21

21.1
(Insulation) Screening (core)
2
21.1.1 (Paper insulated, Oil-filled Cable)
24 kV, 33 kV
3
(Impregnated paper)
PE, PVC 6.35/11 kV 21

19/33 kv 2.2

SainE "
2.1 Three-core, 150 mm2, 6.35/11 kV, screened PILS cable with PVC

Oversheath

R gty G R S e e ST AT 86 Sarcmmire v er®l Wt e S T iR B

2.2 Three-core, 150 mm2, 19/33 kV sL cable



21

Paper-insulated cable

Voltage Conductor
(kV) Size ( 2)
0.6/1 50

1000

1.9/3.3 50

1000
3.8/6.6 50
1000
6.35/11 50
1000
8.7/15 50
1000
12.7/22 50
1000
19/33 50
1000
21.1.2
115 69 kv
8.7/15 kV 2.3

Belted design

insulation thickness

Between

conductors

1.4

2.4

4.2

5.6

(Polymer)

Conductor

Sheath

1.2

1.8

2l

3.4

2!

Irm

Single-core and

Screened design

Insulation

(mm)

12
2.0
1.8
2.0
2.4
2.4
2.8
2.8
3.6
3.6
4.9
4.9
7.3

6.8

(Solid dielectric cable)

12, 22, 24,

PE,

18/30 kv

33 kv

XLPE

2.2 [1]

2.4

Stress (MV/m)

0.24

13
1.0
2.0
1.7
2.9
2.4
3.3
2.6
3.8
2.8
4.4

3.2



2.3 Construction of a three-core, 8.7/15 kv, XLPE insulated, Steel

Wire armoured cable

2.2

Rated
Voltage

(kV)

3.6/6*
6/10
8.7/15
12/20

18/30

2.4 Construction

Insulation Thickness (mm)

PE XLPE
2.5 2.5
3.4 3.4
4.5 4.5
5.5 5.5
8.0 8.0

of a single-core, 18/30 kV, XLPE insulated cable

(Polymer)
Electrical stress (kV/ mm)

185 mm2 conductor

EPR Maximum Minimum
3.0 1.63 1.28
3.4 2.07 1.52
4.5 2.38 1.60
55 2.79 1.74
8.0 3.12 1.67

* These figures are true for conductors up to 185 mm2
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25 [5]

2.1.2.1.

21.2.1.1 (Conductor)

(Single-
core Cable) 3 (Three-core Cable)

2.1.2.1.2 (Conductor Screen)

2.1.2.1.3 (Insulation)



(Crosslink)
Conductor Shield
2.1.2.14 (Insulation Screen)

2.1.2.2 ,

2.1.2.2.1 Copper wire and Copper Contact Tape Shield
(Ground Rod)

Copper contact tape

2.1.2.2.2
Polyvinyl Choride (PVC) Polyethylene (PE)

2.1.2.2.3 Water Blocking Tape
Copper Shield Insulation Shield

2.1.2.2.4 Bedding Tape
Copper Shield

2.12.25
Bedding Tape



2.13. '

2.13.1
(Man Hole)
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PVC

© N O w e

13.

2.6

2.1.3.2

(Sealing end) 2.7 [5]

XLPE
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2.1.4.

(Resistance)

(Inductance)

(Conductance)

(Capacitance)



2.8

2
R G ,
R L C G
R L R L
2.2 (Travelling Wave) [6]
221
G

(Distribution parameter network)

29

(Lump element)

2.2.2

az?
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X+dx
i(x/t)  rdx  |dx i(x+dx,1)
V(x,t) cdx i 4=9dx | v(x+dx,t)
11 1
2.10 1 1 X X+dx
r LC
g ,
rL C g a,
( 9 L
x x+dx dx
dx X x+dx
2.10
dx
rdx 1Ldx ,cdx gdx
X X+dx t v
0 Lixb) v(x+dx, t), i(x+dx,t)
2.10
dx
v(x,t) - L-0x- ai(X,t) - rdx(x,t) - v(x- dx.t) 0 (2.1)

