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CHAPTER I

INTRODUCTION

1.1 Introduction

Overhead lines are usually used in transmission and distribution systems. Typical
overhead lines are bare conductors with sufficient spacing for insulation by the
atmospheric air. However, in Thailand, overhead distribution systems widely utilize
covered conductors in many areas for impsoving reliability of the systems. The
covered conductors, called “space aerial €able” (SAC)” in Thailand, consist of
aluminium as the main cenduector, semi-conductivesshicld, cross-linked polyethylene

(XLPE) as the main cable‘insulation, and the cable jacket as shown in Figure 1.1.

:

-, "1, Conductor (aluminium)

2. Conductor shield (semi-conductive XLPE)
3. Insulation (XLPE)

- 4Jacket (black XLPE)

“ 7
o 1

A ,-'_,;_'_j 'i;':‘
Figure 1.1: Strchture of space aerial cable [1].

i e ] -
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By using SAC_Q;';JLG_Qan_mduCﬁ_thﬁ_disiange_réguired between the phase
conductors and pre\}"eﬁt_ faults due to incidental contact by other conductors or trees.
Still, the cable cannot be in direct contact with grounded potential as the insulation of
the SAC is not designed for the full system voltage. For both mechanical and
electrical separation, various kindsvof eable:supporters;isuchas spacers and post-type
insulators, are requited-in the overhead-line'systems: The cablé spacer currently in use
with the SAC overhead distributionslines by the provincial electric authority (PEA),
Thailand, ‘¢an ‘be tlassified into-two categories: (1) porcelain spacer and (2) high-
density polyethylene (HDPE) spacer.

A number of problems have been encountered in the systems of SAC overhead
lines after a period of service. For the lines installed with HDPE spacers, the problems
are mostly related to mechanical strength of the spacers and to tracking on their
surface. In addition, the deterioration of the cable insulation was found at the contact
position between the cable and spacer, in particular where the porcelain spacers are
used [2]. In worst cases, the damage of the cable insulation led to flashover between
phase conductors. As a result from the flashover, the line conductor and/or the spacer
were broken, interrupting the electric power distribution.



One of the possible causes of the problem on the cable insulation may be the
occurrence of partial discharge due to high electric field at the contact point between
the cable and the spacer. The contact point is a triple junction formed by three
dielectrics: the cable insulation, the spacer and the surrounding air, as schematically
shown in Figure 1.2. The contact angle is zero by the curved contour of the conductor
insulation as to be mentioned in the section 1.2. Therefore, it is necessary to study
electric field behavior near the contact point.

Insulation Conductor

Contact-point or
triple junction

NS

Figufe 12 CQovered-conductor on.a spacer.

=
w .
4
id

1.2 Literature Review

A triple junction or a conta€t pointis a pdiﬁt where three media meet together and
exists in many insulation systems. For instaﬁ_ﬁiéi"ait may be formed by a dielectric solid
utilized as a mechanical support of an égléétjode or by a particle resting on an
electrode, in which !;he electrode can be either bare o'r_insulated conductor. The

contact conditions are basically characterized by a contact angle ¢. Based on the
electric field behavior, we can classify the contact points into three categories as
follows: (1) @=90°, (2) 0 < &< 90° and (3) & = 0°. Figure 1.3 gives an illustration of
contact points in fundamental.cases ;where-the jinterface of two dielectrics & and &,
meets a conductor surface. It should be noted that the contact gonditions as illustrated
in Figure 1.3 may be used to represent both two-dimensional (2D) and axisymmetrical
(AS) arrangements:For Figure-1:3c the contact angle is zerordueto @ smooth contact.
That is, the'interfaces have a common ‘tangent at the contact point.

&1 & &1 & &1 &

P= P= P=
a. a=90° b.0< a<90° c.a=0°

Figure 1.3: Contact conditions with various contact angles c.



Near the contact point, the distribution of electric field is important and is of
interest, as the field is often significantly intensified here. The high field stress
possibly causes partial discharge or inception of breakdown phenomenon within the
insulation system. There were many publications on the electric field at triple junction
by using both analytical and numerical methods. Such as the publications reported by
T. Takuma and B. Techaumnat [3-6], the electric field at a triple junction usually
exhibits complicated behavior. The field heavily depends on the contact angle and the
electrical properties of the involved media. The field behavior at the contact point is
basically summarized according to ¢ as follows: First, for o = 90°, the field may be
enhanced by a certain degree but still finite. Sceond, for 0 < a < 90°, the field is either
zero or infinity, which depends on the involved.media. Finally, for a = 0°, the field is
finite but possibly much mese intensified than thatin.the first category.

Up to now, the electrie«ficld behavior at the zero-angle contact point has been
extensively investigated [4, 7=9]. The inyestigations treat a variety of interface shapes
near the contact point such as acircle and a non-circle; and the effects of conductivity
in the media. However, the focus is‘mainl}'.il on the cases in which one of the involved
media is a conductor:” For example, a aiqlectric particle is between parallel-plate
conductors, a spheroid jor an elliptic cﬂihder resting on conducting plane under
external electric field, etc.dn these cases, the field strength is always maximal at the
point of contact and can be significantly intensified with increasing the dielectric
constant of the dielectric media;, Near the contgc;t point, the field distribution becomes

more nonuniform. In the investigated configusations, there is a configuration similar

"B

to that in Figure 1.2 has been studied [9].

Zero-an gle
contaCt point
T

&s

Dielectric solid
¢ Py

Figure 1.4: Bare cylindrical conductor lying on a dielectric solid.

As shown in Figure 1.4, the configuration is a bare cylindrical conductor of
radius R in contact with a dielectric solid of finite thickness Dy and dielectric constant
&. The background medium is air with dielectric constant &,. In this case, the contact
angle is zero but the media are a conductor and two dielectrics. The electric field is
calculated by using the charge simulation method, a numerical method. The results of



calculation show that the maximum field at the contact point is significantly

intensified by either increasing of dielectric constant & or decreasing of thickness Ds.

On the other hand, the electric field behavior at a contact point formed by three
dielectrics was also reported by Takuma’s group in [6, 9—12]. The electric field has
been studied mainly for the contact angles between 0 and 90°, i.e., non-zero contact
angle. The field strength approaches a singular or zero value at the contact point. Near
the contact point, the field varies as a function of 7! where r is the distance from the
contact point to calculating point and » is positive smaller than unity. The value of n
is used to evaluate the enhancement of the field strength near the contact point.
Principally, it depends on the electrical and géometrical parameters of configuration.
Besides, the value of n cannot be given m.a“closed form, but obtained by using
appropriate numerical methods such as the Newton-Raphson method.

1.3 Objectives

The purposes of this theSis arg (o study ‘the electric field behavior near the triple
junction between threé diclecirics where the contact angle is zero, and to investigate
approaches for reducing the intensification of electric field at the junction.

1.4 Scope of Thesis :

This study is confined to a simplified conﬁgura_tion in which the covered-conductor
cable is modeled as ajcoaxial cylinder with a sihgle layer/0f insulation in most cases.
The cable lies on a «ielectric solid of fimite thickness-The dielectric constants of
typical polyethylene (PE) and porcelain are applied in the analysis. All these media,
except the conductor;-are assumed to be perfect dielectric. The electric field is
calculated by using an analytical method of mutipole images in two dimensions.

1.5 Thesis Outline

The contents'of the'thesis'are organized as follows:

Chapter II generally presents the method of multipole images in two
dimensions, which is applied to the electric field calculations. Three image schemes
related to configuration of the thesis such as that of grounded plane, dielectric plane
and coaxial cylinders are also considered.

Chapter III explains the calculation results for the electric field behavior near the
contact point in configuration of an insulated conductor resting on a dielectric solid of
finite thickness. In addition, this chapter explains the influences from other phase
conductors on the field distribution.



Chapter IV discusses three techniques of field mitigation at the contact point.
The techniques focus on the insertion of a dielectric or a conducting layer between the
conductor insulation and the dielectric solid.

Chapter V gives the conclusions of the thesis.

AUEINENINYINS
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CHAPTER 11

METHOD OF MULTIPOLE IMAGES

2.1 Introduction

This thesis applies the method of multipole images for two dimensions to the electric
field analysis in the configuration of Figure 1.2. The multipole images such as
monopole, dipole and quadrupole are utilized to represent charges in the arrangement.
For example, Figure 2.1 illustrates the physiealanterpretation of a 2D monopole and a
2D dipole, respectively, as-a linc charge and tworelosely-spaced parallel line charges
of equal magnitudes but opposite polarities.

g y Is
= . _q.

a) Monopole
b) Dipole

Figure 2.1: Physical mterpretation Of!-a monopole and a dipole in space.

The method of multipole-images is an ‘analytical method whose principle is to
insert appropriate multipole charge images in order to satisfy all boundary conditions
in the configurationThe determination of the magnitude and the position of the
images are based on the image schemes of fundamental arrangements such as the
scheme of a grounded plane or that of dielectric cylinders. Hence, the application of
this method is /itnited tojconfigurations whichyare composed.of simpler arrangements
with the availableimage Schemes.' However, this' method has an advantage over
numerical methods, as high accuracy of calculation results .can be realized,
particularly ‘for thc \configuration) under ‘considération hiere whichinvolves curved
boundary contours:

Note that the presence of mutipole images in this method may cause a numerical
problem in calculation. As we know that, at an infinitely far position from a source
charge, the potential due to a 2D monopole (line charge) is singular, whereas that due
to other 2D multipoles vanishes. This characteristic leads to numerical instability
when applying the multipole re-expansion which is to be discussed later in the section
2.3, although the relations are theoretically correct. Besides, the potential by a
monopole is a function of natural logarithm, i.e., In(r), where r is the distance from
the source. Thus, a reference potential (zero potential) is taken at an arbitrary point.



We may here let the point be at a unit radius for simplicity. By such reference of zero
potential, the potential of a monopole decreases from infinity to zero as the distance r
increases from zero to unity. Therefore, I solve the numerical problem by restricting
the spatial dimensions of the calculation arrangements to be smaller than unity. An
arrangement with larger dimension is scaled down so as to conform to this restriction.
However, when a very small value of » combined with a high order of multipoles may
give a numerical overflow of the potential.

