdppA.
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In chapter 4 a description of the system is madhe Jystem voltage is 61,5 kV given
by Magnus L. Hansen ENV A/S. In fig 1-1 are showwa PSCAD model and simulation

results.

Timed
BrLeaker
ﬁ— ogic
BRK Open@to
| - R=0 BRK | | 1.992 [mH]
' 3 7 | — T D
s o s
(e
o
'E‘4|i
|

I | T T

: : : Source wokage
Voltage on inductor ]
Currant
Valtage on capacitor ||

Voltage [kV]

=G0
% 104 01045 0.108 01085 0106 01085 0.107 0.1075 0.10s
o t1 t

fig 1-1 Voltages and current in LC circuit duringetienergization of a lossless cable.

Parameters: L = 166,83 pH/km, C = 185 nF/km, cdblegth: | = 11,94 km

Note: Current is off-scale, multiplied by 20

The natural frequency of the oscillating current is

f =2,4kHz (1.1)

2L WO 57mg 94<m\/ 166, 8§H4mD 18'5'%(m

and the value of the peak current is:
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U

| _ peakl f __
peak — -
ZO

=1,67KA (1.2)

In the simulation the switching occurs when thersewoltage is at its peak value at t
From the moment of switching, the capacitor is ghdrby the current, which is flowing
through the inductance. The oscillation betweenmatg and electric energy begins. At
t; the voltage across the capacitor, I8 the same as the sourcg Yo the current
reaches its peak value. After U; is higher than U and because current in the
inductance cannot change instantly, so the cuigestill positive and going towards
zero. Until the current crosses zero aut is still being charged. AbtU. is equal to
2Us peak In fig 1-1 the natural frequencyis much higher than the source frequency (50
Hz). This means that the value of theifl almost the same between two consecutive
intersections betweendland U (indicated by the red line). Ifyfis decreased (for
example if the cable length is increased see eg(L.Will match U for different points

so the value of Wwill change for each cycle. In order to see this should refer to (7).

In the above resistance has been neglected. Aceddé has some series resistance,

which damps the oscillations.

1.4.1Receiving end overvoltage

During energization the circuit breaker in the reicg end is left open. Because of the
charging current of the cables capacitances a ivegatltage drop across the cable may
occur. This means that the voltage at the receiemd) will be higher than the sending
end. (4)

This phenomenon is called Ferranti Effect and caexplained by use of the nomimal
model shown in fig 1-2. By drawing the correspomgdumnasor relationships as shown in
fig 1-3 it can be seen that the magnitude of tleeixeng end voltage is higher than the

sending end.
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fig 1-2 Nominalr model

U, X1,

A

1. R,

»

U,

fig 1-3 Phasor relationship for the nominalmodel

The voltage in the receiving end can be found aishaf fig 1-2. The capacitance in the

sending end has no influence on the voltage drapgathe cable. Us thus:

— Zcz _ _Jé — 1
|Ur|_z +7 |US|_ P : |US|_ 2 c |US| (1'3)
2 —lzc t ol 1-@°;L

series

In the above equation the voltage drop on the segsistance is neglected so it will
only give information of the magnitude differen¢4)

The Ferranti effect for steady state (50 Hz) isw@lalted:

1 1
Uil = = U 1.4
b 1-w22L| ! 1- (277050 3%/~ (1166, 83", ({ 11,94n)2| o @A)

U, | : (1.5)

“T2ammo M

d

So the Ferranti effect is not present under nowparation.

9



Chapter 1

Introduction

1.5The grid influence on the switching surge

In this section the grids influence on the switchiransient is described. The grid can
be classified as being strong/stiff or weak. Fatrang grid its short circuit power is
infinite and the source’s equivalent grid impedadge is zero (4). In fig 1-4 two

cables are connected where cable 1 is in servideanle 2 is not.

Busbar

4() Cable 1 Load

Grid
-
L
Zgrid
S
\/

L () Cable 2 Z

Zgrid1 ncable

fig 1-4 Energization of a cable when connecting tausbar where an in-service cable is connected

The impedance when looking into the cable fromshvéch S when it closes IS =
Zo (characteristic impedance of the cableyiZis formed by the grid impedance in
parallel with the impedance of cable 1. By voltageasion the voltage across the cable
is:

Z

=— %0y (1.6)
cable s
Zo + Zgridl

For a strong grid &>> Zyiq1 Which implies that the voltage surge will be oe table.

If the grid is weak the grid will absorb a fractiohthe travelling surge.

1.6 Deenergization of the cable

When the cable is being switched off (de-energizettansient occurs. Since a cable is
mainly a capacitive element, the current leadsvtiage by 90°. Switching devices are

10
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designed to disconnect, when the current crosses Eowever since the capacitive
current is small compared with the circuit breakapability, it is possible to interrupt

the current even if the current is not at is zeossing. (8)

If the cable is disconnected when the current e®zero, the supply voltage will be at
its peak value (btay. The cable is at this instant fully charged aftérahalf a period
(10 ms) the grid side voltage however, will betat dbpposite peak (4ehy) meaning that
the voltage across the circuit breaker contact®Us.ac If the distance between the
contacts is not sufficient, a re-ignition may ocgcoreaning that the interruption has

failed. (8).The de-energization can be seen in fig 1-5.

Time

Instant of
ug current
interruption

fig 1-5 Current and voltage traces during the imtgation of a capacitive current.
1: supply voltage (e = u), 2: voltage on the caparc{u,),

and 3: voltage across the circuit breaker. Figusdaken from (8)

1.7 Inrush current when connecting a cable to an alreaylenergized
cable grid

When energizing a cable located in a cable gricraergy transfer from the already

energized cable to the switched on cable takesepld@bis situation is similar to

11
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connecting a capacitor bank to an already charggadator bank, where it has been
shown that the inrush current can be as high adi@@®3 the steady state current. For a
cable however the current will be lower since teees impedance is higher in a cable
compared with the busbar where the capacitor bardmnected. (7)

A cable can be presented by a number of cascadedtions, where the value of R and
L are very small. So the cable mainly consists oumber of capacitors connected in
parallel as shown in fig 1-6. (8) In the figure twables are connected so that the
energized cable 1's capacitorgy @ G, are connected in parallel with the capacitors
Cz1 to G Of cable 2 when the switch S is closed.

Busbar Ri1 L1t Ry Ly Rin Lin
e A T Cable 1
C11 T C12 T C13:: C1n7
Source T
Zgrid N 7

S

AR L Ra e Ron Lo

| T b A s A = T Cable 2
C21 I CZZI CZ3I C2n I

fig 1-6 Energization of a cable when connecting tousbar, where already energized cable is connected

The relationship between voltage and current iagacitor is given as: (9)

__(du
| —C(Ej (1.7)

As can be seen from equation(1.7), the current miraythe capacitors £to G, is
proportional to the change of the voltage whensiviéch S is closed. If the switching
occurs when the phase voltage is at its zero ergsso inrush current will flow.
Likewise, if the switching occurs at the phase agét peak the highest amount of

current will flow. Also, if the switch is assumedeil (implies dt = 0 s) an infinite
12
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current will be drawn by the capacitors. For prattcircuit breakers there exist a
switching time as well as the cable contains soemes impedance limiting the inrush
current. The inrush current will flow through theries inductances, which has the
property that the current cannot change instamthich implies that the inrush current

will not be infinite high. The series resistancdl damp the transient further.

1.7.1Inrush current and circuit breaker

The inrush current has a high peak and a high &ecyas explained in the above. Just
before the circuit breakers contacts are connedigihg a switch on a dielectric
breakdown (prestrike) occurs. The relatively laoygrent may cause the contacts to
weld together. (8) Since frequency is relativelghhthe skin effect will cause the
current to flow on the surface of the contacts dginta the breaker and causes
malfunction. This is because the prestrike doesoeour between arcing contacts as
intended but between the main contacts. (7)

Circuit breakers have rated values for inrush cusceThese argik = 20 kA peak and
foin = 4250 Hz. According to IEC 62271-106" &dition the product of the inrush

current and frequency must not excegf 1 f,; n for certain conditions.(7)

In IEC 62271-100 %' edition the product,ix - foin is not considered but it makes sense

to include it in investigation of cable inrush @nts as explained in(7).

1.8 Cable representation

In the above sections an explanation of the behalidng cable energization has been
made under the assumption, that the cable parasmaterlumped. This assumption is
made since it gives a good intuitive explanatiothef matter.

However for transient modeling and studies the eg@alrameters should be considered
distributed in order to take the wave propagatida account. (10)

This can be realised using fig 1-7 where a losstepsesentation of a cable with n

number of sections of series inductancesahd shunt capacitancesj<shown.

13
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T Y Y L, Y Y Y L, Y YTV

S
U (ﬂ;) Ci—— C,—— Ch——

Load

fig 1-7 Losslesst model section representation of a single phase li

When the switch S is closed; 8 charged through L Now, the charged Qorces a
current through k.charging Gand so on. By using this approach, it can be dearttie
switching operation is immediately noticeable ire theceiving end. This is not in

agreement with practical experience, where it ievikm that the waves have a finite
travelling time. (8)

14
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2 Problem analysis

Traditionally, the electrical grid consists moreless only of overhead lines (OHL).
Cables have up to now been used when the line egosmter, areas with dense
population and areas with national nature interbsie to the development of XLPE
cables (and decreasing cost) and political andipuiikerest it was decided in Denmark
in 2008 that the OHL will be replaced with cableghe near future. (5)

The electrical property of underground cables dsffeignificantly from OHL with the
same power transfer capacity. This yields for asialpf steady state operation and
transient behaviour in order to be able to plarsigie and operate the electric grid

consisting only of cables. (5)

The Danish DSO (Distribution System Operator) ENV/SA (Elforsyningen
Nordvendsyssel) is one of leading players relatediding cables in the distribution
system. ENV have been working in a number of yeavgards exchange the whole
OHL with cables at 60 kV. A process expected to ien2014. During 2009 ENV have
been purchasing circuit breakers, during this mecké has become evident, that a
deeper insight in the cable properties is requiredrder to secure safe and reliable

distribution of energy to ENV’s costumers.

2.1 Problem statement

During energization transient voltages and curoamt reach high values and hence the
components of the system can be damaged. The dtzges can also propagate to
lower voltage levels, where they may cause a bwakdof electronic equipment.
Another problem associated with cable energizat®rhe so-called back to back
energization from already energized cables whichsea a high inrush current

equivalent to capacitor bank switching.

In order to protect the components against thesesignts it is necessary to achieve a

thorough knowledge about the transient phenometfzeicable system.

15
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The aim of this project is to investigate and apalthe overvoltages in an underground
cable during energization as well as de-energiratorthermore, different strategies in

order to minimize the switching transients will ibgestigated.

2.2 Aim of the project

The work carried out during the project period @&séd on a case study of ENV A/S 60
kV cable grid located in North Jutland, where as@lbased on a developed PSCAD

model as well as field measurement of energizalexehergization of a cable is made.
The aim of the report is summarized in the follogvin

* Develop a PSCADNnodel of a part of ENV’s grid

* Analyze resonance overvoltages during the eneigizatf a cable in ENV’s grid.
The resonance frequencies are calculated using thethods: Hand calculation by
using wave theory, by using the equivalemhodel and by using PSCAD

* Perform measurement of switching voltages and otsre

» Perform comparison between simulation and measuresme

* Analyze the circuit breakers inrush current withstaapability

* Investigate methods to minimize the overvoltaged aunrrent during switching

operations and implementation in PSCAD

2.3 Solution method

In order to investigate the transient phenomenanduthe energization of an
underground cable a suitable model is built in PBCAn assessment of the models
validity will be made by comparing simulation rdasulwith field measurements
obtained. The PSCAD model will be used to analy#ferént methods to minimize the

switching transients.

