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Abstract:

The goal of the Master Thesis is estimating the life of HYDC Xdiidtilated cables subjected
to the Electrical Type Test conditions according to CIGRE Technical Brochure 496, during
which a series of load cycles (LC) with DC voltddi€=1.85 UOQ(rated volt@e) are applied in

three stages, i.e.:

1 12 cycledasting24 hourseachwith a negative polarity of the applied voltage (Ig/s).

1 12 cycledasting24 hourseachwith a positive polarity of the applied voltage (12 days).

1 3 cycledasting48 hourseachwith a positive polarity of the applied voltage® 48 h=6
days).

It is worth noting that according to CIGRE brochure 496 Load Cycles are of two types:

1. A 24-hourLoad Cycle consists @& hoursheating (with steady conductor temperature
equal to the rated one duringleast the last 2 hourdollowed by 16 hours of natural
cooling

2. A 48-hourLoad Cycle consists &4 hoursheating(with steady conductor
temperature equal to the rated one duringas the last 18 houjsfollowed by24

hours of natural cooling

The simulation of the abowaentioned test has been realized by implementing a Matlab code

consisting in 3 stages:

1) Transienthermal gradient calculations over the insulation thickness foR4 Load
Cycle and 4&our Load Cycle defined according to the Brochure of CIGRE(E®).
1).

2) Electric field calculations over the insulation thickness using the éxact2)and the
approximated method. This process considergtipenential dependencé electrical
conductivityon electric fielde and temperatur€ by means othe coefficienta & b as
shownin the following equation:

. . QYOO
where:
, = electrical conductivity of the insulation at an electric fiEkO [kV/mm]and a
temperaturd=0 [°C].
ofo= coefficients whose values depends on the compound of the material of the

insulation.



3) Calculationsof cable life in manynoteworthypointswithin the insulation thickness
(Fig. 3).

Results: The results completely change according to the valuashods shown in Figs.
(2),(3):

80 r —

Temperature[° C]

0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45
Time [hours]

Figure 1 -Transient Temperature profile in case of (ajh@ir Load Cycle (b) 48our Load Cycle for 7 points
inside the XLPE insulation of an extruded HVDC cable

s _;?Jmmnxx T [ . I i [ i 3 | [ =—inner insulation suface |
inst
30 ——50% insdatio: uucm: 30- 25% insulation thickness
2 ~—75% insulation thickness - —50% fnsdalfon th,cknsss
=T —— outer insulation surface € 29~ 75% insulation thickness
[3 : R : P E = outer insulation surface
528 S 28° D
<
%-2% s 27 -
@ 56 ]
£ & e 3 !
F25- 2 5
4L i 245 |
23~ 23 |
Zy 2 4 6 8_ 10 12 14 16 18 20 2 2 2y 2 4 6 8 10 12 14 16 18 20 22 24
Time of the LC cycle [h] Time of the LC cycle [h]
(a) (b)

Figure 21 Electric field at five points of cable insulation thickness calculated with the exabbohfor: (a)
Low values of the coefficients, b(a.=0.042 K-1; b.=0.032 mm/kY: (b) High values ofi, b(ay=0.101 K%;
bn=0.0775 mm/kV).
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Figure 3171 Life of cable in years at five point of the insulation thickness for: (a) Low values of the coeffajents
b (a.=0.042 K-1; b.=0.032 mm/kY: (b) for Medium values o, b (am=0.084 K*; by=0.0645 mm/k¥; (c) for
High values of, b(an=0.101 K-1; by=0.0775 mm/kY

Di scussion: The phenomenon called #AField In
val uea8 alod ictioef fi cients (Fig. 2. b) where the
more han the inner part; accordingly, the outer part has a shorter life (Fig. 3.c). On this basis,

the |l onger | ife correspomdsabdbcibbéfcabbat wit

I't 1 s clear from &i cuodet i 8t) ti mealudseree theonfored msve 1
the inner part of the insulation is stressed. Consequently, the overall life becomes shorter

because the life of the cable is determined by the shortest one over the cable thickness.

It can be clearly noticed that the life of the @abhder the Type Test condition (around 90

days) is three times longer than the Type Test duration (30 days), considering the worst case
which correspondds atlmod (fiow tvlaé uiesnerf part of t
this does not necessgrii mean t hat tdoe almwidgalir ev aolvueersa lolf bfiet t

are a | ot of considerati oats dalod bile Cobaeasmaeuwvfd

process.



Introduction:

Due the continuous expansiontbé transmission systeras well as the need for long subsea
power links the importancef HVDC (High Voltage DCadoptionhas been reveales a
solution to overhead lines concer@n the other hand, HVDC has many notaueantages

over the HVAC (Highvoltage AC)which are summarised in the following:

1 HVDC allows to control the quantity as well as the direction of the electrical power
flow that in turn improve the characteristic and the efficiency of the electrical network
itself.

1 HVDC power lineshave a lower risk due to the magnetic field (the magnetic field
limits in HYDC are much lower than that in HVAC according to ICNIRP
International Commission on Ndonizing Radiation Protectionin addition to the
lesser visual pollution

1 HVDC haslower capital and O&M (Operation and Maintenance) costsase of
distances longer than a certain vatua | | e d-evénBistam@®kvhichranges
betweerd00and500 km in the case of overhead power lines (it dependke
operating voltage and the transmitted pgwier this case, despite the additional cost
of the converter station in HVDC, it is compensated by the lower electrical losses

alongthepowerlines resulting in a lower cost in case of HVDC.

For the abwe-mentioned reasons, during the last twenty yddév¥C cableshave attained a
considerable market share, especidlipse that are insulated wilfC-XLPE (crossLinked
PolyEthylene spefically designed for DC applicatiopgrhich hereinafter called D&ELPE

extruded cables.

This thesis will provide aontribution to therevious stueksof extrudedHVDC cablesto be

exact, this will covethe life ofcablessubjected to Type Test
The first chaptefiThermalCalculations of HVDCPowerCable®
Thesecond chapte Eléctric Field Calculatiorts

The third chaptefiLife Model of HVDC cables .
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CHAPTER 1

THERMAL CALCULATIONS of HVDC
POWER CABLES

11



1.1 Typical structure of HVYDC extruded cables:

aunipolar HYDCextrudedcable has similarstructure as unipolarHVAC extrudedcable

which is shown in the Figurke 1

round compact stranded
conductor

conductor screen ;| extruded
semiconductive compound

extruded Insulation

insulation screen ;| extruded
semiconductive compound

semiconductive tape
wire screen
semiconductive tape

PE sheath

Figurel.1- Structure of a unipolar HVDC cable with extruded insulation.

Conductor Sheath

Conductor screen :

. : Metallic screen
- semiconductor i

Insulation

Insulation screen -
! semiconductor

Figurel.2- Cross-section of a unipolar HVDC cable with extruded insulation.
The cable consists of the following layers (from the inner to the outer layer):
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1) Conductor: it can be made from either copper or aluminwinich is formed in a
compact arrangement of thin round wires.

2) Inner Semiconductive Layewnhich is extruded directly on the conductor surface to
make the electric field on the surface of the conductoadialas possible,
additionally, the semiconductive layensures goodadherence to the conducttris
in turnprevents microgaps formationhis layer is typically made of treame
insulation material with adding carbon peles to increase gconductivity.

3) Insulation Layer: is extruded directly on the inner semiconductive. lahes layer is
designed tavithstand the rated voltage of the cable to isolate the active part of the
cable

4) Outer Semiconductiveayeris placed on the insulation layer and plays the same role
as the Inner Semiconductive Layer does.

5) Metallic Screen: provides a mechanical strengtthé cable.

6) Thermoplastic sheatls usuallymade of Polyethylene (PEand sometimes
Polyvinylcloride- PVC). This layelprotects the cable fromprrosion and other

environmental factors.

In the case ofindersea cableandher layerof steel wire(called Armoring) isaddedonthe
outer layer to enhance the mechanical strength of tHe @ainst external actions such as

anchori ng, sHKnallykhis layertisecavéredtwith)an External Sheath.

1.2 Thermal design of HVYDC extruded cable:

Oneof the main functions of the insulation in HVDC cabléasvithstand the nominal

currentflow (In) at which the temperature does not exceed the maximum permissible
temperature of the insulah gma. The temperature profiieside the isulationdepends on

the characteristgof the insulationAs a result, the current flowing throutite conductor

strongly depends on the type of insulation used in the edbth is considered the most

sensitive part of the cable to the electrical and thermal stresses, it is also worth noting that the

insulation is the most expensive component of t®8 cable.

The thermal calculations shown harebased orihe International Electrotechnical
Commissiorstandard¢IEC 60287)[1].

13



With regards to an XLPE extruded cable, the maximum permissible tempenateecase of

continuous current flow

i X T PP

The ambient temperature should ai&daken into account during this process, this
temperature equals to the temperature of the soil which correspondsit¢120it is worth
noting thathe HV cables have a relatively high weight, therefore, they are usually installed
eitherdirectly into the ground or in special channels unlike MV (Medium Voltage) or LV
(Low voltage cables) which can be aerial

I g pg
The temperature drop is definad the difference between the maximum and the ambient

temperatures:

T Q0 7 T p®
In the case of an XLPE cablégttotal temperature drog

AT T v pa
The total temperaturd@rop is a limit which must not be exceegetherwise the life of

insulation decreases due to the insulation deterioration overtime.