2.2 Expression of the Potential

For this method, a complex plane z = x +Iy‘is.used to represent a two-dimensional
physical space. The real and-imaginary parts desciibe geometrically the abscissa and
the ordinate of a point (x'y) in.the physical space. From the complex theory [13], a

function @ = ¢+ iy is amalytieonly if it satisfies the two Cauchy-Riemann equations:
|

%:8_1// and %:_6_‘//. 2.1)
B Y OY OxX

The real and imaginary parts: of Jthe analytic function @ satisfy Laplace’s
equation. That is bl L 4

2 2 7,'_, 2 2
vig=20 BV ey -2V OV (2.2)
Ox~ 0y Y ox oy

.

I here call O the-complex—potential-and-choose the real part ¢ as the real
potential.

Consider a complex plane as shown in Figure 2.2,"in which a number of sources
(line charges) exist. g; and‘g; are respectivély denoted as the charges inside the inner

circle |z - z0| =1, and outside the outer|circle |z . | zo| =r,. These circles have the same

center at zo. For a region defined by 1, < |z - z0| <.r,, the complex potential due to g;

and g; ean be expressed in a general form'as a sum of fwo infihite-series expanded
about zp:

=0, +D,, (2.3)

where ®@j is the potential of multipoles,

> B
®, =B In(z—z)+ ) —"—; (2.4)
B 0 0 ;(Z—ZO)

and @, is the potential of Taylor expansion or local expansion,



®, =Y L(z-z)". (2.5)

Charges ¢;

o Charges g;

v

Figure 2.2: Region r, < xz - zol < r,. Charges g; are inside the circle of radius r, and

charges gj areoutside the cirele of radius 7.

@3 is the potential due fo all chargflzs 'q;, whereas @ is the potential due to all
charges g;. Note that in(2.4) Op is singulér_ at zo. The potential coefficients B, and L,
are complex numbers, which are {0 be détehnined in the calculation to fulfill the
boundary conditions involved. For exampl‘ef- if a line charge with charge density ¢y is
located at (xo, yo) in a medium-of permittivi_ty' Of &, then the charge is presented by a
monopole or zero-order multipole By = —q0/2%c§;at Zo in the complex plane.

2.3 Re-expansion‘of Complex Potential

For the multipole image method, three types of re-expansion of the complex potential
are often utilized as a combination to makes possibly. the application of the method for
various arrangements. | here use the term “re-expansion” Jfor the processes that
expand the function ® about a different center in a form of multipole potential in (2.4)
or a formgof: local-expansion.in- (2.5).; Actually;, the, processes-are done based on
expansion 'of Maglaurin series) throungh' a dimension _ratio “smaller than unity.
Therefore, the series with a high order of expansion are applied to reduce errors
appeared in the expansion process. Details of expansion formulas as well as their
proofs are described in [13-15].

In this section, I present briefly two types of the re-expansion which are used for
this thesis. The first type only translates the center of expansion in form of multipole
potential (without change in the form of expression), whereas the last one not only
translates the center of expansion but also rewrites the multipole potential into the
form of local expansion.



2.3.1 Translation of multipole expansion

Consider an nth-order multipole B, at zp = xo + iyp in a complex plane, as shown in
Figure 2.3. Such as (2.4), at any position z in the complex plane, the complex
potential ® 8, due to this multipole is equal to By In(z — zo) for n = 0 and B,/(z — zo)" for
n > 1. However, with the center of expansion moved to the origin O, we can re-

expand @, for region Izl > Izgl, i.e., outside the circle of radius zo and center O. The

potential is expressed as

(2.6)

where C; are the multi ¢, =C/Inz and chj :Cj/zj .

The new multipoles, ¢ original B, as follows:

=tF .h1, ). (29)
AUL INENTNYINT
QRIANTPIYRTINENAE

[
|

’
Figure 2.3: Multipole B, at zj in the complex plane.

2.3.2 Conversion from multipole expansion to local expansion
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Consider the same multipole in Figure 2.3. For the region Izl < Izl, i.e., inside the
circle of radius zo and center O, we can express the complex potential @, in the form

of local expansion as the center of expansion moved to the origin O. The potential is
rewritten as

D, => D, , (2.10)

oefficients of the re-expansion. That is,

@, =M 7’ forj>0. We can ermi B, as follows:
Ifn=0,
(2.11)
(2.12)
Ifn>1,
(2.13)
(2.14)

2.4 Calculation of the Electric Field ,

Aferthe comiTs bt ded A g o b fied of E, and £ in &

and y directions at any point in the space are calculated from the &Jmplex potential ©

"TRHRIANN I UNINYAY

p o 0¢_ ORe(®)_ Re(@®) (2.15)
ox ox ox

P _0p _ _aRe(d)) _ Im (o) . 2.16)

oy y Ox

Since 0@ _0Re(d) alm(q)), 2.17)
0z Ox ox
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the magnitude of electric field is expressed as

oD

E=|—
0z

) (2.18)

2.5 Image Schemes

Like the conventional image method, determination of position and magnitude of
multipole images is the first step and is the fundamental of the calculation. As the
configuration in Figure 1.2 is complicated, the multipole images cannot be directly
established to fulfill all invelved boundarysconditions in one time. Thus, image
schemes of simpler arrangements, which compese the configuration, are utilized. This
section presents the image schemes of three fundamental arrangements: grounded
plane, dielectric plane and_eoaxial cylinders. Multipole images from the image
schemes are applied to'the ealculation in an iterative manner, and the calculation is
terminated when the changesin the maximum electric field at the contact point from
that in the previous repetition i§ “smaller than'10%. The highest order of the
multipoles in the calculation is'as high as 60. After the multipole images are obtained,
the potential and electtic field can beit'. determined by using (2.3) and (2.18),
respectively. 2

2.5.1 Grounded plane ' 2H

Multipole B, is at 7o = xo +iyo above a grouﬁ‘&é'd*'plane as shown in Figure 2.4. Charges
are induced on the' grounded plane. To determine the potential above the grounded

plane, we replace all'the induced charges by an image multipole B, at the conjugate

Z,= X0 — iyo. B, is calculated as:

—1Yg|-mmmmoo 2

B =—B, forn>0. (2.19)

198 %
iy,I-0-050- n

! Grounded plane

Z, i [
E Xo X,
ERNG
1

Figure 2.4: Image B, induced by grounded plane from source multipole B,.
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2.5.2 Dielectric plane

Figure 2.5 shows a configuration of a multipole B, placed at zo = xy +iyp above a

dielectric plane. For this configuration, two multipole images, B, placed at 7, and
B, at 7o, are used to satisfy the boundary conditions at y = 0. The potential above the
dielectric plane is the sum of potentials caused by B, and B,, whereas the potential

below the dielectric plane is the potential due to B,. B, and B, can be calculated as

follows (for n>0):

+__#

S\\//
‘\E%\\j&f;&d (2.20)

(2.21)

@ml@mm;%;m VNS, e i,
s GEARAT T0I 1M TN YA

In this section, two cases of potential sources are considered for the arrangement of
coaxial cylinders. That is, (i) a fixed potential Vj at the inner cylinder and (ii) a
multipole B, outside the coaxial cylinders. They are respectively shown in Figures 2.6
and 2.7. The coaxial cylinders are composed of an inner conductor with radius R¢ and
an outer dielectric layer, called the conductor insulation, with radius R. I denote the
dielectric constants (relative permittivities) of the dielectric layer and that of the
surrounding medium by & and &, respectively. The surfaces of the conductor and
conductor insulation are represented by terms “Boundary 17 and “Boundary 27,
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respectively. In both cases (i) and (ii), charges are induced on both Boundary 1 and
Boundary 2. In order to satisfy boundary conditions on the boundaries, we utilize
three multipole images whose complex potential is expanded at center of the
cylinders.

1. Potential V at the inner conductor

Figure 2.6: Fixed poteatial V) at inner coaxial conductor.
First, for a fixed potential at'the coﬁ:d’ilétor as in Figure 2.6, the charges on the
conductor are presented by a monopole 6r12ero—order multipole image. Hence, there

exists only monopole componeﬁt irl added iﬁi'aiéés. Then, the potential (®;,) inside the

conductor insulation, R¢ < Izl < R, and (d)oﬂ.___ou_tside the conductor insulation, z > R,
- ™ e i
are calculated as

% if
- 4

®, =D, +®, =C,jlnz+I, and (2.22)

®,, =0, =D,Inz, (2.23)

where @ and @, “are"the monopole potential due to the ‘charges on the conductor

surface and the induced charges on the surface of conductor insulation in determining
potential inside the, conductorginsulation, respectively. @, ' is the'monopole potential
resulted from the charges on both Boundaries 1 and 2 for calculating potential outside

the cylinders.

Based on fulfilling boundary conditions, the following equations are used to
compute the magnitude of monopole images, where I'=¢, /¢, :

C, = 4
* ImR.+(@T-DInR’

(2.24)
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0= T-DinR - (2.25)
InR.+(T"-1)InR
I (2.26)

D, = V.
InR.+(T-1)InR

In this case, if the coaxial cylinders are covered by a floating conductor layer at
the radius R, then it is required one more boundary condition of equipotential at R.
However, as the potential is constant anywhere on Boundary 2 by (2.24)—(2.26). The
presence of the floating conductor does not have any influence on the calculation of
image to fulfill the condition of potential V,+That is, the equations from (2.22) to
(2.26) are still applied. 2

ii. A multipole B, outSide'the cylinlders

Consider the second arsngement (}f a multipele B, outside the coaxial cylinders
as in Figure 2.7. In this cdse fas the’ potential source V, is replaced by source B,, the

potential at the condugtor mtisgbe _yaﬁisha?c'l by connecting to zero potential.
# $ +

Jd

Figure 2/7: Multipole B, located outside coaxial eylinders.

