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== Flectrostatic Fields and Field Stress Control

‘Introduction’

* Let’s look at a simple geometry includes infinite parallel plane metal
electrodes, which are separated by a distance y and contains two
dielectrics ¢, In thickness y, and ¢,, In thickness ..

* We define a vector quantity related to the electrical flux, which is

called electrical flux density, D. It Is the quantity of electrical flux
passing through a unit area.

D=y /A, w:electricfluxgeneratedbyachargeq

* The electrical field E is related to flux density D by the following
mathematical relationship:

D=¢,¢ E

Dr. Mahran Quraan
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=rn——vese Flectrostatic Fields and Field Stress Control
‘Introduction’

* The flux density will be the same in each section of the dielectric:

D, =D, =D,
 The electric field will change at the boundary:
E, = L D, = L D,
gogrl gogrl
E, = L D, = L D,
gong gong

Dr. Mahran Quraan
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‘Introduction’

* The voltage across dielectric 1 and 2 are:
1

V= j Edl=Ey, = D, Y:
gogrl
1
Vv, ZJE'dI =E,Y, = D, Y,
gOng

Dr. Mahran Quraan
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‘Introduction’

* The total voltage, V-

V=V, 4V, = — L

DO yl +
gogrl gong
_ 1 l _
Y,

Yi T
| gogrl gong

Do Y>
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‘Introduction’
* \WWe can now find E, and E,:
1 D, - 1 [ V j
508r1 808r1 (]7/808r1 )yl T (]/gOng )yz

- _ 1 1 [ V ]
2 ‘905r2 : ‘905r2 (1/505r1)y1+(1/80‘9r2)y2

Dr. Mahran Quraan
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‘Introduction’

 Implications

* In the geometry we considered
» Uniform flux density
« Difference in dielectric constant

« Electric field is higher in the dielectric with lower relative permittivity
« Electric field is lower in the dielectric with higher relative permittivity

Dr. Mahran Quraan
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‘Introduction’

Example

* Calculate the values of electric field in a system where we have two
Infinite electrodes separated by a distance 1 mm with a voltage of a 1
kV across electrodes. Assume that a slab of dielectric with ¢, = 3 of
thickness 0.9 mm is present in the air gap between the electrodes.

Dr. Mahran Quraan
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‘Introduction’
E-— D, E,-—D,
gogrl gogrz
1 1
V1 — E1y1 — Doy_w Vz — Ezyz — Doyz
50‘9r1 gong
1 1 D.| 1 1
V =V1 +V2 — Doy1+ Doyz . Yit—Y,
80 rl 0™r2 ‘90 _grl grz N
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‘Introduction’
D0: 1 v ; =7 11 =25kV/cm
o —y +—vy, =x0.1+=x0.9
grl grz 1 3

E = 1 D, :E:ZS kV/cm,

Eq€ 1y 1
E, = . D, = 2 8.33kV/cm

EgE s 3

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

* The dielectric material surrounds the conductor and we know that
every dielectric material has certain dielectric strength which, if
exceeded, will result in rupture of the dielectric.

* In general, the disruptive failure can be prevented by designing the
cable such that the maximum electric stress (which occurs at the
surface of the conductor) is below that required for short time puncture
of dielectric.

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

* In case the potential gradient is taken a low value, the overall size of
the cable above 11 kV becomes relatively large.

 Also, If the gradient Is taken large to reduce the overall size of the
cable, the dielectric losses increases very much which may result In
thermal breakdown of the cable.

* S0, a compromise between the two has to be made and normally the
value of working stress Is taken about 1/5 of the breakdown value for

the design purposes.

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

e Assume that we have a cable with an inner conductor radius r and
outer conductor radius R. (coaxial metal cylinders, infinite long)

* The area that flux passes through It increases as we move from inner
to outer cylinder.

