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ABSTRACT

Computer aided design of ferro-electric insulators is mostly
a theoretical method of designing inéultors. HWith the help of
computer and some analytical techniques-some of the cnnventinngl

insulators are analyzed.

First the electrﬁmechanical stress distribution for
ferroelectric material was calculated usiﬁg finite element
method. In order to formulate the finitg element method, the
region between two circular parallel plétes has b996 dividea into
a finite number of trianqgular elemeﬁts; An extremum function in
engrgy density form can be developed. Then using energy
minimization technigque, the pnteﬁtial at di#ferent. vertices uf

the elements can be calculated.

A computer program has been QEvelopéﬁ for calcuiating
electric field and e;ectrnhechanical stresseé.for ferro-electric
material placed between two circular parallel' piates. The
program can be readily used for deSigningl ferrp—electric

insulators subject to variable electromechanical stresses.



CHAPTER

CHAPTER

1

2- 3.5

2.3.646

2.4

"

COMPUTER AIDED DESIGN OF
FERROELECTRIC INSULATORS

INDEX

GENERAL INTRODUCTION -
Importance of Insulators

Brief Literature Review

Present State of Art of the Froject

. Objective of the Research

Research OQutline.

FERRO-ELECTRICITY AND INSULATORS

Introduction
Ferroelectricity
Ferroelectric Insulators
Pintype Insulators

Disc type Insulators
Post type Insulators

Shackle Insulators

Problems with conventional Insulators

D.C. Insulators

Discussion,

Page Nao.

N 0> 0 N

10
14
15
17
19
21"
21
25

27



Fage No.

CHAPTER 3 e THEORETICAL ASPECTS OF DESIGNING
FERROELECTRIC INSULATORS
3.1 ¢t Introduction . o l ) 29
3.2 : Evaluation of Potential Distribution 31

by Finite Element Method

3.3 : Electromechanical Stress Analysis,’ 41
3.4 : Electromechanical Streaé Distribution 44
in a Ferroelectric Material between Two
Thin Circular Electrades
3.9 't Discussion. &3
CHAPTER 4 : DESIGN OF FERRGELECTRIC INSULATORS
4.1 -3 Introduction 66
4.2 : Finite Element Design of a &7
Pintype Insulator
4.3 t Finite Element Design of a 75
Disc type Insulator
4.4 2 Discussion, - 83
CHAPTER 5 t GENERAL DISCUSSION AND SUGGESTION 87

FOR FUTURE WORKS.
COMPUTER PROGRAM 94

REFERENCES 127 .

ii



mi

l=§

1]

L |

V1.3 M =y

re|

LIST OF PRINCIPAL SYMBOLS

Electric stress or field vector (Volts/m)
Electric flux density (Coulomb/m=)

Charge density (Coulomb/m™)

Relative permittivity

Permittivity of free space (Farad/m)
Patential { Volis)

éxtremum function

Element submatrix

Electromechanical stress tensor

A
Components of tensor S
Unit column vector

Electro-mechanical force (Newton)

"Unit ocutward normal to a surface or caontour

Polarization (Coulomb/m=)

Electro-mechanical stress vector (N/m?)

‘Remanant polarization (Coulomb/m=)

Dielectric constant at very weak field

Saturation electric field of +efrn—electric
material (Volts/m)

fipplied Electric field {(Volts/m)
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GENERAL INTRODUCTION

1.1 Importance of Insulators:

In any typical part of power system we can sae that it
comprises' fnur\ types of materials namely E— conductors,
insulators, magnetic materials and structural materials.
Undnubéedly, the most complex of the four are the insulators. Ita
duty is to ensure the safe ope}ation o+f diverse power components
as large generators, power transformers, power capacitors,
circuit breakers |, ‘overhead transmission lines and underground
cables. The insulatord has twofold functions one for insulating
and the other for giving mechanical support for the live parts of
power system equipment under'any possible circumstances in field
such as wind; snow, rain, contamination, earthquake and so on.

Therefore, it is not too much to say that reliability of power

system depends upon the quality and'reliabiity of Tnsulators.



1.2 Brief literature review:

In order to regﬁ;e the losses in power system the trend of
increasing traqsmissign vuitage is increasing day by day. So. for
nBtaing a reliable pover syétem we need more reliable insulators.
Increase in voltage causes increase in size of system apparatus.
Improvement and compactness of. design of system spparatus can -
 .r§dﬁcé¥the cost and Saving.oi ‘Bnergy resources. Moreover, the
';iﬁsulatnrs' are usaed for electr};al insulating purpose as well as
for mechanical support and the potential applied to it causes
E[éctrical and mé:hanical stresses. So for optimising and to get
a reliable insulator it should be designed to withstand highar

electromechanical stresses.

The insulation: technoloéy has *reached the present
position after a long vyears of study and research. In high
~voltage insulators space charge and its'distributinn can cause
undesireable effects. Various effects of space charge in
insﬁlatnrs havé been summarised by leda £ 1 1. He showed ihat the
devel oped spa:é charge alters the distribution profile of the
field in comparison with the original field. It is known that the
formation of space charge depends whether the field is uniform or
nnn—uéiform. The measurement of space charge distribution and
interficial electric fields are important for understanding the

mechanism of charge build-up and decay.



The étudy of eléctric field distribution in and around
insulating strﬁctures has been of considerable  interest to
electrical engineers for .designing high voltage equipment. The
peak stress value 1in  an insuiating system 1is an important
parameter to tontrol, because it influences discharge finitiation
and propagation. Compaction and' miniaturizion of high voltage
system with resulting increased operating stress levels have made
the study of electric stress distribution even more critical.
Moreover physical systems are so complex that the analytical
solution of Laplace’'s and Poisson's equations is difficult .But

with the incresing availablity of high speed computers 8%

various numerical techniques are being extensively develaoped for
calculéting electrostatic fields in high voltage systems.
Mukher jee énd Roy £ 2 1 calculated fields in insulators u;ing
‘ fictitious point charge method and they were successful in
applying this method for disc insulators. Chang € 3 3 analyzed
the electric stress distribution in cavities embedded wlthin
dielectric structures and he shows that the field inside the void

is enhanced by a factor &-» the relative dielectric permittivity .

of the insulator, in the case where no fres charge is prni-nt at
‘the void boundary. Takeshi [ 4 ] uszed chargé simulation methnq in
combination with the method of image to find electric fields 1in

dielectric letilayers. Tadasu [ 5 1 successfully applied charge



simulation method to study the field behaviour at puintsl on the
boundary of two dielectrics. Takada and Sakal L 6 3 were
successful in determining electric. fields at the dielectric
electfode interface. Kua F .7 ] suggests that the field
distribugiun along the insulator surface is strongly dependent on

the §£ -E characteristic as well as frequency of the operating

vol tage.

High tangential fields causes flashover along insulator
surFace.‘ To keep tangential field below the limit required for a

sustained discharge, the insulator length has to be a minimum

R T I

value for a given voltage rating. Abdel-Salam [ 8 1 found that

to optimize a high voltage insulator, the digtribution of the

tangentxal field component along its surface should be uniform.

Stih [ 9 1 formulated a classical approach to high voltage
insulating system design using an integral equation technique for

solving electric fields and optimizing the contours of the

insulator.



1.3 Present state of_art of the project

All porceléin or ceramic insulators used 'in high voltage
PoOwer system as well asl te}ephonic and telégraphic lipesiare_
ferro-electric insulators. These insulators are mostly designed
by testing for mecahnical breakdown stress and electrical
flashover tests. No rigorous mathematical solutions for such
design is available. A classical approach of designing high
voltage insulators was carried by S8tih [ 9 13 u§1n§ integral
equatiun techniques for solving electric stress and contour
optimization. But if the hysteresis effect ariélng from
ferru—ele;tric proper£9 of the material ig tonsidered, a rigorous
matheﬁatical operation is needed. Begqg [ 10 1} formulated the

electromechanical stress analysis considering the hysteresis

effect of ferro-electric materials.

1.4 Objective of the research:

The abjective of this study is to evaluate the
electromechanical stress distribution associated with the time

periodic electric fields applied on ferro-electric insulators of

L4

finite size and to obtain an acceptable design in terms of

2

- breakdown sirgss, flashover voltage and electrostriction.



1.5 Research outline:

To design a high ;pitage insulator, electromechanical stress
calculation is tée first step. In doing so, the insulator'kaginn
will be divided into finite'nns. of triangular subregions called
elements. Then the potential distributipn and electromechanical
stfeéses can be cbtaiﬁed using finite element method and

developing an energy distribution function in variaticnal form

for the system under consideration.
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FERRO-ELECTRICITY AND INSULATORS

2.1 Introduction:

In dielectric material an appl;ed electric field induces
dipole moments in atoms or ions and geﬁerally displaces ions
relative to each other. Consequently the dimension of a specimen
undergoes slight changes. Mechanical stresses also change thé
dimensions of a specimen but in general .su;h :hanqes ‘du not :
produce a dipole moment. 1n Dther. words,‘ in~mnst materials
dielectric polarization produceg a mechanical distortion, but a

mechanical distortion does not produce polarization. This

electro-mechanical effect, which is present in all materials, is

called electrostriction [ 13 1.