The purpose of this thermal design is to determine the maximum current. During this process,
it is necessary tdefinethe power dissipatefilom the surface of the conduciato the
insulation(W), in order to calculate the temperature degijn the layerY of the insulation

usingfiTh e r ma | Ohmés Lawo:

Wl Yo pPd
Where:

1 w7[° C]is the temperaturerdpin considered layer

T7°Y L is the thermal resistance of the considered layer

1 @ — isthe thermal power per unit length that crosses the considered layer.

14



Rr

Figurel.3- Cross-section of one of the layers that constitutes the cable.

To derive’Y , the insulation thickness is divided intdinitesimal elemerds. For each
infinitesimalelementQ ¢the thermal resistance for the layer delimited betvieamdw 'Q @
IS given by:

Qi
Qy P®

¢
Where " is the thermal resistivity of the material of the layer.

Hereinafterthe quantities per unit length of the cable will be considéoestxamplethe

area of a cylindcal surface of the insulation with a radiuss@s ¢“ ap ¢* @
By integrating the equation (1.6) in the range:[MRex] yields

Qo " Y P

Figurel.4- Infinitesimal element dx of the layer that composes the cable.
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in this chapter, the temperature profile will be considered not only in the cable but also until a
point in the soil which has an ambient temperature , since it is not necessary that the

outer surface of the bée has the ambient temperature as it can be shown in the Figure (1.5):

| Electric screen |

J semiconductor

| Semicinductor

1
1
1 1
1 /1
1/
1 1
1
11
1 1
1 1
1 1
11
11
1 1 1
1 11
1 11
1 11
1 1 1
-~ 1 11
q 1 11
1 11
1 1 1
1! 11
(max 1! 1 1
[ [ | 1
|¥- b H Cad
1 ! ) Dgs
Dq " o
1 11 Cax
s : L |
N — X

Figurel.5¢ Temperature drop in the insulation and the soil.

It is worth noting that the semiconductive layers as well asdteen are neglected in the
thermal design due to their small thicknesgesa consequence, the outer surface of the inner
semiconductive layer and the inner surface of the outer semiconductive layer will only be
considered rattr than the conductor sucand the outer semiconductascreen surface,

respectivelyConsequently, three temperature drapsintroduced:
1 Dqad! temperature drom theinsulationlayer;
1 Dags! temperature drojm the thermoplastic sheath;
1 Dax! temperature drom thesoil.

o) Wl Wl f P&y
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Because the temperature drop in the sgil is 3-5 times higher than those in the

insulationw? and the sheatty7 , each temperature drop have to be defined individually.

It is noteworthy that in the case alfernating current (ACthere are three types of loss in the

cable

1 Losses due to Joule effect in the condudtor

{1 Dielectric losses in the insulatidn .
T Additional Joule effectosses in the screén  due to the presence of currents

generated by magnetic induction.

In DC systemsthe additional losses do not take plateall, the dielectric losses in the
insulation are considered negligible. As a result, In DC systems only Joule effect losses in the

conductor take place.

0 0 1 P&

1.2.1 Temperature drop in the insulation:

By appl y thargal l&h thebtemperature drop in the insulation can be determined:

wl Y 0 10 YD PP T
Where:

f 1 ™ pbecause not the whole power is dissipated through the insulation

thickness.
7Y —a &- is the thermal resistance of the dielectric, calculated according to
(1.7).
9 The power dissipated in the conductor due to Joule effect is given by:
O YO PP P
Where: Y s the electrical resistance of the conductor in the case of DC current operating
under the maximum temperatugeax.
I is the rms value of the electrical current flowing in the conductor.
By substituting(1.11) in (1.10 yields:
wl Y YO PP q

17



1.2.2 temperature drop in the sheath:
By applying Opledss t her mal | aw

wi Y 0 0 0 PP o

In the same way as in the dielectric, the temperature drop in the sheath can be found:

wl YYO PP T
It is noteworthy to mention that unlike AC systems, in DC systems no induction losses in the
sheath take place.

1.2.3 temperature drop in the soil:

In order to derive the temperature drop in the soil, three unipolar cables placed at a certain
depthfrom the ground (b) separated from each other by a horizontal distance (a) as it is

shown in the Figure 1.6:

Figure 1.6 - Three unipolar cablgslacedat a depth{b) in the groundand separated by a horizontal distarge (

By applying Ohmoés thermal | awi(chnbgjlefived he t em
wl Y 0 0 0 oP v

For the hottest cable of a set of three unipolar cabkshpwn in Figure 1.6) center, the

thermal resistance of the sbhiés one othe following expressions dependingtbe type of

standarad in use

1 IEC 60287 (old version):

18



"W Y 8 PP @

1 IEC 60287 (newersion):

Y ;T(‘xé()() 66 p P® X
In (1.16) and (1.17):
1 Rcrepresents the outer radius of the cable expressed in meters;
1 torepresents the distance betweables (in casef more than one);

1 brepresents theurial depth;
T 66 —;
1 rtt represents the soil thermal resistivity.

It is worth noting that the expression 4i% different from that of the insulation and the
sheath because the soil does not have a cylindrical shape, not to mention that theatatigue
is not the saméor the the three cabl€& has a higher value in the central cable tharsitie

ones.

Basal on the abowenentioned expressions, the temperature drdpe soil is expressed as
the following:

wl Y YO PP Y
1.2.4 total temperature drop:

The total temperature drop can be written by substituting (1.12%) (b.{1.8)yields:

w7 YO'Y Y Y PP u
By rewriting the expression (1.19) one can obtain the maximum allowable current of the

cable:

0 TV . pg T

19



The expressions (171and (118) are valid only for unipolar cables, however, tlvay be
modified to take into consideratign) number of phases in the cable. Then, they become as

the following:

wT Y OY EY Y P8 p

. QT
© Y'Y YooY PE ¢

It should be noticed that if the cable is not sirgfieath, then each phasesthave its own
sheath, meaning the presence ofsfmath, therefore, in this case only the soil passes the heat

of all the phases (which is usuallged in MV thregohase cables).

w7 YO'Y Y &Y P& o

W7
“ A I
© YOY Y o EY P8

1.2.5 Transient temperature profile in the cable thickness:

The previous equations show a dependence of the tempérainrte electrical resistance
'Y , However, there is a dependerfaheelectrical resistanc¥ on thetemperature in all

points of the cable thickness, as follows:

Y el T oem Ypp |l foom P& U

Where; s the temperature coefficient of the electrical resistivity &C20
By substituting the equatidid.25) in (1.12), (1.14) and (1.18)elds:
Temperature drop in the dielectric:
ol T T 0°Y Y OY YYFO Y Yil 7T ¢mO pE @
Temperature drop in the sheath:
ol T T YY©O YYRrO YYsl T ¢mO P8 X
Temperature drop in the soil:

ol 7T YYO YYigO Y Ysl T ¢mO Py Y
The total temperature drop in the cable and the soil can be obtained by substituting (1.26),

(1.27) and (1.28) in (1.8) amdanipulating the resulting expression:

20



Where . Yir o p | qm

1.3 The thermal response of a cable to a current step:

The thermal response to a current step is used to calculate the transient temperature in a power
cable. It depends on the thermal capacitance and resistance of the insulation layers as well as
thesoilThe t her mal Ohmés L aw emperaturédcalculateorssi s of t he

considering the following analogies:

Electrical Ohm’s Law Thermal Ohm’s Law
Voltage Temperature
Current Thermal flow

Electrical Resistance Thermal Resistance
Electrical Capacitance Thermal Capacitance

The method recommended for calculatingtéraperature response of a cable to a suddenly
applied constant value of conductor current is to consider that the whole thermal circuit is
divisible into two independent parts. One part is made up of the cabfmoents out of the
outer surface of the cable, the second part is the environment of the cable. The individual
responses of thes&o parts are partial transiesn with which the totairansient for the.

complete system can be built up.

The derivation of these two parts of the thermal circuit and the tetopeteansients across
them are gien separately in the sigections which fibow, but the method for combinirtge

transients willbe described first.

The method of combination, dueNorello (1958), makes an allowance for the heat which
accumulates in the first part of the thermal circuit and which results in a corresponding
reduction in the heat entering the second part duringdhsient. This is done by assuming

that thefollowing ratio (the secalledAttainment factor 0 ):

21
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Then, the temperature transient of the second part of the thermal circuit is comptsed of
response to a step furan of heat input multiplied by a reduction coefficient (variable in

time) equal to the attainment factor of the first part.

If the period is long enough to complete the transient in the first part of the thermal circuit,

then theattainment factomay be assumed equal tq 23]

1.4 The thermal Circuit:

1.4.1 The thermal circuit of the insulation:

It can be expressed by the representati of Van Wor mer 8. t echni que

- r— VWWWW——ey— —
! h
:.‘t Qc - P :—E - Y
|
|
l- ————————— —

Figurel.7 - the representation of the insulation Van Wormer’s technique.