2.4 Limitations

The aim of this report is to investigate switchimgnsient and will not include other

transient behaviour such as lightning and fauétedients.
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Measurements are also made when the cable is behegergized. In order to compare
simulation and measurement this would imply modglliof the measurement
transformers since saturation of the transformee cezcurs. However the needed data
were not available, so the transformers will nottmelled. This is justified by the fact

that the main aim of the project is the investigainf the transient during energization.

For the field measurement the following limitaticei® made since they are both time

consuming and the available time for the field nueasient where limited:

* No measurement of the travelling time of the swtglsurge will be made

The used measuring equipment, Omicron 256, cambip@ed with a GPS transmitter,
so that the travelling time can be obtained witjhhaccuracy. The measured travelling
time could have been used as a part of the PSCAdEehvalidation

» No resonance frequency measurement

One of the projects main parts is the calculatibthe resonance frequencies causing
the transients. The measurement of the resonaegeencies could be made by doing a
frequency sweep using an AC generator with varidbdguency. The measured

frequencies could have been used as a part ofS368AP model validation.
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3 Description of HV cables

In this chapter a description of HV cables is givéhe most commonly used type the
cross linked polyethylene cables (XLPE) will becdegd in more detailed. A brief
description of grounding methods in order to lirtlie induced voltage on the cable
screen is given.

3.1 Cable types for use at HV

There exist four main cable types, which are byieKplained: (11)

* Oil impregnated paper cables

Before the development of XLPE cables in the |&8&0lies, oil impregnated paper was
the only reliable insulation for HV cables. The dantor is wound with paper, so that
the insulation consists of 50 % paper and 50 % lairorder to have the highest
homogeneity as possible, the paper is oil impreghat

e Extruded polymer cables (XLPE)

Solid polymers have the property of being extrudabihich makes the manufacturing
less complicate and expensive. XLPE is the mostelyidised insulation in cable
systems. (12)

* Gas insulated systems (GIS)

GIS are closed systems, where the inner condustdneld in a cylindrical outer
conductor. GIS is often used to connect busbarshibgs and breakers. The insulation
is Sk.

» Superconducting cables

Are under development

3.2 Describtion of XLPE insulated cables

The most used insulation type is the cross linkelggthylene cables (XLPE), which
has its origin in the late 1950°ties. The initiakt of the cables and installation at that
time was much higher than overhead lines (OHL),thatdifference started to decrease
in the 1980°ties. (13) The cost for cables atersth compared to OHL.
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XLPE insulated cables have a low permittivity, ltagses, high dielectric strength and
low thermal resistivity in order to prevent overtieg of the conductor. As explained in
the following the XLPE insulation is thermosettirfty1)

3.2.1Polymers

Polymers can be divided in thermoplastic (PE, pblyjlene) and thermosetting

materials (XLPE or PEX, cross linked polyethylen&he molecules in thermoplastic
materials are linked by weak bonds, that can bkdiraf the temperature is increased.
This makes the insulation flexible and there issk that the conductor will move from

its original position.

By chemically cross linking the polymer chains thaterial becomes thermosetting,

which means that the hardness of the insulatios doechange by heating. (11)
3.2.2Considerations for use of XLPE insulation

XLPE cables are not self healing and are not &bleesist partial discharges, so the
following measures must be taken in order to sastantrol of the electric field: (11)

* Pure and homogeneous material

The insulation should contain very few impuritieslaas filled voids, which can cause
a local electric field enhancement. This can ultehacause partial discharges and
electrical treeing, which is a small conductingruinal see fig 3-1.

» Water proof sheath

If water penetrates the sheath and enter the isjavater treeing might occur, see fig
3-1.

Quter
screen

§  Water tree
L AT Final
e . ’ g -
a) " Water tree b) Water tree c) d%:reakdown
Electrical ¢ Electrical

tree tree

screen

fig 3-1 Electric treeing in cable insulation caudeyl appearance of water. a) Conducting channels chbgevater.

b) Field enhancement causing electric tree. c) Foreakdown
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The water trees themselves are not dangerousahutreate small conducting channels
which can lead to an increase in the field strengftich again can lead to electrical
treeing and create a breakdown of the insulation.

» Good connection between inner screen and conductor

In order to secure a homogeneous field distribuianinner screen is inserted (field

limiting layer), which is in good contact with tiesulation, see fig 3-2.

Stranded

Conductor
Inner screen

fig 3-2 Electric field line distribution in cabl@sulation (cross section).

a) No inner screen. b) inner screen with good coritathe conductor

The best way to make a good connection is to chtwsenaterial of the inner screen

similar to the insulation material.

3.3 Earthing methods, induced voltages

Since the cable screen is conductive, voltagesbeiinduced along the cable caused by
the conductor current in the three phaaed parallel lines, if present. An overview of

some of the measures to limit the induced voltaggven in table 3-1. (13)

Grounding Standing voltage Sheath voltage
method at cable end I'm;tr?és(tsé’rr)ge Typical application
Single End Yes Yes Usu?_lk; r;(;tb:JesSed for
Both End No No Short cables
.| Atcross bonding Long cables where
Cross bonding points ves joints are required

table 3-1 Overview of grounding methods for cables
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A description of single-end and both-end groundmgthod are presented in the
following.

3.3.1Single point grounding

By grounding in only place, the voltage will incsealinearly with distance to the
grounding point as shown in fig 3-3. In order tmi@vdangerously high voltage at end

of the cable, voltage limiters should be insertaat 6hown in the figure). (12)

()

U 1p.u
a)
pp— X
U
Yep.u
b) P
- X

fig 3-3 Single point ground and screen voltage ipeaflong cable. a) end point ground. b)midpoinbgnding

3.3.2Both end or multiple grounding

In fig 3-4 a setup with both ends grounded is shown

I 1

fig 3-4 Both end grounding creating a complete sarground path for the induced current

By grounding in this manner, or using several gthog points along the cable, the
induced voltage will be limited. However, since lased loop is made, the induced

voltage induces current to flow in the screen amuuigd. These induced circulating
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currents are proportional to the conductor cureend reduces the overall ampacity of
the cable as well as increasing the temperatucen fer safety point of view this method
is the most secure available. From an economicgeds this is the most
disadvantageous method. (13)(12)

The cable under investigation is grounded at battseCross bonding grounding is not
used since no joints are required due to the dbogth of the cable (according to table

3-1 therefore falls under the category “short csif)le
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System description

In this chapter a description of ENV’s 60 kV netnisrmade.

4.1 System description

The cable that is going to be energized in simotaéis well as in field measurement is
located in ENV Net A/S 60 kV distribution grid inokthern Jutland as shown in fig 4-1.
A larger map of ENV’s network is provided on the.CD
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fig 4-1Map of Denmark (from google maps) and th&BENV A/S network

The cable being energized is located in the St&dogkid, which is currently formed by
two separate loops (14).

The relevant cable is located in the loop, whichasig from Starbakke to Hedebo and
back (a one line diagram is provided on the CDJl snconnecting the substations in
Albaek (ABK) and Mastrup (MSP). The cable energmatiwill be made in ABK
(sending end). The circuit breaker in the receivang in MSP is left open. In fig 4-2 a
part of Starbakke grid is shown. The solid linedicate that the cable is implemented in
the PSCAD model.
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@sterby (JRB)

—— — — -
Nordby (NDB) - ® 23
B55 3 1315km | 2,86 km

2,209 km 3 | 3

Hedebo (HDB)
B16 — 18,934 km B15 - 18,511 km
Albzek (ABK)
L 4
B14 — 11,940 km

B45/B46 — 16,000 km

Mastrup (MSP) Strandby (STD)

B44 — 4,600 km

,,,,,,,,,,,

B13 -6,527 km B18 — 13,360 km

Starbakke (SBA)

~ *Sindal (SDL)
100 MVA 100 MVA
150/60kV

2 X OHL
| to |
Dybvad

fig 4-2Part of Starbakke grid

The grid is supplied in Starbakke through two 100M¥ansformers. In the part of

Starbakke grid are situated the cables shown ie t&fi.
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No. Section Type Length Soil
[km]
B13 | MSP —SDL | 400mni PEX-M-AL-LT 72kV | 2,727 Clay / Mull
150mnf PEX-CU 3,800 Clay / Mull

B14 | MSP — ABK 400mMPEX-M-AL-LT 72kV | 11,940 Clay / Mull /
Sand

B15 | ABK— HDB | 400mnf PEX-M-AL-LT 72kV | 18,511 Sand

B16 | ABK - HDB | 400mmPEX-M-AL-LT 72kV | 18,934 Sand

B18 | SBA—MSP | 400mnf PEX-M-AL-LT 72kV | 13,360 Clay / Mull

B23 | HDB — JRB 50mm2 Flat cable 2,680 Sand

B37 | HDB-@RB | 150mnt PEX-CU 3,150 Sand

B44 | SBA-STD 240mmPEX-M-AL-LT 72kV | 4,600 Clay / Mull /
Sand

B45/ | STD — ABK 240mnf PEX-M-AL-LT 72kV | 16,000 Clay / Mull /

B46 Sand

B55 | HDB — NDB 400mmMPEX-M-AL-LT 72kV | 2,209 Clay / Mull /
Sand

table 4-1 Cables in Starbakke grid (14)

The examined cable system B14 consists of 3 x BelREX-M-AL-LT 72kV cables,
which are manufactured by NKT. The cross sectiothefconductor is 400 nfm

The length of the cable is 11,940 km. The cabl¢esydies 1,3 m under the surface in a
close trefoil layout as shown in fig 4-3. The grdwonsists of clay, mull and sand. The
resistivity of the surrounding ground depends ofnyndactors (humidity etc.) and is

determined as 10Qm, since it is the default value in PSCAD.
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Ground

1,3m
Cable #1

Cable #2 Cable #3

fig 4-3 Cable close trefoil layout

All the relevant cable parameters for PSCAD aregiw section 5.2.

The sheath is grounded in both end of the cable. rElason for this is explained in

chapter 3.
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5 Description of the PSCAD model

The development of the PSCAD model of the gridaged in chapter 4 will be
described in this chapter.

5.1 PSCAD model selection

Basically, there are three ways to model a cableyerhead line) in PSCAD:

* Lumped parameter models

As explained in chapter 1 a lumped parameter reptagon does not take into account
the wave propagation. In order to do this a numddet models must be employed,
which is very inefficient. (15)

* Bergeron model

The Bergeron model considers capacitance and iadoetto be distributed along the
cable. The resistance however is lumped into tlpaes (a % in the sending and
receiving end and %2 in the middle of the cable)adkding to (15) it is most suited for

load flow analysis.

* Frequency dependent models
The frequency dependent models represent, as time niadicates, frequency
dependency of the cable parameters (RLC). Two &equy dependent models are

available: Mode and Phase where the latter is th& accurate model available. (15)

5.2 Building the model in PSCAD

As described in the above the Frequency DependedeMPhase) is the most accurate

available model and will be used in this projethds two components:

» Cable Interface component

» Cable Configuration component

The Cable Interface component has a graphicalfater In the Cable Configuration
component the cable parameters are defined (lengble configuration, cable

proportions, material properties, layout etc.).
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The cables in the grid can be seen in table 4-laamdf the type PEX-M-AL-LT 72kV
— 400 mnf and 240 mhmanufactured by NKT. The datasheet can be fourtti@CD.

5.2.1Cable PEX-M-AL-LT 72kV — 400 mm?

In order to develop a model in PSCAD the cable stetat from NKT has been used.

The parameters inserted in PSCAD can be seenlm %ab.