Fizst of all, we utilize a re-expansion formula'in (2.10) to re-expand the complex
potential'due to the external sources of B, to local expansion form about center of the
cylinders for simplicity. Thus, the inserted images include both monopole and
multipole components. The center of the cylinders is treated as the origin. Then, for
multipole B,, the potential (®;,) inside the conductor insulation, Rc < IzI < R, is
described as

= C | [&
D, =D, +D, {co 1nz+2—;}+[Zszf}, (2.27)
J J = z

j=0
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and the potential (®,,,) outside the conductor insulation, z > R, is expressed as

= . © D.
q)t)ul :q)B +q)D :[ZM]ZI}+|:DO an+z_lji| . (2.28)
! ! j=0 j=1 &’

In (2.27), the potential ® . is the multipole potential contributed from charges
on the conductor surface, whereas @, is the multipole potential of B, and induced
charges on the outer surface of the conductor insulation. In (2.28), ®,, is the multipole

potential representing induced charges on both Boundaries 1 and 2 for calculating
potential outside the cylinders.

From the boundary eonditions, the magnitude of multipole images is determined

as follows:
For j=0,
v
£ - Re{M !, 2.29
Y @-HinR+nR, W} 229
R,
o Aadilohd RelMm ), (2.30)
I+ lnR+in R,
D, =~ r?- Re{M,}. (2.31)
-~ =(F=1) I RAaR
For j>1,
2] |
B = 2K M, (2.32)
T+ + ([T &) (R./R)
L 2 (2.33)

J

- =M,
(Lt Dt CoD(RAR). - -

2|1-(R./R)” .
D, = [ (Be/R) } ——1tRM ;. (2.34)
@ +D+ @ =D (R./R)”’ !

When the coaxial cylinders are covered a floating conductor layer at the radius
R, the application of the images and calculation process is slightly changed as follows:
For monopole component j = 0, the equations from (2.29) to (2.31) are still applied
here. For higher-order multipole components j > 1, the multipole images C; and L;,
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which are utilized for calculating potential inside the conductor insulation, do not
exist. That is,

C,=L;=0. (2.35)
Besides, as the surface of the conductor insulation is a floating conductor, we
apply the formula derived in [16] to mutipole image D; as

D,=-RM,. (2.36)

2.6 Examples of Calculation Process
-t

This section presents someexamples of the application of the multipole image method
to field calculation in_2P cenfigurations. The configurations are formed as the
combination of simple arzahgements explained in Section 2.5.

2.6.1 Grounded plane and dieleciric pld}le;

Figure 2.8 shows a source multipole B, ah(dljits_-images with respect to two Boundaries
1 and 2. B, is at a distance @ above Bou_iy_igry 1 on y axis of the (x, y) coordinate
system (see Figure 2.8). Boundary 1 is an 'jl}tgv;face of two dielectric media a and b
having dielectric constants &, and 55, resp@xfély. Boundary 2 is a grounded plane.
The thickness of medium biis D. e

gl

R

ole

4 | n;23 A

4D +d

Medium a

a A/Boundary 1
‘ 7 \
&

Boundary 2

4D +d

|
|
I
|
|
|
|
|
|
|
| pa
| Bn,13 \
|

-

b
B, e 2
L=

Figure 2.8: Multipole images inserted to satisfy boundary conditions of grounded
plane and dielectric plane from multipole B,,.
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Note that all inserted images and the source B, lie on the same vertical line (i.e.,
on the y axis). However, the positions of images are at different x coordinate to clearly
illustrate the sequence of image insertion. In the expression of the images, for

example, By, then the superscript “a” indicates the medium for which the image is
used to calculate the potential, and the subscript “11” is associated with the image

position. The images in Figure 2.8 are inserted sequentially to satisfy boundary
conditions on Boundaries 1 and 2, as presented in the flowchart in Figure 2.9.

[ START ]—> Initial multipole B,

-

< |l

B, Botindagy'1 images Br?,lk \ B}l”zk
Use boundary€onditions'of dielectric plane
il (2.20)=(2.21)
v 4
B, f 82 imace BY,
Use boundary ¢onditions of grounded plane )
in(2.19)€ 4

e

b Boundary 1 e i b
B, ==, images Bn,l(_,kJ_rl) s B

@)

n,3
Use boundary condition of dielectric:plane 3)
in (2.20)-(2.21)

v

Calculate electric field at Boundary 1 in &
side (using B;,, and B,)

v

Calculate relative error o of the field from (5)
previousrepetition

C))

) Yes
k=k+11 No w<10"% B, . By, B,y > END

a

Figure 2.9: Flowchart for insertion of images B, , sz’,z , and B:,3k from multipole B,,.

For instance, with step k = 1, at (1) we use two images B, at z,, = (D —d)i and

B, at z,, =(D+d)i to fulfill conditions on Boundary 1 by the multiople B,.

Magnitudes of these images are computed by using (2.20) and (2.21), where I' = g/¢&,:
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r-1- 2
B!, =———B, and B, =——B . 2.37
n,l1 r+1 n,21 r+1 n ( )

In (2), from the image By, , an image B}, at z, :[D—(d +2D)]i is inserted for

condition on Boundary 2. Its magnitude is determined by (2.19) as

B, =-B,. (2.38)

Then in (3), the appearance of B’ ., disrupts boundary conditions on Boundary 1 that

is established in Step 1. Hence, two images' B, at. z,, = [D d+2D ]z and B;,, at

=[D+ d +2D)}i are-utilized to satisfy conditions on Boundary 1 from Bn,3l‘

The equations (2.20) and (2.24) are also applied to their magnitude calculation:

o,

a
BnLZ

le and B° ke (2.39)

n3l € P :m n3l "

Theoretically, an infinité number oﬁirﬁages are needed to completely fulfill the
boundary conditions. However, we may ti'uncate the calculation after m steps when
the influences of the newly ddded’ 1mages become negligible. These images can be

classified into three categorlee of B Bb%k and B!, whose magnitudes are

presented in Table 2.1. These categorles are respectlvely characterized by position

4 .-’—I

groups of 7y, zor and.z3;. In particular,

24 =[D~(d+2k~DD)] i (2.40)
2y =[D+(d+2(k-1)D) ], (2.41)
ey £l D+ (d+2kD)]i. (2.42)

where k=1,2,3"...

Table 241: Magnitudes'of image groups. BL{,|, B, ., and B’;, .

n,

Images k=1 k=2 k=73 k=m (only m>?2)
1 A — Ar(T-1)— Aar(r-1\""
B:ll,lk —uBn - 2Bﬂ _(—3)Bn # n
C+1 (C+1) (C+1) (C+1)"
2 r_l _ 2 _ m—1
B:Zk LBn - ( 2)Bn _MBH _Z(I"—I)mBn
’ T+1 (T +1) (T +1) (T +1)
L 2 F—l o _ 2_ m—1
B:y{ _LBn ( 2) B, MBn Z(F—I)Bn
’ T+1 (C+1) (T+1) (T+1)"
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Now we have already determined the magnitudes and the positions of all
images. Then the equations (2.3) and (2.18) are applied to calculation of potential and

electric field, respectively. For the medium a, we use the images B, and the

multipole B,, whereas the images B, ,, and B',, are utilized for the medium b.

2.6.2 Grounded plane, dielectric plane and coaxial cylinders

This section explains the calculation procedure for the configuration of coaxial
cylinders and a dielectric sheet in a backépé)md medium, as shown in Figure 2.10.
Three dielectrics in this figure are media a; ] _and’c_ having dielectric constants &, &
and &, respectively. The-inner eylinder'is a conduetor. The conductor is charged to
potential Vj and has radius R - The outFr radius of the cylinders is R,. The dielectric
sheet has thickness D. Fhis ¢ ____iguratioxl may be applied to Section 3.2 and as a basic
for other configurations in'tl

Figure 2.10s°Configuration composed of coaxial-cylinders and a dielectric sheet.

For the purpose of field calculation inside three dielectric media, we first need to
determine the magnitudes and the positions of multipole images. Due to the
complication of Figure 2.10, the configuration is subdivided into simpler objects, i.e.,
coaxial cylinders in Section 2.5.3 and dielectric sheet (including grounded plane and
dielectric plane) in Section 2.6.1. The inserted images are determined by fulfilling
boundary conditions of these objects. Figure 2.11 shows the flowchart for the
insertion of multipole images. Note that the meaning of symbols enclosed images in

the flowchart is similar to that in Section 2.6.1. Beside, the subscript letter
indicates the j-th step of the iteration. When a (x, y) coordinate system is assumed as

in Figure 2.10, the center of the cylinders is at z, = (D + Rz)i .



[ START ]——> Initial potential V)

; y
Vo Olinders _images [ijo} [Li’ol" [Bb }

i’ 07 ;\:
Use boundary conditions of coaxial Cylindefé
in (2.24)—(2.26)

v
B,, = [B;,o]j v Lol 7 [E:,,ol 2 B:,o = [B:,o]j

B:,lk =0 B;,Zk L B;,% =0

»

v

[B:,ol. = images{ [B:,]k ]j ’ [B:,Zk ]j ’ I:B:,Sk ]j
Use ﬂowchart 1n Figure 2.9

!

e ¥ W | B g b
[Bn,lk]j A= Images IEB:’OJ_/'H’ [Ln,o]]-H’ [B”’O]Hl

Use boundary conditiéns of eoaxial cylinders
1n:(2:29):(2.34)

j=j+1

ic:

B, =B,,+ [B::,o] A %;;JLZ,O + [L?z,o]

J+l’ ff 8

ke Jj+l ’
o L o b ) b
Bn,O I Bn,O +I:Bn,0:|,-+1 H Bn,lk = Bn,lk + I:Bn,lk :‘]- 4

c 5 pc c ¢  _ pc c
Bn;Zk . Bn,Zk + I:Bn,Zk :I] ’ Bn,3k o Bn,3k + I:Bn,Sk j|j

v

Calculate electric field at contact point in &,
side) (Using B atid| BY | 9

v

Calculate-relativeserromw-of the fieldsfrom
previeus repetition

Y

Figure 2.11: Flowchart for insertion of multiople images from of potential V.