©

P

pB T

—_—)

N (@) 0
g Ko} p

Where:

1 “Yis the total thermal resistance of dielectric per conductoe{oivalent conductor
in multi-core cable).

T 0 total thermal capacitance of dielectric per conductor ( or equivalent conductor in
multi-core cable).

1 O is the outer diameter of dielectric.

T 0 is the thermal capacitance of conductor.

1 'Q is theouter diameter of dielectric.

22



1.4.2 The thermal circuit considering the outer covering:

The cable can be represented by the following thermal circuit which considers both the

insulation and the covering:

Ta T

L

Il
-
=

= 9, TQB
O

Figurel.8- the representation of ttitkermal circuit of the cable.

YO 'Y pPD T
Yonvy pE P
0 0 no PD C
X 1 X U hETB
0 p N ——— P o
n
Where:
1 “Yis the thermal resistance of the outer thermoplastic sheath.
T 0 is thethermal capacity of thequivalent conductor.
§ 0 isthe thermal capacity of the electric screen.
0 isthe thermal capacity of the outer sheath.
71
T n PP T

O W& Q are the outer and the inner diaerstof the sheath.
Calculation of the response of the cable circuit:

The transient response of these cable circuits to a step function of load current is found as

follows:

0, % "% 057% P v

0  0,°%05"% P& @
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the transient temperature rise of the outer surfatieeofable igiven by the equation:
i 0 w Yp Q Yp Q p8 p
Where: w is the power loss per unit length in the conductor based on the maximum

conductor temperature attaine@ is assumed to be constant during the transient.
1.4.3 The thermal circuit of the laying environment:

The transient response of the cable environmegaluilated by an exponential integral
formula Thereforethe transient temperature rige, 0 , of the outer surface of the hottest
cable of a group of céds,and similarly loaded, is:

" YO (0]

P | o o : i
T Q1 0F

©

0 - 3

Where:

Yo is the total power loss per unit length of each cable in the group.
O w is the exponential integral function.

| O is the conductor to cable surface attainment factor.

" 1 Is the soil thermal resistivity.

O is the external surface diameter of the cable.

1 is the soil thermal diffusivity

0is thetime from the moment of application of heating.

0 is theaxial depth of the burial of the hottest cable.

=4 =/ =4 4 -4 A4 -4 -5 -2

Q ; is the distance from centre of cable k to centre of hottest cable p

24



1 Ceg; is the distance frorthe image of theentre otthe cable k to centre of hottest

cable @ .
M Nis the number ofables.

1.4.4 calculation of the total thermal transient of both the cable and the
laying environment:
the complete temperature transient is given by the following equation:
Io 7 o0 7 o P8 o
However, the temperature of the conductor cannabbsidered constant, since it varies due

to the variation of the resistanoéthe conductor material

Where:

1 7 o isthe conductor transient temperature rise above ambient without correction for
variation in conductor loss, and is based on the conductor resistance at the end of the
transient

1 T k isthe conductor steady state temperature rise above ambient.

1 | isthe temperature coefficient of electrical resistivity of the conductor material at

the commencement of the transient

25



CHAPTER 2

Electric Field Calculations
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2.1 The Difference between HVAC and HVDC:

The electric field calculation in HVAC is much simpler than HVDC cables because in AC
cables the electric field depends only on the dielectric permittivity, the geometry of the cable
and the applied voltage unlike the B¢stems in which the electric field depends on the
electrical conductivity of the dielectric in addition to the permittivity, the geometry and the
applied voltage. The difficulty in calculations lies on the fact that the electric conductivity in

the dieletric depends on both the electric field and the temperature

., QoY ®0 P
Where:

, = the electrical conductivity of the dielectric at 0 ° C and for an electric field equal to O
KV/mm.

w= temperature coefycient ) electrical cond

w= stress coefycient of electrical conduct.ii

According to (2.1) the electrical conductivity increases when the temperature increases
resulting in a possible inveos in the electric field distribution (field inversiom) the cable
thicknessThis phenomenon depends on the values of the coefficteatslcowhich may

take low, medium or high values. It can be noticed from (2.1) that high valoéshef
coefficientsey andincrease the electrical conductivity resulting in field inversion inside the

cable.

In other words, the electric field in HVDC cablbas the same distribution as in HVAC
cables under no load (which is called capacitive or Laplacian distribatiahpegin to
change towards the inversion after the cable is loaded and temperature increases and in turn

the electrical conductivity as wefl the inner part of the insulation.

Due to this aforementioned dependgribe electric field calculation in HVDC have to
consider the electrical conductivity which varies with the temperature over time according to
the load cycles to which the cablesighjectedOn this basis, the electric field calculation is

an iterative process as it can be seen later in this chapter.

27
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Figure2171 Tr ansi ent exact el ectric f i-bBdurdoagCyoldspdried (L&ur i ng t
under the Type Test conditions at 5 points of the insulation of the sample calalpafoty. and @) an, by.
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2.2 Steady electric field distribution in HVYDC cables:
2.2.1 Exact electric field:

To calculate the electric field distribution in HVDC cables, it is necessary to know:

 Temperature distributioy"Y.
1 Insulation geometryro, ri).

 Field and temperature dependenceesistivity (¢11).

The temperature distribution can be calcul at

o w |
YYiOYiOYE ——a 8
¢

Where:"Yi and”Yi are the temperature at the poinsndi , respectively.
YY1 is the temperature drop between the pbiand the outer insulatian.
w is Joule losses in the conductor per unit lefigéfm].

_ 1 Is the thermal conductivity of the dielectric [W/K m].

The current density as functiofitbe radius () can be expressed as follows:

o &
¢t
By substituting (2.3and (2.1)nt he Ohmdés | aw ¥YiewWls current densi
Ol O -
6,0~ o QeneY 6 <8
By substituting (2.2) ir{2.4) one obtains:

s “ G I .
01— oY — L &aq &
(0) ¢‘_p i
By replacing:
. W WY )
O “ ~
SETE R
The expression (2.5) can be rewritten in the form:
. “ coLd -
o1 22— oY 11—  &a X
O i
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. i QoRi Ry
i Qoinddi Qi

Where:

OY'Y ¢

ol
O(S‘I—

a

However, such an equaticannotbe rewritten in a closed form, hence, the electric field can
only be estimated numerically using this method.the other hand closed form of the

equation (2.7) can be obtainesing one of two approximations:

2.2.2 The approximated expression of the electric field according to Jeroense-
Morshuis [3]

In this approximation the stress coefficient of the electrical conduchwidy therefore the

expression of the electric field becomes:

- i ]
o Y ®

i Qi
The error in thipproximation becomes significant in the presence of high electric fields
because the dependence of the electric conductivity on the electric field can no longer be

neglected.
2.2.3 The approximated expression of the electric field according to Eoll [2]

According to Eoll, a closed form of the electric field equation cab be derived by using the
following approximation:
Qwéa ﬂ ¢Ppp
@)
Where:eis the Neper number
'O is the mean value of the electric field in the insulation:

Y ¢

o —
i

Considering (2.11) the expression (2.7) can be rewritten as follows:

o i
oi -0 =  QopeY b P o

Where:
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° [ [ T
From the definition of the voltaddo:
Y o1 Qi ¢®u
By substituting (2.%) in (2.13) one obtains:
v L9 X
1T ¢l
Where:
I o £ QoneY ® X
4R G QY A G
P *X — 1 i I I
p 6 p WO wY wY
P l l P l l
By substituting (2.16) in (2.13) yields:
~: 1 : .
Oi Y - i Fi P w

i Op 1A
It can be noticed from the expressions (2.18) and (2hB®@}the electric field is a function

only of the temperature drop through the insulation but not the absolute temperature.

It is noteworthy to mention that Eoll approximation is used in the life model in this thesis.

2.3 Transient Electric Field Distribution:

The expressions (2.18) and (2.19) are valid onlysfeadystate DC electric field

calculations, which means that neglecting the divergence caused by the difference in

temperature inside the insulation thickness. However, in reality, each variatin in

temperature will cause a transient which require a certain time to reach a steadlyistate

time isexpressed as a unitless quantita | | ed @At i me tegualtd dibheré i t yo w

T -7 — ¢& mwhere- is the permittivity,” and, are the electrical resistivity and the

electrical conductivity, respectively]
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It is noteworthy to mention theibththe Prequalification Test and the Type Test in the
CIGRETechnicalBrochure 49&onsiders the time to stability in load cycles, high load and

zero load periods as it will be discussed gt
2.3.1 Definition of Operational Stages of HVDC Cables:

According to [3],there are seven stages can be defined in HVDC cables as shown in the
Figure 2.2):

I 11 m Y
v load off \*_
0 t
11 V VI VII
+U —\
0 ~ < T
.U AT

Figure2.2 - The different stages when switching on and off a dc voltage (top) and after a polarity reversal

(bottom). The dotted lines represent the growth and decay of space charges in the insulation

Stage I: Raising the voltage:

In this stage the voltadé is raised to its desired valuwathinx pi which is much shorter
than the time constant of the insulatibri~or this reason, the field in this stage is a capacitive

field which can be calculated using the equation

Y

Oi ]
‘l(‘]?—

& p

Where:"Y is the nominal voltage.
i is a generic radius.
i is the outer radius of the insulation.

i is the inner radius of the insulation
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Stage I1: The voltage has reached its final value:

The electric field in this stage changes from purely capacitive to purely resitdield in

this stage 1is call ed ni necaculates dnalgtitally, ifsteagl,litd o .

has to be calculated numerically using:

Gauss law ng- -0 "
Continuity equation ng) Tr_b
Ohmdés | aw v , O

Start with initial distribution of:
Electric field O 1 o , Temperature "Yi Fd
space charge” 11D, current density 0 i FD
conductivity,, 1

)

Increase timestep®d 0 QO

y
Calculate new "Yi D

y

Calculate new” 11D

na’)T—"‘n
T 0

y
Calculate new O i fo

n-o

oQi Y

Calculate new , 1O

Calculate new 0 1
o , O
|

Figure 2.3 - Flow chart of the numerical method of the electric field calculaimrording to [3]
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Stage I11: Stable resistive field:

In this stage, the electric fieltecomes purely resistive which means that iongervares
with time. Therefore, thanalyticalclosed form of the electric fielchlculation (2.8) and (2.9)
can beused provided that field inversion phenomenon may take dlaeéo the variation in
theelectrical conductivity, according to the values of the stress and temperature coefficients
of the electrical conductivitg andb.