Material Aluminium (Solid)
Conductor Cross-section 400 mnf
Outer radius 10,65 mm
. . Thickness 0,7 mm
Inner semi-conductive layer Outer radius 11,35 mm
Material XLPE
Isolation Thickness 11,3 mm
Outer radius 22,65 mm
. . Thickness 0,7 mm
Outer semi-conductive layer Outer radius 23,35 mm
Material Copper
Cross-section 50 mnf
Sheath Thickness 1,9 mm
Outer radius 25,25 mm
Material PE
Outer covering Thickness 2,9 mm
Outer radius 28,15 mm

table 5-1 Cable parameters for 400 fote that the water barrier layers are negleted

Cable position

As explained in chapter 4 the cables are laidalose triangle. The cable layout in
PSCAD can be seen in fig 5-1.
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Ground Resistivity: 100.0 [chm*m]

Relative Ground PErmEEIbiIity: 1.0
Earth Return Fosmuls: Anslytical Approximation /
> i PR - A
-7
0[]

Cable#1

o
0.02815 [m]

Cable #2 Cable#3

112488 [m) 12488 [m]

0.01085 [ml}---3 11
OZ235[m]§- - mme o T

02528 [mig---nnnnn ol ]
e O2E15 [M]§-mmmmmn - 3
Conductor Conductor
Insulator 1 Insulator 1
Sheath Sheath
Insulator 2 Insulator 2
001085 [ml¥---F 1] 001085 [mly---% 1!
02335[m]Y - - - --- -~ i 02335[m]Y - ------- 3 i
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fig 5-1 Cable layout for 400 nfreables in PSCAD

The centre of cable #1 lies in 1,3 m depth. Cableaind #3 lie under the cable #1 in

depth g, which is calculated as:

Y, = Y, +J(20)° - 1% =y, ++/3F = 1,3+/300,02815 1,3488 (5.1)

where Y is the depth of the cable #1 and r is the radiukeocable.

The exact position of the cables can be seen Ia &8.

Cable cable #1 cable #2 cable #3
X-y position 0-1,3 -0,02815 — 1,3488 0,02815 —1,3488

table 5-2 Cable positions for 400 moables

Permittivity

The main insulation is sandwiched between two ssnductive layers. Each of them

are 0,7 mm thick. It is not possible to model thiesers separately in PSCAD, so they
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are implemented as one insulation layer. This gcdieed in appendix A where the of
the combined insulation layer permittivity is fouttdbes”; = 2,613.

Sheath thickness

The sheath consists of copper wires and will bedemented as one solid conductor in
PSCAD since it is not possible to model the shaatlwires. The cross-section of the
sheath is 50 mfrand the thickness of the sheath is given in thasti@et (inner radius:
23,35 mm and outer radius 25,25 mm, see table 5i8fe the wires do not fill out the

total space of the sheath layer, the resistivitthefsheath is corrected as:(16)

i ) 0° 7125, Zio_ 23,35 ). g 747118000 (5.2)

2 _r2
s s, out i/ _
0 oy= Poy —22 S =1 6801

Wherepcy is the resistivity of copper anddi:and g, are outer and inner radius of the

sheath, respectively.

1*' conducting layer Outer radius 10,65 mm
Resistivity 2,82.10° Qm
Relative permeability 1

1% insulating layer Outer radius 23,35 mm
Relative permittivity 2,613
Relative permeability 1

2" conducting layer Outer radius 25,25 mm
Resistivity 9,747.10 Qm
Relative permeability 1

2" insulating layer Outer radius 28,15 mm
Relative permittivity 2,3
Relative permeability 1

table 5-3 Cable input parameters for 400 huables
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5.2.2Cable PEX-M-AL-LT 72kV — 240 mm?

The 240 mrficable differs from the 400 nfronly in geometry, see table 5-4.

Material Copper (Solid)
Conductor Cross-section 240 mnt
Outer radius 8,5 mm
. . Thickness 0,7 mm
Inner semi-conductive layer Outer radius 9.2 mm
Material XLPE
Isolation Thickness 12,2 mm
Outer radius 21,4 mm
. . Thickness 0,7 mm
Outer semi-conductive layer Outer radius 221 mm
Material Copper
Cross-section 35 mnf
Sheath Thickness 1,9 mm
Outer radius 24,0 mm
Material PE
Outer covering Thickness 2,7 mm
Outer radius 26,7 mm

table 5-4 Cable parameters for 240 faiwater barrier layers are neglected.

The position of the cables, insulation permittivétgd screen resistivity are counted in
the same way as for the 400 fmdescribed in the above. The layout for the 240°mm
cable in PSCAD can be seen in fig 5-2. The inpuaimeters can be seen in table 5-5.
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o

y Ground Resistivity: 100.0 [shmem]
Relative Ground F’l:—rml:—&lbility: 1.0
Earth Return Fosmula: Analytical Approximation
T

o[l

Cable #1

1.2 [m]

=)
-

Cable # 2 -0.0287[m] Conductor
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Sheath

0.0085 [m]¥-- -3

0221[m]%-------- v
024 [m:s ......... '
LT ]
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Sheath
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0221[m]g--------- o
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fig 5-2 Cable layout for 240 nfreables in PSCAD
1°* conducting layer Outer radius 8,5 mm
Resistivity 2,82.1 Q.m
Relative permeability 1
1* insulating layer Outer radius 22,1 mm
Relative permittivity 2,603
Relative permeability 1
2" conducting layer Outer radius 24,0 mm
Resistivity 13,208.1¢ Q.m
Relative permeability 1
2" insulating layer Outer radius 26,7 mm
Relative permittivity 2,3
Relative permeability 1

table 5-5 Input parameters for 240 feables in PSCAD
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5.3Modelling of the equivalent grid

In order to include the grid in the model it wik Imodeled as an equivalent impedance

as shown in fig 5-3.

Lgrid Rg’ id

MMM
() Uy

fig 5-3 Equivalent grid model

Cgrid —

Data for the short circuit power in the feedingmian Starbakke (refer to fig 4-2) is
given by Magnus L. Hansen and can be found on iheT®e maximum and minimum
short circuit powelS” is given as 1061,91 MVA and 541,25 MVA respecivdh
order to take into loads a factor c is used toemtrthe voltage at the fault location
before the fault occurs. (4)

The value of ¢ for the minimum and maximum shortuwt calculation is 0,9 and 1,1
respectively. (see the table on the CD).

In table 5-6 are shown the calculated parameterstie equivalent grid. A value

between the maximum and minimum short circuit powsr chosen to be
S. =800 - 83,5 MVA, which is assumed to be a representative of tltedyring the

measurement. This value will be used throughoutepert.

Short _
L ‘Z grid
circuit | S[MVA] | o] c[] R[Q] | XI[€Q]
power [©]
Min 541,25 | -82,55 0,99 6,86 0,88976,8041
Normal | 800,00 | -83,50 1,10 516/  0,58395,1252
Max 1061,91| -84,28 1,10 3,89| 0,38733.8668

table 5-6 Equivalent grid parameters
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In (7) a standard value of the grid capacitan@gysn as Gig=2nF. X will thus yield a
very high number and will act as an open circuitign5-3 so it can be neglected in the

following calculation of the reactance. It will baplemented in PSCAD with 2nF.

The grid impedance fog =8000 - 83,5 MVA is calculated as:

_ 2 1,2%V)°
Zgis =R+ jX=2¢ lIJ“ =11 (6 2% ) = 5,161 83, (5.3)
SO¢ '~8000-83,5MVA
The real part of gq is:
Ryia = real( Zoa ) =0,583® (5.4)
The imaginary of part gq is then :
X = X, =imag( Znu )=5125D (5.5)

The equivalent inductance of the grid for 50 Hz barfound:

_ X, _ 5,252

Lyig =—— = =16,3140nH (5.6)
w 20760

5.4 The time step size

An appropriate time step value must be chosenarPttoject Settings of PSCAD. If the
time step is too high, the simulation can be disthrbut on the other hand a too small
time step could be time-consuming. An ordinary atipent of the time step size is for
switching transients between 10us to 100us, whele assumed that the highest
frequency during switching is 10 kHz. (17)

A good rule is the following (18):

“If you want to check the accuracy of the simulatithen divide the used step size by 2
and run the simulation.”
If the result for the new simulation does note@lif§ignificantly the time step is valid.

For all simulations is used the time st&fp= 30 us since it is close to the time step of

the omicron:
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At=——=—— =357 (5.7)
VA

where famp is the highest sampling frequency of omicronirwation withAt = 15 ps
has been made which gave the same result as30 us, so the chosen time step is

appropriate.

5.5Model of the grid

In fig 5-4 is depicted a part of the Starbakke loapich consist of a feeder (with grid
impedance), cables, two circuit breakers (on eadhoé cable B14).

AEK_HB
p b

AEK_HB
b

fig 5-4PSCAD model of part of Starbakke loop

5.6 Chapter summarization

In this chapter a brief explanation of the modelaleped in PSCAD has been made.
The model will be validated in chapter 8 where datians will be compared with field
measurements.

The PSCAD model can be found on the CD.
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6 Resonance frequency calculation

In this chapter the resonance frequencies caudegolvervoltage during energization
will be calculated. This is done firstly by an aytad approach based on the theory of
standing waves. The resonance frequencies will béséound using the equivalent
model implemented in Matlab. The two methods wilhéld against a frequency plot of
the PSCAD model developed in the previous chapter.

6.1 Calculation of resonance frequencies

When a cable is being energized by closing theuititoreaker a switching wave will
travel down the cable. The travelling wave contanwide spectrum of frequencies
superimposed on the 50 Hz signal. For each of thesgiencies a physical length is

associated (the signals wavelength) and is giver{3
A=— (6.1)

Wherel is the wavelength, f is the frequency and v isvilecity of the wave. As it can
be seen, the wavelength is inversely proportionalhe frequency, meaning that the
wavelength decreases as the frequency increases.

The velocity can be calculated as: (10)

(6.2)

The wavelength is the distance between two follgwpeaks of a signal. In the
following it will be explained why at specific walemgths resonance will occur.

For certain frequencies the wavelength will coroegpto an odd multiple of the quarter
of the cable length\(= ¥sLength, ¥Length, 1»4_ength etc). For other frequencies the
wavelength will correspond to half the length oé tbable X = %2Length, Length,
1¥zLength etc). This is visualised later in fig 6-dig 6-3, but first an explanation of

the matter.
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In order to find the resonance frequencies forcidiae, the input impedance, Zor the

cable terminated with the load impedangdasZgiven as: (20)

s At J [Z, dan(Al)
Z,+ j[Z, Oan(Al)

(6.3)

Where % is the characteristic impedance of the caples the phase constant in rad/m
and | is the length of the cable. In equation (&8 assumed that the cable is lossless.

When the cable is being energized the receivingvghdbe left open so that, =« Q.

In fig 6-1 tangl) is plotted as function df

W4 A2 30/4 sva

fig 6-1 Tangents as function of length

If A is set equal to the length of the calble,), it can be seen from fig 6-1 that tfh)(
approaches infinity for frequencies where the oddtigie of the quarter wavelength

corresponds to the cable length.

It can also be seen from fig 6-1 that flpE O for signals with a frequency, where the

corresponding wavelength is equal to the multipleadf the cable length.

6.2 Physical interpretation of resonance frequencies

The physical interpretation of resonance frequeneid@l be explained on basis of

standing waves which is explained in (21).

37



Chapter 6

Resonance frequency calculation

Standing waves are formed by two signals with thees frequency travelling in
opposite direction along the cable. The sum oftiih@ waves results in a stationary

waveform. (21).

In fig 6-2 voltage and current waveforms for quas&ve frequencies are shown. As
will be shown in the following, the load impedanaethese frequencies is inversely
transferred to the input. Hence for open circugt ¥oltage is zero (a so called node) and

the current is at max (antinode).

In fig 6-3 voltage and current waveforms for haliwe frequencies are shown. As will
be shown in the following, the load impedance atséh frequencies is directly
transferred to the input. Hence for open circué tloltage is at an antinode and the

current is at a node.