Ferro-electric materials are characterised by electro-
striction arising from their spontanecus or residual polariza-
tien. There are varicus types of ferro-electric materials that
are used in high letage insulators because uf‘ their high'.
relative permitivity. Barium titanate (BaTiOs) is an important
ferro—electric material that is used in fab;ication “of high7

quality AC and DC insulators used in WY power transmisaion. |
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2.2 'Ferru—alectricity

For the dielectric material tBe polarization is a linear
function of the applied field. Tﬁere are however, a number of
substances for which the pularizatinn of a specimen depends on
its history t.e. fhe polarization in these mate?ials' is Aut a
unique functién of the field strength. These materials exhiblt
hysteresis'effe:t, similar to those observed in 'ferrumagnetic

materials - they are therefore called ferro-electric materials

[ 13, ]I

An example of .a _hysteresis loop associated with the
polarization versus electric field strength is given in fig. 2.1,
when an electric field is appligd to a “virgin® specimen of a
ferruélectric material, the polarization 1ncrease$ along a curve
OABC. When the field is reduced, it is observed that for éou 0, a

certain amount of remanent polarization, Pr is still presant.

In other words, the material is sbnntanenusly polarized. In
order to make polarization to zera, a field 1in thé opposite

direction must be applied; this field is called the coercive

field, Ec.

The direction aof spontaneous polarization is generally not
the same throughout the macroscopic specimen. In fact, the
specimen may be considered to consist of a number of domaing

which are themselves spontanecusly polarized but with the

direction of polarization varying from one  domain to anather.
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Fig: 21 HYSTERESIS CURVE FOR FERROELECTRIC
: MATERIAL

— —
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S

Fig: 2.2 DOMAINS SHOWING POLARIZATION
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Thus a wvirgin macroscopic specimen may have zero polarization as
& whole. Upon application of an electric field, the domains for
which the polarization pcints along the direction of the applied

field grow at the expensés of other domains for which the

polarization points in the other direction (Fig 2.2).

Barium titanate (BaTiO=) is the best known ferro-electric
material commonly used in the fabrication of HV. insulators/
capacitors with mu}tilayered structure. Their high permittivity
enables fabrication of capacitors with high capacitance and
insulators Hith' good quality. There aré three types.nf BaTiOx
materials commonly used in insulators. These are NPD (fif:. 60,
X7R  ( &v =z 1B00) and 75U (E@: 000}, The permitti#ity of ferro-
electric materials depend onn  the temperature. A typical

temperature dependence of BaTiO~ ceramit is shown in Fig.2.3.
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2000

BaTiO; ceramic
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0 100 200
Temperature °C

Fig. 2.3, Dielectric constant of barium titanate ceramic as a
function of temperature. The fully drawn and the dashed curves
correspond respectively to a peak field strength at 1 ke of 56 and

1100 volts per em. The gh
Curie temperature 6y.

arp peaks occur at the ferroelectric
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2.3 Ferro-electric insulators

The méterial most commonly used for high voltage insulators
is porcelain.. 1t ﬁas high insulating resistivity and undergoeﬁ
hysteresis effect with the application of electric fields.'Bo,ua
can say that most of the high voltage insulators are manufactured
from ferro-electric matertals. The dielectric strength of
mechanically sound porcelain insulator is of the order of 12KV/mm’
to. 28KV/mm. The ultimate strength of such insulator is for
compression 275 KN and for tension 20 KN, Though the tensile
strength is lower but most of the insulators are designed in Quch

a3 way that it undergoes compressive stresses most pf the time.

The second material' that is used in manufacturing - high
voltage insulators is 'glass. Though it hag higher dielectric
'strength, ultimate tensile strengtﬁ, higher puncture voltage .bqt
due to the surface errosion and contamination problem thease are

not popular. In porcelain insulator these problems are 'ovarcomed

by suitable design.

Insulatoré are required to withstand Eoth machanical and
electrical stresses. In addition tb this, the surface leakage
path, even when wet, must have sufficiently high raistancl to
prevent any appreciab{e Eurrent flowing to earth. So , the
insulatore must have enough leakage distance. For obtaining
Qufficient leakage distance and type of applicétion different

types of insulators are. used in high voltage ayatem. In the

following articles some of them are discussed.
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2.3.11 Pin-type Insulators.

Pin-type insulators are of nne'piece construction and used
for operating voltages up to 33KV. As the name suggests, the pin
type insulator is attached to a steel bolt or pin which tina
screwed to the cross arm on the pole or tower. T%ere is a groova
on the upper end of the insulator for housing the conductor. The
conductor passes through this groove and it is bound by the
annealed wire of the same mgieriai as the conductor. They are
preferred by 'sume users, even at voltages where multi-part
insulators are available, because of the cnmparativn absencn of
cement Qn adequate length of leakage path is obtained by the
provision of two or three sheds. There éhuuld be sufficient
thickness of porcelain between the 1line conductor and the
insuiatur Pin to give a factor of safety of up to 10 against
puncture. The insulator is designed in sucﬁ a way that it will
sparkover before it punctures. At wet and &nntaminaged -condition
the sheds becnme@; cpndutting and to avoid sparkover the pin

should be sufficiantly long.

The insulator and its pin should be su{+icientlyr strong
- mechanically to withstand resultant’ force due to the combined
effect of weight éf span, wind pressure etc. For higher voltages,
the thickness of the insulator is tomin;reased, so, it becomes un--

ecmnqmic. That is why pin type 1nsu1atcrs ig used up to - voltage

level of 3IIKV. Ag}schemat1c diagram is shown in fig 2.4.
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2i6mm —————e

296mm

b) Showing flashover distance

Fig:2.4. Pin Type Insulator
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2.3.2: Disc-type Insulators.

1

Diec—type insulators are very ﬁopular for constructing high
voltage lines because of their relatively émaller size and less
weight. Each disc is designed for a comparativniy lou working
voltage and the requxred total insulation is Dbtained by using a
string of suitable number of such insulatnrs. The mechanical
stresses on the insulatcr is less as the 1n5ulator5 are cunnected

flexibly with the tower. , ;

The first disc insulator is the Hewlt type (fig 2.5)'and iB.
characterized by great simplicity of design. Each unit consists.
of a single piece of porcelain,the central portion of which hag
two curved tunnels laying iﬁ planes at right angles to each
other; Thé short steel strips, forming the connectore between
individual unxts, are threaded through these tunnels and thus
lonp thrnugh each other, bendxng separated by layer of porcelain
which is wholly in compression. This method of construction

secures a high mechanical strength and there is no risk of

' breakage by the differencein expansion of conducting links and

insulaturs.

In cap and pin tybe or cemented cap disc type insulators
'shnwn in fig 2.5b, each unit is covered by a metal cap cemented -
in place, the upper end of each cap terﬁlnating iﬁ a lug ﬁb-whlch
the pin afhthe unit above is fastened. The pins are also cemented
in place and consecutive discs are joined together by ball and .

sacket joints. The three materials porcelain, cement and steel
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Fig: 2.5. Disc Type Insulator
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have different co-efficients of expansion and sudden temperature
change in service were sufficient te set up internal ' bursting
streéses, which ultimately cracked the insulator. The cement
material is subjeéted to volumetric changes depending on its
moisture content and causes fractufing process, Imp?ovéments'in
desigﬁ overcomes these troubles and cap-and pin disc insulator 15.

S

giving anexcellent survice in all parts of the world.

Another type of disc insulator is core and tine insulator
as shown in fig.2.5. Each insulator disc is symmetrical and
cohfdrms approximately the lines of electric field thus avolding
materials of different permittivities being placgd in series. The
metal work consists of pressed steel spiders,the legs of thch
are fastened into the porcelain. It is not easy to produce the

necessary thick porcelain discs; That is why tha core ahd'find

insulators have falleﬁ into disuse,

2,3.3: Post Insulators:

The post type insulators are very much important for
constructing high valtage _switching equipments and prqtéctian
equipﬁent. These are used in éonstru:ting the breaking chamber of
MOCB, transformer and circuit  breaker  bushing, currnhtnf
transfbrmers, potential transformer etc. In some places thisg tyﬁ.
of - insﬁiators are used as line insulator up to 30KV. A schematic

diagram of post type insulator is shown in fig 2.6.
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Shackle
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Fig :2.7. Shackle

insulator
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The post type insulator{y is 'nf salid core or hollow
construction as per use and have a cylindrical boundary shape.
All tﬁe metal work and cement is external to the parcelain. 8o it
c#nnut set ‘up bursting stress. Thg sheds are designed 1n1§uch a
way that it can be cleaned efficiently by rain. Moreover its
great .advantage is that if the sheds are broken of#f by power arc
or mechanical damage, the flashover voltage of the insulator is

Iittle effected. So, this type of insulator is very useful.

