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ABSTRACT

This paper investigates the computational electrostatic fields
necessary to evalute the electrostatic compression of eccentric
insulation in power cables. An analysis of ¢the electrostatic
fields wusing the transformation of curved boundaries via the
inversion transformation is used to compute the compressicon of
eccentric insulation. The effect of electrostatic pressure an
thermomechanical breakdown of eccentric dielectric of power
cables during the locad cycle program is presented. The relation
between the compressive electro-mechanical breakdown due to Lthe
electric field strength for eccentric insulation and cocaxil cable
is discussed and analysed.
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1. INTRODUCTION

Some investigations involve the calculaticn of the compression of
coaxial insulation of power cables during the load cycle program
[1-3]. All cables break-down at one stage or ancther during the
load cycle program: usually during the cool-down period.
Relatively large differences in the coefficients of thermal
expansion between the polyethylene insulation and the conductor,
force the insulation to undergo plastic deformation within every
load cycle [2]. This deformation has been brougt about by
mechanical atresses in the insulation . In addition to the above
mentioned process, there is technological inexactitudes, which
may lead to eccentric placement of a cable conductor within
surrounding dielectric. From this point of view, it is useful to
study the common effect of techneolegical inexactitudes during the
load cycle program of power cables [2,4].

In this paper, our effort is devoted, as a first step, to compute
the electrostatic forces reguired to determine the compression
percent in case of eccentric insulation through the lcaded cable.
The study includes the transformation of curved boundires and
their inversion-transformation to investigate the effect of an
eccéntric insulation of single core cables as a model of
calculation on thermo-mechanical breakdown during the load cycle
program,

2. BASIC CONCEPT OF LOAD CYCLE PROGRAHM

Fig. 1. demonstrates the load cycle pregram for any loaded
eccentric cable, based on the previous study o¢f coaxial cables
(31]. The gequence of events in one load cycle leads to
gaimulataneous application of axial tension and hoop stress to the
dielecrtic cable during the cool-down phase. Generally, an
eccentric cavity will form between the conductor and the
insulation material , phase (b] of Fig. 1, w~hile an eccentric
cavity will form between the insulation and the metallic sheath,
when the cable reaches the cold state , phaae (e}.

3. ANALYSIS OF ECCENTRIC ELECTROSTATIC FORCES

The electrostatic forcge Fe is normally the gradient of the
electrostatic stored energy WE [2], viz ;

Fa

~ grad We

- (g/4d%)(1/2 ¢ va ) f et tereesaenan. {1
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where
Fe is the electrostatic force
We 13 the electrostatic energy

< is the capacitance of cable dielectric
v is the voltage applied across the dielectric of the
cable.

The soluticn of eguation (1) is in determining the «capacitance
of eccentric cable insulation. For eccentric cable, let the non-
concentric boundaries of Fig. 2. {a) be placed in z-plane with
radii R, , Rz . By using the special form of <the bilinear
transformation,inversion [€]), it is found that, the field between
the two charged of curved boundaries may be used to determine the
breakdown voltage of cable insulation. The solution of this
eccentric field is transformed into a concentric circles in the
t=plane with radii of r, , r as shown in Fig. 2. (b}.

1 2
where
F4 Z F4
R, - R1+ez RZ_ Ri-f- ezz 2
d = + ( :I —Ez ...(2)
2e
2 1 2
R R,- R, - @ Z 2 2
- 2:’ ! (R—e-R}-4Re..(3]
d - R 2eR 1
i Ry
2 2 2
R R _—-— R +e
2 z 2
,= = g z ! \](R +e - } - 4Rzez' .. (4)
(d-e)”- R} 2eR
Now , the capacitance per wunit length is found from the
arrangement of t- plane as follows;
2Te
Q= F/m yAavreavesararerw (5}
1n rz/r1

By substituting the two values of radli r & c, of equations {3)
and (4) into equat ion {5), then; 1

2T ¢ _
¢ = = (27T € / K} Cereeanaaa (6)
where,
2 2 2 2
K1= RZ - R1+e2 —\/(R:Hez ~R1} - 4R, ez
K,= R: - R:-ez - N,(R:'—ez-R:') - 4Rj e.a

K = 1n ((K, /Rz}/(Kz /31)},
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and

C, = (K1/ 2eR

F4 2 )

r,= (KZ/ 2eR1 }

Thus, the capacitive gradients at the two elecrodes of eccentric
cable are given by :