When standing at the end of the cable (X)=and looking into the terminal the
impedance is theoretically infinitive, which expiaiwhy the voltages are at an antinode

and currents are at a node for both quarter arfdvaake frequencies.

a ] ZeoE Maximum E B Maximum E
1= f =38 Maximum E " 1 — ZeroE __.----
4 == S A= 2nd
it S T ———
) Maximum E
Zera E comuinik L etoE Maximum E HTME Sora® _Zero E__
’% f e /-1‘_ = if A <. Maximum E

A=

Zin

Zin - L] o
o | * ] 3 -
A= m ) o Maximum 1 s
"1 o /f Maximum | & =g = e
4 Jerol = o
Foro i 5 . Zero 1

; . Zero I

.-i = /l; Maximum 1 = A= Li Maxtirmum 1 Maxirmum |
= 4 Zerol — 5 ool
IAEITILI 1

fig 6-2 Standing voltage and current waveforms fid o fig 6-3 Standing voltage and current waveforms for
multiple of ¥4 wavelengths of an open circuitedlea multiple of %2 wavelengths of an open circuitedieab

with the length |. The waveforms are copied from) (21  With the length |. The waveforms are copied from) (21
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Attending to equation (6.3),iZfor frequencies where the corresponding wavelergth
either a multiple of half or an odd multiple of thearter wavelength will be analysed in
the following.

* Quarter wavelength (I = %, ¥4, 1¥4 etc)

This case is valid when the quarter of the wavdlehgs an odd multiple of the cable
length,l. As described in the above, tAh(approaches infinity at\/4. Equation (6.3)
can thus be simplified:

E_7’:L+j[zo@°_z_g

: (6.4)
Z,+|Z G Z

Zin :ZO

This means, that for frequencies with a wavelemgtbdd multiple of the cable length,
the inverse of the load impedance is transferreéti¢anput of the transmission line. So

for open circuit the input impedance is zero.

» Half-wave sectiorf| = ¥4, 1A, 1¥4 etc)

Again returning to fig 6-1, tafi{) = 0 for frequencies with integer multiple of htle

wavelength equation (6.3) results in:

IO

Z =
in ZOZO+jEZL[:(D

=7 (6.5)

As it can be seen, for half wave frequency the idapee of the transmission line is
missing. The % does not depend on the transmission line parameterthe load

impedance is transferred directly to the input teah

It is practically not possible to have infinite tbampedance even if the cable is open
ended. This is because of radiation from the opeth &d by coupling to nearby
objects. (20)

When the project group is energizing the cable Bildlbaek, the receiving end in
Mastrup is left open. The resonance frequenciestmglefore have a wavelength that is
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a multiple of half the cable length. For example tiable is 11,94 km, so the resonance
frequencies have wavelength ofl%,94 km, 111,94 km, 1¥41,94 km and so forth.

6.3 Resonance frequency calculations

The resonance frequencies of the cable can be laduon basis of the above
mentioned relationship between input impedance wadelength. The parameters of

the cable have been calculated in appendix A fddb@nd are shown in table 6-1.

Capacitance Inductance Resistance Length (km)
(nF/km) (MH/KmM) (Q/km)
185 188,63 0,0778 11,94

table 6-1 Parameters of the cable used in enetigizaneasurement

The velocity of the travelling wave is calculatedr (6.2):

v=— 1 - ! —~169282™ (6.6)

VLo Ci \/188,6ﬂ e S
km km

In equation (6.6) is used the 50 Hz values for $icitp

Now it is possible to calculate the resonance feagies. For the frequency where the

wavelength is equal to the length of the cablalsudated

y 169281™ 16928f™
Ay =—=11,94m=——S = f=— S = 14, XHz (6.7)
f f 11,94m

Generally the resonance frequencies can be catcldest

169281<™

Y - S - =0,5115. (6.8)

% 11, 94«%

In table 6-2 are shown the calculated resonancgiémcies for n = [0,5 2].

f =
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Z, [Q] n=0,5 n=1 n=15 n=2
(=% (I=1) (I=1%) (=2

[kHz] [kHz] [kHz] [kHz]

oo 7.1 14,2 21,3 28,4

Chapter 6

table 6-2 Calculated resonance frequencies, fondpemination

where | is the length of the cable ands the wavelength of the signal

6.4 Resonance frequencies obtained by using equivalemtmodel

Another approach in calculating the resonance &paies is by using the equivalent
model of the cable, which is described in (4) a2#?).( The equivalent model of the

cable terminated with &g at the receiving end is shown in fig 6-4.

Where: (4
Zseries ( )
Zseries = (ka+ le—kn) D Inhg;m)
y
e Z.=Y)/2 2, _
Zin . ﬁzﬁz jaCkmEﬂdanh(yD/Z ):
2 2 2 vy,
-1
© ch = Zcz =-] 2 [Etanh(y% )j
b ! aCkm D] yl;ﬂ/z
length

Y= (R + L) O)((jaC ) O)

=R+ job ) Ljal ) =a+ B
(6.9)

fig 6-4 Equivalentszr model of the cable

The input impedance in fig 6-4 is found:
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Zin(jw) = ch( jw)”(zseries( ]C()) + (Z r2( JC())”Z Ioao( ]C())))

i i Zcz( JC()) [Zload( JC())
_ ch( JC!)) I:Ezseries( JCU) + Zcz( Ja)) + Zload( Jw)j (610)

; ; Ze,(j0) Zjppe(j0)

Z Z. €
Cl( Ja}) +( SerIES( Jw) ' Zcz( JC()) + ZIoad( Jw)j
Since Zoa= °° Q equation (6.10) can be simplified:
Zin(jw) — ch(Jw) |:qzseries;( Jw)+zt2(]w)) (611)
ch( JCU) + (Zseries( JC()) +Z c2( ]CU))

The absolute value ofiZis plotted against frequency (fe#(2n)) in fig 6-5, where skin
effect is included, as described in appendix Athia figure is also plotted the PSCAD
simulated resonance frequencies of the cable. it raf the equivalentt model can
be found on the CD.

300 ) T T T T T
! —— PSCAD simulation
Distributed pi model

|Zin| [Ohm]

5 10 15 2ID 25 0 'S
Frequency[kHz]

fig 6-5 Resonance frequencies using the PSCAD raoddby using the equivalermtmodel.

From fig 6-5 it can be seen that the resonancespatlow frequency is somewhat the
same for the equivalentmodel as for the PSCAD model. The frequency $ldftomes
higher when the frequency is increased. It can bésseen that the amplitude is higher
for © model. The proportion of the decay of the amphtwersus frequency is the same
and is the upper asymptote igtZnh(/(Y-Z)) where the characteristic impedance s Z
=\(Z1Y). (23)
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The reason for the difference obtained in the tvedhods for the resonance frequencies
is assumed to originate from the parameter calongberformed in appendix. The
project group is assuming that the calculated vafuibe capacitance is valid since each
cable has its own screen so that there is no dapaei between the phases as explained
in (24). On the other hand there exist electromagmautual coupling between the
phases. So another approach in calculating thectadae is by using the wave velocity,
which is obtained by PSCAD simulation where the &vravelling time is obtained, see
chapter 8, where the wave velocity is found to 80D0 km/s. The inductance can thus

be calculated from equation (6.1):

ve— 2t _—1gooodM=— 1 | - 166,8%{—“ (6.12)
bon Lo S u.m8s"F m
km

In fig 6-6 the resonance frequencies are plottett wie new value of the inductance.
The resonance points are now occurring at the saewgiency for simulation and
calculation. Further it can be seen that differemcethe amplitude is decreased

compared with the results in fig 6-5.

3 T T T T T T
: : : : : — PSCAD simulation
Distributed pi maodel

|Zin| [Ohm]

5 10 15 20 5 a0 B
Frequency[kHz]
fig 6-6 Resonance frequencies using the PSCAD raoddby using the equivalermtmodel.

It should be noted that there is dependence bettheeresonance frequencies found be
the equivalent model and by PSCAD since the value of the indwsas found by the

travelling time obtained in PSCAD simulation. Irder to have independent results the
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travelling time could have been measured. As erpthin the project limitation section

2.4 this has not been included.

6.5 Comparion between methods

In table 6-3 the resonance frequencies using theeatmentioned are summarized.

Method | Inductance 15 2N 3@ 40
used resonance| resonance| resonance| resonance
oint oint oint oint
Hk] p p p p
[kHz] [kHz] [kHz] [kHz]
Hand
) 28,4
calculation| 188,63 7,1 14,2 21,3
Hand
. 30,0
calculation| 16683 7,5 15,0 22,5
n model 188,63 7.1 14,0 21,1 28,3
n model 166,83 7,5 15,0 22,6 30,0
PSCAD
. ) - 30,0
simulation 7,5 15,0 22,6

table 6-3 Comparison of the calculated resonaneguencies using different approaches

6.6 Chapter summarization

In this chapter the resonance frequencies whicleausing the overvoltage during cable
energization has been found. This has been dodéferent ways and the results are
shown in table 6-3. It can be seen from the tab# there exists a good agreement
between the obtained resonance frequencies fodiffezent values if the same value
for the inductance is used. The “right” value oé timductance has been obtained by
PSCAD simulation, so there is a dependency betW&DAD simulation and the other

approaches.

For the hand calculation it can be seen that tiseaeslight mismatch between the other
two methods. This mismatch is occurring becausth@ion-frequency dependence of
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the parameters in the method. Further the caldesamed to be lossless in the method,
which also implies that cable is distortionless,jcahmeans that the ratiogHLim =
Gkmr/Cim (0/Lkm = 0/Gr), Where G, is the conductance per km, is fulfilled. (20) For
both PSCAD and the equivalentthe cable is not distortionless sincg,Rakes a non-
zero value.

However, since the results for the different methodtable 6-3 is in good accordance
the “hand calculation” method, this is a good aast first assessment to the resonance

frequencies for a given cable if no model is avdda
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7 Description of energization measurement

In this chapter a description of the energizatioreasurement is made. The
measurement results will be presented in chaptewl@re a comparison with the
PSCAD model described in chapter 5 is made.

7.1 Description of the system

The measurements were performed in ENV A/S 60 laridaikke grid in North Jutland
(Denmark) on Wednesday 28th of May 2010.

The cable under investigation is connecting AlbaABK) and Mastrup (MSP)

substations. The cable, B14, is 11,94 km long. éthbstations are installed circuit
breakers as well as measuring transformers (voliagecurrent). The circuit breaker in
ABK is used to energize the cable while the cirtwaaker in MSP is left open during

the measurements.

The part of the Starbakke grid that is includedhie PSCAD model was shown in

chapter 4 and is presented again in fig 7-1 fovearence.
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Dsterby (JRB)
Nordby (NDB) —%— — —*-
—

B55
2,209 km

—e Hedebo (HDB)
B16 — 18,934 km B15-18,511 km

Albzek (ABK)

B14 — 11,940 km

B45/B46 — 16,000 km

Mastrup (MSP) Strandby (STD)

B44 — 4,600 km

,,,,,,,,,,,

B13 -6,527 km B18 — 13,360 km

Starbakke (SBA)

Sindal (SDL)
100 MVA 100 MVA

150/60kV

: 2xOHL:
| to |
Dybvad

fig 7-1 Part of the Starbakke grid (replica of #legR)

In fig 7-2 a picture of the ABK - MSP field in ABkK shown. The field in MSP has the
same setup. The datasheet for the circuit breakdtage and current measuring

transformers can be found on the CD.
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Current BVoltage CircuitiBusiBar;
Transformer® _

\

Manual Cable
Grounding

fig 7-2 Set up of the field in the sending end BKA

Whenever the cable is switched off the cable cotmisdn both ends are grounded in
order to discharge the cables capacitance. Thisnacs carried out manually. The

reason for this is that when the technicians aréopring maintenance on the cable
they are sure that the cable is discharged siregedbne it themselves. However there
have been some discussions within ENV A/S whethier @aperation should be done

automatic in the future in order to safe time.