. i QoRodi ., OY

o1 Y — o D« & ¢
i QoI Qi (‘xé!l_ @

In this thesisn addition to the exact electric field calculatiptiee simplified expression of
the analytical closed form according to Eoll approxima(iha9)is alsoused to calculate the

electric fieldfor the sake oEomparison.

Furthermore, the space charge can be derived as follows

1) 0l nio0omud T & v

T o 1o
N "0 --0010--0 "0nD—) & @
0Ol —— __aqy v c& X
e & Y

As a result,n this stage the considered space charge is onlgdleaib discontinuities of

permittivity and conductivity
Stage 1112: Stable resistive field: special case when the load current is switched off.
Stage IV: The applied voltage is reduced to zero.

Stage V: Voltage reversal has been initiated to achieve power reversal in case of CSC

(Current-Source Converters) but voltage is still positive (from +U,.)
Stage VI: Voltage has been reversed but the electric field is not stable yet.
Stage VII: Voltage has been reversed and the electric field becomes stable.

The explanation of the other operational stagesnitted for the sake of brevigince they

are not considered in the model in this thesis.
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2.3.2 Implementation of the transient electric field calculation in
MATLAB:

The voltage is considered constant throughbe whole periodin this study, the simulation

is separatelygarried outunder two voltagefor the sake of comparison

1. The rated voltag&lo. (Normal operation)
2. Voltage equal to 1.85%. (Electrical Type Test according to [5])

The space charge accumulation phenomenon is neglected in this study. However, this space

charges cause aging in the extruded cables especially for high voltage levels.

The current varies over time to impose a éert@mperatur@rofile in the 24h and 48hour
Load Cycleof the Electrical Type Testccording taCIGRE TechnicalBrochure496(5].

TheElectrical Type Tesaccording to CIGRE Technical Brochure 49fhsists of series of
LoadCycles (LC) with DC voltag&Jt=1.85U¢ (rated voltage) are applied in three stages, i.e.:

A 12 cycles lasting 24 hours each with a negative polarity of the applied voltage (12
days).

A 12 cycles lasting 24 hours each with a positive polarity of the applied voltage (12
days).

A 3 cycles lasting 48 hours each with a positive polarity of the appliéage (3x48
h=6 days).

It is worth noting thatn this studythe polarity of the applied voltageasvaysconsidered
positive for all Load Cyclebecause the effect of space charges is negldetethermore,
positive polarity wasos¢badt egci es taket 48

stringent condition for accessories
According to CIGREH echnicalBrochure496, Load Cycles are of two typgs]:

1) A 24-hour Load Cycle consists of 8 hours heating (with steady conductor temperature
equal to the rated one during at least the last 2 hours), followed by 16 hours of natural
cooling.

2) A 48-hour Load Cycle consists of 24 hours heating (with steady corrducto
temperature equal to the rated one during at least the last 18 hours), followed by 24

hours of natural cooling.
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2.3.2.1  The algorithm of transient electric field calculation:

The electric field is calculated numer.
discussed in the stage Il of the operational stages of HYDC cadiesding td3]. The

algorithm used in this study to calculate the transient electric fiehgingioned in [6].

The first step: initialization ofthe following quantities:

1. Temperaturd(r,0) is definedusingthe temperature profil@ ageneric point in the

insulationat the initial instant=0, this temperature is equal to the ambient

temperature:

"Yifm Y ¢ ™

2. Initial distribution of theelectric field in the insulation thickneggr,0) is considered

a capacitive field (Laplacian field) which can be calculated from (2.21).

3. Initial distribution of the space charge densitgonsidered zero inside thesulation:

"l T

4. Initial distribution of the electrical conductivity in tlesulation thickness is a

function of both the initial distributions of the temperature and the electric field:

L, Qe Yt Oaft
5. Initial distribution of the current density can be calculated from the initial
distributions of both the electric field and the electrical conductivity.
vifm , il Oihr
The second step is to increase the time by a certain tistepdt:
0Q 0 p Qo

and to pdate the temperature value to that of the timé step:

Yib O "Yih

This iteration which includes the iteration mentioned in the third step continues ufdasthe

instant of the period.

The third step (for the instant and the temperaturi)) is calculating the transient electric
field iterativelyuntil thedifferencebetween the electric field in the current and the last step

becomesqualto or lower than 0.1%This process includes:
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WD

Recalculate thepace charge densityi i "ONQ using theequation(2.23)
Recalculate thelectric fieldO i i "ONQ using the equation (222
Recalculate the electrical conductivityi o "OhQ using the equation (2.1).

Recalculate the current density b "OhQ using the equation (2.24).

Start with:
A Theinitial Temperature profile "YifD A ¥ iA N 1o
A The known initial distributionat ®"'Q Tt Ttand iteration Q TT of:
Electric field O, space charge ", current density U, conductivity ,,

»

"
Time iterationQ Q p
Time 0'Q 0Q p QO

>y

lterationi N iH
lteration Q Q p
i

ElectricfieldO 1'ONQ O iMOAQ p
Space charge” 1RO'CAQ  ” i1 CNQ p
Currentdensity 01 FO"'CAQ DI CNQ p
Conductivity, 1FO'CRQ , iMOQ p

Compute new” 1D "hQ

v

Compute new O i D "OhQ

Compute new,, 1 "ChQ

A 4

Compute new U i b "ChQ

Figure 2.4 - Flow chart of the numerical method of the transient electric field calculation.
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2.3.2.2 Electric field convergence test:

It can be noticed from thi@gure (2.1) that the beginning points of the five cycles are not the
same especially in the first cycle because the Eoll approximatapplied to calculate the
electic field at the first instankor this reasorfjve consecutiveeyclesof the Load Cycleare
calculated to observe the convergence of the algomthioh occurs only if the difference
between the electric field calculated using Eoll and the electric field calculated iteratively

become lower tha@.1%.
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CHAPTER 3

Life Model of HVYDC cables
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3.1. Introduction:

insulations in power systesare subjected to a progressive agingcesswhichis an
irreversible change of the materiabpertiesand thismaylead tothe breakdown in which the
insulation is no longer able to withstand the applied stidsstimerequired to reach the

breakdowris calledftime-to-failured, alternatively calledinsulation lifed [7]

Life modellingmeans thenodellingof the expected lifef the insulation, thisncludes

finding outthe relationship between insulation life and stresses.

LE®S ...9=f3S ... 5§ pup.. R oP

WherelL is the insulation life(S, S, ...., Q) are the stresses to which the insulation is
subjected(ps, p2, ... .R4) are the parameters of the madel
Generallyspeakingthose stregscan be classified as

1 Electrical stressdue to the applied electric field

1 Thermal stress

1 Mechanicaktressstatic (bending, compression) or dynamic (vibration).

)l

Environmental stregpollution, humidity, solar and cosmic radiation, corrosion)

However, the stresses of interest in the extruded insulation are only the electrical and the
thermal stressesrgie both voltage and temperature are progressively applied on the
insulationin HVDC extruded cablegurthermore, thagingeffect of the electrical stress is
more important than that of the thermstiessespecially in MV and HV cables where the

electric field is relatively high.

The parameters of the life modin be derivedly applyingthe bestfitting techniqueonthe
so-calledAccelerated.ife Testswhich aims at reducing the test duration from twed r
duration(40 years) to an acceptalstduration (1 month)This acceleration can be achieved
by increasing the stress value to be higher than that timeleormal conditionsFor the sake

of generaty of the modelthe extrapolation is used taeep the relationship between life and

stresgsconstant even for stress values lower thalnes undethe testonditions [8]
Two approaches have been proposed for the life model of HVDC cables:

1) The macroscopic (phenomenological) approddhs approacliepends only on the
description of agingt has been usdd fit parameter# the acceleratelife tests.
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2) The microscopic (physicagpproachit is an advance in the phenomenological
approach. This approach considérs loss of life due to thecalized degradation
because of the space charge accumulationicrodefect{ voi ds, protrusi ot
inside the insulation bulwhich in turn leads to eitherfailure or a different aging

mechanism([8]

It is worth noting that thgeneralcomplete model (whichccuratelydescribes all

relationshig between the life and all possible stessia the insulation bulk) does not exist

the literaturesinceimpurities formation is probabilistic araharge densitgynamicsare

dependent on mufile probabilisticfactors, such as the amplitude and duration of the applied
electric yeld, temperature, moisture content
conductor and polymer, geometry of the polymer and material properties, chemical

composition, morphology, impurities and additives, and aging sf@tusowever, many

advances in the life model of HYDC cables have been achieved in the lit¢l£H1A.