-1
(a/dR 5 ) (2 W€ /K)=(2T€) (d/dR 5 ) (K)

dc/dRr, =
-2
== (2TWE)K) (Kzpz) ceccrecranessaares (7)
where
- Fd
K22= “l‘/K‘I)(K‘I} - (I/Kg)(Kz) = (1/Ry))
K1 = (d/dan(K1)
25 + - Ky ). Ry - 8 R, &
=2 R, - .
2 2 \](Ri + el- Rf ¥ o- 4R:‘ o2
-
K, = (d/dRz}(Kz}
2 2 2
2{R, - e - R, }J. 2R
-2 R.- 2 1 Z

2 ‘! 2 2 o2 2 _ g% .2
2 (Rz a R1 ) 4R2 2

Similarly,

de/dR, = (2T€)(d/dRy ) (K")
-2
=~ (2TE)(K ) (Kﬂ) B, .{8)
where, 2 2
P 2(Ry + &' - K, }.(-2R))
K, = -2R - - = — = :
- - X
2 V(Rz + a Ri) 4 L © .
4 2(R - &' - R} }(-2R,) - 8 R e
K, = -2R, -
2 1 L _ 2z _ PR B )
2 \j(Rz e R:‘) 4K e

Using equations (7) and {8), by substituting in equation {1}, and
dividing by the circumference in t-plane, the internal and
external electrostatic pressurss per Unit area at constant
voltage are seen to bes;

2 -2 2
“(1/2) (V7 2TE) (= K Kyg) € v .2
B, = = K K ee . (9)

11
1 2 W Ty 2(!(z /eR1)
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2
cv -2
P = K K P i ¢ 3
e€x 2(K, /eR, )

The cylinders in the z-plane, Fig 2. ({a), have equipotential
boundaries at different potentiala and so, in the t-plane, Fig.

2. (b}, the concentric cylindrical boundaries must be
equipotential lines with the same difference in potential between
them. Therefore, the potential of the field between two

concentric cylindrical media in t-plane (Fig. 2. (b)}, centered
at point (F,0), separated by the same eccentric medium of
relative permittivity and carrying a.charge of g unita per
unit length is given by :

W +JP =(g/2 € ) 1ln (t - F)
By considring two peoints, one on each of theae cylinders :
t.= F + and t=F +r,,
1 1 v an 2 2
with the same flux functicon ( ¢p ). The potential difference
between them may be expressed as:

Wy - W= (/2 € ) In (rz/r_l) (11)
where,

QQ - QE- is the potential difference between the concentric
cylinders.

The potential gradient at any point in the medium between the
two cylinders ia based on equation of {1l1) and ref. [5]: and
is given by;
[E] = [dw/dz] = ([dw/dz] . [dt/dz],
where,
dw/dz = (q/27€)(1/t-F) = (( ¢ ~ )/ (ln ry /ry 1}(1/E-F),
But the inversion of transformation is given by t=1/2z , then;
2
dt/dz = - 1/ z . Thus:
2
(Bl = [(p, = Y,)/(1n £, /ey ) (1/t-2)(1/2")

C(v/{1n r;/1}{1/2(1-F2))]

[{(v/K)(1/z(1-Fz))] e aresraerenenenn {12)

The maximum value of potential gradient is important in the
consideration of the breakdown voltage between the non-concentric
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boundariea (eccentric cable) of z-plane {Flg. 2, (a}. This value
is obtained at the ©point on the shortest line between the
cylinders at the inner surface of boundary {(point a }. This point

is z = d +Ry at peint a in z-plane to which corresponds the
point £t = F - r, at peint “a in t- plane, see Fig. 2. Thus;
(E max]a = [(V/K)(l/(d+R1){1—{(1/d+%)—r1J(d+R1)}]............(13)

[E max]a [(V/K)(l/rl (d+R1 )2] T O X B

By substituting equation ' (14) at point a in z-plane, in Eq. (9},
the internal electrostatic- in given by;

€ etk (a+Ry 1]
P = . K K Emax . K. r, . +R
i Ei | o 1 1
Z(Kz/eR1J
2
=Cy. € . E max g/cm O 0 £
where z
2 g - 5 K,, r{d+R,]).eR
c,= (10 x10 /2x36 W). (10 /9.807). 4 L 11
K .K
2
Similarly, to obtain E min at point C of Fig. 2. {a), let
z=d+R2 - , Lt =F - ry by inversion transformation [6], we get;
3
[E min]e = [{V/K)(I/Egd+gz-e} ] he et tasecvrataan v (16)

and the external electrostatic pressure at point ¢ is given by :