7.2 Description of the work done at the substations

The circuit breaker which is performing the switahioperation is located in the ABK
substation. The circuit breaker in the receivingl @m MSP remains open during the

entire measurement.

In ABK, current and voltage are measured duringsiivéch on and switch off, and in

MSP only voltage will be measured since the cirbutaker is left open.
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As can be seen from fig 7-2 the measuring transéesrare located on the cable side of
the circuit breaker in both stations. So in ordesé¢e the voltage before and after the
switching, the voltage at one of the other fiell#\BK is measured from the protection
circuit located in the same cabinet as the cabM3®. The advantage of the measuring
transformers location on the cable side of theudirbreaker is that it is possible to
measure the voltage directly in MSP, without angdef inserting voltage dividing

equipment.

7.2.1Setting up the measuring equipment

Firstly the recognizing of the terminals is perfehby looking at the schemes of each

cabin. The terminals can be seen in fig 7-3.

/4
. B
En 100 Vo,

.Voltage transformers phase

fig 7-3 The terminals of the protection circuittive cabinet, where the Omicron will be connected

The terminals of the protection circuit in the cedii are connected to the Omicron
according to the configuration of the software. Dineicron is connected to a laptop in

order to access the measurements. In fig 7-4 arseloéthe set up is shown.

49



Chapter 7

Description of energization measurement
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fig 7-4 Measuring setup

It was noted during inspection that the currembgfarmer is measuring the current of
the whole cable (conductor and sheath). This imsghat the measurement is a result of
the sum of core and sheath currents if no couniasare is done. In fig 7-5 it can be
seen how the sheath effect is eliminated by lettivegsheath conductor pass the current

transformer two times.
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To measuring
equipment

fig 7-5 Scheme of current transformer

7.2.2List of used measuring equipment

In table 7-1 are listed the used measuring equipme

Equipment Quantity
Omicron 2
CMC 256-6
Currents probes 3
LEM PR30
Voltage Probe 1
Tektronix

table 7-1 List of used measuring equipment

Limitation of the equipment

The current probes have a sensitivity of 100 mVitdl an overload capability of 500 A.

The current transformer ratio is 500/5 A. So theargimit is a peak of current of 50
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kA in the cable, which is much higher than the dated inrush current of 1,218 kA for

worst case simulation (see section 8.5).

The upper limit of voltage input for the omicronG$ kV between the input terminals.
The voltage transformer has a ratio of 60 / 0,1 k\s by far not expected to reach the

upper limit of the omicron (corresponds to a pebRad kV on the primary side).

7.2.3ABK Substation set up

At the substation the three voltage terminals @& finotection circuit are connected
directly to the positive terminals of input port2.and 3 of the omicron. The ground of
the voltage outlet in the cabinet is connected&gdround of the ports 1, 2 and 3 in the
omicron. In order to limit unwanted noise a groumte is twisted for each phase.
Finally these grounds are short circuited. The sisasf the omicron is grounded to the

chassis of the cabinet.

fig 7-6 Connection of the protection circuit ane thmicron

Direct current measurements are not possible irOtimécron because of the input only
measures voltages. For measure the correspondimgntsi for each phase current

probes are used as shown in fig 7-7.
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fig 7-7 Setp for current measurements

The output of the current clamp is a voltage ancbisnected to terminal 5, 6 and 7 of
the omicron. In order to trigger the omicron a 24DC impulse outtake of the cabinet
is connected to input 4 of the omicron as showfigry-4 Measuring setup. A voltage
probe is used to separate the DC ground and thgréuhd.

7.2.4AMSP substation set up

At MSP the three voltage terminals of the cabincmenected directly to the input ports
1, 2 and 3 of the omicron, and have mutual grosed,fig 7-8.

The chassis of the omicron is grounded to the cha$she cabinet.
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fig 7-8 Mastrup substation set up

Since there is no triggering impulse the omicrotrigggered by the incoming voltages.
The omicron is capable of acquiring data the irtskefore the triggering event (pre-
triggering). The trigger is done by programming thigger of the omicron with a
voltage rising in one phase of 50 V and pre-triggae of 0,5 seconds.

7.3The measurements

The test consists of six switching measurementsetfor energization and three for de-
energization. The highest sampling frequency ofdhecron is used in order to have
the best resolution of the plots (28 kHz for 11dusation (including pre-triggering)).

The measurement results will be presented, analgsedcompared with simulation
results in the following chapter.
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8 PSCAD model validation and analysis

In this chapter PSCAD simulation and measuring tssof cable energization and de-
energization are presented and compared. This isedon basis of the developed
PSCAD model described in chapter 5. A descriptibthe field measurement can be
found in chapter 7. On basis of a comparison betweeasurements and simulations
the PSCAD model will be evaluated as an appropriatd to predict the switching
transients and to design and test solutions forimmiing the transient voltage and
current in chapter 9.

8.1 Measuring conditions and considerations

As explained in chapter 7, the voltage is measatdtiree locations: At the cable side
of the circuit breaker in the substations in Alb&BK, sending end) and Mastrup
(MST, receiving end). The grid voltage is also nueed by using one of the voltage
transformers located in one of the adjacent fiekd&\BK. The grid measurement is
done in order to see the switching impact on thé gs well as the condition at the
instant of switching. The input voltage in PSCADIwie adjusted so it is the same as

the measured. The phase currents are measuregl seniding end of the cable in ABK.
The circuit breaker in MST is kept open during theasurements.

The closing / opening of the circuit breaker is sgichronized, which implies that the

three phases are ideally connected / disconnedtdtieasame instant. During the

studying of the measurement it became evident,thigatircuit breaker has a delay time
between phases when they are switched on and sditwh. It was observed that the

switching pattern is random, both in duration adl @e in the sequence of the phase
switching. This arbitrary delay is due to the matbal tolerance of the circuit breaker.

The longest delay time observed during the measemenwas 300 ps between the first
phase was switched until the third phase was sedchiHowever the delay times

observed are less than the typically times of 3ns5(25)

In order to compare simulation and measurementsi¢fey has been implemented in
the PSCAD model. For example for one measuremewdstobserved that phase b and

phase ¢ had a delay of 260 us respectively 30@pnpared with the switching of phase
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a. So in order to include the delay in PSCAD the@agwng of phase b and phase ¢ have
been delayed 260 pus and 300 us respectively.

The conductors where grounded at both ends afteln édaésconnection in order to
discharge the cables, so the initial conditionsefach switch on measurement where the

same.

8.2 Energization of the cable

The value the overvoltage depends on the momenmlhiah the connection is done. The
worst case of overvoltage occurs when the connedsionade when one phase voltage
is at its peak value. On the other hand, the lowmstsient occurs if all the phases
crosses zero at the instant of switching (requsyeghronous switching).

8.2.1Sending end voltage

In fig 8-1 a comparison of measurement and simutatesults for the sending end
voltages during energization are shown for eacls@hia can be seen that there exists a

good agreement between measurement and simulations.
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fig 8-1 Energization - phase a, phase b and pleasending end voltages - measurement and PSCAD model
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In fig 8-2 a zoomed in comparison during the transcan be seen for each phase.
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fig 8-2 Zoom in of phase a, phase b and phasedirsgroltages - measurement and PSCAD model
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From fig 8-2 it can be seen that there is a gooageagent between simulation and
measurement in the beginning. The agreement bectaegesas time is increased and
reflection from the sending end is incoming. A mdetailed analysis of this is made in

section 8.4.

8.2.2Receiving end voltage

In fig 8-3 a comparison between simulation and mesment for receiving end voltages
during energization are shown for each phase.ntbm seen that there exists a good

agreement between measurement and simulations.

Phase a
50 ' ! ! ! ! ! ! ! !
Measurement H H H H H H
—— PSCAD
40 :
20 mm e JERSERERES !
= 0
)
S ; : ; ; [ N - W fo
-2l S S S R L R T A A A
1 L L N
| | =
-0 '
0.47 0.48
&0 .
MWeasurement
—— PSCAD : : :
R S o prrey f
S B RS RRRRLELLIRLLL ShLl \EREIELRLLLLY s RIRRE LI SRR S S S s S
3 |
> 0 .
L]
=
L R ShEREREh e e SRR e e Ry pooeeeed
A oo !
&0 i i i i i i i i i
0.47 0.48 0.49 0s 051 0.52 0.53 054 055 056

Time [s]

59



Chapter 8
PSCAD model validation and analysis

&0 : :
Weasurement |
PSCAD H
L === -
R 80 S, SO N S SO B S S—
=
& 0 -
o
=
>° : : i v o b : .
s S S .
73 S ARt R ISR VRS (S S M S SORRE SRR
&0 i i i i i i i i i
0.47 0.48 0.49 05 0.51 052 053 0.54 055 056

Time [s]
fig 8-3 Phase a, phase b and phase c receivingvetidges - measurement and PSCAD model

In fig 8-4 a zoomed in comparison during the transcan be seen for each phase.
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fig 8-4 Zoom in of phase a, phase b and phaseaivieg end voltage — measurement and PSCAD model

As can be seen from fig 8-4 the simulated resudés@some degree in good accordance

with the measured results. It can be seen that ikanore damping in the simulation.

8.2.3Comparison sending and receiving end voltages

It can be seen by comparing the voltage at seraligreceiving end for phase a in fig
8-5 that the voltage measure at the receiving sriiigher than the sending end. The
peak voltage measured at the receiving end is -K9,5vhereas the sending end is
-56,03 kV. The ratio Y/ U, = 1,24 is caused by the voltage reflection whadally

would cause a doubling of the receiving end voltagelescribed in section 1.4 for a
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lossless cable. However since losses are presenitlWot be twice W but lower, as in
this case = 1,24U,
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Receiving end
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fig 8-5 Zoomed in comparison sending and receieing for phase a— measurement and PSCAD model

As can be in fig 8-5 for the simulation that thesa time delay between the sending and

receiving end, which is not present for the measerd. This is because the omicron
were not synchronised.

8.2.4Voltage at the busbar

The voltage during energization at the busbar (orealsin another field) is presented in
fig 8-5.
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It can be seen that the cable energization isenfting the grid voltage since there is a
presence of oscillations. In fig 8-6 a comparisetween simulation and measurement

can be seen for each phase.
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fig 8-6 Phase a, phase b and phase c busbar voltagesuremaaat and PSCAD model

In fig 8-7 a zoomed in comparison during the transcan be seen for each phase.
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fig 8-7 Zoom in of phase a, phase b and phase cabu®ltage — measurement and PSCAD model

It can be seen that there exist more damping isithelation.

8.2.5Current (sending end)

In fig 8-8 is shown the measured and simulatedeasr at the sending end during
energization for each phase.
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fig 8-8 Phase a, phase b and phase c sending eneints+ measurement and PSCAD model

It can be seen that after the transient a sinusadaent in the cables is present
although the receiving end is open circuited. Ttugent is due to the charging of the

cable capacitors. The highest current measure@%5 kA and simulated is 1,187 KA.

In fig 8-9 a zoomed in plot of the currents for leghase at the instant of switching is
shown.
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fig 8-9 Zoom in of phase a, phase b and phasedirsgiend current — measurement and PSCAD model

From fig 8-9 it can be seen that there exist a gagrement between simulation and
measurement in the beginning. As the simulatiotaga is set equal to the measured
voltage the current is dependent of the charatteasimittanceY. (i = Y. - u, whereu
and i are voltage and current vectors respective¥y.is affected by inductance,
capacitance and resistance. (16) Since the go@eagnt present in the beginning it is
assumed that the model is quite accurate. It casebp that the damping of the current
is low compared to the voltages shown in secti@il8and 8.2.2. Further it can be seen

that the simulation results is delayed compared whte measurement. This can be
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caused by inaccuracies 6§ or by the propagation mode of the reflected s(ttgs will
be evaluated in 8.4.2)16)

8.3 De-energization

In this section the results obtained for voltagd aarrent when the cable is being de-
energized. Only the current and sending end volsgeesented since the receiving end
voltage is identical with the sending end (no Falirareflection is present). The busbar
voltage is also not presented since there is msigat occurring.