No w< 107%

Yes
a a b b c c
Bn,() ’ Ln,() ’ Bn,() ’ Bn,lk ’ Bn,2k ’ Bn,Sk

END

20

¢ Image at the j-th step of
j=1 the iteration
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The flowchart in Figure 2.11 can be explained briefly for step j = 1 as follows:

First, with an initial potential V{ at the conductor, we use three images [B:,O l ,

[L;Ol and [B:Dl that is at the center of the coaxial cylinders z to satisfy conditions

of boundaries on the cylinders. Magnitudes of these images are calculated by using
(2.24)-(2.26).

Then, the image [B:’Ol looks like placed in the medium b above the dielectric

sheet a distance R,. Hence, in order to fulfill two boundaries on the dielectric sheet,
we utilize three image groups I:B:,lk l, [B;zk ]1 and [B:ﬁk l whose positions are at

Zik» 22k, and zz;. Their magnitudes are.related (o [nyolas shown in the Table 2.1,

whereas the positions are comptied by applying (2.40)-(2.42).

Next, the appearaneé of the images [B:Jkl for the field calculation in the

medium b disturbs the dnitiall potential ‘on the eylinders making the boundary

conditions of the cylinders unsatisfied. Thus, we need three more images [B:,OJ

[L:O]z and [B:,OJZ with respect _to[Bf‘lk lsoas to satisfy the boundary conditions of

27

the cylinders again. Equations (2.29)-(2.34) are applied to determine their magnitudes.
Now the image [B:»OL is“eccurred ag:a_ir-if"ﬂwhich is similar to [Bj,o l in the first

time. The new images will be mserted cont’fﬁﬁdhély in a similar process as explained

above until the electrie field caused by them is smaller than-the desired relative error.

In the iterative process, the images which are the same kind (i.e., the same
position) will be added'together. For example, assuming that the number of iteration

is fifty, we will have fifty/images of [B: 0] 4, where j =1, 2 ... , 50. However, with
i J

50

additional procéss, finally there exists only one image B, ,, where B, = Z[Bj()] .
= !

a
Ln,O ’

Therefore, 'when ‘the itetation i$ terminated; we 'have thrée images B’

n,0
B, at zo and three group images of B, ., B, , BS, at Zi, Zok, 23k respectively. For
the calculation of potential and electric field, we utilize the images of B;, and L, ,
for the medium a, the images of B:,O and B:,lk for the medium b, and the images of

B, ,, and B, for the medium c. Note that the image L, , has potential in form of

n

local expansion in (2.5), whereas all other images have potential in form of multipole
in (2.4)



CHAPTER III

ELECTRIC FIELD BEHAVIOR NEAR
THE CONTACT POINT

This chapter presents the analytical results of the electric field in a configuration of an
insulated cylindrical conductor 1 \jf ; gielectric solid of finite thickness. The

insulated conductor and dlel t a space aerial cable (SAC) and a
spacer, respectively. This % nmdersﬁidd from two sources. First, the
field results from the ap?tlalgt th@ductor of the cable. That is, the
electric field is cause ] Y ctor. Second, the configuration is

subjected to an extern

of . able is composed of four
components: aluminium tors ¢o ield, XLPE insulation and outer
‘of 50 mm?” and 185 mm? SACs
used for 22 and 33 kV sy m*@f the ectric authority (PEA), Thailand

[2]. s

Figure 3.1: Cross-section model of aerial space cable.
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Table 3.1: Dimension parameters of space aerial cables.

System Size Diameter of| Thickness of Thickness of Thickness of
voltage (mm?) conductor |conductor shield|insulation (XLPE)| jacket (XLPE)
kV) (mm) (mm) (mm) (mm)
22 >0 8.33 3.175
185 15.98
0.3 3.175
33 >0 8.33 4.445
185 15.98 ’

For the purpose of field calculation, the' SACs are modeled by using two coaxial
cylinders so as to reduce the caleulation complexity. The coaxial cylinders have core
radius R¢ including the conductor shield and total radius R including the jacket layer,
as illustrated in Figure 3.1sFhe values of Re and R are given in Table 3.2.

Table 3.2: Calculating parametess of various types of SAC.

System Radius of | Tlijékness of | Outer radius

voltage (;1;%) conductor, Re |insulation layer| of cable, R Rc/R
(kV) (ram) ~(mm) (mm)

50 WGP -i.ih ks A 10.815 0.4129

22 185 8.29 -f‘ ?'35 14.64 0.5663

50 4. 465 == 12.085 0.3695

33 185 8204 £ 15.91 0.5211

From Table 3.2; the thickness R—R. of the insulation layer is the same for the
cables for each system voltage, whereas R¢ is independent for the system voltage.
Note that R is increased by 1.86 times as the cable size increases from 50 mm? to 185
mm?. The thickness R—R¢ increases 1.2 times as the system voltage increases from 22
to 33 kV (1.5 times).

3.2 Electric Field by.the Phase .Conductor

3.2.1 Configuration

A two-dimensional configuration of an insulated cylindrical conductor resting on a
dielectric solid shown in Figure 3.2 is utilized for the study. As explained in Section
3.1, the insulated conductor represents the SAC, and the dielectric solid represents the
cable spacer. The conductor has radius R¢ and the outer radius of the cylinder is R.
The thickness of the dielectric solid is Ds. The cylinder makes a contact with the
dielectric solid at the point J, and the contact angle is zero at J due to the rounded
contour of the conductor insulation.
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Conductor
insulation

Y/

J—]
| db 5S
| DS

Dielectric s\o\i(‘ ' ’ Jas

Figure 3.2: Insulated eylindrical conduetor1ying on a dielectric solid.

For the study of glectriefield by the potential of the insulated conductor, the
conductor is charged at petential V, andla grounded potential is assumed at the lower
surface of the dielectric solid. The dielectric constants of the conductor insulation and
the dielectric solid are" demoted by ~& aﬂd £5, respectively, whereas unit dielectric

constant & is used for thg surroundmg medlum (air).

In this section, the focus ‘ison the_--relatlonshlps between the degree of field
intensification and the configuration paréfhc;ers, in particular, (i) the ratio of the
thickness Dy to the outer radius R -of the cjlliﬂder and (ii) the mismatch between the
dielectric constants & and &. I con51der the: system voltages of 22 and 33 kV, i.e., Vo =

22\/_ / \/5 and 33\/_ / \/_ kV. The radius ratlos RA/R accordlng to the values in Table
3.2 are used to reﬂect the practical SACs. That is,

= RcR=0. 4129 for SAC 50 mm? used for 22 kV,
= RJR =0.5663for SAC 185 mm? used for 22 kV,
= R/R =0.3695 for SAC 50 mm? used for 33 kV,
* RJ/R=0.5211 for SAG185 mm” used for 33 kV.

The spacer thickness Dg between 0.001R .and 10000R (18 used to study its
influence on the electric field. This range of Dg covers all cases in practice.

The insulation material of the SAC is cross-linked polyethylene (XLPE).
Therefore, & = 2.2 is applied to the calculation. The dielectric solid (spacer) is usually
made from high-density polyethylene (HDPE) or porcelain. In this thesis, the
dielectric constant g of the dielectric solid is varied from 1 to 7 to investigate its
effects on the electric field. This range of & includes the values 2.2 for HDPE and 7
for porcelain. The case & = 1.5, which does not really exist, is also treated because I
want to know how the electric field changes when the dielectric constant of the
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dielectric solid is lower than that of HDPE. HDPE is a material having the lowest
dielectric constant in materials used for the spacer at present.

3.2.2 Electric field distribution

This section presents electric field distribution near the contact point J in Figure 3.2.
The field is considered on Line a and Line b shown in Figure 3.2. Line « is a vertical
line starting from the center of the conductor through the contact point to the lower
surface of the dielectric solid. The position of a point on this line is indicated by the
distance d, measured from the center of the eonductor. This means that d,/R = Rc/R
corresponds to the conductor surface. The fieldon Line a has only downward vertical
component because of the'symmetry of the configuration. Line b is a horizontal line
along the upper surface of the-dielectric solid. The position of a point on Line b is
indicated by the distanee d;, measured from J. This means that d,/R = O represents the

. |
contact point. :

In the following results; the size ofLS"AC and system voltage are denoted by A-
B, where A is the size¢ of'SAC ‘and B 1s the system voltage. For example, SAC50-
22KV is applied to case of SAC/50 mim” used for 22 kV systems.

The field distribution is presented here as an example for the cases of Dg/R = 1
and & = 1, 2.2 and 7. The calculation results are obtained by the method of multipole
images. Figures 3.3 and 3.4 show the typlcal—dlstnbutlon of the electric field on Line a
and Line b. Notice that the field-values are taken on the &, (air) side for Line b.

It is clear from Figuie-3:3-that-the-characteiistic-of the electric field is governed
by &. The field characteristics are similar for all the syst'ém voltage and cable sizes.
The electric field streagth is maximal at the conductor surface for all cases of &. The
field usually decreases with,increasing distance from the conductor. However, in the
case of & = 7, thefield-becomes stronger with increasing d, near the contact point. In
the dielectric selid, the maximum field strength 1s always at the contact point, and
higher for lower &s.
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Figure 3.3: Magnitude of electric field from the phase potential on Line a for the case
of Ds/R =1,

In Figure 3.4, the eleétric field is plotted as a function of the normalized distance
dp/R. The field distributions.are similar to each ‘other for all cases of system voltages
and cable sizes. The field is maximal at the contact point and decreases with
increasing distance-from J-Higher, values gg.always yield-stronger. electric field at any
positions considered ‘in. Figure '3.4.+ Therefore; this! figurey clearly shows the
intensification of the electric field in the air side by &s. In addition, in comparison with
the field magnitudes in Figure 3.3, we can see that the maximum field in the
configuration occurs at the contact point J in the air side.
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Figure 3.4: Magnitudé of electric field from the phase potential on Line b for the case
of Ds/R =Hin

When comparingithe field strength: at:the icontact peint«in Figures 3.4, it can be
seen that the field strength has'a.small difference and 'the difference is larger for
higher &. In particular, for g = 7, with increasing the system ,voltage (compare
Figures, 3.42 to0 ¢, -and Figures 3.4b and'd.), the field strength increases up to 1.25
times for. SAC 50 mm?” and 1.28 for SAC 185 mmi”. Besides, with increasing the size
of SAC (compare Figure 3.4a to b, and Figure 3.4c and d.), the field strength is almost
unchanged for the same system voltage 22 kV and 33 kV.