 Area per unit length A(r') = 2zr'.
 Therefore, the flux density is given by

- ¥V _ wm _K. _V
Alry 2zr'l r'

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

* We can calculate the field or gradient behavior

’ K K
E(r) =g == Koy K
E,E.  &&TI T E,E,
 Note that if we have a single dielectric the field distribution will not be
affected. Depending on the geometry of our system, the magnitude and

direction of our field can change with position.
* The total voltage, V-

v-Jea= e [Sar-kn 8o k-

g
Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

 Therefore the field is given by:

)\ Conductor

E(r') = g(r' == — 'ﬁ/ ‘;- Dielectric
r'in(R/r) \ &8} sheatn
* It is clear that the gradient is maximum when r' = r at 4
the surface of the conductor, and IS minimum at the ;
Inner radius of the sheath ;
E = g = E(r) = V gm"'f'-. :
e rin(R/r)’ o1 Uy O
V

E =9g. =E(R)=
Dr. Mahran Quraan o gmm ( ) Rln(R/r)
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‘Electrostatic stresses 1n single core cable’

* In order to keep a fixed overall size of the cable (R) for a particular
operating voltage, there iIs a particular value of the radius of the
conductor, which gives minimum gradient at the surface of the
conductor. The objective here is to find the minimum value of g,

f(r):rln(Bj
r

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

 Stable operation of the cable for !

particular ratios of r/R. gT |
« What ratio of r/R leads to stable

\x e

. : : Q

operation of the cable and what ratios ’ ; /

will lead to unstable operation? p\// Q Ear
: | Ar -~

Stable ' Unstable
< »>

« Say the ratio corresponds to point Q.
Now, due to some manufacturing
defects say a thin film of air
surrounding the conductor Is trapped. 0.905

 Let the thickness of this film be a.

&,

r
ﬁ —p

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

* Since the dielectric strength of the ;
insulating material is taken about 40- QT | ¢ e
50 kV/cm, the air surrounding the \ '
conductor Is stressed and get pt

ironized. / 8
 Therefore, the effective radius of the P - G B
conductor will be now r + a and the ; NN

ratio will be (r + a)/R.
 The operating point now shifts to Q'.

» The stress on the dielectric material 0.365
will increase and this may finally
lead to rupture of the material

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

* '
 Let now take a cable with a ratio T Stable | Unstable
g < . »

of r/R such that it corresponds to
point P.

* Now, due to some manufacturing
defects say a thin film of air
surrounding the conductor Is
trapped.

« Let the thickness of this film be a. 0365 {

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

 The air surrounding the conductor I

Is stressed and get ironized. gT |
* Therefore, the effective radius of

\ E /

p% f Q
the conductor will be now r + a ; /
and the ratio will be (F+a)/R: P’ | 7@

Stable ' Unstable
< »>

* The operating point now shifts to

 The cable operate satisfactorily Py
» The satisfactory condition is:  (r/R)<(1/e)

r
ﬁ —p

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

Example

« Determine the economic overall diameter of a single core cable metal
sheathed for a working voltage of 85 kV Is the dielectric strength of
the insulating material is 65 kV/cm.

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

E(r):rln(R/r):

v v
I

r = v :85:13cm
g. 05

Diameter of conductor = 2.6 cm
Diameter of sheath = 2.6e =7.07 cm

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

 The field or gradient is given by:

V
E(r)=9(r) =
(r)y=9(r) r'in(R/r)
» Maximum and average fields or gradients, E ., and E,:
1 R 1 R V 1 V c 1 Vv
=——| E(r)dr'= dr'= dr'=——
R—rr () R—rjr rin(R/r) R—rln(R/r)Lr' R—r
V
(@) rin(R/r)

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

V
B R_r ~rin(R/r)

N

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

* We will consider 3 situations:
er=10m,r=5cm, r=1mm,
e Thickness is 10 cm,
 System voltage = 100 kV

* Recall the field equation:

V

E(X):xln(R/r)

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

eCasel:r=10m,R=10.1m
V 100

E(r) = = =1.005 MV /
(r) rin(R/r) 10xIn(10.1/10) "
ER)=— 1 - 100 - 0.994 MV /m
RIn(R/r) 10.1xIn(10.1/10)
V 100

E = =~ =1MV/m
° R-r 10

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

eCase2:r=5cm,R=15cm

V 100

E(r) = — =1.82 MV /
(r) rin(R/r) 5xIn(15/5) "
V 100
E(R) = = =0.606 MV /
(R) RIn(R/r) 15xIn(15/5) "
V 100