2.3.4: Shackle Insulétors.

Bhackle. Insulators  are mostly used.in distribution lines .
Such insulators can be used either in a huriznntai position or
vertical 'pusitiun. They, can be fixed directly on the pole as
shown in fig 2.7. The conductor is fired in the groave with a

soft binding wire.

2.3.5: Problems With Conventional Insulator

The safety and reliablity of transmission lines depend} on

the 1long term performance .5f insulators. ;nsulators must
Electtically and mechanically remain-stable for a long period of
éefvice under - harsh  environmental conditions. such as
,cqntamihatiun, wind, rain, snow and so on. So, the insulators

must be designed in such a way that it must cope with harsh

'envirunmental conditions. Some special designs against different

Causes of insulator detoriation are discussed bellow:

ot
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a) Aging of insulating material:

Poor manufacturing technique causes intérnal defects in
the insulaﬁing material, resulting in cracking or shattering due
to mgéhanical or electrical stress concentration on the defects
during a 'lnng term use. The porosity of porcelain occurs due to
improper firing technique and reduces electrical and mechanitgl
strquth. Improved manufacturing technique together with good

quality of insulating material can reduce this problem .

b) Contamination and Erosion of Insulating Materials

A dfastic reduction can be seen in withstand or $lash-
over voltage wheﬁ the insulator sur{ace is contaminated and
wetted. The pcllutaﬁt accumulation, cleaning of polluted surface,
wetted ﬁf pollutant 1layer, leakage current and occurence of
flasﬁover are influenced by the insulator shape, dimensions,
atmnsphericl condifidns; voltage stress, pollution source etc.
This contamination problem is severe in the coastal and desert
area. In heavy contaminated environment, the surfaée detoriation
of insulating material occurs due to surface errosion, in the
worst case, resultiﬁg complete failure of insulating material.

The errosion is caused by leakage current on the insulators.
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The anéi—:nntaminated insulators are designed to provide

-less contaminant accumulation on surface, to keep surface dry
and to increase the leakage distance. There are BOMe
anticontaminated designs of disc type insulators namely

aerodynamic or profile type and fog type insulators as shoun‘ in
fig 2.8. In.aerndyﬁamic type insulators the léakage distance is
300 to 400 mm and the shape is such that the contamination ie
cleaned by the wind. In fog type insulators, inner skirts ara
long enough to provide long creepage distance and remain dry and
less contaminated condition as these are covered by tha'top

skirtrs.
c} Cement Growth Failure.

In cap-and-pin disc insulator the cap and‘ the pin is
fitted to the insulator by cement. The cement is usually dried
and haraehed after curing, resulting in shrinkage but it
sometimes causes aisc expansion of ité volume by enough water.
Moreover, its properties changes with time. Accordingly, the
cement changes and expands with tiﬁe and a high mechanical stress
iz applied to the material of the sugpensinn insulators. This 1in
turn causes -radial cracks in the pin hule.-Labaratnry teats on

various insulators support the mechanism for cement growth as

" being mainly due to excessive gypsum present in the cement. Not

all the cements used in the assembly of insulators exhibit this

long term expansion.
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b) Aerodynamic type

Fig: 2.8 Anticontaminated insulators

Sacriticial Electrooe
Cement

Porcelan |00 7

Leakage Current

Part Subjecred to Corrosion

Sacrilicisl Elecrrods

Fig: 2.9 Hard-ware Corrosion of Dise Type Insulator
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d) Hardware corrosion.

The hardware of suspension insulators also suffers from
corrosion during long term use in contaminated areas. In both AC
and DC lines, this corrosion presents due to the electrochemical
reaction (electrolytic corrosion) because-of the flow of leakage
cureent as shown in §ig 2.9. Among hardwére 6f suspension
insulators, pin corrosion is serious problem because of reductinn
in meéhanical strength of the corroded pin or breakage of
insulator caused by expansion of  pin 'body. Tﬁe pin can be
protected agaiﬁst electrolytic corrosion by attaching a
sacrigical electrode r(Zink Sleeye) to the pin close fo caement

boundary as in fig 2.9.

2.3.46: D.C Insulatnrs::

Recently, DC'transmissioh line became pnpularl due to the
availability of DC converting equipment and for lbng distance
transmission of bulP.pﬁaek. As the DC flashover mechanism is
différent from AC cnes,vso the insulators used in DC line should
be of different shape than AC ones, otherwise fault rate will
increase. The insulator under DC vnltaga its more cuntaminated'
than ‘under AC voltage due to the dust collecting affect ’of nCc
valtage. Moreover the local dlscharge effect is more effective in
DC insulators. So it is clear that the surface arrasion, pin’

corrosion and flashover problems are mora severey than AC

insulators.
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Porcelain of
high elactric

Pure zinc sleeve
resistance

protecting pin
from corrosion

Alternate long and short ribs
(ligh DC contamination withstand voltage)

a) Insulator Unit Showing Different parts

DC Fog Insulator’s Shed” : AC Fog Insulator's Shed

Local Dischargs Conditlon

b) Showing Discharge

Fig 2.00. D.C Insulators
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In order to cope with the above problems, the DC insulators
are wusually manufactured by high electric resistance porcelain
putting a zinc sleeve arcund the pin shank and for ubtuining high
withstand vnltage the shed is designed with alternate long and
short ribs, keeping long distance between rib lips and long
l1eakage distanc; as shown in fig. 2.10. The D€ insulators are
des{nged to provide 10-20% higher withstand vnitnge than AC

insulator with same leakage disfance.

2.4 Discussion
From the above discussion we can say thqt the ferroelectric
insulators are the widely used and most popular insulator. In

both AC and DC power system they are most faliablq. Glaassn

insulator), the other material used in manufacturing HY
insul ator, presents high local  discharge of contaminated
condition, which in turn. causes surface errosion and pin

carrosion ‘and lowers the mechanical strength. In ferroelectric
insulators this is not so prominent. Due to the high insulating
resistance the local discharge is less in this t;pe of
insulators. The ferro-electric materials have high compressival
streés and low tensile stress. For that most of the ferroelectric
insulators are designed to bear high cdmpressiva and low. tensile
stress. Disc insulatnrs, the widely used insulators, are deiigned

taking this inta cons1deration.
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THEORETICAL ASPECTS OF DESIGNING
FERRO-ELECTRIC INSULATORS

3.1 Introduction:

Physical system comprises of different types of dielectrics,
such as solid, liquid and gasecus dielectrics and in almost every
instance a cnmbxnat1nn of .at least two of these components ig
involved.  Another observation is that the dielectric must
frequently serve as a structural material as well as an  insula-
ting material. Liqgid and gaseous dielectric may aisn serve as
coolants., fhese double or ‘sometimes triple <functions causes
mechanical and thermal stresses in addition to electrical streas
and place severe constraints on  the designer, which greatly
reduce his freedom of choice. This is because he has to consider
a multiple system of stresses, such as electrical, mechanical and

thermal stresses.

.The electrical stress on the 1nsulat1nn of .a power sygtem
_cumponent is perhaps the easjest to quantify. Firstly, theru is
1stress due to the steady state power frequency vol tage. ﬁependingf
upan the perticular compcnent involved y this may range froﬁ a
few Kv up to 80O Kv, wiith htgher voltages 1n.cuntemp1ation.'
Bgcause of the geometry of maost Powar mymtem caﬁpunents, the
electric fields that voltages give rise to, are more often than

" not guite nan-unifoarm.
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In addition to the power freguency fie1d§,.system tnsulation
is subjected to transient overvoltages caused by switching
operations and intrusion of lightining into the pover system,
Those are of variable duration, magnitude and wave form. Rapidly
changing transient voltages can temporarily cause further

extremely non-uniform distributions of stress.

So, the study of electric field distribution in and around
insplatingl structures has been of considerable interest to
electrical engineers for designing equipment that operate at very
“high voltage levgls. The peak stress value in an insulating
system is an important parameter to cnﬁtrol because it influsnces
discharge initiation and propagation. Compaction and miniatuari-
zation of high vaoltage system, with the resultinﬁ increased
nberating stress levels, héve made the study of electric stress

distribution even more critical.

Mechanical stress occcurs due to mechanical deformation under
the’application of electric fields. Thermal Stresses occur dus
_ are
to the thermal gradients, whichApresent:}jn insulators due to the

chmic losses in the conducting parts.