8.3.1Sending end voltage

The measured and simulated sending end voltaggsesented in fig 8-10.
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fig 8-10 Sending end voltages measured and sintuthieng cable de-energization
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From fig 8-10 it can be seen that there is a laifference between the measured and
simulated results. From the measurement it carebe that phase a voltage is close to
its peak value at the moment of the switching amdmains constant for a short period

of time before it suddenly decreases

The value of phase b has a less voltage valueghase ¢ and remains constant for a
longer time than phase a. Finally phase b has dhedt value at the moment of
switching and remains at this value for a longeretithan the other phases. For the
simulation it can be seen that the phase voltagesskbwly going towards zero

(complete discharge after 3 s).
In fig 8-13 is shown simulation and measuremerdawh phase.
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fig 8-11 De-energization phase a, phase b and phasnding end voltages - measurement and PSCABImod

From fig 8-11 it can be seen that simulation andsuoeement are in good agreement
before the voltage dips occur. The reason for thardthe measurement is caused by

saturation of the voltage transformer and will teated in section 8.3.3.

8.3.2Sending end current

The measured and simulated currents are presenfipdd-12.

71



Chapter 8
PSCAD model validation and analysis
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fig 8-12 Measured and simulated current during dergization

As can be seen from fig 8-12 there is noise pregettie measurement, which is not
noticeable for the energization (fig 8-8). Howeites also present in fig 8-8 but since
the current scale is much higher it is not notitealit is assumed that the noise
originates from the sampling frequency of the ommcrFrom fig 8-12 it can be
observed that the currents are not interruptedheir respective zero crossing. As

explained in section 1.6 capacitive currents cambarupted at any instant since the
magnitude is low.

In the following subsection an analysis of the atiéince between simulation and
measurement is made.
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8.3.3Analysis of the measured voltages and current durigy de-energization

The measured voltage during de-energization wasepted in fig 8-10 and is given
again in fig 8-12 for convenience.

Sending end voltage - measurement
I I
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fig 8-13 Measured voltage sending end during calelenergization

As can be seen from fig 8-13 the voltage on eaas®ls kept at a constant value at for
a time after the switch off operation. After a timesudden dip in the voltage followed
by what appears to be & brder system decaying. This is due to saturatibthe
transformer core which causes capacitor discharggnground through the primary
winding of the transformer. From the moment of dieconnection the cable acts like a
DC voltage battery and therefore the primary wigdimorks like a short circuit to
ground. This current causes winding heating artlaftime between each switching is
short, the transformer is not cooled down and cbeldlamaged. Further an overheating

of the transformer can result in inaccurate measeangs. (26)

The actual behaviour of the de-energization in 8id3 can be explained by the
nonlinearity of the voltage transformer, which tthger with the cable capacitance
causes ferroresonance. Ferroresonance is a pheoortteat can occur when the cable
is disconnected so that the measuring transformershe cable side are forming a
resonance circuit with the cables capacitanceg. (A7ig 8-14 the equivalent circuit

after disconnection is shown. In fig 8-15 a genpratewise linear magnetization curve

for the voltage transformer (VT) is shown.
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fig 8-14 Simplified equivalent diagram of cable de- ((PsatrO)/(Il-O)
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fig 8-15 Simplified magnetisation curve for transfer

coil

An explanation of this follows on basis of phaseoliage shown in fig 8-16, where the

first instant after de-energization is shown.
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fig 8-16 First 270 ms after de-energization of ph&swith indication of

different values of inductance due to non lineansformer magnetisation curve
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In order to explain the non linear behaviour of tlemsformer the relationship between
the flux in the transformer coil and the voltageoas the capacitor before saturation

occurs is established: (27)

_Uo
Y= wsm(wlt) (8.1)

Where the systems natural frequengyis:

(8.2)

1
REN(ES
If UJw; becomes higher thagp, the transformer becomes saturated as can be sgen f
fig 8-16 at %
The inductance is now assumed to hewhich is much smaller than;Lso that the

capacitor can discharge across The natural frequency under saturation is:

[EEN

W, = > o) (8.3)

—

.C

As indicated the natural frequency under saturatmmdition is much higher than under
non saturation since;l>> Ly.

At t3 it can be seen in fig 8-16 it can be seen thaslbpe of the voltage decrease has

become less, indicating that the core has becosseskturated (inductance is labelled as
L3).

At t4 it is assumed that the transformer core has becmnesaturated and it regains its
L, value. At § - UJw1 > - @sar @nd saturation occurs again. Comparing the times f
saturation to occur ftt =) 15 ms and {t— t, =) 127 ms it can be seen that the higher
the voltage the faster saturation occurs. It casdsn from fig 8-16 that the numerical
value of the voltage is decreasing after each agatur. This is caused by the damping in

the system, (cable series resistance and primaigtaace of the transformer).

Attending to the current it can be seen from fig2Bthat the measured as well as
simulate current after de-energization is zero.ni\ally, a discharge of a capacitor will
force a current to flow and an explanation of whgre is no measured current during

the capacitor discharging could be because of a@uarof the current transformer.
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As according to chapter 2 the main purpose ofrépsrt is cable energization so the de-
energization will not be investigated further insthreport, but will be given as a

suggestion for future work (see section 10.1).

8.4 Discussion PSCAD model

In this chapter the developed PSCAD model will baleated. This is firstly done by an

analysis of the measuring equipments influencé®ibteasurements
8.4.1Analysis of the tolerance of the measurements

Analysis of the tolerance of the current measudggipment

The measurement of the current is influenced bersévactors such as temperature,
non-calibration and the precision of the measureguipment. The tolerance is
calculated for the devices that participate in t@rent measurements (current

transformer, current clamps and the omicron). Tivasges are shown in table 8-1.

Equipment Tolerance
Current transformerX,) +0.5%
Current Clamp 4.) +1%
Omicron @,,,) +0.3%
100 mV

28 kHz

table 8-1Tolerance for the current measuring emept

The value for the current transformer is taken frone standard IEC 60044-1
(International Electrotechnical Commission) becatlemanufacturer refers to this in
the datasheet. The values of the current clampsoamdron can be found in their
respective datasheets located on the CD.

The procedure to calculate the tolerance is desdrds follows:

» Current coming into the omicron:
., =1 1A, where | is the measured current afg, is the tolerance of the

omicron.

om’

» Current coming into the current clamps:
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loe =lom*! o .o Where | is the previous calculated current coming into the
omicron

and A, is the tolerance of the current clamp.

* Real current in the cable:
I, =%l A Wherel, is the current that goes through the current foaneer, |

is the current flowing through the current clampsl &, is the current transformer
tolerance.

Having into account this procedure it can be olg@ithe relation:
Imeasuredzl:l A Om-tA Cf(l A 0')‘:|iA J;I H 4 °$A & 4 A ();I, Where| is the
current obtained in the program associated withoth&ron (Transview).

In fig 8-17 are shown the measurement with thedolees calculated in the above. Note
that in order to consider all the cases the tolsras multiplied by two in both sides of
the signal for obtain the width error of the measuent. That means that the signal is
inside this range for all the different cases obem the devices.
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Current [kA]
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fig 8-17 Tolerance graphs for the current measurement ithtiee phases.

As can be appreciated in the plots the differeretevéen the measure and the PSCAD
model is evident, even though the tolerance isiegpThis is because the model differs
from the real behaviour of the system, but in ih& fart of the plots it is noticed that
the input values of the PSCAD model follows the suead value. This difference

between measurement and model is high when it ngpaced with the error of the
measure equipment.

Note that during the measurement the current clawgre working under non ideal
condition. In fig 8-18 the set up of the currergrops can be seen.
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fig 8-18 Seup for current measurements

The current clamps have several cables aroundtiinfluence the measurement. These
cables induce magnetic field in the core of thengla producing disturbance.

Analysis of the tolerance of the voltage measueigqgipment

In the voltage measurement only voltage transforamed Omicron are used. The
tolerance of each one is shown in table 8-2.

Equipment Tolerance
Voltage transformers/, ) + 05%
Omicron (voltage measurep( ) + 0.15%
100 V
28 kHz

table 8-2 Tolerance for the voltage measuringigoent

The procedure used for the voltage analysis is#nee as the one used for the current:

Voltage incoming into the omicron
U,,=UzxU-A__, whereU is the measured voltage aiy]  is the tolerance of the

omicron.

om?
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* Real voltage in the cable:
u,=U,,xU_ A, whereU, is the voltage that goes through the voltage foarreer,

U,. is the voltage incoming into the omicron ad, is the voltage transformer
tolerance.

This procedure yields the following relation:

Upeasrea=| U £U-A #A (U+U A )], whereU is the voltage shown in the screen

of the omicron.

The value for the voltage transformer is taken fitbin standard IEC 60044-2 since the
manufacturer refers to this in the datasheet. Tois jor the sending and receiving end
with their tolerance are shown in fig 8-19 and8ig0 respectively.
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fig 8-19 tolerance graphs for the sending end \g#taneasurement in the three phases.
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fig 8-20 Tolerance graphs for the receiving endagé measurement in the three phases

Overall Analysis of the tolerance of the measuengipment

The above analysis of the measuring equipment shioatsthe overall tolerance does
not affect the results significantly.

8.4.20ther factors that can affect the difference betwae measurement results and

simulations

In the above section it was found that the toleeasfdthe measuring equipment does not
affect the results significantly. In this sectiom iavestigation and evaluation of other
factor that may influence the difference betweamusation and measuring result:

* How much of the grid is included in the model

In the model development described in chapter ¥ anpart of ENV A/S grid was

implemented in the model.
* Non symmetrical cable layout

In the model the layout is assumed to be symméftiocahe whole cable length. This is

assumed not to be the case for the actual cable.

» Inaccuracy of the characteristic admittan¢gin PSCAD
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If the geometry is not carefully inserted in PSCAD wrong information given
inaccuracies in the characteristic admittaiYgemay occur. This can result in higher
damping for the simulation, which was evident frtma voltage comparison. Further it

can result in a delay which is evident for the eatrcomparison. (16)
The inaccuracy can be a result of the non symnat¢irable layout.
» Wavemode propagation

From the current comparison in fig 8-9 it can bensthat there is good agreement in the
beginning before reflected waves return to the sgneind. Since the simulation voltage
is set equal to the measured one, it can be asstiraethe characteristic admittan¢e

is right. (16)

When the travelling wave reaches the receiving iéndill be reflected in different
modes since the sheaths are grounded. This meana finaction of for example the
reflected wave of phase a will propagate back éosiburce through the sheath of phase
b (and c) (intersheath mode). The distribution ofrent in the intersheath mode is

dependent of proximity effect, which is not inclddea PSCAD package. (16)

In order to make an assessment of the wave mogmgation, modal analysis should
be employed as explained in (16). However this ¢ done due to the practical

implication as well as the limited time availabtelse substations.
* Omicron sampling frequency

The sample frequency of the omicron does not allomaccurate investigation of the

impact of the travelling wave. The travelling timethe wave was calculated to 66,7 us
in chapter 6, so the wave returns to the sendidgl8@ us after the energization. With a
sampling frequency of 28 kHz the samples are takéma time step of 35,7 us which

is high.

» Grid impedance

The grid impedance is calculated for steady statehapter 5. Further it is being

implemented with lumped parameters. The grid impedashould have been
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implemented with distributed and frequency depenhgamnameters in order to give a
more accurate behaviour of the system.