V(X,t) - v(x + dx,t)

=ri(X,t) 4 L- —i(x,t (2.2)
" (X1) Olt( )



dv(x,t) = v(x+dx,t)-v(x,t) dv(x,t)

xX+dx X dv(x,t) 22
dx
lim -~-v(x,t) =r-i(x,t) + L-"-i(x,t) (2.3)
dx->0 dx dt
— ) Br-i(x,t) + L —i(x,t 2.
dXv(x ) Br-i(x,1) dt|(x ) (2.4)
A
2.10
i(x,t) —c-dx-d—tv(x+ dx,t) - gedx-v(x +dx,t) - i(x +dx,t) o (2.5)
di(xt) = i0ckdxct) - i)
X+dx X
(X0 - 10 908 _ sk o o Bigkr d i Je)
dx dt
v(x+dx,t) = v(x,t)+dv(x,t) dx 2.6
— i(x,t)  g-v(x,t) +c-"-v(x,t) 2.7)
dx dt
2.4 2.7
2.4 X
- (X)) r-n-i(x,t) + L i(x,t) (2.8)
dx2 dx dxdt



di(x,t)/dx 2.7

A—v(X,t) =rg-v(x,t) + (rc +Lg) --v(x,t) +Le— v(x,t) (2.9)
dx2 dt dt2
X
~dx2i(M ) =rg-i(x,t) + (rc + Lg) at-i(x,t) + Le—dtzi(x.t) (2.10)
2.9 2.10

(Transmission

Line Equations)

2.4 2.7 v(x,t)
2.4 X 2.7 t
—N—v(x,t) : re—i(x,t i) =1+ L-g-"-i(x,t +-(x,t -—L
g )y T K1 UL CR T
- (M) =g-"-v(x.t) +ce lv(xt (2.12)
dtdx( ) g dt ( ) dt2( )
2.7 2.12 2.11

‘MM r- -gv(x.t) -c-~v(x,t) +i(Xt)-—r+L
dx2\,( ) v dt J dx

(2.13)

Sg-Av(X,t)-c-r-v(x,t)  + [-L-—i(xot
NGy (e Gy D ELeaeey

X V(X,t)



i(x,t) X

2.2.3
2.4 2.7
(Complex Frequency Domain, P)
(Laplace Transform)

t<0 2.4 2.7

'(X,p) =ri(x,p) + Lpi(x.p)

(2.14)
-Ni(x.p) =gv(x.p) +cpv(x,p) (2.15)
-M-v(x,p) w (r+ Lp)i(x,p) =zi(x,p) (2.16)
—dxl(x,p) (g + cp)v(x,p) =Yi(x,p) (2.17)
2.9 2.10
--=v(x,p) =rgv(x,p) + (rc + Lg)pv(x,p) + cLp2v(x,p) (2.18)
dx
-A-2i(x,p) = rgi(x, p) + (rc + Lg)pi(x,p) + dp2i(x,p) (2.19)
dx'

g
Cj

Y(p) =V + Lp)(g +ep) VLC-3Cp+ Ei/

y(p) =ylzy= V(p+a+P)p+a-P)=—1ypta)2- @



u= Yfc

1.(L + 9" -
2 0 cj

1

2'vL ¢

Ir+ Lp \/I [(P+ g +~p)
Z = = |-
(P) Vg+cp VC V(p+a-p)

-~—V(X,p) =y2-v(X, p)
dx2

A—i(X,p) =vz *i(X, p)
dx2

2.20 221
v(x,p) =vil(p)e" YK+ v2(p)eiX

i(x,p) ip)e"Y+ i2(p)ey

V1(p), v2(p) ilp), i2(p)

Vv i
2.22 2.16

i(x,p) =J r+ Lp '(vie * v2eiX)

(v,e-"-v2e

p = z(p)