E = =~ =1MV/m
° R-r 10

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

e Case3:r=1mm,R=101 mm

B Y - wv
rin(R/r) 1xIn(101/1)

ER)=——+— =0 _215MV/m
RIn(R/r) 101xIn(101/1)

v 100—1I\/IV/

Eav
° R-r 10

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

Emin Eavg Ui
(MV/m) | (MV/m)
1

0.215 0.046

e General behavior:

* At F becomes smaller, the field becomes r(m) £
more |qs: higher values close (MV/m)
to the inner conductor and lower values

21.7

close to the outer conductor.
 Note that the integiral of E must be the o0.001

same In all cases as
. However, the 0.05 1.82 0.606 1 0.545

INSulator ma €

10 1.005 0.994 1 0.996

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

Example

» Assume that we have a cable with inner conductor radius of 0.9 cm
and an Insulation thickness of 0.7 cm. if the breakdown strength of the
Insulation 1s 12 kV/mm, what is the maximum voltage that can be

applied across the cablgiand then'calculate the'non=uniformity factor.

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

E(r)=$;

C \Y
hd K =
aj: In(c/a)

Vv =jE.d| :jE(r)dr =j'$dr ~K In(

V
rin(c/a)

E(r) =

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

V
=)= rin(c/a)
V
S = E(2) = aln(c/a)

Vv
0.9In(1.6/0.9)

E__ =12kV/mm =120 kV/cm =

V =62.2kV

Dr. Mahran Quraan
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E

avg

E

1 c 1 C V 1 \Y \
E.=——|E(Mdr=—— dr = d =
v~ g e (r)dr c—ajarln(c/a) . aln(c/a) Jr

77:

Dr. Mahran Quraan
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‘Electrostatic stresses 1n single core cable’

V
- Eavy _ (C—aj _aln(c/a) _0.9In(1.6/0.9)

Emax V C—a 07
aln(c/a)

=0.74

Dr. Mahran Quraan



e2n 2l Electrostatic Fields and Field Stress Control
‘Grading of high voltage cables’

* Grading means the distribution of dielectric material such that the
difference between the maximum gradient and minimum gradient Is
reduced.

* The cable of the same size could be operated at higher voltages, or for
the same operating voltage a cable of relatively smaller size could be
used.

« Methods of grading
» Capacitance grading where more than one dielectric material is used

> Intersheath grading where the same dielectric material is used, but potentials at
certain radii are held to certain values by interposing thin metal sheaths

Dr. Mahran Quraan
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BIRZEIT UNIVERSITY ‘Grading of hlgh V()ltage CableS,
capacitance grading’

 If we have one single dielectric material, the gradient at any
radius x will be:

K
E(x)=—
EX
 If we could use an infinite number of materials with varying ¢ 3
permittivities given by y
E=—,
X

then, the gradient at any radius x becomes constant
 This is impossible, but normally 2 or 3 materials are used

Dr. Mahran Quraan
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BIRZEIT UNIVERSITY ‘Gradlng of hlgh VQltage CableS,

capacitance grading’

* Let there be 3 materials placed at radii r, ry, and r,,
respectively.

* Let the dielectric strength and working stresses of this 6
material be G,, G,, G;, and g, , g, and g,, respectively.

* There are 2 possibilities:

I. The EO.S, f, for all materials be the same, therefore the N
working stress of various materials different. ¥ |

Il.  The same working stress for different materials.

Dr. Mahran Quraan
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‘Grading of high voltage cables,
capacitance grading’

1) The gradients at r, r,, and r,,will be R
™
r
g — I<O — Gl &y
N ? 5
I‘<0 _ GZ
ST i
21 QTi
Ko _G
d; = T T
&1, } /:{;/ | f
“ > .‘h_-_;

Dr. Mahran Quraan
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&rG, =¢,1G, =

 This means the material with highest product of

dielectric strength and permittivity should be placed
nearest to the conductor and the other layers should be

In the descending order of the product of dielectric
strength and permittivity.