Unfortunately, the éxcessivé' electrical, mﬁchanical and
thermal stresses often occur simultaneously, And as thermal
stress is not so prominant, %hen electro-mechanical .stress

analysis is very important for an insulating system design.
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Our present analysis is, however, mntiVatéd to the
calculation of electro-mechanical stress developed in a
ferroelectric material. But electro-mechanical stress analysis of
such media has not been reported. Only the  electro-mechanical
stress in ether, a hypothetical medium has been widely discussed
by stratton U 11 1. Taking this analysis into consideration as

valid for dielectric, we extended that analysis for fermelectric

materials.

3.2 Evaluation of Potential Distribution by Finite Element
Method.

The basic principle used for developing finite element
method of finding potential distribution is the solution of

Laplace’'s equation. Laplace’'s equation is written as
va):o_ ' : « « » (3.1)
where QDQ potentialr

"Physical systemsare eo complex that the analytical solution

of Laplace's equation is very difficult, though not impossible.

As such, with the increasing availability of high wpesd digital

cnmpufers,_ two numerical methods are being extensively used in

the calculation aof electrostatic fields in high voltage systems.

The first method is based on the difference techndqﬁa
employing Laplace’'s and Foisson's eguations in the space where
the field is to be determined. This is done by dividing the whole

space into small meshes.
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The second approach to the 'cnmputation of fiélds is to
integratE‘Laplace's or Poisson’'s equation either by employing
discrete charges, or by dividing the electrode aur*ace.intn
sub~sections with charges. This method of ;omputatiun is known as
the charge simulation method. In this method fictitious point,
line or ring charges are assumed outside the sﬁace in which the
fiel& is toc be computed. The magnitude and position of these
charges are 5ucﬁ that their integréfed e{fec£ together with the
field of those charges existing inside the space, satisfies the

boundary conditions. This method is very successful for many high

voltage field problems.

Finite element dumerical technidue is now being extensively
used to find solution of Lapace's equation encountered - in
problems related to civil, mechanical and electrical engineering,
chang @éte:al&ﬂused finite element method to calculate electrical
stres; distribution within dielectric cavities. The +finite
element method is a pnwe?ful numerical fechnique that can be
brecisely used to solve .boundary value problem by piecewise
Jinearizétinn‘uf the potential functian-nver'a large number of
discrete spatial elements. In this chapter we are formulating tﬁe
finite element method of solving laplace’'s equation to obtainhz

electrical stress distribution.
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’

The basic requirement of the development of finite element
equation is to find an) extremum function which can be written in
energy density form. As a first step in the dévalnpmunt of this
method ,a uniform surface is considered which ig completely

filled with homogenecus and isotropic dielectric.

 The extremum function for electrostatic field can be written

as,[10]

J (P =%[ﬁ\7q>ﬁis N £ -3

The finite element method employs?) a set o¥ algabric
functions defined over a subsection of the wﬁole crosssection.
These subsections may be polygonal in shape and are called
elements.Thus in the finite slement method the entire domain over
which the operator is defined is divided into a finite number of
elements on each of which the actual node function is
approximated by a'seﬁ of cﬁntininus algebric functions which are -
only defined over the particular element under consideration and

are linearly dependent on the values DF‘P at the vertices of the‘

element.

Hence , 1f an element has n vertices (for triangul ar element
n=3), the potential P within it may be approximated by (10}
n .
m=
Where P.is the value of P at the vertex m and Nmix,y) is a
predetermined algebric function which is uniquely defined and

differentiable over the element and which reduces to zero outside

the element .
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Fig 3.1 : division into triangular aiements

Let wus cﬁnsider triangular elements as shown in fig 3.1. A
typical element (thé eth element) is describgd by the vertices
i,3 and k in cyclic order . Let R ,B and T be fha corresponding
values of ¢ at the vertices . For the élement e the functional

dependence of Pix,y) can be written as [10]
CP&(x,y.) = o+ ol n 4 o,y « o a (3.4)
where o,,e; and e, are to be determined.

If  Ota,ysd, (x5,v4) and (nv,y.) are the coordinates of the

vertices i, j and k, then solving for o, ciand o, we obtain,10]

1
1 . :
Pin ,y) = ~—(a, + by.x + Cs.y)cgb+ ——(as + by.x + c;.y)ﬂf
28 . 2A '
1 ) (2
+ ""_tak + bknx +'Ck-y )CE( - [ ] - {3-5)

2A
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Where 2A is the determinant of the matrix,

— -
1 N Ys
H M Y
1 Hi Yw

. _

A = area of the friangular element.
A: = X1 oYk “Huwa¥Ys
b, = Y3 — Y

Cs = Hue — X,

Here ai,bi,ci.... are the cofactors of the above square

matrix.

From (3.5) we get ,

>P° 1 .

Sx= T by B by B+ b gl - - - (3.8
2R : -

DPT 1

._—é_y_= ———‘-( Cs CPE"’ .(:J-CBQ«:"*' T CP‘:) - - - (3-7)
2R

Now from equation (3.2) for eth element,

5\ 1 _
>P >P
J = = [(~-=—=)= (22 = ..

o JJ ox Y ISY Tdx.dy

1

= -;—Jl[ Dby Fi+b, Fab. F= + (c2 F+os F+ouFD) 21dx. dy
- 8A .
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Since --;zfjdx -dy =A

1

3= = EB H b, F b F02 v (e 9F ves FF ven G321
. an

« « « (3.8)

I¥ there are in all M vertices, then from (3.2)
J (@) =F (?i'?l'cg'% IICIIIIIOCI%) - - - (3-9)

The optimum value of a set of ®. for a certain functional

form of Nmix,y) may be obtained by minimizing the function given

by (3.9) with respect to each of m i.e. equating,

ER]
— e 3 Q fur m = 1 2 3 . - - M (3- 10)
5P, : r e

However, in the vicinity of boundaries where constany .

potentials are specified.
1 2
J > CPb
2

So that at the buundary,:%gﬁ___a.q%

where CFL is the value of the potential at the boundary.
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Using Equafiun (3.10) for the minimization aof J function

over the element e.

i
2 1 . L) } ..
T T b (b P .+b, P,+b.. Pt +ca (C, P, +c, CP_.-I-:,‘CP,,) 3
oF
4A . i
>4 1 . e . . - .
-SEE = ———Ib,(by P, +b, CPJ+bkCPk)+CJ (s Pite, Prrc. Pl
7 an
od 1 e -2 e e 2 2
S5 = bkt P b, Fhab Ty ten ter T ey Foren By 1
ES A, e e

In matrix form for the element with nodes i, 7 and &k

CAR | el
3@. b, + ¢} bg-b‘_a + Ci.Cy b:.bi + Tt aChe CPL
& 1
- ' e
—b‘—a'—-ﬂ - bl -b_’ + T = C 3 b’; + Cg- b_’lbk + c.l-Ck q;’
0% -
an
e
. BJ £
_— b, By + Cr.Cu by.b. + CieChe g:c + C'b:c' CPK
o%
L - . ' —‘.. .

ory s = [SQJ [‘Pﬂ. e - e (3.1

Where S<= is the element sub-matrix and qf:is a column
matrix. S= is-a square symmetric matrix such that B, , =834, Tha
above equation can be applied to obtain elemental submétrices for
all the elements of the dnhain. The reéultant'matrix will be the

sum of all the element submatrices generated by all the elements.

Then inverting this matrix and multiplying it with the boundary

. values we can get the potentials of the nodes of each elemant



- 38

The potential distribution for parallel circular thin plate as

shown in +fig 3.2 can be rasily determined by using the above

analysis.

Laﬁ the upper plate be kept at a certain potential V = 11KV
and the lower plate is maintained at zero potential. The space
one side of Y-axis between the two plates is divided into 64

numbers aof elements énd 45 nodes. Assuming linear variation of

potential over elements,taking permittivity is constant aover the

region and considering tﬁe procedure discussed earlier we get 45
1inear algebric equations. Solving thé€se equations we get
potentials at. different nodes. The results aré polotted in fig
3.3. From the plot it is clear thaﬁ the potential " is constant
abbut the level Y = h/2, the putenfial from the top.blate
decreases gradually and become coﬁstant ‘functiun df- x at the
level ¥ = h/2 t.e. P = 5.5k/. Similarly from the bottom plate the
potential gradually increases and becomesa constant function of x
at Y = hr/s2 i.eﬁf&id level. Thus at Y = h/2 %g; =2 O ifdicates
that no lateral '{ield exista., Rathar fhe fiéld is entirely
vartical at the midlevel between the two plates. This is expected
because Eﬁﬁﬁ.the electric linas of forces emanating from the top

plate will turn towardsthe bottom plate after rnhchtng vertically

at the mid level.