3.2.3 Contact-point electric field

This section presents the intensification of electric field at the contact point in air side,
as air is the medium with the lowest dielectric strength in the configuration and the
field maximum takes place at the contact point in the air side. E.; is defined as the
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maximum electric field at the contact point in air side without the dielectric solid (g =
1). The field strength E.; for four types of SAC is compared in Figure 3.5 as a
function of Dg/R. We can see that E, for all the cable types behaves similarly with the
change in Dg/R. That is, E. decreases with increasing Dg/R rather fast for Dg/R up to
unity. With a further increase in Dg/R, the field decreases more slowly, but should
approach a lower limit for Ds/R = . However, with increasing the system voltage,
E.1 becomes higher, especially for smaller Dg/R; and the cable size does not have a
significant effect on E; as the field varies only slightly with the cable size in Figure
3.5.

o . ] :
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S - -0 SAC185-33kV |
=)
£ s}
=
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0.001 0.01 0:1 12722424300 100 1000 10000

Figwre 3.5 Electric field E i asafunctioniof Dg/R.

With the presence of the dielectric solid, the electric field E. at the contact point
is always higher than FE.{."The ratio E./E:, considered as_an index of the field
intensification, 18 presented-as a function of Dg/R in Figure 3.6a, b and c for three
values of &. Figure 3.6 demonstrates that all the types of SAC exhibit similar
relationshipabetween (EdE and | Ds/Ry (The srole rofy g omy they electric field
intensification (E.E,,)"becomes. ptedominantly with increasing Dg/R (although the
field magnitude E. decreases). For any ratio Dg/R, larger values & result in higher
E/E,..

As Dg/R increases, E./E.; becomes higher; however, the saturation of E./E.; can
be seen in Figure 3.6 for & = 1.5 and 2.2. The saturation value of E./E.; depends
on &s. For the case of SAC50-22kV, with large Dg/R = 1000, E/E;; = 2.51 for g5=2.2
(HDPE) and 7.88 for & = 7 (porcelain). That is, in this case the electric field is
stronger by 3.14 times or higher with porcelain than with HDPE as the lower

dielectric constant.
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29



30

Figure 3.7 shows the difference A(E/E,;) of E./E.; based on comparison with the
E/E. of the type SAC50-22kV at the same Dg/R. The difference is given in
percentage for g5 = 2.2 and 7. It is clear that magnitude of A(E/E,;) increases with
Dg/R from zero and reaches the maximum value at Dg equal to a few times of R.
Compare Figures 3.7a to b, we can see that A(E/E,) increases with gs. For example,
with SAC185-22kV, the maximum difference is 5.87 % as g = 2.2, whereas that
equal to 15.15% as & = 7. Besides, the difference according to SAC50-33kV is much
smaller than that of SAC185-22kV. This means that the field ratio is less influenced
by the system voltage than the cable size. This regard is opposite to the above remark
about field strength in Figure 3.5.
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Figure 3.7: Difference of ratio E./E,; in comparison with SAC50-22kV.
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The electric field distribution has been analyzed for various types of SAC in the
same configuration. Although the field strength and the field ratio vary between types
of the SAC, their distributions are principal in the same form. Thus, the subsequent
parts such as Section 3.3 and Chapter IV can be done only on the type of SAC50-
22kV as a typical example. The values of the contact-point field strength and the field
ratio E./E,; are given in Appendix A.

For arrangements with zero-contact angle in composite dielectrics including gas
medium, the electric field in the gas medium is intensified and can be considered as a
quasi-uniform field in close vicinity of the contact point. Hence, apart from applying
numerical and analytical methods, the field sirength in the gas gap near the point of
contact may be determined approximately-by=sharing the applied voltage between
dielectric media at the contact-point through capacitance impedances in series. This is
a simple one which can"be semetimes able to predict the field strength. Details of
using the capacitance model o cstimatethe field strength near the contact point in air
side for a typical case indfigure 3.2 are p'resent in Appendix B.

Finally, Figure 3.88hows the ‘rvnagnit’ilde of electric field E. at the contact point
in the air side for the Varigus types ofl SAC for cases of & = 2.2 and 7. It is clear that
E. for all the cables types/distributes similarly with change in Dg/R. Compare to
Figure 3.5, the effect of the cable size and the'system voltage on the field strength of

E. is same with that of E,|. vdda
=7k

Continued in the next page
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Figure 3.8: Magnitude of electric field E, as a function of Dg/R.

3.3 Influences from the Other Phase Conductors

The previous section discusses the electric field due to the potential applied to the
core conductor. However, the field at the contact is generated not only by the potential
at phase conductor under consideration but also by the other phase conductors. The
calculation of electric field by these two sources can be done perfectly independently.
The superposition theory may then be applied to obtain the actual field.

In this section, I investigate the influences on the field distribution when the
configuration of analysis is subjected to an external field. As the distance between
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phases is much larger than the dimension of the phase conductor, the external field
may be treated as a uniform field.

3.3.1 Configuration

Figure 3.9 shows the configuration used to analyze the influence of an external field
on the contact-point electric field. The configuration is similar to that in Figure 3.2.
However, the external uniform field E, exists as the source. The core conductor is
grounded to zero potential by the superposition theory, whereas no boundary
condition is applied to the lower surface of t]‘{@fﬂ/jﬁlectric solid.

_
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/.6’ uetor,
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; Line ; i /
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Figure 3.9: Configuration for analysis under an external uniform electric field.

As the configuration is;symmetric with respect to the x =0 plane, the component
E,y is not intensified at the contact point. This means that the field in horizontal
direction, at the~contact peint-iscequal to,E.o~Thusy this, seetion, considers only the
external'field Eyy in'the vertical ‘direction. The field calculationifor the configuration
in Figure 3.9 is carried out for the type of SAC 50 mm” used for 22 kV (refer to Table
3.2).

3.3.2 Electric field distribution

As a typical example, the field distribution in this section is carried out for case Ds/R
= 1. Similar to the section 3.2.2, the electric field is considered on both Line a and
Line b (see Figure 3.9). Figures 3.10 and 3.11 show the typical distribution of the
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electric field on Line a and Line b for cases of Dg¢/R = 1, and & = 1, 2.2 and 7. The
field magnitude is normalized by Ey.

When comparing Figure 3.10 to Figure 3.3a and Figure 3.11 to Figure 3.4a, it
demonstrates that the field distribution exhibits almost similarly. However, in Figure
3.10 the electric field in dielectric solid is more influenced by & than that in the
conductor insulation, and in Figure 3.11 the electric field is lower for higher & as d,/R
is higher than about 0.75.
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Figure 3.10: Magnitude of electric field fror'g the external field on Line a for the case
of Dg/R=-1:.
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Figure 3.11: Magnitude of electric field from the external field on Line b for the case
of Dg/R = 1.
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3.3.3 Contact-point electric field

Under the external electric field, the electric field E, at the contact point in air side is
always higher than Eyo. The ratio E./Ey, is considered as an index of the field
intensification. It should be noticed that the field by E\q at J is only in upward vertical
direction. Figures 3.12 shows the ratio E/Ey, for cases of & = 1, 2.2 and 7 as Ds/R
varied from 0.001 to 20. It is seen that the saturation of E./E), is taken as Dg/R
approaches zero. As Ds/R increases, for g = 1 the field ratio is not modify; whereas
for g5 = 2.2 and 7 it becomes higher and almost constant as Dg/R > 1. For any Dg/R,
larger values & result in higher E/E . WheniDg/R =20 and &5="7, E/E,c = 2.4.

] : = . :
0.001 0.01 O 1 10 20

Figure 3.12: Field ratio E./E,g as a function of Dg/R.

As we know that theselectric field byaline charges decreases as function of 1/,
where r is distance from the source, in homogeneous medium? The distance from the
contact point under consideration to the potential source at the other phase conductors
is much larger than that to the potential source at‘the own phase ¢enductor. Thus, the
influenée of, the other phase  conductors/on the field ‘at the’ contact point under
considerdtion is negligible. In particular, the external field E, is approximately 1000
times smaller than the electric field caused by the own phase conductor, which is
referred to Appendix C. Besides, the results shown in Figure 3.12 indicates that the
electric field is intensified at most by 2.4 times even for the porcelain spacer (& = 7)
by the external field Ey. Thus, the next chapter, the field mitigation is considered for
the configuration of Figure 3.2, in which the field rises from the potential applied to
the conductor.



CHAPTER IV

MITIGATION TECHNIQUE FOR THE FIELD
AT THE CONTACT POINT

This chapter discusses three techniques for mitigating electric field at the contact
point between the cable and spacer. The analysis is done only for the porcelain spacer,
as the field condition is more severe than thatin the case of HDPE spacer. The field
strength at the contact point for HDPE spacer ismuised as the reference. I focus on the
type SAC 50 mm? used for-22 kV systtms and-eonsider the thickness of the spacer
equal to three times of the'outerradius of the cable asa typical example.

4.1 Introduction

As previously mentioned in Chapter L, PEAA,uses the SAC overhead distribution lines
mainly with porcelain and ‘'HDPE spacé:rsi at present. Each material has its own
advantages and disadvantages. Porcelain spacers have good mechanical strength and
usually do not deteriorate under thermal, dh*cmical, electrical stresses. However, their
problem is that the high field sirength takes place at the contact point. A high electric
field possibly causes partial discharge at the elose vicinity of this point. Therefore,
this chapter deals with the methods to reduce the contact- -point electric field.