Dr. Mahran Quraan

&,I,G
r<r<r,=¢gG, >¢,G, > ¢0,

‘Grading of high voltage cables,
capacitance grading’

R
2
r
1
r
€y &
Eq
|
N
|
g9 |
| |
I
!
L',—,’r'-—"v-':""""*r"'
’// '///x‘/,////, /' /
f’/ 7/ 7/// /7 /A
V777 v/,
";:// // / '/ 1
",/// 'l/ :/’/ "l,
MALLLLLLI kol e
R *
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BIRZEIT UNIVERSITY ‘Grading of hlgh V()ltage CableS,
capacitance grading’

I1) The gradientatr, r,, and r,,will be

K

g= o _ 0 _ r i, R
er &l &l

er=¢e=¢ =>r<r<r,=g¢g >¢g, >¢,
* This means the material with highest permittivity
should be placed nearest to the conductor and the 9]
other layers should be In the descending order of
their permittivities.

Dr. Mahran Quraan K=
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f I R
* The total voltage, V: N & j E(rdr' lj E_lj E(r)dr’

—j Odr + Odr'+ &dr'

LA > &,

I, r, R
_gmaxrln( j+gmaxlln[ j gmaxrzln( j
r I I,
I, r, R
=0 rln(—j+rlln£—j+rzln(—]
r I I,

Dr. Mahran Quraan
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BIRZEIT UNIVERSITY ‘Grading of high voltage cables,
capacitance grading’

Example

A single core covered cable Is to be designed for 66 KV to earth. Its
conductor radius Is 0.5 cm and its 3 insulating materials A, B, and C
have relative permittivities of 4, 2.5, and 4 with maximum permissible
stresses of 50, 30 and 40 kV/cm, respectively. Determine the minimum
Internal diameter of the lead sheath. Discuss the arrangement of the
Insulating materials.

Dr. Mahran Quraan
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BIRZEIT UNIVERSITY ‘Grading of high voltage cables,
capacitance grading’
£,G, =4x50=200
£,G, =2.5x30=175
£.G, =4x40=160
£,G, >e.G. >¢e,G,
g =4
g, =4
& =2.5

Dr. Mahran Quraan
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BIRZEIT UNIVERSITY ‘Grading of hlgh V()ltage CableS,
capacitance grading’

Dr. Mahran Quraan



ci5: ... Electrostatic Fields and Field Stress Control
RIRZEIT UNIVERSITY ‘Grading of high voltage cables,
capacitance grading’

Vv :TE(r')dr' +TE(r')dr'+jiE(r')dr'

_I 0dr o 0dr'+ &dr'

AN - &,F
I r, R

=g,rin " +0,r1, In - +9g,r, In = — D =2R=7.53cm
1 2

Dr. Mahran Quraan
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srzerunversy - (Grading of high voltage cables, intersheath
% grading’

* An auxiliary transformer is used to ’ A el ﬁ
maintain the metal sheath and the power | AR oot
conductor at certain potentials; thereby =y ‘».‘R
the stress distribution is forced to be S v
different from one which it would be | K=Y
without the intersheaths. —

Dr. Mahran Quraan
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25 8%.... Electrostatic Fields and Field Stress Control
srzemunversy < (Grading of high voltage cables, intersheath

grading’
 The objective Is to show that the ’ o
gradient with intersheath will be smaller | T e
than the gradient without intersheath for v, [l
the same overall radius and the . 44 i
operating voltage. = :

» Since a homogenous material is being
used, the maximum value of the stress
at various intersheaths i1s the same.

Dr. Mahran Quraan
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v“ ¢
Srze RS Grading of high voltage cables, intersheath
grading’
 Let the thickness of the materials be ’ S |
such that | T
, & s
I I R : \f ;" ‘ .’/r \
—=C=—=a : V. \ \ \\\_4_,/}‘ / : ;’R |
r r | N\ /
* With this arrangement, the gradient at - o
the surface of the conductor
V-V,
g p—
" rin(r/r)

Dr. Mahran Quraan
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"“)L_/-{Aszﬂ
srzerunversy - (Grading of high voltage cables, intersheath

grading’