2.23 2.17

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

16



v(x,p) z(p) - (- e"YX 12eYy

2.25 2.26

" e
-i(p)
v2(p) 2(0)
i2(p)
(Lossless Line)
[1
z(p) ="

y(p) =P-ylic=£

2.22 2.23

v(X,t) =[vr (X - ut) ]+ [v2-(x + ut)] + vq

I(x,t) [Ir(x- ut)] - [I2-(x+ ut)] +Iq
(Distortionless Line)
r+Lp
P = oy mic
v =vayadio T3 wpea)
2.22 2.23

7 x3 77 | X
v(x,t) =e u .vit— +euv2t+-
lu ] vV u

-ax ( V ax . X

(2.26)

2.23 2.22

(2.31)

(2.32)

r/lL = glc

(2.33)

(2.34)

(2.35)

(2.36)

17



/I— _ 1
a =Vzy = —ey(p + a

z

v(x,t)

i(x,t)

2.2.4.

Rg

\Hi+a .
\j +a - P

2.22 2.23

2.31 2.32

vO |0

10=— " —
Rg+'R|

R1-Eq

Rg+ Ri1

211

2.42

a 3

(2.37)

(2.38)

Eg

241

(2.41)

(2.42)
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ol 3

g X=d

U 2.11 anpdalFanngdunns d dedanszwiniuanuaziaiesiuie

o el K%
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v(X,t) =VI*1- uti) (2.43)
vh-ut,) 2 X t
X t X
X-ut X t
Vy
X=Xx1 t=tl V].(XI’ Ut])
vI(x - utd =Vi (2.44)
t=t2 t2>tl t=t2
Xx=x1 t=tl X-ut X>Xx1 X2
Xl - uti= X2- ut2 (x2 > X1,t2 > ) (245)

VI(xi - uti) =vxXx2- utd =V (x2> X1,t2 > ti) (2.46)
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v, x=x1 t=t, X=X2 (x2>xJ)
t=t2 {2>{J) Vv, X
X X2X, {2{1 2.45
2.12

Y

=1 e

2.31 vAx+ut)

2.32
231 2.32
2 X
(forward travelling wave) X
(backward travelling wave) 213 , 2.13 2.13
vO
0

(travelling wave)



Vf Vb
A s X %\ﬁ X
: v =
R :
» X

N fordward travelling wave 1 backward travelling wave

S /\ .
V= VY, U
fTVh & e
S i=igHy

H Combination Wave Of V and |

2.13

2.25

2.47

vi(o>t) (2 47)

0 (0,t)

Z (Characteristic impedance )

eqg(t) Rg
characteristic impedance
Z

2.48 2.49



22

Vi(0,t) = meg(t) (2.48)
_(Rg+Z)_
eg (0
>i(0,1) = (2.49)
(Rg+2)
X t
t x/u t- xu 2.48 2.49
X t
Vi(x,t) eft-= 2.50
’ (F@'l' Z) % u (2.50)
X
o)
i, m @on
(Rg + Z)
2.2.6 (Reflection coefficient)
2.14
I
Ii
— k:
z
VR RL VL
X=d
2.14 RL
R1
characteristic impedance Z x=0
VR iR¥ ij
VL iL RI
231 2.32



VR(t) = v(d,t) = vi(d,t) + v2(d,t) vL(t)

iR(t) = i(d,t) = ii(d,t) + i2(d,t) = iL(t)

vi(0
=R
"1(0
iL 2.54 2.53
VL 2.54 2.52

vi(t)  Vi(d,1) v2(d 1)
z z

sURL = Zii(d.t) - zi2(d,t)

VL 2.52 2.55
v4d,t) __i4d,Y) (ri- 1)
vi(d, 1) ji(d,t)  (r1+2)

FI = v.(dt) / vd,)