Due to the randomness of the breakdown process, it can be argued lifa(tihee to

failure) of the insulationis a random variablehich is always dependent on tadure
probability. In other words, the failure process is stochastic even for all specimen
manufactured using the same techniquesaaesgubjected to the same opkmg conditions
The results of the past experiments have shown that the Weibull distribution is the best

distribution to represent the relationship between the time to failure and the failure probability

[8].
3.2. Life Models of the HVYDC Cables:

3.2.1 Life Model considering only the thermal stress (Arrhenius model):

The Arrhenius life model is the most common model to represent the temperature effect on
the degradation of the insul atli@ing materi al s
N S
0°Y 0 Qwunéb N Ty oPp
Where:

1 0 "Yis the thermal life of the insulation at tabsolutereference temperatuf¥.

Yo j U , Yo is the activation energy of the main thermal degradation reaction

=]
c- O

p® Y p 1 UfU is the Boltzmann constant.

1 0 isthe life at the reference temperatilve
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The Arrhenius life equation hagp2arameter® andé (0 is considered a parameter because
“Y mustbe known in advanceYhe life according to Arrhenius is represented in theadied
Arrhenius graphwhich has the coordinatésy(life) versus-1/T.

It can be noticeth the figure (3.1) thathe higher the coefficie, the bettethe insulation.
Therefore, the insulation having an activation en@tyys better than the one which has an

activation energy2.

logL

B,

B,>B,Y miglior materiale

-1/T

Figure 3.1¢ Arrhenius graph in the coordinates log(life)vs -1/ T.
Arrhenius expression (3.1) can be expressedcongpact way as follows:

0Y 0 Qwno " o8
Where:

. p P
Y ~ Y (01)
Arrheniuslife model is valid only in the absence of the electrical stress (which means that

there is no voltage applied on the cabljus, the Arrhenius model parameters can only be

determined through a test carried out in an oven.

3.2.2 Life Model considering only the electrical stress (Inverse Power
Model - IPM model):

IPM is a phenomenological model used to express a relationship between the life of the
insulationL and the electric field (or the voltagdJ). This model can be expressed in two

formsaccording tadhereference parameter:
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a) The maximum electric field applied during the tEést

Where:

f 0 O is the life corresponding to the electric fiédd
1 0 isthe life corresponding to the electric fie@ .

1 nis the voltage endurance coefficient (VEC)

b) Thereferenceslectric fieldof the cabldso (thedesign electric fielar the electric field

bellow which the aging process caused by the electricifeidgligible:
50 B O
0] 0) 6

Where:
1 0 O is the life corresponding to the electric fié&dd
1 0 is the life corresponding to the electric fié@.
1 nis the voltage endurance coefficient (VEC).

logE # Ny >n ;= Insulation 2 is better

Lagvi

Figure 32 — Inverse Power Model (IPM) in (log B versus (log L) coordinates.
It is noteworthy to mention that the equations (3.4) and (3.5) are valid only in the absence of
the thermal stress. Therefore, the abmantioned equations are valid only for a constant
temperature which may be either the ambient temperature or the hopenating

temperature, in this case the parameiernd n must be recalculated at the considered

temperature.
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3.2.3 Life Model considering both electrical and thermal stresses — the

Electrothermal model (Arrhenius-1PM):

ArrheniusIPM model is a&combination between both Arrhenius and IPM moti®lsonsider

both the electrical and the thermal stresses (the electrothermal. stress)

The proposed expression in the literature is based on the IPM expression (seleettioal
stress has a major effem the degradation processpecially in the MV and HV
considering the nonegligible effect of the thermal stress on the insulafitiis model can
be expressed as folloys9]:

. . O

O ORY O ° Qwno " o
Where:

0 ‘OR'Y is the life corresponding to the electric fi&ht the temperaturey

= =4

0 is the life corresponding to tmeferenceelectric field O andthe reference

temperaturéy.

]

¢ is the value of VEC at the reference temperatyre

@ represents the synergism between the electrical and thermal stress.

=

T 6 Yonju ,Yo is the activation energy of the main thermal degradation reaction,

0 p® Y p 1 UfU is the Boltzmann constant.

TY - -
It can be noticed from the equation (3.6) that the value Ttcorresponds to the highest
synergismandthe increase i 1 will reduce the synergism because the exponent
&€ o "Y goesdown.

Since the life of insulations has a stochaséture, it can be expressasla probabilistic
function usinga probability distribution functionWeibull probability distribution function is

the best one to be used in the case of polymeric insulations [20].

5 \ Lt~ D A} \ b
DohOnY p Qwn T oRY o
Where:

§ 0 isthed-th percentile of the electrothermal lifgme-to-failure).
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1 | isthe scale parameter of Weibull probability distributbdthe life. It corresponds
to the 63.2h percentile of the life.
1 1 isthe shape parameter of Weibull probability distribution of the life

By definition, hereliability is the probability of no failure before the time and is
expressed abte complement to 1 of theilure probabilityat the timed . Therefore, it can be

expressed as follows:

* e~ 5 N D N O
YOHORY p 0 O0FRHY Qwn Gy o)
The failure rate can be calculated using the hazard function:
. Ya HOR'Y f 0
v~ P nor i} i} 080
QWRAY TRy v [ Oy
The lifemodel of the insulation can be derived from (3.7):
o iip 0 7| OHY oP 7
By substituting ‘OR'Y in (3.10) with0 ‘OR'Y in (3.6) yields:
. .. O s x
o Il 1p 0 7| S Qw6 2 o p

Where| corresponds to a 638 percentile of failure probability.

Theparameters of the model (3.11) can be determined by tests performed in the laboratory on
specimens of the considered power cable. Then, those parameters are extrapolated to consider

the full-scale power cable bgonsideringhe Dimensional Factob [21].

. o padp D
R T N o ¢
o — —
Where:
0 is thefailure probabilityfor the fulFscale cable.
0 is thefailure probabilityfor the specimensn the test
& hi isthe length of the power calded the radius of the conductor, respectively.
T ahi isthe length of the specimand the radius of the conductor, respectively.
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Calculating the life from the equation (3.6) wobtle difficult because the paramebderis not

easy to be determined@hus, it would be practical to express the lifas a function of the
design life 0 which is easy to be determined.

0 ORY 0O o Qw6 Yeae 0P o
Where'Yae — —
0oy  © (e o © QORE Y Y o T
boRY © © o © @no ®
5OYY G (0] (0] (0] O QOnG Y Y
v "S5 © o © @no ®
(0] (@) QLN Y Y
0 5 5 S wno ®
. O 0 - 0 - p P P P
b5 o ) CONC Y v Y
0 o ~—- 0 T . PP o U
o o o Cene N
5Oy G (0] 00 -~ 0 - 0 p
v e 00 o) wno =y v
0O @] -~ 0 ~— 0o — o — — Q. p p
"0 0 o) o) 0 wno =y v
o ©Oo ~- o T _ . .. p p o
— — — - = q
e o) o) Qono g %
By defining VEC at the design temperatéare ¢ & — — , one gets:
. O — - 0 T .. PP
0 - 0 R B ©)
o <) PONe
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' o ¢} Qeno =g w
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sary o 2 o QNS
0 ‘Oh 0 5 5 wNo o

it is also possible to express the life with reference tdahere probabilityd using Weibull
probability distributionas follows:
atgp 0 7

o OFY 0 o
n 0 0

— : Qwno’Y oP w
aép O n ®

(e}
Where:
o0y OHY isthe timeto-failure (or the life) of the cable with reference to the design
parameters.

9 "Cthe desired failure probability.
1 Po the desigrfailure probability.

Theequation 8.19 can be simplified ifO 0'Oto be:

orp OAY 0 — — Qond"Y o8 T
R o) o) n

The Miner’s Law:

Due to the regular repetition of the load cycles during the Type Test, it can be acceptable to
considerthst r esses constant imcumuativedamagdhiscanbki ner 6 s
achieved by dividing the insulation life into M equal intervals corresponding to the load
cyclesMi ner 6s | aw is expressed as foll ows:

O 0D o8 p
Where:M is the number of the load cycles to failuve is the duration of the load cy¢l® is

the life (or timeto-failure).
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By dividing eachd into N intervalsrepresenting the current step in the load cticte

Loading period, High Load, Zero Loadj® can be expressed insformYo o 10 .