This also indicates that half¥ of the energy is stored in the

upper half Eegian as is e%pected in a parallel plate capacitor

or in the case of dipole.

on
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Yy Circular plate

Circular plate -

| —
| X

Fig. 3.2. Coordinate system of the problem
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3.3 Electromechanical Stress Anaiysis

The theory of Maxwell-Faraday on electromechanical stresg in
"ether" has been widely discussed by Btratton [ 1%t 1. Emphasizing

their vélidity for dielectric materials, the following

analysis has been done.

Let us suppose that a certain bounded region of space

contains charge distribution. The field is produced in part by

the charges within the region and in part by the sources which

are exterior to it. Then at every interior point we get,

E=-VP |
Then V% E =0 , e e . (3.12)
and 7 - E =& - e . (3.13)

.
Henc?

Let equition (3.12) be multiplied vectorically by D=£5E, \we

get,
(VX E) ¥ D = 0 e e - (3.18)
a., a, B
OE. DE, 2E.. DE. DE, DE.
or, Jmmm——— - e - I _T = 0
dy D2 dz On dx Y

-



The x,y and

[(Vx E)x D1.3,.=

[(Vx E)x Dl.a,=

E(Yx E)x D1. &,

The abhove

quantities on both side=s.i.e,

bEn BE& P E.
Dx e — ——-) = Dy (e
dz -Ox D x
JQE,  DE. DE.
Dz( -— -) - DV(_"'_""
3 Exv d E.. DE.
D { - - ) — D (————
SR-2" dy. oy

z components of the vector (3I.14)

Dz (_._...._

Dn {———

equationsg

ot

QE.
————— ) + E.V.D
Ay
DE, _
————— }Y + E,.V.D
D2
JE,
————— Yy + E.V.D

i

il

DE. JE, DE
————— ) = Dy L = —mee

Dy O DY

DE. DE. BE
- =) ~ Dy (~——— -

oY Dy Dz

DE, DE. DE.

————— ) - Dn (- -

Dz Dz O

can be arranged by

E.V.D

E.Y.D
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are given by,

=0 :.(3.15)
=0 ..(3.16)
=0 ..(3.17) .
adding‘ equal
- . (3.18)
. . (3:19)

(3.20)

The above three equations can be arranged in tensor form,

Vv .81 = EY.D

where § is the tensor expressed as follows:

w)
(]

—~
Sia -

8=,

STSI

(3.21)

(3.22)



and I is the column vector expressed as,

-l
]
ml
X

m!
N

For an isotropic dielectric the elements Sis are shown in

Table 3.1.

Table 3.1 : Components S.; of the tensor S ifh free space
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, >
i‘k , 1 ' 2 3

ot eees -BEE=| cere E&E.E.

BT S 2 )
2 CErELE, E&ED - Eubrea ¢ £+EE.

2
3 weeE | ggeE, T it
2

Equation (3.2%1) is a relat;nn through which the forces
exerted on elemeﬁts tan be expressed in terms of the vector ﬁ. As
¥ -D,

distribu{ion‘given by the right hand side of (3.21) will be in

is the charge density is in column/m™, the force
Newton/m=. Let us now integrate the identity over a volume V to
obtain the force,

F =[Vv.8Iav =f§V.f>dv' . - . (3.23)
be the unit outward normal at a point on the boundary

surface. Then by divergence theorem.

F = é(é&).nda =j'év'.bdv : ...

{(3.24)
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Thus the quantity (81).7 comes out in the form of force per

i ~ _
unit area or as mechanical stress. That means (81).n represents a
mechanical stress developed with application of electrice stresa

E. In vector notation the electromechanical stress is given by

— P p—

t = (SI) . n ' (3.25)
Hence the stress components can be given as,

te = (6. + 8,27 +8,-0 )

t, = ( Boaf. + S':!:ny "‘S:e.::slgl’_::-}.E )

t: = ( 531%n + 532(%3\, +S:53%¢ }
Refering to Fig.3.2 the electric field between the two
circular parallel plates has »x and y components only. Now i we
desire to calculate stress in the »z plane then n will be in the

y direction such that %1 = 0;:%1 =1 and F. = 0.

Then
te = Bi2 = €E.EE, e e . (3.26)
) ) 1
t, = 822 =€6.( EZ2 - ___g2,
' ' 2
8:&" 2
= == | Ey - EE‘} ) - - - - ‘(3-27)
2 .

t: = Sz = @ ' : (3.28)
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Hence the maqgnitude of the stress is given by,

tum

J e T
= 898'1' (EuEy) + “'__( Ey - Euz)
4
= Sbr g2, E)
2
= éLE_'.‘" Ez
2
o 1L
Df‘, . t = ——— D.E . . ' « v ® (3-29)
2 0

The angle of the mechanical stress is then given by

-1 t,
On= tan (~—-—) . . - (3.30)
N\t '

1

In general -— D.E reprecents the magnitude of the electro-
2

meéhanical stress in the dielectric. -
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3.4 Electromechanical Stress Distribution in Ferroelectric
Material between Two Thin Circular Parallel Electrodes.

In order to obtain the electromechanical stress distribution
in ferroelectric material betweeq two ‘thin circular parallel
electrodes by finite element method, first we have tp calculate
the applied field distribution between the electrodes. The |

applied field can be expressed as,

Eo = EHIEDH +EV.E.:.Y . - - - (3-31)

The field components E_, and E., can be easily obtained by
dividing the region between the electrode into finite number of

triangular elements and applying equations(3.é&) and (3.7) we get,

1

£ (4 :
Bow = === € b,H+ b, B+ b0 S b < 73
20 | '
1 < e e '
EC)Y 7 ———— [ C!q?;"‘ C,lq;"' qu)K] . - - - (3.33)

2A
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meon '
For satisfying the, hysteresis curve (Fig. 2.1) the magni tude
of the electric flux density as a function of electric field can

be well approximated as,

D= €,( Ero. Ea— KED) .. U3.38)

Where E.bp= ——— |

Hence, C,, is the dielectric constant at very weak field, K

is a constant.

When ferroelectric material is placed betwaen two
'electrudes, major portion of the electrical energy is spent in
polarizing the molecules. After polarizing the dielectric, a
'pnrtinn of the supplied energy remains to liﬁk the two

electrodes. These phenomena are explained by tLorentz equation.

D = Do + P (3.35)

Where,

P is the polarized portion,

and ‘Do =€,En i85 the matroscopic flux density tha£ remains as
an  unpolarized portion of the net flusx density B. The purpose of
'élactrical iﬁaulation is to keep thie unpolarized tlux density to
a minimum. A YV.Do = 0 in the dielectric‘region. then Ea =-5VQZT_
where P is the potential satisfying Laplaces}s equation and can

be obtained by the finite element method discussed earlier.

Now from (3.34) and (3;35)'wa get

P = E,0 Evro— 1}EL — KE. 3 . v (3.3



The effective relative permiftivity ér is obtained from
_ dP _ , , . ‘
EolEr~ 1) = — o e . L (3.37)
Substituting (3.3&4) in (3.37) we get

. .
€.(Er1) = £, (Ep—1) - 3 KES]

Er= Evo - 3 KEZ ' .. . (3.33)

From Fig. [ 2.1 ]

We get flux density corresponding to the two curves of Fig.

2.1
. , = |
Dt = €, [ &vo (Ew + Ec) — K (E. + Ec) 1] L e e . {3.39)
. _ Lo . ] _— . ‘
b2 = E.[ €vo (Ec — Ece - K (Ea — Ec) 1] - - e - (3.80}
At Ea# Es the polarization saturates and we get DI = D2 i.e.

DI - D2 = 0. Hence

> 3 -
. €. 2 8yEc - K {(Es + Ec} - (Es - Ec) 3} l=o0

2 &vo Ec
3 K = mmm—— e
(Es + Ec)”. - (Es - Ec)*
2 TyoEC
or, K = —se-esme—e—— 2 - 2 2 .2_‘—_
2 Ec[{Es + Ec)_+ (Es - Ec} + Es .- Ec 1
Evro , ,
K, =3 -—--—-—————2—- —————————— . ‘_‘_ ) - - - (3'41)
3Es + Ec?

After saturation the field leaks nut into' the med;um'
sourrounding the ferroelectric material, and flashover takes
.plaée ?ruund the insulator with the air breakdown at which the
field strength is, Es = 2x10° v/m. We choose Ec = 1/2 Es = . 10=

v/m aﬁd E«o =‘2000'fnr ceramic at 1009C {(the extreme-conditinn).'