In connection to results obtained in Chapter I, the field is intensified by either
decreasing the thickness of the spacer or increasing the dielectric constant of the
spacer. Hence, to mitigate the field, I first consider the“increase of the thickness and
the decrease of the dielectfic constant of the spacer. However, this solution is not
practical, as it'increases the weight of the spacer and the reduction of the dielectric
constant of thefspacer is difficult. I then try (1) increasing XLPE thickness of the
conductor .insulation, (2).adding. an XLPE layer"on, the porcelain spacer and (3)
covering the'cable by a floating conductor. The first approach increases the distance
between the conductor and the contact point. The second approach results in a smaller
dielectric constant below the cable. The third approach uses a floating conductor,
which does not deteriorate under partial discharge as much as dielectric materials.
Note that only the electric field from the covered conductor under consideration is
taken as the field source. The influence from other phase conductors is neglected.

4.2 Original Field Behavior
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In this section, I focus on a particular case of the configuration in Figure 3.2, an
insulated cylindrical conductor having total radius R and conductor radius R¢ on a
dielectric solid of thickness Ds. The case is for the type SAC 50 mm” used for 22 kV
systems. In this case, R = 10.815 mm, R¢ = 4.465 mm, Rc/R = 0.4129 (referred to
Table 3.2), and Ds = 3R. The dielectric constant & is either 2.2 or 7.0 for an HDPE or
a porcelain spacer, respectively. The results have been discussed in Chapter 3;
however, they will be presented here briefly for the purpose of reference.

The field strength is presented as a ratio to E,j, the field strength at the contact
point in the air side without supporting spacer. E.; = 0.0455 kV/mm for the applied
voltage Vo =1 kV at the conductor.

Figure 4.1 compares the ¢lectric,distribution along the upper surface of the
dielectric solid (see Figure 3.2)0n the g (air) side.between the cases & = 2.2 and g =
7. The horizontal axis is_the nermalized distance (dy/R) from the contact point. The
field strength at the contaet point'is equal to 4.4E,; and 2.1E, for & = 7 and 2.2,
respectively. That is, £:1s higher/by 2.1 times when g ="/ than that when & = 2.2.

5
m——co =22

&g = 7.0 -

=t -
L.
——
-
iy
-
~-~~
-
L.
-
il
-y
-_— -

0 0.2 0.4 0.6 0.8 1
d IR

Figute 4.1 Normalized elecCtric field along the tpper surface of-the dielectric solid.

4.3 Electric Field in Modified Configurations

In order to mitigate the field strength at the contact point for porcelain spacers, the
replacing application of HDPE spacers is a solution. However, in this method, a few
locations cannot be applied, for example, near the arms of tower requiring a strong
mechanical strength and contaminative areas. In this section, I consider some
fundamental measures to mitigate the electric field for the covered conductor on a
porcelain spacer. A simple goal is to decrease the field strength E, at the contact point



38

to the value when the HDPE spacer is used. That is, E, is to be reduced from 4.4E,, to
2.1E,., according to Figure 4.1. It should be noticed that we need to avoid the small
air gap appeared from modification of the configuration, because the electric field
enhances significantly there.

4.3.1 Increase in XLPE thickness
This section investigates the variation of the electric field with an additional thickness

D, of the XLPE layer on porcelgi{l\ik)f r. This is equivalent to the increase in
thickness of conductor insulation frbr_n i ion in Figure 3.2, as shown in Figure
4.2. The ratio Di/R is a parameter influeiic electric field as I keep R¢/R =

0.4129 and Dg = 3R. - ¥
f

\ muctor

insulation

&

XLPE layer (D)
X

Ds=3R

F@Jre 4.2: Additio tor iﬁulation.

‘o Q

Figure 4@%@t@e%r%fw %IW%J iﬂﬂ@de at the contact point
as a function ofi D/R. It is clear from the figure that E. (solid line) decreases as the
thickne _increases, This is because reatér's tion, b the conductor
and thﬁﬁﬁﬁﬁr@ﬁdﬁ il%ﬁ(ﬁ %@fg},ﬁﬁgn reduce E. to
2.1E,;. Note that a thin air gap may exist between the conductor insulation and the
additional layer (at radius R) if the contact is imperfect between them. In this case, the
electric field at the air gap is shown as the dotted line in Figure 4.3. We can see from

the figure that the air-gap field still decreases with D, by a different relationship from
that of E,.. For D/R = 1, the field at the air gap decrease to 2.1E,,.
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— At contact point

Figure 4.3 Flectrie-field ratio E/E . as a function of D/R.

4.3.2 Addition of an HDPE layer on pofgelain spacer

Next, I consider the effects on the elecirie field by inserting an HDPE layer having
thickness D, between the cable and porcel"air_l’ spacer, as shown in Figure 4.4. Figure
4.5 shows the ratio of electric field to E¢ in relation with Dy/R. The figure
demonstrates that the contact-poiit electri(;T_ field E. decreases with increasing D,.
Compare to Figure 4.3, we can see that the field reduction by D, is slower than that by
increasing D,. For example;-in-oidei-to-obtain-f=244; we need D/R = 2.2. The
field characteristic 1 Figure 4.5 implies that increasing D,/R from 3 does not
efficiently reduce E.. In the presence of an air gap between the inserted layer and the
spacer, the electric field in_the air gap is given as the dotted line in Figure 4.5. In this
case, the air-gdp field is always lower than‘the field at‘the‘eontact point.

Conductor ea
- Conductor
RO insulation
HDPE layer g=22 1} D,
Porcelain solid &=1 Ds=3R

Figure 4.4: An HDPE layer inserted between the cable and porcelain spacer.
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— At contact point

Figure 4.5 Flectrie-field r&tio E/E . as a function of D»/R.
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4.3.3 Covering the cable with a ﬂoating":ponductor

Another measure expected to prevent the loss of conductor insulation due to the
partial discharge is to cover the cable with & floating conductor. Figure 4.6 illustrates
the configuration when the SAC/is covered by athin floating conductor layer.

'. A : Conductor

Y —— _, i
Conductor ¢ insulation

Floating conductor

¥ Porcelain solid |y s=1  |Ds=3R

n ASNES A IA0 SO0

Figure 4.6: Cable covered by a thin floating conductor.

The floating conductor imposes the condition of equipotential on the outer
surface of the conductor insulation (at r = R), which is in the calculation satisfied by
applying (2.35) and (2.36) to the complex potentials. With the presence of the floating
conductor, Figure 4.7 presents the change in potential distribution on the outer surface
of the conductor insulation, where @ is the zenith angle measured from the contact
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point (see figure 4.6). It can be seen from Figure 4.7 that the floating conductor yields
a potential value between the minimum and the maximum of the potential in the
absence of the floating conductor (dotted line). As a result, the potential drop along
vertical line from the inner conductor to the lower of the porcelain solid is smaller
over the conductor insulation but larger over the porcelain solid by the application of
the floating conductor.
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0.6} il
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0 40 804y 4 120 180

6.’_(;’) |

Figure 4.7: Distribution of the potential on the surface of the conductor insulation as a
function of @ with and withQut the floating conductor.

Figure 4.8 presents the normal electric field at » = R(see Figure 4.6) both on &
and on ¢ sides of the conductor insulation or the tloating conductor if exist. The field
values with and without the floating conductor are shown as the solid and the dotted
lines, respectivelys Canipared: to (thetelectric field | without<the floating conductor,
Figure 4.8 clearly shows that the ‘electric field on-the ¢4 side'is significantly higher
near the contact point. On the other hand, the field on the & side becomes lower by
the presence of 'the' floating conductor. Thus, the floating conductor mitigates the
electric field on the & side but intensifies the field on the &4 side. This effect on the
electric field may be roughly explained from the change in the potential drop in each
region as illustrated in Figure 4.7. Thus, the application of the floating conductor may
be an alternative for protecting the cable insulation, provided partial discharge in the
air between the floating conductor and the spacer does not have adverse effect on the
cable insulation. However, it should be noted that if an air gap exists in between the
insulation and the floating conductor, then the air-gap field is equal to & times of the
field on the & side shown in Figure 4.8. Note that the air-gap field is equal to 1.9E,,
whereas the field in the & side without floating conductor is equal to 2 E.. In
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practice, the end of the floating conductor must be terminated properly to avoid
excessively high field.

15 T T
- ++0-: £, side without floating conductor -

—o— ¢, side with floating conductor

F N e ¢, side without floating conductor 1
10 — ¢, side with floating conductor

l///
- Ml\\_:

] 7/ PN —es
= AERNTS 90

E/Ec1

Figure 4.8: Electric fi€ld on the surface of th . conductor insulation as a function of 6,

4‘5: byr/
[ [icia
For the calculation prese te‘cilip umed a grounded potential at the lower

surface of the dielectric solid f : ulation simplicity. Appendix D presents the
application of filed mltlgatlon g.,. ‘
grounded plane is conside &

S’

1 an air gap between the spacer and the
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ﬂumwﬂmwmm
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CHAPTER V

CONCLUSIONS

Up to now, a number of research works have analyzed the electric field at triple
junctions by using either an analytical or a numerical method. However, the contact
point with zero-contact angle between three dielectrics, such as that occurs where an
insulated power conductor lies on a cable Spacer, has not received much attention.
Therefore, this thesis deals with the contact poiatproblem.

The configuration 15 an insulated cylindrical conductor resting on a dielectric
solid of finite thickness 1n.a backeround medium (air). In this configuration, three
dielectrics which include the conductoq insulation, dielectric solid and background
medium establish a triple junction at the contact point. The contact angle is zero due
to a smooth contact. This configuration‘i's a simple 2D model of SAC systems of
overhead distribution lines‘at spacer posiﬁon_- in practice. The insulated conductor and
dielectric solid respectively represent the SAC \and spacer. In order to realize high
accuracy, the analytical /method" of muhipole images is utilized for the field
calculation. During the “caleulation procés's,' the actual values of geometries and
electrical parameters of SAC systems are applied to the configuration.

This thesis first studies.-the €lectric ﬁcld. behavior near the contact point, in
which the focus is on the electric field at the contact point. The study treats two
different sources: a'nr applied potential at the core conductor and an external field
caused by other phasé conductors. In this study, the thickness Ds and dielectric
constant & of the dielectric solid are used as variables 1o investigate their effects on
the electric field. The electri¢ field behavior briefly summarized as follows:

= In the air'sides-the'field strength is always-maximal ‘at the contact point and

rapidly decreases with increasing distance from this point for all cases of &.