EachYo is divided into infinitesimal intervalduring which both the electric field and the
temperature isonsidereatonstantthen the loss of life of the insulation can be written in the
form:

Q0o
00 0RYO
Theloss oflife during the step (or 0 "Pis calculated by applying (3.13) on each infinitesimal

Q0 "0Q0 0O ORYO o] ¢

interval'Q @f each step of the cycteplacingYd  p (since the sum of loss of life fractions

during¥o is equal to 1)

Qo

0 " P e oq O
L0 0O ohYo 8
Q0 0D Q0 0 6RYO 0 00p og 1
WhereM can be written in the form:
0 0O og U

The life of cable corresponds to the life of the points in the cable which has the shortest life

(theso-called hot spots)

It can beeasilynoticed that the equation (3.16) can only be calculatedericallybecause of
the integral in the expressionhus,a simplified approach can be proposed to make the
calculations faster and less tirnensuming. Thisan be achieved by neglecting the transient
of boththe temperature and the electric field (which means that it is assumed that the
temperature and the electric field &r@wn andconstant during thieth step of the load

cycle) Then the equation (3.14) can be simplified to be written in the form:

. Q0o WO o o'
VR 0On i, ©0OpHAY, 0O A% U ¢
By neglecting the transient electric field and temperature, the life eqieimmes:
0 0 0o D o8 X
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As a result, the use of the simplified method to calculate the loss of life will make an error in
the results since the thermal inertia of the cable material as well as the soil will not reach
immediately (or maybe will never reach) the steathte temperature which corresponds to

the current value the considered step.

3.3 The basic parameters of the cable:

The cable properties have been chosen to correspond with that mentioned in theelj@ratur

Parameter value
Material Copper
Crosssection area 1600 mn?
Y 113 pm
Conductor
O j 393 pm
"  the electrical resistivity 1.7241 p 1 aac
0 j the thermal capacity o8 UL pT PR
. DC-XLPE (CrossLinked PolyEthylene for
Material : S
Direct Current applications)
Thickness 17.9 [mm]
- 2.5
Insulation
0 e 0.001
" i the thermal resistivity 3.5 2&
. . )
0 ; the thermal capacit _
R pacity &8 pm P
' i the thermal resistivity 3.5 L8
Sheath 5
0 j the thermal capacity ¢8 pT =
d 810
Rated voltage b 320 KV
Rated power 1000 MW
Rated conductor temperature 70 1
Loading factor 1.3694
Cooling factor (Koo 2.236
Innersemiconductor thickness 2 [mm]
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outer semiconductor thickness 1 [mm]

PVC sheath thickness 4.5 [mm]

Electric screen thickness 1 [mm]

It is noteworthy to mention that the loading factor is the factor by which the current is
multiplied for heating théielectric up to reach the required temperature within 6 hours.

3.4 The basic parameters of the soil:

Parameter value
" i the thermal resistivity 1.3 %8

Soll 1 the thermadiffusivity ™ pT di—
0 depth of burial 1.3 [m]

3.5 The parameters of the life model:

Parameter value
0 12430 0
Synergisnparameterd 00
I 1
Voltage Endurance Coefficie(dt”Y) € 10
The reference electric field @ L Ua a
Design Life0 40 W
Design Failure Probability 1%

3.6 The considered values of the stress and temperature

coefficients of the electrical conductivity a and b:

This study considers three different values of the stress and temperature coefficients of the
electrical conductivitya andb, [6]
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av b aafd w
Low 0.042 0.032
Medium 0.084 0.0645
High 0.101 0.0775
Very High 0.168 0.129

3.7 The Electrical Type Test according to the CIGRE technical
Brochure 496 [5]:

A Testmade before supplying on a general commercial basis a type of cable system covered
by this recommendation, in order to demonstrate satisfactory performance characteristics to

meet the intended application.
3.7.1 Range of approval

The type approval shall be aqted as valid for cable systems supplied within the scope of

this recommendation if the following conditions are fulfilled:

a) The actual designs, materials, manufacturing processes and service conditions for
the cable system are in all essential aspecataleq

b) All service voltages are less than or equal to those of the tested cable system.

c) The mechanical stresses to be applied during preconditioning are less than or equal
to those of the tested cable system.

d) The service maximum conductor temperafligi maxiS less than or equal to that of
the tested cable system.

e) The maximum temperature drop across the insulation gk (excluding the
semiconducting screens) is less than or equal to that of the tested cable system.

f) The actual conductor cresgdion is not larger than that of the tested cable system.

g) The calculated average electrical stress in the insulation (givee Which is the
rated DC voltagelivided by the nominal insulation thickness) is less than or equal
to that of the tested system.

h) The calculated Laplace electrical stress (using nominal dimensions) at the cable

conductor and insulation screen is less than or equal to that of the {estézd. s
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i) A cable system qualified according to this recommendation for LCC is also
qualified for VSC. A cable system qualified according to this recommendation for
VSC is not qualified for LCC.

where:

1 LCC: A HVDC system using Line Commutated Convertef3Clis a converter that
has the feature of changing voltage polarity on the cable system when the direction of
power flow is reversed IEC 60633.

1 VSC: A HVDC system using Voltage Source Converters. VSC is a converter that does
not change the voltage polgrivf the cable system when the direction of power flow

is reversed Cigré TB 289.

3.7.2 Test objects:

All components of the cable system (cable and accessories) shall be subjected to type testing.
It is acceptable to test different parts of a system in difféestioops. However, these test

loops must cover all relevant cable system components.

By definition, an accessory includes 0.5 m of cable on each side, measured from the point on
the cable where no disassembling or dismantling for the purpose ofaitistabf the

accessory has taken place. The-imdarrupted cable length between accessories in a test loop
shall be a minimum of 5 m. A minimum of 10 m of continuous-imd@rrupted cable shall be
included in a test loop.

Any noncontinuous design faate (such as a metallic connection between metallic layers)

shall be included in the cable test object.

Test objects for land or submarine application shall be subjected to the appropriate

mechanical preconditioning.
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— 0.5 m cable included in the
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=

[
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>_ test object

Termination Termination

—— N

minimum 5 m cable test object test object Cable. Minimum 10 m.
between Accessory test object Joi
test objects Joint oint

minimum 5 m cable between
Accessory test objects

Figure3.3—- Possible configuration of test objects within a test loop

3.7.3 Load cycle test for cable system to be qualified for VSC (Voltage

Source Converters):

The test objects shall be subjected to the following conditions

-Twelvefi24 hourso | oad cydhes at negative pol ar
-Twelvefi24 hourso | oad cyctes at positive pol ar
-Three A48 hourso | oadtcycles at positive pol

Positive polarity was selected for the A48 h
stringent condition for accessori¢towever,in this study the polarity effect is not
considered.

3.7.4 Definition of the Load Cycles:
Load cycles consist of bothheating period and a cooling period.

T A24 hourso |l oad cycles (for prequalificat
of heating followed by at least 16 hours of natural cooling. During at least the last 2
hours of the heating period, a condudtoe mp e r Budhd kot a8d a@emperature

drop acr oss Alnkshallibensainthired.i on O

53



T A48 hourso |l oad cycles (for type test onl
followed by at least 24 hours of natural cooling. During at least the last 18 hours of the
heating period, a Tdndhahdiactempearatute droppesdbat ur e O
i ns ul ATmiksball be@aintained. 48our load cycles are only required as part of
the type test procedure to ensure that electrical stress inversion is well advanced

within the cycle.
Where:

Teond,max IS the maximum temperature at which dable conductor is designed to operate.
This value is to be stated by the supplier.

ATmaxis the maximum temperature difference over the cable insulation in steady state (not
including semiconducting screens) at which the cable is designed to operatealilifiis to
be calculated and stated by the supplier, who shall also provide evidence of the correlation

between this design value and data measured during testing.

OUTCOMES OF MATLAB
SIMULATION
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Figure4.1- Thermal profiles of 24-hour and 48-hour Load Cycles

1) Test under the rated voltage Uo:
1 24-hour Load Cycles
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Figure4.2— Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

rated voltage Uo at 5 points of the insulation of the sample cable for ai, b
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Figure4.3— Transient exact electric field during the 2’nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles
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Figure4.4— comparison between exact (a) and approximated (b) transient electric field during the 24-hour

Load Cycles period (LC) under the rated voltage Uo at 5 points of the insulation of the sample cable for ai, b.
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Figure4.5- Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the rated voltage U at 5 points of the insulation of the sample cable for a, b.
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9 48-hour Load Cycles
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Figure4.6— Transient exact electric field during the 1’st cycle of the 48-hour Load Cycles period (LC) under the

rated voltage Uo at 5 points of the insulation of the sample cable for a, b.
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Figure4.7 - Transient exact electric field during the 2’'nd (a) and the 3’rd (b) cycles of the 48-hour Load Cycles

period (LC) under the rated voltage Uo at 5 points of the insulation of the sample cable for ai, b.
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Figure4.8- comparison between exact (a) and approximated (b) transient electric field during the 48-hour

Load Cycles period (LC) under the rated voltage U at 5 points of the insulation of the sample cable for ai, b.
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Figure4.9— Transient exact electric field profile during the 1’st cycle of the 48-hour Load Cycles period (LC)

under the rated voltage U at 5 points of the insulation of the sample cable for a, b.