-



-

Now from equation (3.34) we can
components of flux density as,

Di =€, {EpEwr - KEc.f’ )

>

D, =& (EnEo, — KEaoo )

given by [ 11 1,

E = Eo + E,
whgre Eo'

applied field
E.

field due to polarization

E,
e Therefore,

- 3P
E

e ————

Eo

3 is a constant,. for BaT10s the coefficient
5 -

3 X . 107 per

1/73 = 10°. Hence ¥

e

= [ 13 3.
Again for ferroelectric
expressed as, [ 13 }

‘material the

D P..

polarization in x and y direction we can write,

ve " EtEm "
oe -
————— = o(& - 1}
D Ea. 7

Again for any dielectrié, the internal field developed is

For ferroelectric material we have Ep me——
polarization vector.

expansion
. degree and the observed curie constant
1/3

{3.45)
-khere eq-iS ‘the relative permitivity of the material. #Dr

~49—"

also write the x and y

(3.42)

{3.43)

awhere F is the

v e e (3.44)
of

P

s a T

polarization

is

(3.44)

(3.47)
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where &rx and Ery are the relative permittivities for fields
in x and y directian respéctively. Nok by definition of relative

permittivity,
Ep = —=— ———m ‘ C e . (3.48)
Hence substituting the values of flux density components
from equations (3.42) and (3.43) we get, |
Erx= (Epo- IKEZ) , . . . (3.49)
€ry= (Ero— 3KEZ) - . .. (3.50)

Substituting equations (3.49) and (3.50) into equations

(3.44) and (3.47) respectively we Qet,

dP. . o -
- ———— = 60 ( 6ro - 1 - SKEau , ’ . - - (3- 51 }
0 Eax :
—_——— 80 ( E/YO - 1 - 3KEmy ) - - - (3. 52)
OEa, “
Hence by integrating we get,
3 .
Pu = 80[ { 8\'0— 1 )Eq::u - l‘:Ecu( 3 = e - (3.53)
> }
PY = Eo £ (ero-' 1 )Euy - ":Ecy ] » o« « (X.S54)

Now substituting equations(3.53) and (3.54) in equation

(3.44) we get the components of the field as,
‘Ek =[x ( 8‘!‘0 - 1)+ ‘ IJIEGN - KEEK - L L (3-55)

Er =[¥(Evo - 1)+ 1] Eop - KES . . - 13.56)



Therefore the magnitude and angle of the field are

E = VlExz + Ey= - - = {3.97)
Ey - - .
(___ . . . (3.58)

Ex ' . _

The magnitude of the mechanical stressl according to eqgn.

. -1
and 9;= tan

{(3.29) is given by,

1

t = —— D.E

) 2
- 1 ’

t = —— ( Dx-Ex + DY‘EV )
o .

: - h‘|'
e l ..- N - ’ .
: t2= I ( DK'EK + ]:)y'-Ey)2 ' T . - - (3-59)

4 .

The stress t can be divided into » and y components,

r 2 1 ; .
t= = i + ty = D.D,E.E, + —— {DyaEy — D..E.)=
: 4 : _
tw =/ DD E.E, | - - . (3.60)
- 1 . , , :
and t, = —= ( D,.E, = D,..E.) . - . (3.61)
2 vt ’
Tt =,/rtx2 + ty= ' , ... {3.862)
' -1 oty | _
“and angle fm. = tan (————) ' « - . (3.63)
: S 37 ' :

-5t~
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Hence From equatinn (3.462) and (3.43) we can readily
detarmina the magnxtude and angle of mechanical stress developed

in ferrn-electtxc material under application of electric field.

For alternatiﬁg fields experiencing hysteresis effect, the
electric field cnmpnnents in the abnve expression must be changed
as Eo & Ec respectlvely for alternation from negative maximum +to
positive max i mum and from positive maximum to negative maximum.

The coercieve field Ec can be assumed Es/Z, vhere Es is the

saturation field.

Both the electric and equivalent mechanical stressas have
been calculated for ferro-electric material between two c;rcullr
parallel Rlates. For electrosfatic case Fig. 3.4 and 3.5?:
illustrate the plots of electric aﬁd equivalent mechanical stress
megni tudes aé functxons of radial distance {rom the axis of the
- electrodes. Plots are shown for different levels y=h, 3h/4, hs72
and h/4. The peak values of the stresses occur at the adgus.of
the electrodes and the stéess value drops rapidly for‘ distancas

‘away’ from the edge. The electric and equivalent mechantical

stress curves have almost similar shape.

From the angle distribution of electromechanical stress
.shnwn in table 3.2, it can be checked that the upper half of the’
ferrp-electr1c material eyper1ences compressive stresses and the

lower half of the material experiences tensile stresses,
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' _Table - 32

Electromechanical stress angle variation of ferrcelectric material
", ( Staticase )

X (em) o 1 2 -3 4 5 6 7
Y - ' '
(cm)
Bel -90 -44.57 -37.39 -32.96 -30.91 -i0.62 ~-33.43 -52.35
4
B +90 -179.153 | -164.78 +155.92 -151.83 -151.25 -156.86 ~165.28
B, - 85.41 - 66.48 |- 63.64 - 62.80 - -2.62 - 63.¥ﬁ ~ 65.89 - 77.25
3 . X .
6. + 99.17 +137.02 | +142.71 +144.39 +144.75 +143.72 +138.20 +115.49
_ Be| - 90.00 - 89.99 |- 89.99 -~ 89.99 - 89.99 - 89.99 - 89.99 - 9n,0n
2 .
B + 90.00 + 90,00 |+ 90.00 +90.00 + 90.00 + 90.01 + 90,07 |+ 90
Bel - 93.96 -117.96 |[-124.16 -133.90 -138.29 -139.47 -136.70 -118.48
1
Bml + 82.074 + 54,08 |+ 21.69 + 2.19 + 6.59 - 8.94 - 3.40 + 33.02
B, -90 -163.07 |-164.21 -164.75 -164.83 -164.11 | -160.15 -135.00
. .
Eml 490 - 56.139 |- 58.435 - 59,507 '} 59.66 - 58.23 - 50,31 - n.0l

- 95 -
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) Table -3
Electromechanical stress angle variation of ferroelectric material

(Negative maximum to positive maximum)

X (C.m)
Y 0 1 2 3 4 5 6 7
(C_-m.) ‘
Be | +35.10 29,98 +29.79 +42.85 +44.04 44,56 +44.80 +44.92
.4
O -17.42 ~39.03 -10.44 - 4,28 - 1.90 - 0.87 - 0.39 - 0.15
. . | |
B, | +37.23 +36.20 +40.03 +42.52 +43.80 +44,43 | +44.73 +44 .87
3 .
O, -15.52 -17.59 -~ .93 - 4.95 - 2.38 - 1.13 - 0.53 = 0,25
B, | +37.70 +38.38 141,51 +43.32 +44 .20 +44.62 +44.81 +44.89
2 ;
' 0. -14.59 -13.23 - 6.97 - 3,35 - 1.59 - .75 - 0.37 ~ 0.20
B, +36.75 +38.05 +44.16 . +44.96 +45 .04 +45.02 +45.00 +44.,98
1 ' -
.| -16.48 -13.88 - 1.67 - 0.06 - 0.09 ~ .05 - 0.01 - 0.03
B, | +35.55 +52.24 +47.44 +46.00 +45.44 +45.19 45.07 45 .00
0
6, -18.89 -14.49 - 4.88 - 2.01 -70.89 -0.39 | -10.15 0

-65-
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Table - 34

- Electromechanical stress angle variation of ferroelectric material

(Possitive maximm to negative maximum)
% (C..\m-)
Y 0 1 2 3 -4 5 - 6 7
(Cm)
8, | -129.29 | -119.55 -129.55 | -132.79 ~134.03 -134.56 | -134.80 -134.92
4
8.1 + 11.41 + 39,22 + 10.89 + 4.40 + 1.93 + 0,87 + 0.39 + 0.15
Be | -129.44 | -127.71 -130.48 | -132.63 -133.85 ~134.43 -134.73 -134.87
3
Om| +11.20 | + 14.57 F9.02 |+ 4.73 + 233 |+ 112 |+ 0.53 |+ 0.25
B.!| -129.93 | -130.26 -132.11 | -133.47 -134.23 ~134-62 ~134.81 ~134.89
, .
Oml +10.13 | + 9.46 + 5.76 |+ 3.05 +1.52 |+ 074 |+ 0.36 | + n.20
8, -129.76 | -131.21 -134.33 | -134.96 -135.04 -135.02 -135.00 -134.98
1
B + 10.47 | + 5.57 + 1.32 |+ 0.06 + 0.08 + 0.05 + 0.01 | + n.03
8, | -128.98 | -175.95 ~136.93 | -135.91 -135.42 -135.19 -135.07 ~ 45.00
0 - -
8. +12.02 | + 7.91 + 3.8 |+ 1.82 + 0.85 | + 0.38 | + 0.15 + 0
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For alternating field a different nature of stress_curve is
observed. In fthe cycle when applied voltage alternates from
negative maximum to positive maximum, the sfress distribution
takes the shape as in Fig. 3.6 and 3.7 and their angle variation
is as in Table 3.3. In this case.the maximum stress occurs at the
edge of the uppér plate and the minimum stress occurs at the
lower plate. The stress curves attain a constant value with the
increase in x. The stress angles in table 3.3 indicate that in

this half-cycle the material is subject to laterally expanding

stress.