P € xﬂz K [E:z {d+R }1]
= - . min « K + rfd+R, -e
oY 2(K, /eR., } 22 < A 2
1 2 2
= C,. € . E minC P 4 O A

whare

2 9 £ K .r; (d+R -e).eR,

Cy= {10 /10 /2x36T).{10 /9.807).
K,.K
1

Stark and Garton (1] show the astress strain relationship of
polyethylene, which is given by:

Stress = Y 1n X_ /X e retbamacttacaressansessss (18]

where
Y 1is taken as a constant modulus of elasticity,
Xgo is the original length of dielectric
X is the compressed length

The relative compressed distance for each internal electric field
at a , and each external electric field at ¢, refering to
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equation {18} are given as follows:
2z
AX/X, =1 ~ exp (- C1€L/2Y) E max, P 1= B
1
Ax/X =1 ~ exp (= czc/zy) E min . P 4 ¢ B

From egquations (19) and (20), the relative compressed distance,
based on the total electrostatic force between the medium from
point a to c, is given by:

z

2
AX/X, = 1 - exp (- € /2¥)( Cy Emaxq+ C, E min, ] ceevee.. (21

3. 1. Examples :

(1) Congider the following data, Ry =4dcm ; Rg=2cm , V¥ =10
kv, & = 2.3, we find that, the eccentric electric field
at point a by substituting into equation (14) 1is egual to
the value 779.7 kV/cm. The value of relative compressed
distance AX/%¥, at point a is given, about 16% . Thus,

Ax1= 1.6 mm.

By applying the same technigue at point b at anoter side of
the circle of Fig, 2, (a}), we find that , the eccentric electric
field at point b equal to the value 96.45 kV/cm, Also the
relativ compressed diatance AX/ Ag at point b is about
0.27% ;1. e sz= 0.027 mm.

This means that, the electrostatic force creates an eccentric air
gap around the conductor aa shown in Fig. 3.

{2) Phase (b) of Fig. 1, is taken *%as example to drive an
equivalent electromechanical breakdown criterion Eor
eccentric cable dielectric. The criterion can be used to
calculate the critical v¢ltage at which the dielectric ia
compressed to (X - X) of its original thickness X at the
medium of shortest distance ac.

By substituting equations (14}, {(16) intec equation (21}, we find
2
AX/Xy=1-exp (- MV ) {22}

From eguation (22) the critical veltage is given by

Vv = \f{l/ﬁ) In (X4 ac/X, ac ~ AX) frcaree e {23)

where M is a variable function of different variables K ,K,, K,.
| 2

C;C;andr.

1 2 2
where rzis obtained from the inversion as follows;

= - +R -
r2 r1+ ({1/d+R1) {1/4 Rz e J)

From the relation {(23), the critical voltage can be obtained as a
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ATy = o o = 1.0 m

AX, = b b = 0.027 mm

Diameter of internal cavity
arcund the conductor

= 2R1+AX1 + AXZ
= 40 + 1.6 + 0,027 = 41,627 umm ,

radius of eccentriec cavity = 20.8 mm

eccentric cavity

Pig, 3. Computetion of eccentric cavity around the
conductor due tn the ecceutric electric force.
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function ¢f conducter radius ry , thickness of insulation layer
X, : Modulus of elesticity Y , relative permitivity €, , the
compresged thickness AX , and the value of displacement e; viz:

VY = f (K, Ky Koy Cov Cr E s weu ) \[ln (x, ac/X_ac- X)  (24)

1? z: 1! z z
The largest stable value of voltage is obtained by the partial
differentiation of equaticon {24} as follows:

Qv d K D Ky >ty

. . =0 cereenae {25}
DK > Ky d K, d Ax

Solving the last equation by a graphical method [2] , the value
of AX/Xq could be obtained. For the given example, it waa found
that, the electromechanical breakdown of eccentric insulation
cable should happened when A X/X, is 0.23., This value is about
50% of the required value in case of coaxial cable [3],

4. CONCLOSIONS

This paper presents an analysis to evaluate the compressed
distance o¢f eccentric insulation cables due to electrostatic
forces. Theae forces create an eccentric air gap around tLhe
conductor which causes a complicated electrogtatic field around
it. A formula for the calculations ¢f the compresged distance 1is
obtained. 1t is found thst, the electromechanical breakdown of
eccentric ingulation cable should have happened when the relative
compressed distance reaches to 50% of the required value in case
of coaxil cable.
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ABSTRACT