=0 The maximum field at the contact point is intensified by €ither decreasing
dimensional ratio of the thickness Dg of the dielectric solid to the outer
radius R of the conductor insulation or increasing the dielectric constant &
of the dielectric solid.

= Under an external electric field by other phase conductors, the field strength
at the contact point is typically much smaller than that under the applied
potential.

Next, a practical case of the thickness Dg (Ds/R = 3) is chosen to examine
approaches for reducing the intensification of electric field at the contact point. These
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approaches were carried out for the case of porcelain solid. For purpose of the
examination, the electric field at the contact point by using HDPE solid is used as the
reference. Three field mitigation techniques are given to discuss and concisely
recapitulated as follows:

= The first one is to increase the XLPE insulation layer with an additional
thickness D;. The field in air side can be reduced to the reference field with
D\/R smaller than unity.

= The second one is to insert_ an HDPE layer between the cable and spacer
with thickness D,. The field reduction in air side by increasing D, is much
slower than that by increasing D;.

= The last one is to cover the cable by a thin floating conductor. The field is
intensified aboutsthree times in the air side;but mitigated about two times in
the side of the conduetor insulation.

The results in thissthesis canbe apf)lied to the insulation problems at position of
the cable spacer in SAC gystems of ‘overhead distribution lines. The aim is to reduce
the intensification of electuic field af the contact point between the cable and spacer
and to prevent the loss of the'cable insulatig)rf.

The results here may be used as a l‘é_a'se’-' for extending work to the real, three-
dimensional models, which i§ mose complicated. The numerical methods may be used
for the 3D field calculation, 4= 7
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APPENDIX A

Field Strength and Field Ratio at the Contact Point for Various Types of SAC

Table A.1: Field strength E, (kV/mm) when V, = 22\/5 / \/3 and field/ratio E.JE. at the contact point for SAC50-22kV.

48

a. E, -
Ds/R
E w
5 0 0.001 | 0.003 | 0.01 | 0.04 0.1 0.5 1 2 4 10 20 50 100 200 | 1000 | 10000
1.0 634 | 630 | 622 | 596 | 5.14 | 4.16 | 2.10 144 099 0.72 | 0.51 042 | 034 | 0.29 | 0.26 | 0.21 0.16
1.5 6.34 | 6.31 6.26 | 6.07 | 546 | 465 | 2.69 1.96 1.43 1 1.08 0.79 | 0.66 | 0.53 | 047 | 042 | 034 | 0.26
2.2 6.34 | 632 | 628 | 6.16 | 570 | 5.05 3.28 254 1.954-1.53 1.17 | 0.98 | 0.81 0.72 | 0.65 | 0.52 | 0.41
7.0 634 | 634 | 632 | 6.28 | 6.11 5841 489 | 437 | 385 | 339 1290 | 2.60 | 2.29 | 2.09 1.93 1.64 1.34
b. E/E.
D3R
E
5 0 0.001 | 0.003 | 0.01 | 0.04 0.1 0.5 1 2 4 10 20 50 100 200 | 1000 | 10000
1.5 1.00 1.00 1.01 1.02 1.06 1.12 1.28 1.37 1.44 150 1.55 158 1.60 1.60 1.61 1.62 1.62
2.2 1.00 1.00 1.01 1.03 1.1 .22 1.57 1.77 196 | 2113 | 229 |\2361| 242 | 245 | 2.48 | 2.51 2.54
7.0 1.00 1.01 1.02 1.05 1.19 1.41 234 | 3.04 | 3.87 | 472 | 568 | 6.25 | 6.82 | 7.14 | 7.41 7.88 | 8.33

48



Table A.2: Field strength E, (kV/mm) when Vo =22+/2/~/3 and field ratio £//#,.atthe contact point for SAC185-22kV.

49

-
a. k.
; \Ds/R
> 0 |0.001|0.003| 0.01 | 0.04 | 0.1 05 L 22 4 10 | 20 | 50 | 100 | 200 | 1000 |10000
1.0 | 648 | 643 | 633 | 6.02 | 5.06 | 3.94 #1.80 | 1.19 | 0.80 | 0.57 | 039 | 032 | 026 | 0.22 | 0.20 | 0.16 | 0.12
15 | 648 | 645 | 638 | 6.16 | 543 | 449 | 238 |/167 | 1.8 | 0.87 | 0.63 | 0.51 | 042 | 0.36 | 032 | 0.26 | 0.20
22 | 648 | 646 | 641 | 626 | 571 | 495 §299 | 2.23 | 166 | 1.27 { 095 | 0.79 | 0.65 | 0.57 | 0.51 | 0.41 | 0.32
70 | 648 | 648 | 646 | 6.41 | 6.21 | 588 | 475 |"414 | 3.57| 3.08 | 2.57 | 228 | 1.98 | 1.79 | 1.64 | 1.38 | 1.12
!
b. E/E T
- Dy/R
& 0 [0.001]0.003] 0.01 | 0.04 | 0:/ 0.5 1 2 4 1540 [ 20 [ 50 [ 100 | 200 | 1000 | 10000
15 | 1.00 | 1.00 | 1.01 | 1.02 | 1.07 | 1.14 | 1.32 | 140 | 148 | 1.54 | 1.59 | 1.61 | 1.63 | 1.64 | 1.64 | 1.65 | 1.66
22 | 1.00 | 1.00 | 1.01 | 1.04 | 1.13 | 1.26 |,1.66 | 1.87 | 2,08 | 2.25 | 2.40 | 2.47 | 2.53 | 2.56 | 2.58 | 2.61 | 2.64
7.0 | 1.00 | 1.01 | 1.02 | 1.06 | 1.237f L49¢(] 2:640[) 3480|4467 | 1544 652 7.14 | 7.74 | 8.08 | 835 | 8.81 | 9.24

49



Table A.3: Field strength E,. (kV/mm) when Vj =33\/§ / \/5 and field ratio £//F -t the contact point for SAC50-33kV.

50

a. E. : |
\ Dg/R
& 0 |0.001]0.003| 001 | 004 | 0.1 [#05 ! 1 b, 4 10 20 50 100 | 200 | 1000 | 10000
1.0 | 7.83 | 779 | 7.69 | 7.37 | 6.40 | 521 | 2069 |/ 1:86_| 130 | 0.94 | 0.67 | 0.55 | 045 | 039 | 0.35 | 0.28 | 0.22
15 | 783 | 780 | 7.74 | 7.52 | 6.78 | 5.814] 343 252 1 1.86 | 141 | 1.04 | 0.86 | 0.71 | 0.62 | 0.56 | 0.45 | 0.35
22 | 783 | 7.81 | 777 | 7.61 | 7.07 | 629 | 416 | 3.25 '2.5'2 1.99 | 1.52 | 1.29 | 1.07 | 095 | 0.85 | 0.69 | 0.54
7.0 | 7.83 | 7.83 | 7.82 | 7.76 | 7.56 | 7247 61 .548 | 486 | 431 | 3.70 | 3.33 | 294 | 2770 | 2.50 | 2.12 | 1.75
’ e N
b. E/E 4 2l
_ S Sa—

& 0 [0.001]0.003] 001 | 0.04 | 0= 0.5 ] = =] 10 20 50 100 | 200 | 1000 | 10000
L.5 1.00 | 1.00 | 1.01 | 1.02 | 1.06 | 1.11°| 127 | 136 | 143 | 149 | 154 | 157 | 159 | 1.60 | 1.60 | 1.61 | 1.62
2.2 1.00 | 1.00 | 1.01 | 1.03 | 1.10 | 1.20L{ 1.55 | 1.74 1194 | 2.10 {2.26 | 2.33 | 240 | 243 | 245 | 249 | 251
7.0 1.00 | 1.01 | 1.02 | 1.05 | 1.18 | 1.39 (4227 | 294 | 374 | 456 | 549 | 6.04 | 6.60 | 693 | 7.19 | 7.66 | 8.12

50
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Table A.4: Field strength E,. (kV/mm) when V,, = 3372 / J3 and fiql(\i\atl #/)at the contact point for SAC185-33kV.

a. E,.

&s

0 ]0.001]0.003| 0.01 | 0.04 20 50 100 | 200 | 1000 | 10000

1.0 8.07 | 8.01 | 7.89 | 7.53 | 6.38 044 | 035 | 030 | 0.27 | 0.21 | 0.17

L5 8.07 | 8.03 | 795 | 7.69 | 6.83 0.70 | 0.57 | 050 | 0.44 | 0.35 | 0.27

2.2 8.07 | 8.04 | 799 | 7.81 | 7.16

1.06 | 0.87 | 0.77 | 0.69 | 0.55 | 0.43

7.0 8.07 | 8.06 | 8.05 | 7.99 | 7.75 298 | 2,60 | 237 | 2.17 | 1.82 | 1.48

b. EJ/E.

&s

0 0.001 | 0.003 | 0.01 | 0.04 = 20 50 100 | 200 | 1000 | 10000

}
=

1.5 1.00 | 1.00 | 1.01 | 1.02 | 1.07 | 1. ::i~1,3__1 1.39 —1.58 | 1.60 | 1.62 | 1.63 | 1.63 | 1.64 | 1.65

2.2 1.00 | 1.00 | 1.01 | 1.04 | 1.12 | 1241 1.63 | 1.84 | 2.04 | 221 1236 | 2.44 | 250 | 2.53 | 2.55 | 2.58 | 2.60

7.0 1.00 | 1.01 | 1.02 | 1.06 | 1.21 | 1.46 |« 3.33 520 | 624 | 6.84 | 743 | 7.77 | 8.04 | 850 | 8.94

) 2:53 426
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APPENDIX B

Capacitance Model for Field Estimation

Capacitance models are sometimes applied to the estimation of the electric field near
a triple junction [9, 18]. From the estimation, we can obtain a rough value of the
discharge inception voltage. This appendix presents the estimation of the electric field
near the contact point J in Figure 3.2 by using the capacitance model. As an example,
the estimation is done for the cas\e O‘Jjjz kV 50 mm” SAC on a dielectric solid

having Ds = 3R. The paramete.ré"\‘qs ¢ mation are shown in Figure B.1. In
the figure, four points a, b,.@tt lie on line. The points a and b are at
radius R¢ and R, respective

W, oints ¢ @t the upper surface and lower

N
surface of the dielectric solid; ctively. In addition, the variable r is a distance
. '\\ "y

N
Z"J\Qnductor
insulation

between J and c.

t—1

Figure B.1: Configuration for field estimation.