» Transfer function of the measuring transformers

The behaviour of the measuring transformers wiipeet to frequency can affect the
difference between measurement and simulation gimedransformers have not been

implemented in PSCAD. The internal resonance o¥tigage transformer is: (28)

1 J2t
Py (t-1) (68.4)

Where t is the transformer ratio. It can be seeat tihne resonance is inversely
proportional to the transformer ratio, which meémet the resonance frequency is low

and can be influencing the transformers accuracyrémsient measuring.

Further the de-energization comparison shows laeggation between measurement

and simulation due to saturation.

8.5Worst case overvoltages and inrush current analysis

On basis of the comparisons done in the aboveR 8@AD model is considered valid at
this point. As explained in section 1.4 and 1.7 whugst case of overvoltage and inrush
current is occurring if one of the phase voltagesai its peak at the moment of

switching.

The measured switching was not occurring at th& pedage, so in order to evaluate

the worst case the PSCAD model will be used.

Simulation results for the sending, receiving end husbar voltage are shown in Fig
8-21.
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Sending end voltage - PSCAD
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\Voltage before CB - PSCAD
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: : : : : ——Phase b
Phase c
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Fig 8-21 Simulated sending end, receiving end arsbéar voltages

The current at the sending end at the moment dfwhiehing is shown in fig 8-22.
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Current - PSCAD
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fig 8-22 Sending end current— PSCAD model

In table 8-3 are summarized the worst case siealavervoltage and inrush current.
The inrush current will be used in section 8.5.kvaluate the withstand ability of the
circuit breaker. The result in the table will beedsas a comparison in chapter 9, where
methods in order to minimize inrush current and roekages are described and
implemented in PSCAD.

Case Peak value simulated Peak value simulated
[kv] [kA]
[1p.u. X63,2
kVV2AN3)]]
Switch on Sending end 1,11 1,218
Receiving end 1,36 -
Before CB 1,11 -

table 8-3Worst case simulation results

8.5.1Inrush current and circuit breaker

As explained in section 1.7.1 the combination ghhpeak / high frequency stresses the
circuit breaker. It was explained that the ratedent and frequency for circuit breakers
are hin = 20 kA peak andyfy = 4250 Hz. The product ofpil- fsi must not exceed
8510° A/s. From the simulation was obtained the followihg = 1,218 kA and =

3,1 kHz which givesp|y - foin = 3,7810° Als which is much less than @8° A/s.
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In fig 8-23 are shown simulation of sending anderdgag end. On basis of the

simulation the time delay is found to be 66,7 weni-this the wave velocity is found to

be 180000 km/s. This value is used to obtain aevédu the inductance in chapter 6 in

order to calculate the resonance frequencies.

14 T T

Sending end voltage
Receiving end voltage

Voltage [kV]

______________________________________________

251

Time [ms]

fig 8-23 Sending and receiving end voltages simadlat order to obtain the wave velocity
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8.7 Chapter summarization

In this chapter a comparison with PSCAD simulatzod field measurement of cable
switching is made. This is done by comparing sirtottdmeasurement of sending end
voltages, receiving end voltages, busbar voltagdsrmaush currents. The results can be
seen from fig 8-1 to fig 8-12. From the comparigtoran be seen that measurement and

simulation are to a certain degree in good accaeanth each other.

It is observed from the voltage measurement tresimulations are more damped than
the measured ones. The highest measured peakeskag -56,03 kV and -69,5 kV for
sending and receiving end respectively. The higlo#éage in the receiving end is what
is expected since the energy content of the triagelave is stored in the electric field,

when the wave encounters an open circuit.

For the inrush current there also exist a good eagemt between measurement and
simulation before the reflected wave returns togéeding end. Since the voltage used
in the simulation is the same as the measuredagssmed that the developed model is
valid since the transfer function from voltage torrent (characteristic admittance)
depends on the input data in PSCAD such as phydioansions, permittivity and
resistivity of the medias. When the surge is réflddo the source deviations between
measurement and simulation occurs. This is assuméee caused by the fact that the
reflected wave propagates in different modes (glpurtersheath etc.). The intersheath
mode is dependent on current distribution, whichimglepends on proximity effect for

very high frequencies. The proximity is not incldde the PSCAD software.

An analysis of the errors caused by the measuguogpenent has been made and it has
been found, that the tolerances is not affectire dtiferences between measurement

and simulation.

The developed PSCAD model is regarded as beindatali and will be used in chapter
9 where methods in order to minimize the overvasagill be investigated.
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9 Minimisation of the switching overvoltage

In this chapter methods for minimize the transmvdrvoltages during the energization
of the cable are presented. Two methods are imgagstl: synchronous switching of the
circuit breaker and the use of pre-insertion remmte during the switch on. The
methods will be implemented in the PSCAD modelthenl effect on the overvoltage
and inrush current will be evaluated.

9.1 Background for overvoltage minimisation

The overvoltages occurring during cable energimatian stress the insulation of the
system equipment and thereby lower the equipmtsiinie. The overvoltages can also
propagate to lower voltage levels, where they mayse a breakdown of electronic

equipment. (29)

Another problem which has, according to Magnus ansen, been of concern for ENV
A/S during the latest purchase of circuit brealker2009, that the high frequency inrush
current is close to the withstand limit of the aitdoreakers.

As explained in section 1.7 connecting a cablehasbar with already energized cables
connected is electrically equivalent to capacitankbenergization. Therefore some of
the existing methods for capacitor banks can Heedi in limitation of inrush current
and transient voltage during cable energization

In this chapter two methods to minimize the switchicurrents and voltages are
described and implemented in PSCAD. The methods are

* Pre-insertion resistor in the circuit breaker

» Synchronous closing of the circuit breaker

89



Chapter 9
Minimization of the switching overvoltage

9.2 Pre-insertion resistor

Circuit breakers can be equipped with an intermatipsertion resistor as shown in fig
9-1.

1Vpu

: b(r;ier:gr \szl : Rp 05Vpu  Z... 1Vpu
: S ! Cable U
| N R |
u —VW—
o .
—= 0
fig 9-2 Equivalent diagram with a cable
fig 9-1Schematic of pre-insertion resistor in teuit breaker. matching pre-insertion resistance is
Switch $is switched on first and,$ switched on 10 ms after connected during energization

If a resistor is connected in series with the calie travelling wave (hence the
switching current and voltage) will be reduced.sTisi done by dividing the switching
action into a multistep operation, by first switofion the pre-insertion resistop By

switch S. The insertion time is typically 8 - 12 ms befétgis shortened by switching
S. (30)

During the operation of ;S new switching transient occurs.

During energization of a cable the receiving endpien circuited as indicated in fig 9-2.
For this case when the value of the resistor isaketjuthe characteristic impedance of
the cable so, according to voltage division, ondyf lof the source voltage is at the
sending end of the cable. This way the voltag8,tsp.u. in the sending end of the

cable and 1 p.u. in the receiving end.

This doubling of the voltage can be explained osidaf energy conservation: Under
lossless conditions the energy of the travellingevis equally distributed between the
electric and magnetic field. (10) So when the aurmgave encounters the open end of
the cable it goes to zero and the voltage doulites she energy stored in the magnetic
field is converted into the electric field. However practical condition as shown in

section 8.2.3 the receiving end is only 1,24 tintes sending end due to damping
(resistance).
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According to (31) value s typically slightly larger than the charactegsinpedance
of the cable in order to have optimum switchingdebur.

The characteristic impedance of the cable can loeleted as: (10)

H
Zopar = \/ S = \/166’831 Vi - 300 (9.1)

C 185,

km

Where the Lk, and G, are calculated in chapter 8 and appendix A regmdgt
9.2.10btaining the value of R,

The value of R has to be within the two extremes: Not to low &od to high (open
circuit)

Now three approaches are available in order toimbiaoptimum value of R

1. Setting up differential equation (30)
2. Use energy equations (30)

3. Implementing different values ofpRlightly higher than &a,in the PSCAD model
and compare the results

Since a PSCAD model has already been develope8ttapproach will be used. In

table 9-1a comparison between different valuesp,aéRresented. The clearing time for
Ry is set to 10 ms.

Ro Peak Sending end | Receiving end | Busbar peak
current peak voltage peak voltage voltage
[1p.U. = Zna=30Q] | [1 p.u=1,218 kA]| [1 p.u. =(63,2kVW2N3)] [1 p.u. =51,6 kV] [1 p.u. =51,6 kV]
1 0,58 1,02 1,02 1,02
1,1 0,56 1,01 1,01 1,01
1,2 0,54 1,01 1,01 1,01
1,3 0,52 1,01 1,01 1,01
1,4 0,50 1,01 1,01 1,01
0 1,00 1,11 1,36 1,11

table 9-1 Comparison between the switching trandmndifferent values of pre-insertion resistor
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As can be seen from table 9-1 there is a largelimg of the receiving end overvoltage
and for the inrush current regardless of the valude pre-insertion resistor. The peak
current is approximately halved for the differemiues of B compared with no pre-
insertion resistor inserted (R 0 p.u.) For the sending end voltage it can lsxn 3bat
the overvoltage has been halved when using a nanvadue for R . For the receiving
end the overvoltage has been lowered 35 % ane iaslthe sending end voltage.

In fig 9-3and fig 9-4 are shown simulations plot f& = 30Q, where the Rbypass
time is set to 10 ms.

Sending end voltage - Phase a
B0 |

o] R | S

20

Voltage [kV]

-20

-40

— With pre-insertion resistance
— Without pre-insertion resistance

I
0.1 0.105 GRE 0115 012 0125
Time [s]

80 |

e e e
) ISR (S W S S S A

1] R

Voltage [kV]

N S —— O N ST —— g S S — .

-40

— With pre-insertion resistance
— Without pre-inserion resistance
I

0.1 0.105 011 0115 012 0125
Time [s]
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Voltage before CB - Phase a
&0

L RERRRRRRS | SO

e e N R '

Voltage [kV]

-20

— With pre-insertion resistance :
— Wyithout pre-insertion resistance

0.1 0105 0.1 0115 0.12 0125
Time [s]
fig 9-3 Comparion of simulated voltages at sending, receiving end
and busbar with and without pre-inerstion resistgr-R30 Q
Current - Phase b
0.4

| | I I
' ' —With pre-insertion resistance
— Without pre-insertion resistance

Current [kA]

Time [s]
fig 9-4 Comparion of simulated inrush current withdawithout pre-inerstion resistor,R 30 Q

From fig 9-3and fig 9-4 it is clear that the preention resistor practically eliminates
the overvoltages. The inrush current shown in fig & halved and no oscillation

occurs. The bypass of the resistor at t = 0,116t noticeable for the voltages, and
has a neglectable impact on the current.
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9.2.2Limitations pre-insertion resistor

Pre-insertion resistors add additional cost as aglcomplexity to the circuit breaker
because it requires two switching operation. (1@ Ppre-insertion resistor also requires

periodically maintenanc€2)

9.3 Synchronous closing of circuit breaker

According to the theory described in chapter chaptide largest transient occurs when
the cable is being energized when one of the thhese voltages is at its peak at the
instant of switching. The lowest transient occtithe circuit breaker switches the three
phase individually when the phase voltage is cngssiero. This method is called

single-pole mode operation (30) or synchronousiofp(SC) (25)

The method has been implemented in the PSCAD narikthe results are presented in
fig 9-5 to fig 9-8. In fig 9-5 the grid voltage #hown, where it is indicated when each
phase is energized. It can be seen that the cabklgization is not affecting the grid.