Characteristic impedance

R1 =z (Matching) 1 =0

2.53

(2.52)
(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

23

2.56



RI= 0 (Short circuit) rL=
RI= co(Open circuit) FL= +1
2.2.7
(RI)
Characteristic impedance Z
2-RL-Vf
V= (2.58)
RI + Z
Vx = TVf (2.59)
T (Refraction coefficient)
VX (Incident wave)
\j (Transmitted wave)
2R|_
(2.60)
R_+ Z
n Zl_ + zAN
= (2.61)
V2zly
RL-Z
Vb = v (2.62)

R + 2

24



vo = rvf (2.63)

r (Reflection coefficient)
Vb (Reflection wave)
Characteristic
Impedance (Matching)
E E/Z |2Z
Match
Characteristic Impedance (Mismatch) 2.15
R , ( R— i\
)
yA o) Z
3
- Short
3
= 5
n & b
- z 0
@ Open circuit
0
z
(Short- circuited line)
(Open-circuited line)
2.15 Mismatch
2.15 2
( ) (Short- circuited line)

(Open-circuited line)



2271

2.16

AEI Al

nil

2.16

2.2.7.2

2.17



2.17

2.2.8

(2.64)

e= E.(e"at-e “hi)

E a

Exponential

2.18 [7]



8 gy
a
T m"'wVEAQ Is~\ b= aﬂ%
AN U2

Wave shapes which can be approximated by
e - E(eat- et

e E-eat

2.18
2.18 b=a a
Exponential 2
2.19 [7]
< <
<
— =~
\ =NG7 y
—é—\
- .. +
N
<7/\ b s <—{\
(—V
67/1 = 7/_\ %
= =
(7/\,\ = €—:\

Combining simple waves to form more complex waves

2.19 2

(2.65)



231 [ft]
Fault 2
23.11 (Series Fault)
(Open circuit Fault)
Zs 2.20
P
2.66
Z| =ZS+Z (2.66)
(D (T)
2.67 2.68
(zs+2'2 (2.67)
2(zs+ 2)
(2.68)
(zs+ 2-2)
Vv P vt h .
Z - Z
Vr
2.20
\%
Vr = FV TV
voltage Drop
2.69
Z 2 (2.69)

-
_(zs+2)_ _(zs+ 22)_



, (Effective Transmission Coefficient)

2.70
(2.70)
TEX(d ")
2.3.1.2 (Shunt Fault)
(Short circuit Fault)
(Earth Fault) ZE
221 P
ZE Characteristic
impedance Z ZL 271
Z_:( /\) (2.71)
(F) ' (T)
2.72 2.73
(Z (2.72)
+ 2 ze)
2ze (2.73)
(z + 2 z€ '
Vv
Vr=FV vt=TV
Y, Wt
([ z
\t
e
T
221 Earth fault

2.3.2



[]

Ch

{ as 2.22

2.74, 2.75,2.76  2.77 [7]

fault
ulse o i
P II ! 4 cable
5
rv S T
time
2.22
ut
= m
2
1
Vic i
log E_' + —+ "e10-7
y 3-R* 12R4 30-Ru m
2 er-10“9
ne ?n
18th R
; VI-y
d ()
t (|xs)
( /fxs)
R (m)
r ()
8 Permittivity (F/m)

Sr Relative Permittivity Dielectric Constant

(2.74)

(2-75)

(2.76)

(277)

(2.78)



2.3

2.3

Impregnated paper
Dry paper

PE

XLPE

PVC

PTFE

Air

2.3

Characteristic Impedance (2)

z= [N -34
\f(g + |fflc)

(Him)

(F/m)

2.74

(/
150-171
216-264
Approx. 200
156-174
152-175
Approx. 213

Approx. 282

jCOL >>r jCOC >> ¢

)

2.79)



Mismatch

40 Q

2.4 [1]

5x 106
100x 103
1000
100
40
10

1

2.5 [1]

10

40
100

400

Q)

Q)

(2.80)