60



2) Test under the Type Test conditions U =1.85 Uo:
1 24-hour Load Cycles
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Figure4.10- Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

Type Test conditions at 5 points of the insulation of the sample cable for ar, b.
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Figure4.11- Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ai, b.
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Figure4.12- Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ai, b.
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Figure4.13- Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for a, b.
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Electric Field Profile in some points of dielectric during (Type Test)
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Figure4.14- Transient exact electric field profile during the first 5 cycles of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for a, bL
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Figure4.15- comparison between exact (a) and approximated (b) transient electric field during the 24-hour

Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ar,

bL
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9 48-hour Load Cycles
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Figure4.16- Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

Type Test conditions at 5 points of the insulation of the sample cable for ar, b.

40 40 r
E sem-int/diel E sem-int/diel
E 25% diel E 25% diel
38 \ —— E 50% diel g 38 E 50% diel —
\ E 75% diel = \ E 75% diel
E diel/sem-ext E diel/sem-ext
Eoasl 2
£ 36 [ e == 36 T
< e
=)
=} L L 2 /
oM T T T 34 L
[TH
© — — — — — [ ——— _— -
8
S a2 32 /
301 30 f
28 L H ! | ; L L | ) I o8 : \ | H i i 1 H i )
0 5 10 15 20 2 30 35 40 45 5 0 5 10 15 20 25 30 35 40 45 50
Time [Hours] Time [Hours]

Figure4.17- Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ar, b.
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Figure4.18- Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ar, b.
50 r

45

E [kV/mm]
3

Initial Instant
3 Hours
= 6 Hours
15t 8 Hours
16 Hours
24 Hours
10 40 Hours
48 Hours
5 -
0 I} 1 1 1 1 1 1 1 1

26 28 30 32 34 36 38 40 42
r fmm]

Figure4.19- Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for a., b.
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Figure4.21- Transient exact electric field profile during the first 5 cycles of the 48-hour Load Cycles period (LC)

under the Type Test cond

itions at 5 points of the insulation of the sample cable for a., b.
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Figure4.22 — Exact loss-of-life fractions during 12 + 12 cycles of 24-hour Load Cycle (LC) and 3 cycles of 48

hours Load Cycle (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ar, b.
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Figure4.23 — Approximated loss-of-life fractions during 12+12 cycles of 24-hour Load Cycles (LC) and 3 cycles of
48-hour Load Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ar,
b
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Figure4.24 — Exact reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions of the insulation of the sample cable for ar, b.
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Figure4.25 — Approximated reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour

Load Cycles (LC) under the Type Test conditions of the insulation of the sample cable for at, h.
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Figure4.26 — Exact life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load Cycles

(LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ai, b.
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Figure4.27 — Approximated life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for ay, b.
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Results in the case of medium values of a and b:
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Figure4.28- Thermal profiles of 24-hour and 48-hour Load Cycles

1) Test under the rated voltage Uo:
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Figure4.29 — Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

rated voltage Uo at 5 points of the insulation of the sample cable for am, bw.
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Figure4.30- Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the rated voltage Us at 5 points of the insulation of the sample cable for am, bw.
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Figure4.31 — comparison between exact (a) and approximated (b) transient electric field during the 24-hour

Load Cycles period (LC) under the rated voltage Us at 5 points of the insulation of the sample cable for am, bw.
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Figure4.32 — Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the rated voltage Uo at 5 points of the insulation of the sample cable for awm, bw.
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9 48-hour Load Cycles
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Figure4.33 — Transient exact electric field during the 1’st cycle of the 48-hour Load Cycles period (LC) under the

rated voltage Up at 5 points of the insulation of the sample cable for awm, bw.
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Figure4.34 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 48-hour Load Cycles

period (LC) under the rated voltage Us at 5 points of the insulation of the sample cable for am, bw.
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Figure4.35 — comparison between exact (a) and approximated (b) transient electric field during the 48-hour

Load Cycles period (LC) under the rated voltage U at 5 points of the insulation of the sample cable for am, bw.
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Figure4.36 — Transient exact electric field profile during the 1’st cycle of the 48-hour Load Cycles period (LC)

under the rated voltage Uo at 5 points of the insulation of the sample cable for am, bw.
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2) Test under the Type Test conditions U =1.85 Uq:
1 24-hour Load Cycles
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Figure4.37 — Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.38 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.39 — Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.40- Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.41 — Transient exact electric field profile during the first 5 cycles of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.42 — comparison between exact (a) and approximated (b) transient electric field during the 24-hour
Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for awm,
bwm.
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9 48-hour Load Cycles
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Figure4.43 — Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.44 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.45 — Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.46 — Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.47 — comparison between exact (a) and approximated (b) transient electric field during the 24-hour
Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for awm,

bwm.
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Figure4.48 — Transient exact electric field profile during the first 5 cycles of the 48-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for awm, bw.
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Figure4.49 — Exact loss-of-life fractions during 12 + 12 cycles of 24-hour Load Cycle (LC) and 3 cycles of 48
hours Load Cycle (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for awm,
bwm.
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Figure4.50 - Approximated loss-of-life fractions during 12+12 cycles of 24-hour Load Cycles (LC) and 3 cycles of
48-hour Load Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for awm,
bwm
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Figure4.51 — Exact reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions of the insulation of the sample cable for am, bw.
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Figure4.52 — Approximated reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour

Load Cycles (LC) under the Type Test conditions of the insulation of the sample cable for am, bw.
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Figure4.53 — Exact life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load Cycles

(LC) under the Type Test conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.54 — Approximated life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for awm, bw.
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Results in the case of high values of a and b:
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Figure4.55 - Thermal profiles of 24-hour and 48-hour Load Cycles

1) Test under the rated voltage Uo:
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Figure4.56 — Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

rated voltage Uo at 5 points of the insulation of the sample cable for an, bh.
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Figure4.57 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the rated voltage Us at 5 points of the insulation of the sample cable for an, b

20 R, == 2 -
E sem-int/diel ED sem-int/diel
19.5 E 25% diel — ED 25% diel
——— E 50% diel 20} —— ED 50% diel
19 E 75% diel \\ ED 75% diel
E diel/lsem-ext / ED diel/sem-ext
E
E 18.5
g 18
o - -
o
w
o 17.5
8
i 17
16.5
16

| I | I . . I H
10 15 20 25 0 5 10 15 20 25
Time [hours] Time [Hours]

A
o
2]

=)

]

Figure4.58 — comparison between exact (a) and approximated (b) transient electric field during the 24-hour

Load Cycles period (LC) under the rated voltage Us at 5 points of the insulation of the sample cable for an, bn.
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Figure4.59 — Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the rated voltage Uo at 5 points of the insulation of the sample cable for an, bn.

86



9 48-hour Load Cycles

Electric Field Profile in some points of dielectric during the first cycle
22 -

ED sem-int/diel
21 \ ED 25% diel
————ED 50% diel
\ ED 75% diel
20 ﬁ ED dielisem-est
£
E 19 —T
=
D 180 A . =
2 [
ke
o 17
o
w
16
15 ¢
14 1 1 1 1 1 1 1 il J
0 5 10 15 20 25 35 40 45 50
Time [Hours]

Figure4.60 - Transient exact electric field during the 1’st cycle of the 48-hour Load Cycles period (LC) under the

rated voltage Uo at 5 points of the insulation of the sample cable for an, b
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Figure4.61 - Transient exact electric field during the 2'nd (a) and the 3'rd (b) cycles of the 48-hour Load Cycles

period (LC) under the rated voltage Uo at 5 points of the insulation of the sample cable for an, b
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Figure4.62 — comparison between exact (a) and approximated (b) transient electric field during the 48-hour

Load Cycles period (LC) under the rated voltage Us at 5 points of the insulation of the sample cable for an, bn.
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Figure4.63 — Transient exact electric field profile during the 1’st cycle of the 48-hour Load Cycles period (LC)

under the rated voltage Uo at 5 points of the insulation of the sample cable for an, bn.
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2) Test under the Type Test conditions U =1.85 Uq:
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Figure4.64 — Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the
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Figure4.65 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles
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period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an, bn.
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Figure4.66 — Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an, bx.
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Figure4.67 — Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for an, b

90



42 r
E sem-int/diel
40 b E 25% diel
———— E 50% diel
E 75% diel
38 r - E diel/sem-ext
£
E 36
=
© 34
(T
io)
D 32
o
L
30
28
26 I 1 1 1 1 1 J
0 20 40 60 80 100 120 140
Time [Hours]

Figure4.68 — Transient exact electric field profile during the first 5 cycles of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for an, bn.
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Figure4.69 — comparison between exact (a) and approximated (b) transient electric field during the 24-hour
Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an,
bh.
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9 48-hour Load Cycles
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Figure4.70- Transient exact electric field during the 1’st cycle of the 48-hour Load Cycles period (LC) under the
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Figure4.71 - Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 48-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an, bn.
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Figure4.72 — Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 48-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an, bx.
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Figure4.73 — Transient exact electric field profile during the 1’st cycle of the 48-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for an, bn.
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Figure4.74 — comparison between exact (a) and approximated (b) transient electric field during the 48-hour

Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an,

bH.
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Figure4.75 - Transient exact electric field profile during the first 5 cycles of the 48-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for an, b
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Figure4.76 — Exact loss-of-life fractions during 12 + 12 cycles of 24-hour Load Cycle (LC) and 3 cycles of 48

hours Load Cycle (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an, b
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Figure4.77— Approximated loss-of-life fractions during 12+12 cycles of 24-hour Load Cycles (LC) and 3 cycles of
48-hour Load Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for an,
bH
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Figure4.78 — Exact reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions of the insulation of the sample cable for an, b.
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Figure4.79 — Approximated reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour

Load Cycles (LC) under the Type Test conditions of the insulation of the sample cable for an, bn.
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Figure4.80- Exact life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load Cycles (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for an, bh.
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Results in the case of very high values of aand b:
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Figure4.82 - Thermal profiles of 24-hour and 48-hour Load Cycles

3) Test under the rated voltage Uo:
1 24-hour Load Cycles

22 -
E sem-int/diel
21 E 25% diel
—————E 50% diel
E 75% diel
20 E diel/sem-ext
£
E 19
=
T 18 —
[T
o
B 17
o
w
16 e ===
15 | \\/
14 1 1 1 1 J
0 5 10 15 20 25
Time [Hours]

Figure4.83 - Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

rated voltage Uo at 5 points of the insulation of the sample cable for avy, bvn
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Figure4.84 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles
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Figure4.85 — comparison between exact (a) and approximated (b) transient electric field during the 24-hour

Load Cycles period (LC) under the rated voltage U at 5 points of the insulation of the sample cable for avy, bvn
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Figure4.86 — Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the rated voltage U at 5 points of the insulation of the sample cable for avy, bvh
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9 48-hour Load Cycles
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4) Test under the Type Test conditions U =1.85 Uo:
1 24-hour Load Cycles
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Figure4.91 - Transient exact electric field during the 1’st cycle of the 24-hour Load Cycles period (LC) under the

Type Test conditions at 5 points of the insulation of the sample cable for avy, bvn
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Figure4.92 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avy, bvn
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Figure4.93- Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 24-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Figure4.94 — Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Figure4.95 — Transient exact electric field profile during the first 5 cycles of the 24-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Figure4.96— comparison between exact (a) and approximated (b) transient electric field during the 24-hour
Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avh,

bvh
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9 48-hour Load Cycles
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Figure4.97 — Transient exact electric field during the 1’st cycle of the 48-hour Load Cycles period (LC) under the

Type Test conditions at 5 points of the insulation of the sample cable for avy, bvn
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Figure4.98 — Transient exact electric field during the 2'nd (a) and the 3’rd (b) cycles of the 48-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Figure4.99- Transient exact electric field during the 4’th (a) and the 5’th (b) cycles of the 48-hour Load Cycles

period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh

50 —
Initial Instant
45 3 Hours
6 Hours
40 8 Hours
16 Hours ot
35 E 24 Hours
40 Hours -
— 30 48 Hours
E \
£
i 25
Wt
15+
10
5 -
0 1 1 1 1 1 1 1 1 1

26 28 30 32 34 36 38 40 42
r [mm]

Figure4.100- Transient exact electric field profile during the 1’st cycle of the 48-hour Load Cycles period (LC)

under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Figure4.101- comparison between exact (a) and approximated (b) transient electric field during the 48-hour
Load Cycles period (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avh,

bvi
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Figure4.102- Transient exact electric field profile during the first 5 cycles of the 48-hour Load Cycles period

(LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvn
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Figure4.103- Exact loss-of-life fractions during 12 + 12 cycles of 24-hour Load Cycle (LC) and 3 cycles of 48

hours Load Cycle (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avh,

bvh
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Figure4.104 — Approximated loss-of-life fractions during 12+12 cycles of 24-hour Load Cycles (LC) and 3 cycles
of 48-hour Load Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for

awH, bk
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Figure4.106 — Exact reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions of the insulation of the sample cable for avn, bvh
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Figure4.106 — Approximated reliability during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-

hour Load Cycles (LC) under the Type Test conditions of the insulation of the sample cable for avn, bvn
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Figure4.107- Exact life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load Cycles

(LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Figure4.108- Approximated life during 12 + 12 cycles of 24-hour Load Cycles (LC) and 3 cycles of 48-hour Load

Cycles (LC) under the Type Test conditions at 5 points of the insulation of the sample cable for avn, bvh
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Comparison between Type Test and Pre-Qualification test in the case of

medium values of aand b: (PQ testwascarried out in previous master

thesedpR4], [25]
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Figure4.109- Transient exact electric field profile during the 1’st cycle of the 24-hour Load Cycles period (LC)

under the TT (a) & PQ (b) conditions at 5 points of the insulation of the sample cable for am, bw.
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Figure4.110- Transient exact electric field profile under the TT (a) & PQ (b) conditions at 5 points of the

insulation of the sample cable for am, bw.
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Figure4.111- Exact loss-of-life fractions (stacked) under the TT (a) & PQ (b) conditions at 5 points of the

insulation of the sample cable for am, bw.
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Figure4.112- Exact loss-of-life fractions (grouped) under the TT (a) & PQ (b) conditions at 5 points of the

insulation of the sample cable for am, bw.
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Discussion:

It can be noticed from the life figurdise following:

9 In case of low values of a and b: the life distribution in the insulation thickness
reflects a capacitiveLaplacian) distribution of the electric fieldhere the inner
insulationsurfaces subjected to more stress, and in turn, it has a shorter life.

1 In case of medium values of aand b: field inversion phenomenastartsto take
placeshowinga stabilization of the electric field distribution in the insulation
thickness Therefore, the life of all points in the insulation are almost the same

1 In case of high values of a and b: field inversion phenomenon takes place
showing a resistive distrittion of the electric field in the insulation thickness. For
this reason, thimner part of the insulation is lesser stredsgthe electric field
due to the increase of the temperature which leads to an increase in the

conductivity.

It is noteworthy to mentiothat the life of the cable under the Type Test condition (around
100days) is three times longer than the Type Test duration (30 days) considering the worst
case which corr es@onmdsd (tfion | tolwe viadutateeny. pd r ti
Consequently, it is unlikely that the cable fails during the Type Tas.result indicates that

the Type Test is not severe from the perspective of theteangreliability evaluation.

For the sake of comparisaihe total life of cablewhich corresponds to the life of the point in
the cable that has the shortest Iti@p the following values 100, 170, 190 days for low,
mediumhigh andvery high values o andb, respectivelyThe following table shows the

differences of the results boththe exact and the approximat@eéthods:
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Ex = Exact.

App = Approximated.

Rel. err = Relative Error.

L [days]
Location a, b am, bw an, b avk, bve

Ex App Rel. err Ex App Rel. err Ex App Rel. err Ex App Rel. err
Inner 88 110 0.2564 139 | 170 0.21895 229 | 278 0.216 785 932 0.1867
25% 161 | 180 0.1157 159 | 169 0.064617 235 | 248 0.0556 618 638 0.0332
50% 282 | 275 0.0255 170 | 168 0.010545 225 | 223 0.0075 452 | 455 0.0055
75% 443 | 39 0.101 180 | 168 0.067740 216 | 203 0.06 351 336 0.0435
outer 681 | 556 0.1829 189 | 167 0.114467 210 | 187 0.1078 285 | 256 0.0989
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Figure 4.114 The relative error between the exact and the approximated life models in
the insulation thickness for low, medium and high values of a, b coefficients

The figure 4.114) shows that the maximum error occurs in the inner insulatioiace with a
considerable error in the outer surface. Whereas, the minimum error takes place in the middle

of the insulation thickness.

It is worth noting that the lower the vakiefa andb, the higher the error of the approximated
model with respect to the exact mods. a resultthis mayaffect the validity of the
approximated model where the error is doubled in some points of the insulation thickness

comparing to medium and high valudsaandb.

The underlined values in the abewentioned tablare the points with the shortest life,
therefore, they represent the life of the cable. It is clear that the cable whose valaes lof

are high, has the longest life amongst the other cabtegever, this does not necessarily
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mean that thed habgdhaiva |l aesr @lf | Abetter, since
considerations to beonsiderednthes e | e c tad oalmwd i MA t he manuf act uri

It can be seen in the figuré.( 12 that the loss of life fraction during 3*48 LC = 6 days is

half that of (12 + 12 )*24 LC = 24 days, although the period 6/24 is the quarter ¥4. This
indicates that the loss of life in one-B8ur LC is twice that in two 2iour LC (equivalent to
themame duration of 48 h@dhlL). LF (48 LC)

Qo
N

It can be noticed from the figurd.@(13 that for the same values afandb, the inversion of
the life curveover the insulation thickness PQis greater than thah theTT becaus®f the
High Load period in PQ test

- In Type Testthe inner insulation is the most stressed part in botho24 and 4&our LC
- In PreQuialification (PQ) testthe inner insulation is the most stressed in Load Cycles

period, whereas the outer insulation is the most stressed in High Load period.
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Future improvements:

For the sake of simplicity but without the loss of generdlitg,implemented life model does

not take into consideratianany phenomena:

1) Space chargaccumulatiorand dynamicslue to:
a) Polarity reversal in the case of LCC HVDC systems.
b) Charge injection from the electrade
¢) Microdefectsand inhomogeneitwhich may be formed during the manufacturing
process.

2) Dielectric losses.
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