From fig 8-5 it can be seen that the grid voltagaffected if no synchronous closing is

used.
Vaoltage before CB
EU 1 ! ! T T T
Phase a —— b -
TN :
Prassb| N N S N N
40 A Phase ¢ [7 Feyf d 7 1 54 N :
;1] I ‘,-'_:f:._ _____________ [ ;(\ 1/3tperiod.
HAY ] 4 H
PR : 1,’étpe,li d i
0 P o
y S i 'y
20_..\;..3:._.......: R
/ i Y i P
g0 [fntmm rigarstadanenne f—
\\.4,/ —
&0 i i i i i i
o9 0.095 01 0.105 on 0.1s 012 0125 013

Time [s]
fig 9-5 Simulated grid voltage when energizingdhble at the voltage zero crossing for each phase
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In fig 9-6 the simulation result of the sending emitages is presented, again there is
no transient occurring. The same can be seen fnemetceiving end simulation shown
in fig 9-7.

Sending end voltage

B0 ' ! ! ! ! ! !
— Phase a ' ; ' ' ' :
—Phase b

40H —— Phase ¢

B e e S s I Nt E A e

Voltage [kV]

A e NN S e .

&0 I I I I I I I
009 0.005 0.1 0.105 0.11 0115 0.12 0.125 013
Time [s]
fig 9-6 Simulated sending end voltage when enewgittie cable at the voltage zero crossing for gathse

Receiving end voltage

B0 ' T T T T T T
— FPhase a ' : H H ' !
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L e e e A T
> 0
]
=
>0 : : : : : : :
R S oo T VA VA S e 1
D e s L O AR it SOMER e :
0 i i i i i i i
0.0 0.025 0.1 0.105 0.1 0.115 0.12 0.125 0.13

Time [s]
fig 9-7 Simulated receiving end voltage when engrgithe cable at the voltage zero crossing for eglthse

In fig 9-8 the sending end current is presenteccalt be seen that currents at the
switching goes to the peak value, where a transignbccurring. By using the
synchronised switching method it can, in comparisgoin fig 8-22, be seen that the
high inrush current is removed completely. The thet the current goes to their peak
value at the time of switching is because of anr@pmately 90° phase shift between

the voltage and current for each phase respecti@dynparing phase a voltage in fig
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9-6 with the phase a current in fig 9-8 it can kersthat the current is leading the

voltage, indicating a mainly capacitive circuit.

Current - PSCAD
&0 ' ! ! !

40

30

20

Current [A]

-20

-30

-40

} i i | | i i

B 0.095 01 0.105 0.1 0115 0.12 0125 0.13
Time [s]

fig 9-8 Simulated sending end current when energittie cable at the voltage zero crossing for edwsp

9.3.1Limitations SC

It has been shown in the above that synchronousingjoof the circuit breaker is
completely removing the overvoltage as well asshraurrent during energization.
However some practical consideration of the metkadade in the following:

SC requires accurate mechanism in order to opeatd pole independently, which
implies higher price of the circuit breaker.

As explained in chapter 8, it became evident frone tmeasurement of the
deenergization of the cable that the circuit breakes not disconnect the phases when
the current is crossing zero in order to avoid imghsee fig 8-12. The reason for this is
assumed that the circuit breaker has been in sefoicyears. Since the switch off is not
as desired because of the aging of the circuitkereahe same must be true for the
closing of the circuit breaker.

Another practical factor causing the circuit breaket to switch on synchronously is a
random delay between the phase energization aaiegglin chapter 8. This delay was

assumed to originate from the mechanical tolerafitiee circuit breaker.
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9.4 Chapter summarization

In this chapter two methods in order to minimizemwltage and inrush current during
cable energization has been described and implexiémPSCAD. The methods are:

* Pre-insertion resistor in the circuit breaker

» Synchronous closing of the circuit breaker

On basis of simulation it has been shown thatweerhethods effectively minimize the
switching transient. The synchronous closing isilyeremoving the overvoltage inrush
current. For practical purpose however the switghaill not occur exactly when the

phase voltage is crossing zero due to mechanilegbtces.

The basic insulation level (BIL) for 72,5 kV systens 140 kV. (29) The observed
overvoltages are well within this limit, however dsscribed in the beginning of this
chapter the overvoltages stresses the equipmentmarydpropagate to lower voltage
levels, which may justify the use of overvoltagenimization methods as described in

this chapter.
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1 O Conclusion

This report deals with the overvoltages during gization of a cable located in a 60 kV
cable network. An analysis of the resonance fregesnthat are causing the
overvoltages are investigated and calculated &pexific cable located in ENV A/S 60
kV cable network.

An investigation of the capacitive inrush curreminfi already energized cables has also
been made, the so-called back to back switching.

In order to do an assessment of the switching @l&ges and inrush current a part of
ENV A/S network has been implemented in the tranisseftware PSCAD. In order to
verify the simulation field measurements has beaderof switching in and out of the

specific cable.

The resonance frequencies causing the overvoltaaes been analysed and calculated
by using three approaches namely: Analytic appragthg standing wave theory, by
using the equivalent model where skin effect have been included analfirby doing

a frequency scan in the PSCAD model. There is @ ggreement between the results
of the three methods. However the inductance usethalytic approach as well as in
the equivalentt model has been obtained using the travelling twmméch has been
found in PSCAD. This indicates a dependency betwien methods. In order to
eliminate the dependency, the travelling time &f pnopagating wave could have been
measured. However, since this requires a large atnolupreparation and the time
available during the measurement at the substatMdrese limited, this has not been

done.

A comparison between measurement and simulatiowstgood agreement before
reflections from the receiving end emerges at #redmg end. This indicates that the
PSCAD model is properly designed since the simdlateltage is set equal to the
measured one. It is assumed that the deviatioausexl by the fact that the reflected

wave propagates in different modes (ground, ingaghetc.). The intersheath mode is
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dependent on current distribution, which again depeon proximity effect. The
proximity effect is not included in the PSCAD saoding.

An assessment of the deviation has been madedinglan analysis of the tolerance of
measuring equipments influence on the result. & feand that the tolerances does not
affecting the differences between measurement iamaation.

It can be concluded that the PSCAD model givestheragood prediction of the

switching overvoltages as well as inrush currents.

An analysis of the circuit breaker withstand apilias been made and compared with
the limits in IEC 62271-100%1edition. It was found that the frequency and autrre
during energization is well within the Ilimit. Howewn the relatively high
current/frequency stresses the circuit breaker.

Measurement of the voltages during de-energizatimws that the voltage transformer
goes into saturation and the cable is dischargesst¢he primary of the transformer.
The voltage transformer has not been implementedSGAD, since the data needed
was not accessible, such as the saturation cucvénstead an in-depth analysis of the
non-linear saturation causing the discharging hasnbmade. This approach is
concluded to be sufficient since the aim of thggmbis to investigate the overvoltage

during energization as well as inrush current.

In order to minimize the overvoltages two methodsiavestigated and implemented in
the PSCAD model. The strategies are pre-inser@sistor and synchronous closing of
the circuit breaker. Both methods show good -capgbibf limiting both the

overvoltages as well as the inrush currents.
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10.1Future work

Below are shown a list of subjects that could bestigated / implemented in a future

work:

*  Measurement of the travelling time of the switchsurge using a GPS transmitter
The measured travelling time can be used as apdre PSCAD model validation

* Implement the measuring transformers in PSCAD ideprto investigate the
saturation of the transformers and to investigatiee non-measuring of the current
during de-energization is caused by saturation

* Field measuring of the resonance frequencies w@®INgC generator with variable
frequency. The measured resonance frequencies eanséd as a part of the

PSCAD model validation
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A Appendix cable parameter calculations

In order to electrically describe a cable, thedwihg parameters will be included:

» Series impedandgesistance and inductance)
» Shunt admittancdcapacitance. The conductance is assumed veryl smdl is
neglected in this report)

1) Series impedance

The series impedance is composed of a resistomandductance. For calculation of
these parameters, it is required to have knowledlg¢he conductor material, the

physical dimensions, construction and soil resistiv

AC resistance

The cable consists of many layers. In general,ettsge three metallic layers (core,
sheath, armour. The cable under investigation is téport does not have an amour,
which is normally used for marine cables). Eachthaf layers has an AC resistance,

which can be calculated as.

Ric = R 1+ W(k+ k)| [Q/kn (A-1)
where k is skin effect factor, kproximity effect factor and y is a constant (y ot

single-core, two-core and three-core cables andbyfot pipe-type cables). (24)

DC resistance is given by
I
Ry = 'O'Z'[H a,,- (& - 20)] [Q/km| (A-2)

wherep is resistivity of conductorKim), | is length of cable (1km), A is cross-sectain
conductor (mrf), oy is percentage change in resistivity per unit tempee (°C') and
J is temperature of conductor (°C).

The cable under investigation (PEX-M-AL-LT 72kV 0@mnf) has a core made of

aluminium. DC resistance of the core per 1 km is.



Appendix A
Cable parameter calculations

| 1000m
= p, B— =2,82[10°Qm = 0,0791%2 A-3
Roc = Pn g 7710, 01063m?’ Yam (A3

where g is radius of core.

Due to skin effect the resistance is dependenthenfrequency according to formula

below.

4

z
0,8z +192 0<z<28
ks=10,05637 - 0,0170z 0,136 for 8= (A-4)
0,354%- 0,733 z> 3,8

where z is frequency dependent and for solid omadly stranded conductor is:

z= | Rf”;l 5 (A-5)

Proximity effect factor is in this report neglectasl well as resistance of the sheath.(24)

For frequency of 50 Hz the skin effect factor iesd to zero and thus the value of AC

resistance is the same as DC resistance.

Inductance

The inductance of a cable system depends on thie ¢ayout and on the external

conductor diameter. In fig A-1 and A-2 are the twasic types of cable layouts

presented.
a a
P ar (& I
2r 2r
a n N a
fig A-1 Trefoil layout fig A-2 Flat layout
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Appendix A
Cable parameter calculations

The cable under investigation has a trefoil laydie inductance for this layout can be
calculated as: (4)

L=200% I —2|= omo* 1 —22819MM ) _ 198 6aH km  (A-6)
0,77881 0,7788 28,16m

where a is distance between phases and r is @atessrof the core conductor.

2) Shunt capacitance

The capacitance of the cable depends on the typeswifation (its relative permittivity)
and the diameter of the conductor and insulatitrer@ exist two capacitances. The first
is between the core and sheath and second betlWweeshéath and earth. Since each
cable has its own screen there is no capacitarteebe the phase conductof24)

rs,out

ri,out

b B2

Core

Insulation

Sheath
Oversheath

fig A-3 Cable cross-section

a) Capacitance between the core and sheath
_ 0,0556¢;

s=—F——~
|n ri,out
r‘i,in

whereg; is the relative permittivity of main insulationx(pe = 2,3), rin and 1oy are the

Ce [uF Ikm/ phasg  (A-7)

inner and outer radii of the main insulation, respely.
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Appendix A

Cable parameter calculations

In the equation abovéA-7)are not taken into accoutwo semi-conductive layers,
which are on the both sides of main insulation. gkdong to (33)and (34) an
approximation consisting of a substitution of tleensconducting layers by insulation
should be done. This is compensated by increadirigeorelative permittivity of the

main insulation. The corrected value of relativenp#ivity is:

| rs,in 23,35
" r n 10,65
‘=& c =23 1 = : - -
E=¢ - 2, 2 65 2,61 [-] (A-8)
In 2= In
r 11,35

where g, is the inner radius of sheath (mm) apdsrthe outer radius of core conductor

(mm). So, the corrected capacitance is following:
_ 0,0556¢ ’= 0,0556112,613
I, 23,35

In| =& In
r. 10,65
b) Capacitance between the sheath and earth
Cee = 0,05564,, _0,055612,3 1,176uF /km/ phas (A-10)

r ) . (2815
In| —© In
; 25,25

s,out

185nF /km/ phas: (A-9)

CCS

whereescis the relative permittivity of insulation betwesheath and eartiig = 2,3), b

is the radius of cable (mm) angh:is the outer radius of sheath (mm).
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