When the applied voltage alternates $rom positive maximum to

negative maximum, the stress distribution takes the shape as in

. Fig. 3.8 and 3.9 and their angle variation is as in Table 3.4. In

this case the maximum stress occurs at the adbe of the lower
plate and minimum stresses at the upper plate, the stress curves
attain constant value with the increase in x. In this case also,
the material is subject tno laterally axpandinq 5¥ressal as can be

checked from the angle distribution shown in table 3.4.

3.5 Discuésion.

The above study gives the distribution of electric and
equivalent mechanical stresses developed in a ferro-electric

materialrplaced between two circular parallel electrodes.

r

' We calculated stresses for both static and alternating
fields.  In all cases shapes of the electric stfass distribution
curves resemble those of the equivalent mechanical stress

distribution curves.
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For static case the peak stress occurs at the edge of the
top plate and minimum stress at the bottom plate. At y = h/2 or
i.e.” in the mid-level the electromechanical stress has only
normal components but the edge of the top plate is subjected to
cmﬁpressive-lateral stress only. In general the lower halft of the
material is subject to expanding stress, the upper half +to

compressive stresses for a static applied field.

-For an a.c; field as tﬁe applied. potential Qarias from
negative maximum to positive maximum, the peak stress occﬁrs at
the edge of the top plate and its magnitude is higher thén that
of the static stréss. The angle variation ( Table 3I.3) in this
case is such that the insulator inéide the plates are subject to

laterally expanding stresses.

For applied. potential varying from positive maximum to
negative maximhm, the peak stress occurs at the bottom plate and.
its magnitude is higher than that of the above two cases. So, the
greatest maximum istress occurs at the bottom plate. The angle
variation (Table 3.4) in this case is such that the 'insulatof

.inside the plate suffers from laterally expanding stresses.
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' DESIGN OF FERRO-ELECTRIL INSULATORS

4.1 Introduction: ;

The most obvious objective in iﬁsulating system désign is
to obtain suitable system elements (electrodes and insulators)
which will withstand electrical and equivalent mechanical
stresses at normal operating conditions énd nccasgnnéi #auits; In
order to get reliable insulating system, the peak value of the
~5tre$ses must be less than'the allowable‘stress. The continuously‘
ihcreasing voltage level of HVY devices imposes the need for
better space utilization. For this purpose it is necessary to
apply elecfrnde and insulator contour optimization in insulating
-system design. This contour optimization of field distribution
and ‘its application in insulating system design is widely
discussed by Stih [ 9 J. The Qame method was discussed by Itaka
andrHaEa £ 12 1 for three dimensional field problems. In ordef to
produce high quality insulator, it is necessary to follow somm
noticed points which are as. follows:

— Selection of high quality materials

— High manufacturing technique

- Strict quality control
— SBuitable design engineering
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Tﬁe mechanical strength of pﬁrcglain depends upon its raw
matérial. So, the raw material must be free of ferrous perticles,
"the size and pores should be lesg and the amount of crystal
should be more. Then using high manufacéuring technique and
' strict quality control we can produce good gquality of insulators
with the application of suitable eﬁgineering design. The
ele:tfn—mechanical stress analysis of ferro-electric material
gives an idea about the stress distribution, magnitude of peak

stress and angle of action.

4.2 Finite Element Design of a Pin-Type Insulator:

Pin type insulators are used in distribution lines for
voltage ranges upto 33 kV. It is usually é Dne—piecm construction
and fitted witg Pin to the tower. The finite element design of .
~this  type of insulator can be per+formed using the
electromechani;dl stress analysis for ferro-electric materials

studied in chapter 3.

The.pin—type insulator is symetrical about its axis. Bo we
,takg' hal f pnrtinnr of _it divided into &4 nos. of triangular
‘elements as in fig.'4.i. The 66 no. of elements produces 53
nodes. Then taking t1 kV at nodes 1,2 and 3 and considering the
pin at nodes 33-37 and applying the analysis of article 3.4 vied
rget'electric stress and equivalent mechanical stress distribution

for static and alternating cases. The distributions are plotted

il'l {195- 4.2—4-5.



o1a]

11 Com. 4 - i 3 6
2 4
1 3 5
10 3. 35 7
6 . 8 10
7 9
9 1 ' 2 /Mj A ]
1 13 15 '
174 14 716 chi1 KV at nodes 1-3
8 38 4,2 43 9 P =0 KY at nodes 22-37.
17 19 21 Evo= 2000
Ec=Eq/z =10° v,
7 .37 10
- ' 27
6 13) Ul
32
33| 3%
5 8 L———I\12
39 41
w0 | 2 | 43
& 51 13
24 23 .8 50 .
L9 51
3 25 22 5 14
55 . 87
. 56 58
-2 25 21 15
61 19| 62 1
60 63 |-
! 30 27 20 18 16
64 66
65 |
) d
29 28 17
¢ 2 3 : 5 6 cm.
AR Fin'ité,elemet division of pintype - Insulator.




KY

¥4

- 69 -

X

FIG. 42. POTENTIAL DISTRIBUTION FOR FPIN TYPE INSULATOR
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Table showing average vertical stresses at

TABLE 4.1

the Pin-Type insulator considered in Fig. 4.1

different reqgions of

N ‘.:

i  Region i Type of field applied i Working tLoad !Average iType of Stress!
! considered ! ' POEN) iStress in |

H ' ! i i¥Y—direction i
i : H ; i (KN/m=) { :
iTop region, | -t DE H - 0.54 1 .234.39 Compressive |
{eleméhts i AC (negative maximum to positive! —12.20 i —776.95% | Compressive |
1 1 - 1) H maximum) H H : :
H i AC (positive maximum to negativel 12.02 i 765.48 | Tensile :
H i © maximum) i H i i
i Between H Dc : 8.75 ! 744.23 | Tensile P
i Conductor i AC (negative maximum to positivel —~-28.53 i—2524.77 | Compressive !
land Pin } maximum} ! ) o ! H
i(elements - ! AC {positive maximum to negative] 34.79 i 3078.98 | Tensile i
i 11 - 22) i maximum) - i : H
iBody region | b : i —-0.035 H —1.14 | Compressive !
i{elements i AC (negative maximum to positive! -1.414 i —446.00 | Compressive |
i 28 - 43) ! ma» imum) H ! - H H
i i AC {positive maximum to negative! 1.414 i 45.67 | Tensile i
: H max imum) ’ H i : :
iOuter Skirt | DC ! 0.00003" | -0.0005 ! Compressive !
i{elements i AC (negative maxximum to positive! 0.071 H 1.18 i Tensile :
1 33 - 64} b maximum) c 3 : _ i H
! i AC (positive maximum to negative! -0.071 T -1.18 H !

maXimum)

Compressive

|
I

—L -
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From the figures and numerical results we observe that the
potentials of the nodés decreases as its distance increases from
the potential plate and becomes zerao at the pin i.e. at the
gruund'plate.

From study of the average vertical component of stresses at
different regions of the insulator as shown in Table 4.1, the

following phenomena are cbserved:

(1) For d.c., thé material between the pin and the conduc—
tor is subjected to a tensile stress and the remaining portion
undergoes compressive stress. However, the insulator as whole is

subjected to tensile stress. y

{(1i) For a.c. when the ctycle varies from negative maximuﬁ
to- positive maximum the material above the pin ﬁndergués'
compressive stress and the remaining portiaon undergoes tensile
stress, But as a whole fhe insulator is subjected to tompressive

stressgs,

(iii) For a.c. when the cy;le varies from paositive maximum
tu:negative maximum, the material above thé pin undergoes tensile
stress and the remaining portion undergoes compressive stress but
as a whole the insulator is subjected to tensile stress.

In all cases the average lateral component of stress
is very'high compared to the vertical caompanent. It 15 tensile in

nature and of the order of 107 N/m*, However, +for the

*

proposed

design . the magnitude of electromechanical | stress  isg greatly

qreducéd tnmpared with the case of hypothetically infinite lateral

extent of the material as discussed in Chapter 3I.