2.67 2.72
Characteristic Impedance

24

z=40Q r =z3/(Z5+22)*100%
r (%)
Approx. 100
Approx. 100
93
55
33
1

12

z= 40 Q r =-Z/ (Z+2Z29*100%
r (%)
-95
-67
-33

-17

2.5

2.23



?n

............ S flici fault -----—--—--- Shunt fault (negative)
1 Srg :
\\ ! o~ % 'T r
i . 1 i
&- b N by T
- \‘h E A 4
§ 52 \\ 'r” —
g N L
g . :
= Pid \"« !
N - rd » .' g &
! la” g\\~N _J
0+ R A - Tin — T
] 10 192 1000 10 60 10 0
Re (0tuny)
2.23 [1] (Power Cable)
? 2.24 ZE
A F B
i/\_>
| ]
<«
“ ? 0 ohm
i 1
(X \
2.24 - F
l n

2.25



U 2.25 susaresiadilansaraiaiiahiqe B

2.26

K t....

.......... q...q
A | =]
DV JV

q q
C o I
2.26



2.27

(Loss)
2.28

A B
7N AN AN Y S

2.28

(Joint)



(Cross Section) 'l (Core Split)
Mismatch (Tee
Branch) Mismatch

2.29

A . w . : B
S P
11 1% X! 2 :

e : 2

| u v s : =
i N S s :
B :
Theo%etical
n— : p—F N
UiV w i .
ACéuaI

2.29 Tee Joint

Straight Joint

(Straight Joint)

Joint Separate L & Z = V(L/IC)
(Joint)
4 (Joint) 1

2.29

Detect



B (Tee Branch)

Overshoot
(Tee Branch)
Open Circuit
PE/TDR Running Time
(Tee Branch)
(Tee Joint)

1ps

(Tee Joint) X Branch
( B) Branch
Branch X
Main Cable Branch
(Branch End)
(Main Cable End)
Loss

Mismatch

Discrete

0.5

, 1

(Tee Branch)

Tee Branch

\%

Main Cable

2.30 '

2.29

2.29

1 pis



Detect ' "' F
A F B
Healthy
~7
iy Healthy A
A.  Faulty A
\J
\% \7 —A
Difference
I 2.30
2.3.3 Crosshonding Sheath Cable
Sheath
(Circulating Current) Sheath Magnetic Flux Link
(ConductorHt Sheath
33 kv
Bonded Cable System
Bonding Sheath
Sheath Loss
Sheath Mutual
Heating Loss Sheath Sheath
Sheath (Terminal)
Sheath

Sheath

Sheath Voltage Limiter (SVLs)



sheath
Bonding 3 [11]

2.3.3.1 Endpoint Bonding

Bonding Sheath
SVLs Return Path
Sheath Return Path 2.31
Vs(t)
i "A'A%

Parallel Earth T
Continuity ~ ——
Conductor

231 Bonding Endpoint Bonded System

2.3.3.2 Midpoint Bonding

Bonding Sheath
SVLs 2.32
Vs(t) = =77 7 =X >, R
A AAS
— P te—
| HH
| SVL I SVL
2.32 Bonding Midpoint Bonded System
2.3.3.3 Crossbonded System
Bonding
3 3
fit Insulated Flange Cable Sheath

Sheath SVLs 2.33



Vs(t) \
——
Y, L
2.33 Crossbonding Sheath
2.33
Sheath Crossbonding (Travelling Wave)

(Discontinuous point)

Nagaoka [10]
Crossbonding Sheath

Crosshonding Sheath

Crossbonding 2.34

Crossbonding

2.0

1

=
a1.5

21.0
~

0.5
>

l‘ L 1 i 3 = | 1
00 0.2 0.4 0.6 0.8 1.0 1.2
time, msec

2.34 Crossbonding

2.5
2.0 |

O B

a

O o

&

£ 0.5 F

.3 1 1 1 3 1

= 8 0.2 0.4 V.6 0.8 1.0 1.2
-0.5 7 time, msec

2.35 Crossbonding

4

2.35
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