The propcsed technique gives the pogsibility to messure the
electrostatic force in the cable dielectric when the load cycle
program is applied. PFor this reascn, a new experimental mecdel is
designed to measure directly the electrostatic pressure in the
cavities between the conductor and the insulation material or
between the outer surface of the dielectric and the sheath af the
cable. The experimental results of the electrostatic pressure
with the time as well as with the electric stress are presented
and discussed.
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1. INTRODUCTION

4ll cables breakdown are usually at one stage or ancther during
the series of load cycles. The load cycles creat cavities between
conductora and the cable dielectric or between the wmetallic
sheath and the outer surface of cable dielectric. These cavities
were stored electrostatic energy. The change in the energy leads
to électrostatic force and electrostatic pressure affect on the
walls of cgaxial cable insulation [1-4]. It is well Xnown that,
to calculate the electrostatic force ’ the gradient of the
stored electrostatic energy must be found :

F

]

- grad E

- [d/dr)(l/zcvz) {1)

where F is the electrostatic force.

is the stored energy.

is the capacitance of cable dielectric,
is the applied voltage, :

=M

The negative sign indicates compression of the dielectric
between cable conductor and the metallic sheath.

The analysis of the electrostatic force by applied the load cycle
program of different phases from (a} te {e), Fig. 1, gives the
internal and the external electrostatic pressure respectively as
follows [3]:-

2
P, = - ( €, €/ 2) E; (2)
2
P,=- (€ €/ 2) E (3)
vhere
E., E are the internal and the external electric stress

! ° on the cable dielectrics.

From egquations (2}, (3), it is noticed that, the electroatatic
pressure depends on the electric strength and the dielectric
constant. It is not a function of the dielectric thickness.

Experimental work by J. D. Cross [4] indicates that, with 50 um-
thick polyethylen films, an electrostatic pressure of 25.9 kg/cm
under voltage stresses of order 5 MY/cm.

Until now the electrostatic force on the insulation of a solid
dielectric high voltage cable 1is not measured. This paper
contains a proposed experimental technique to measure directly
the electrostatic pressure in the cavity between the conductor
and the (dielectric cable with time at different wvalues of
electric stresses.
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Pig. 1. Load cycle program for any cable.

to adjustment

Fig, 2, Test arrengement,

system
4
plastic
tube
~
‘ H.V. terminel
S ———==stop
' cock fixing nut
conducing rod
) Insulating
. XLPE insuletion wesher
H
4 manometer
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2. EXPERIMENTAL WORK
2. 1. Test Techniqgue

The test technique is carried out on a model of medium h. v.
cable of XLPE-12/20 kv and 3x150 mm? ecross sectional area of
aluminum conductor. The model 1is prepared to simulate the
condition of 1load e¢ycle program of the cable when there is a
cavity due to the compression of dielectric between the cable
conductor and the inner insulation surface. The aim of this test
is to measure the value of the electrostatic pressure between the
cable conductor and the inner insulation surface under normal
operation conditiona,

The sample under test i3 taken from one single phase of the XLPE-
12/20 kV cable with length of 9 em. The aluminum conductor was
extracted from its position, leaving it empty. A special brass
conductor rod is inserter instead of the aluminum conductor with a clearance
cf 1 mm between it and the inner surfaceée ot insulation. The rod
conductor consists of a brass rod of 17 ¢m length with 14 mm
diameter. The rod was reduced to 8 mm diameter, and screwed from
both sides to a distance of 2 cm. The rod was drilled along |its
axls with 3 mm diameter from both sides to a distance of 7 c¢m
from each sides, and drilled prependicular to axis from beth
sides with 1 mm hole diameter till the hole reaches to the axis
only as illustrated in Fig. 2, It is seen from the figure that,
the rod conductor was inserted in the XLPE insulation with an air
gap clearance of 1 mm between the rod conductor and the inner
surface of insulation. The rod was tighted to insulation by the
aid of a nut and insulation washer.

2. 2. Test Arrangement

The high voltage supply used in the experimental work is a single
phase transformer, 60 kV, 80 kYA rating. The testing transformer
is just complying with the IEC. The high voltage terminal is
connected te the conductor, and the earthed electrode was
connected to the external surface of the XLPE insulation as shown
in Fig. 2.

One terminal o¢f the hollow rod was connected to pressure
adjustment system via a stop ceck, the other terminal was
connected to a mancmeter for pressure measuremehnt.