ﬂ ¢ o Qv

In the camiHcgjngex]heEJﬁez]sEnyl pe:]iuft]egy dividing the applied
voltage between the c ctor insulati e aif-medium and the'dielectric solid as
capaciﬁe ﬁ%aﬁhﬁ m’j;% %%ﬁaﬁ? 1d distribution
is almost uniform inside each dielectric medium along the dashed line. It gives the
field strength E in the air medium as follows:

E= Y
be+ab(e, /e )+cd(e,/e5)

(B.1)
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where EzR—RC , E:\/R2+r2 —R and J:DS. The points a, b, ¢ and d are
indicated in Figure B.1. Thus, the field strength E. at the contact point according to

bc =0 is expressed as

Yo

b= (R_Rc)(gA/‘91)+Ds (‘9A/‘9s).

Besides, near the point J, i.e., when be is small, the distance bc can be

(B.2)

approximated equal to ° / 2R . The expression in (B.1) becomes

_ VO
e r2/2R+(R—RC)(5A/8,)+DS (e,/) ®-3)

The estimation of.electric field is QOne for two cases of gg = 2.2 and 7. The field
distribution near J in thé aif side approximated by (B.3) is compared with that
calculated by multipole image method in Figure B.2. The field is normalized by Vi/R,
and the distance r is normalized by R: 1t ean be seen from Figure B.2 that the estimate
field (solid line) is always lower than that!obtamed by the image method (dotted line).
The difference of the estimate field from the accurate one is maximal at the contact
point and higher for lower g5, The dlfference 1s as high as 40% and 33% when &5 =2.2

and 7, respectively. i s

- —— Equatiod (B.3)
(2ol ——— Images inethod A

]
......

0 0.1 0.2 0.3 0.4 0.5
r/R

Figure B.2: Comparison between the approximated and the accurate electric field.

Figures B.3 and B.4 present the potential drop and field distribution in the
conductor insulation and dielectric solid along vertical line at J by the image method,
respectively. From the accurate values of the potential in Figure B.3, I determine the
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error of the potential drop in conductor insulation (&) and in the dielectric solid (&).
For g5=2.2, & =53% and & = 27%; whereas & = 39% and & = 63% for gg="17.

Note that by using the capacitance model, the approximate potential drop in the
conductor insulation and in the dielectric solid is equal to 0.16V, and 0.84V} for & =
2.2, and 0.38V, and 0.62V, for &g =17.

Conductor

insulation
1
<+— |—>

Dielectric solid

0.8f \ *,

0.6 kS

v/ V0

0.4

.
.
.
.
.
.
.
.
‘e
.
-

0.2

dgdR — d /R
a i ; a

Figure B.3: Potential di0p in the conductt"zr_ Figure B.4: Field distribution inside the
insulation and the digleciric'solid.- == “conductor insulation and the dielectric
dia solid.

In Figure B.4, Lcalculate the differenc'é;".c_)'f:t_he maximum and minimum values of
electric field (in comparison-with-their average value)inside the conductor insulation
(ay) and in the dielectri¢ solid (@s). For & = 2.2, @ = 59% and ws = 98%; whereas oy
=44% and ws = 113% for g5 ="17.

From the accurate values of the potential and electric field, we can see that the
error occurred  the estimation of the field at Jiis because of the nonunifrom field in
two dielectric media of the conductor insulation and dielectric solid. The nonunifrom
degree-of ;the electtic field is.expressed by .the-coefficients, w-and & The error is
governed by the nonunifrom field in the.conductorinsulation. This ptoof can be found
in case of g = 2.2 as both @y = 59% and & = 53% are higher than @y = 39% and & =
449% for g =7, respectively.

From the results obtained here, I demonstrate that in a practical case of Dg = 3R
the electric field at contact point in Figure 3.2 can not be approximated accurately by
the capacitance model.
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APPENDIX C

External Field due to Other Phase Conductors

In overhead-line distribution systems using SAC, the cable spacers are suspended by
grounded messenger wires, as shown in Figure C.1. In Figure C.1, the messenger wire
is at the top end, and the three-phase cables are held at the other ends. There are two
common shapes of the spacer, i.e., cross-shape for porcelain spacers and lozenge for
polyethylene spacers. The dimension of spacer varies between manufactures. The
height of the spacer above the ground Jevel deépends on the system voltages and
geographical conditions. However, both the’difficasions of spacer and its height are
much larger than the dimension.of the phase conductor. Therefore, the variation of
their values does not 51gn1ﬁcantly chénge the external field to which each phase

conductor is subJecte?E/an example, I consider the real dimensions of a

polyethylene spacer fo /ecATculation of external field.
#+

AN 304 mm.

AC 292 mm.

BC 292 mm.

Figure C.1: Polyethylene spacer [2].

Figure Ci2y shows! a cross section of 227kV'3 phase overhcadidistribution lines
with the height above ground-of' the Towest phase equal-to 8 m."For the purpose of
estimation, the influence of the spacer is neglected, although the XLPE insulation
layer of the SAC is still considered. The electric field varies linearly with the
potential, and the potential on the overhead line is three-phase alternating voltages.
When the potential at one phase is maximal, the remaining phases are at a half of that

maximum value. Therefore, I take potential values at the phases equal to V, ., / J6,

where Viysem = 22 or 33 kV to estimate the external field.
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Phase C 292 mm )Z) Phase A
=~ ~ < _Enlarge A
292 mm e
W
Phase B
Cross section at each phase
Y
8 m
v
O B
|ll
1 b

Figure C.2: Cross section of 22—1(\'{.?J 3-phase overhead distribution lines.

i<

Using the parameters of SAC/50 mn1® “used for 22 kV as specified in Section 3.1,
the estimated external fieldds calculated, The: ijgsults are shown in Table C.1 in which
the electric field is expressed in the form (ﬂ‘Tng + iE\o. The directions of x and y are

S

referred to Figure C.2,

Table C.1: Electric field (V/mm) in the form of £, + iE;o estimated from other phase
potentials. - .

Positiom of calculation

Position of source

PhaseA Phase B Phase C
Phase B 2+ 347 # 2 +34i
Phase C 4 L0130 2 —+3.51 #

From the Table C.1, it demonstrates that magnitude of electric field
approximates few V/mm, whereas the maximum electric field at triple junction
resulted from the phase potential in the section 3.2 is around few kV/mm (see Figure
3.8), in particular, approximately 1000 times.
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APPENDIX D

Results in the Presence of Air Gap Between the Dielectric Solid and
the Grounded Plane

D.1 Electric field at the contact point

This appendix discusses the techniques of field mitigation when the grounded plane is
separated from the dielectric solid as shown in Figure D.1. The ratio D,/R = 740 is
used for the calculation. This ratio is referged. from the height of the lowest phase
conductor as mentioned in Appendix C.

Conductor
insulation

Conductor

F;gure D.1: Configuration used for_énalysis.

For studying field mitigation, I first determine-the electric field E, at the contact
point in the air side in the configuration of FiguresD.1 for both cases of g5 =2.2 and 7.
The field i1s/mormalizéd by E. | defined as the field at the-contactipoint in the &4 side
for gg =1. (E;; =0.012 kV/mm for Vy = 1 kV.) The results of the calculation shown
that E. = 3E. as gg=7 and E. = 1.7E, as g = 2.2. That is, E, is higher by 1.8 times
when & = 7 than that when g5 = 2.2.

D.2 Electric field in the modified configurations

Similar to Chapter 4, three modified configurations are analyzed for purpose of field
mitigation.

1. Increase in XLPE thickness
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Figure D.2 presents the variation of the electric field by increasing in D; (see
Figure 4.2). The figure demonstrates that E. (solid line) can be reduced to 1.7E,; with
D\/R = 0.65. Compare to case without the separation between the dielectric solid and
the plane in the section 4.3.1, Di/R is lower. For the electric field in the air gap at
radius of R (dotted line), the field at the air gap decreases approximately to 1.7E
with Di/R = 1.

35

= At contact point

E/Ec 1

0 02 04, 086 0.3 1
D 1/R
Figure D.2: Electric field ratio E/E.; as a function of D/R.

i

il. Addition of an HDPE layer on porc_éIZa.i.p solid

Figure D.3 presents the effect of elec_t_ﬁq field in relation with D»/R (see Figure
4.4). Figure D.3 indieates that £, can not be reduced to 17E.; even with Do/R = 3. In
this case, the characterstic-of-air-gap-field-distributton-is_similar to that in the section
4.3.2.

35 x .
= At contact point
S U R IR R I E L At air gap

2,50 %

E/Ec L

1.5f ‘e

0.5t

Figure D.3: Electric field ratio E/E,; as a function of Dy/R.
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ii1i. Covering the cable with a floating conductor

Figures D.4 shows normal electric field on surface of the conductor insulation at
r = R (see Figure 4.6) in solid line. It is can seen from the figure that the characteristic
of the electric field is similar to that in the case that the air gap D, is neglected in
Figure 4.8.

10

o g, side without floating conductor

—o— ¢, side with floating conductor

. : w out floating conductor
sl ‘ )g conductor |

MI\\‘} i -
r FJ M '\\\\\‘ “
‘ 90

Figure D.4: Electric field'on the SB@[Q he ¢
s < 2

AR T

ctor insulation as a function of 6.

-
V.

BJ
ﬂuﬂ’mﬂﬂﬂ\lﬂ']ﬂ‘ﬁ
’QW']Mﬂ?ﬂJ UAIINYAY
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