 Similarly, the gradients at radii r, and r,
respectively are

: / //_/-r\\«)_.(‘~ =7'sheaths
e A Sy A G
Vz _Vl and Vl b »H{—l C)h )fz \}‘R |
rLin(r,/r,) r,In(R/r,) S v . e Tad

v LTS TREEN,  Metal

Dr. Mahran Quraan
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v“ (4
BIRZEIT UNIVERSITY Gradlng of hlgh Voltage CableS |nterSheath
grading’
* Since g,,,, IS the same at various radii ny
V-V, V-V Vi S\, | /4//1 :\:g\"‘i{\;:‘”‘ea"“s
rin(r,/r) rin(r,/r,) r,In(R/r,) Sy, L\ S
V-V, VY Y, =, e

rn(a) tin(a) rin(a)
V-V, V-V, V,
I - I’ - I

1 2

Dr. Mahran Quraan
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srzerunversy - (Grading of high voltage cables, intersheath
grading’
* V, in terms of V, VL O\ Mea
V,-V, \i v, _V1 _ Vi S v //’// ;\\‘”T,\; |
N _ 2 v LG Y Rk
rl r2 r;L r1 r2 v \\._L \\J/// /(
V 11 ; A\ g
—2=v1(—+— ~V, =v1(—1+1) —
’ A "

Dr. Mahran Quraan
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SN e
srzemunversty “(Grading of high voltage cables, intersheath
grading’
* V, interms of V ny |
V-V, V-V, V, -V | 77 T Oy sheatns
LV -V, = 1 S v, [
I I 04 = 'f"'?\"l\ & /}, /lir? ;;R
j ,V.' —b\ \\\\\TJ £ e
o ( i 1) 1 —
V-V, = 27 :>V—V2:V2( 2 j -
o a +oa

2
V:V2(1+ 1 j:vzzv( 2 e j
a”+a o +a+l

Dr. Mahran Quraan
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srzerunversy - (Grading of high voltage cables, intersheath
grading’

* Now g, IS given by

‘ \ Metal

/ / N ‘Shea!hs
' V( e j s v [0f /, \’ *
V V B a’ +a+1 v, T-\ \\\J ,;
v~ 0 \ 5 \

I = rln( ) rin(a)

_rln (a +a+1j

Dr. Mahran Quraan
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"“}L_,—{me
srzerunversy - (Grading of high voltage cables, intersheath

grading’
* Now, the gradient at the surface of the A
- - v LN LN, Metal
conductor without intersheath [ NS sheats
: S A% Ga B 4
g= v — v V2 § ‘i\ .:/r Y, I, IR |
rin(R/r) 3rin(a) S Vi
* Therefore, s =
O _ 3

. <l=g._. <9
g a” +a+l

Dr. Mahran Quraan
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““)L_/-{mer:;-
srzerunversity ¢ (Grading of high voltage cables, intersheath

grading’

* Gradient with intersheath Is lower than ol |
without intersheath for the same overall 280, 2N, B ereats

size and operating voltage of the cable. S v, (B "R
. 4t [ ¥ I
* This means a cable of a particular size ? N /]

can be operated for higher voltages or - s |
for a particular voltage the size of the | :
cable can be reduced.

Dr. Mahran Quraan
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"“}L_,—{me
srzerunversy - (Grading of high voltage cables, intersheath

grading’
* The voltage of the cable with this M~ % N
intersheath arrangement is given by ' 7 S heatia
] ] S . ([
V=g_|rinf=|+rlin +r,In| — S Vi
i r r1 r,) S .

=0, IN(@)[r+1+1,]

Dr. Mahran Quraan
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Sizei vERSTY ‘Grading of high voltage cables, Intersheath
grading’

Example

* A 66 KV concentric cable with two intersheaths has a core diameter 1.8
cm. Dielectric material 3.5 mm thick constitutes the three zones of
Insulation. Determine the maximum stress in each of the three layers if
20 kV 1s maintained across each of the inner two.

Dr. Mahran Quraan
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Sizei veRSTY ‘Grading of high voltage cables, Intersheath

grading’

V-V, =g,.rIn(r/r)=0.2956g, . =20

V,-V, =0,,.5In(r,/r,)=0.3085g, .. =20
V,-0=g,,..5In(r,/r,)=0.3165g,,, =66—40 09 TEE %
g,... =67.60 kv/cm s
J, .« =04.83 kV/cm tor sheatns S

U, mex = 82 KV/CM

Dr. Mahran Quraan