2. 3. Test Procedure

The pressure inside the teat sample is adjusted with the aid of
adjustement system. The high voltage is then applied and the
manometer reading is observed., It is noticed that, the pressure
is <changed with time. The electrostatic pressure inside the
cavity between the cable conductor and the insulation asurface
affected the outer surface of the diele™ and this . leads to
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increass

manome ter
Fig. 2.

cime,

in cavity
readings.

thickneas. Thisg in turn croduces

3. RESULTS AND DISCUSSION

the
The arrows indicate to the flow of pressure,

At each specified voltage the pressure is recorded with

The electrostatic pressure was measured under different wvoltage
stresses, B0 kV/cm, 120 k¥/cm, and 150 k¥/cm. The tesgt resgluts of
Fig. 3. give the relation between the electrostatic pressure in
torr versus time in heurs. It ig noticed that, the relation 1is
non linear, and the electrostacic presgure increasea rapidely
with the " time of testing. This is because, the
increasing in the electrostatic presaure increases the air gap
thickness between the conductor and the insulation surfage. This
meana more electrostati{c stered energy and in turn increasing
the elegtrostatic pressure., The testing was carried out to obtain
the relation between electroatatic pressure and the electric
streas at different times, (1/2 hour, 1 heoucr, 2 hours), as
illugtrated in Fig. 4.
L]
s 1
—_ — T = T T T 1
7 L150 XV/cm @ s L After 2 hours
, 2 After
6 | A g L 1 hour |
——
120 xV/) ¢ H
5 ,, o8 E’S 4 After -
=
4 L | g ol /2 hour|
f
3 - - . L i ]
60 kV/co - e 0 60 120 180 300
2 : - = Electric stress(kV/cm)
1 _,,// i Fig., 4. Relation between the
electroatatic pressure
o T, . and the electric stress
0 1 2 3 at different time.

Time in hours

Pig. 3. Relatlenm between the

electrostatic pressure
ond the time of testing,.
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The authors expect if the testing time increased to some days:
the testing sample will expose to mechanical breakdown of
insulation. Fig. 5. 8hows this phenomenon process until a
mechanical breakdown of the insulation occurs.

One major difficulty of any mechanical breakdown model is to find
mathematical description for the mechanical properties of the
cable insulation. The stress-strain relationship of low density
dielectric is suggested in Ref. [6] as follows;

Stress = Y ln (x./x) fhastras e s (4)

where
Y is the modulus of elasticity
Xs i8 the original length of the dielectric
X 1is the compressed length

By equating equation (4) to (2), we get
2
BX/X,= exp (- €,6Er/2Y) ES

2 (s
[ ]

AX/X, = 1 - exp (- €, €r/2y) E

where .
AX is the compressed distance of X,

In case of phase (b), when the cavity is created between the
cable conductor and the dielectric, the compressed distance AX
can be calculated by equaticn {5). Another relation could be
obtained in phase {e) by equating egquationg (4), and {3 ;

BX/X,= 1 - exp ((- €€ /2¥) B* ... ... (8

The relation between the electric field strength and the
compressed distance relative to the original length AX/X, 1is
given in Fig. 6. Thereby the Young's modulus of elasticity is
found to be 600 kg/cm. '

In future, the same technigue could be used to measure the
electreosatatic pressure hetween the outer aurface of the
dielectric and the sheath of the cable, Therefore, in phases (c)
and (d) of Fig. 1, where the cavity around the conductor is going
te remove and that between the outer surface of dielectric and
metallic sheath isa geing to be created, the resultant
electrostatic pressure is given by:

2

2
P, = ( & €y/2) (E, + E; )} N & 3 |

t

In this case, to determine the critical voltage producing the
mechanical breakdown through the compressed distance between the
inner surfsce and the cuter surface of cable dielectric c¢ne must
use the eguation (7) with the above experimental results of .

the electrostatic pressure.
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5. CONCLUSIONS

An innovative method is suggested to measure the electrostatic
pressure in gavibties between Lhe insulation layer and the cable
conductor, The results of electroatatic pressure with the time at
differant electric stress {38 non linear. The electrostatic
pressure ing¢reases rapidely with the time of teasting.

The results indicate phenomenon of c¢irgulating process of
increase  in air gap, increase in stored energy and ia Lkturn
increasing the electrostaktic pressure. The same Ltechnigue

could be used Lo measure the eleckrostakic pressure bektween the
outer surface of the dielectric and the sheath of the cable.
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