Y
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4.3 Finite Element Design of a Disc typg Insulator:

The Disc type insulators are used in cunstructiﬁg HV
transmission Iiﬁes. Usually this type of insulators are designed
at a lower wvoltage say 11 kV and used as string for HV (132KV,
230KV, 400KV etc) transmission lines, The finite element design
of this type of insulator is per formed applying the electro-
mechanical stress analysis for ferro-electric materials in
chapter 3. In doing S0, - the axially symmetric insulator is
divided into 93 numbers of triangular elements as shown in fig.
4.6 which results 72 nos. of nodes. As the cap of the insulator
remains at ground potential, we take the potentials of the nodes
1 to 10 as zero. As the conductor hangs with a stegl pin fitted
inside the insulator, we take 11 kV at the nodes 40 fo 48
considering that each disc isg designed for ll'kV). Now, applying

-the mathod-developed in section 3.4 we ge£ the distributiona of
electric and equivalent mechanical stresses QEveluped within the

insulator. The distributions are platted in figs. 4.7-4.172.

From the figures and numerical results we found that tﬁa
potentials of the nodes decreases as the distance from the pin

increases and becomes zero at the cap.
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TABLE 4.2

-

~Table showing average vertical stresses at different
regions of -the Disc—-type insulator considered in Fig. 4.6

PR

e me ome ww owe | e ee e e e e

i Region H Type of field applied i Working i Average |Type of Stress
i considered’ | i Load i Stress ini
H . b H (kM) i Y-direction
i { H ' i (KN/m=) |
! : i ' H
i1Top circular! Do . i 7.82 i 437.36 | Compressive
ipartion H AC (negative maximum to i 18.64 i 1042.5% | Compressive
i (elements A positive maximum) } { i
i 1 - 15) i AL {(positive maximum to P —16.25 i\ —708.84 | Tensile
i i negative maximum) : : H
iCap portion ! Y pe :  —52.75 1-1301.51 ! Tensile -
i(elements H AC (negative maximum to V127 .90 1-3150.48 ! Tensile
1 16 ~ 36) i positive maximum) i ' -
i i AC (positive maximum to i 111,71 i 2736.23 | Compressive
i i negative maximum) H ! H
iBody region | ‘DC i —-3.98 i —23.40 1 Tenside
i(elements : AC {negative maximum to v —12.20 ! =79.73 1 Tensile

37 - 71} ! - positive maximum)’ ' H ] BRI

: H AC {positive maximum to 11,03 : 72.09 | Compressive

negative

Mmaximum)
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the study of the average vertical component stress at
regions of the insulator as shown in Table 4.2. the

phenomena are ochserved:

For d.c. the maferiai cf the top circular portion

compressive stress and the remaining poartion undergoes

tensile stress. However, the insulator as a whole undergoes

tensile stress.

{ii)

For a.c. when the cycle varies from negative maximum

to pnsitive‘maximum, the material of the top circular portion

undergoes

compressive stress and the remaining portion undergoes

tensile stress.'However, the insulator as a whole undergoes

tensile stress,

(iii)

For a.c. when the cycle varies from positive maximum

to negative maximum, the material of the -top circular purtion

undergoes

tensile stress and the rema;ning portion undergoas

compressive stress. However, the insulator as a whole undergages

compressive stress,

In al

1 cases the average lateral cumpcnent of stress is very

high compared to the vertical component It is tensxle in nature

and is of

the magnitdde of electromechanical stress 'is greatly reducndf

compared

the order of 107 N/m®. However, for the proposed design

!
/

with the case of hypothetically infinite lateral extent

of the material as discussed in Chapter 3.
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4.4 Discussion:

The design obtained in this section for pin type and disc -
tybe insulators are performed on the basis of finite numbers of
elements and by analyzing the electromechanical stress for ferro-—
electric materials filling those elements. From the Table 4.1.
and 4.Z. it can be observed that the portion of the insulator
which.remains in contact with the conductor uhdergoes the maximum
stress. Moreover, for a.c. the insulator 1is 5ubjeéted to
alternate compressive and tensile stresses with the aiterhation

-

of cycle. *

To cheﬁk the validity of the present calculation we made a
comparisdn with the electromechanical test data of disc-type
‘insulator carried out by Swedish State Power Snard materials
Laboratory [191, when the insulator is subjected to 40 KV A.C.
the observed average electromechanical load is 105.5 KN.
According to the present calculation- the average
electrumechanicall lgad at &0 KV becomes 119.52 KN. This agrées
reaso;ably well with the test result, It may be Mentioned that
~the difference in the working load is due to‘the value of

internal field constant which we take 1/3  for Bafiﬂg and this

value may perhaps be slightly different.



CHAaFTER =

GCGENERAIL DISCUSS IO AN D

SUGGES T ION
FOR FUTURE WOMSlcs '



- 87 -

GENERAL.DISCUSSIDN AND BUGGESTION
FOR FUTURE WORK

Computer Aided design of ferro-electric insulators is
carried over by calculatingl the electromechanical stress
distribution in ferro-electric material by finite element method.
Firstly, a Computer Program has been developed for calculating
the .electrumechanical stress distribution in ferro-electric
material of infinite exfent and then it is modified to calculate
the electromechanical stress distribution for the ferro-electric

insulator of finite size.

5

To get an idea about the electromechanical stress over a
region, it is first necessary toc know the pnteﬁtial distribution
over the region. The space between two circul&r parallel plates
has been divided into a finite number of triangular alements..
Then assuming linear dependence of potential over the elements
Laplace’'s equation_has been solved to get pbtentigl at different
nodes. It is observed that for dielectric between two éircular
parallel plates, the potentials at different ﬁodes converge talﬁ
half. of the applied potential at the midlevel between the.
parallel plates as the distance from the.axis of parallel plates;

increases. The potential distribution has been plotted in Fig. -

3.3,



Since 4efru—electric materials are extensively used in
fabrication of high ~voltage insulators because of their-high
relative permittivity, a study has been given to the electro-
mechanical stress distribution-in such materials in suctiaﬁ 3.3.
énd 3.4. Because of the non—lineérity in the medium, the stresses
cannot be calculated in a dirgcf manner. The finite element
method enables us to linearize the medium in a piecewise manner
and evaluate the effective non-linear characteristics. In view of
l the hysteresis curve of polarization of ferro-electric materials,

three cases were investigated. These are 1-

(1) insulator subijected to d.c. voltage

(2) insulator subjected to a.c..voltagg and the applied
voltage goes frnm‘negative maximum to positive
maximum, and

{3 insulator subjected to a.c. voltage and the applied

voltage goes from the positive maximum to negative

maximum.

The magnitude of the electric and equivalent mechanical
stresses for the above three cases for material of infinite

extent are plotted in Figs. 3.4, 3.5, 3.6, 3.7, 3.8 and 3.9

:respectively.
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For static case (Figs. 3.4~3.5) the peak stress occurs at
the edge of the plate and thé stress value drops rapidly for
distance away from the edge. From the angle distribution shown in
table 3.2, it is clear that half of the ferro—-electric material

experiences compressive stresses and the rest hal+f experiences

tensile stresses.

For alternating current when potential goes from negative
maximum to positi&e maximum; the maximum stress occurs at the
upper plate and the miniﬁum stress occurs at the lower plate
(Figs. 3.6 and 3. 7). The stress curves attain a cnnstant value as
the distance increases +rom the axis of the plates. From the
angle distribution (Table 3.3) it is clear that the material in

between the plates is subjected to laterally expanding stress.

For alternating current, when potential goes from positive
maximum to negative maximum, the maximum stress occurs at the
edge of the lower plate and minimum stress at the upper plate
(Figs. 3.8 and 3.9). The stFESS curves attain a constant Qalue
with the increase in distance from the plate. From the angle
distribution (Table 3.4), it is clear that the material is
subjected to laterally expanding stress. The greatest peak stress

occurs in this case at the bottom plate. -
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The electromechanical . stress analysis for ferro-electric
material of infinite extent developed in chapter 3 is applied
. for designing ferro-electric insulators of finite size. In déing
S0, We divided the insulator region into a finite number of
elements (Figs 4.1 and 4.6) énd applyiqg the abo;e analysis we

get the results discussed below:

For the design of pin-type insulator (Fig. 4.1) the
insulator reqion is divided into o6& numbers of elements
comprising 53 nodes. The width of each elelment is taken as 1
cm. fhe potentials of different nodes decreases as its distance
increases from the conductor and becomes zero at the pin. For
d.c., the material between tﬁe pin and the conductar undergoes
tensile stress and the remaining portion undergoes coyprassivu
sfreés. However, the insulator as a whole is subjected to
compressive stress. For a.c. when the cyéle va?ies from negative
~ maximum tu‘positive maximum, the material above the pin undergoes
campressive' stress and the remaining portidn undergoes tensile
stress. However, the insulator as a whole is subjected to
compressive stress. For a.c. when the cycle varies from positive
maximum to negative maximum, the materials above the pin
undergoes tensi;e stress and the - remaining pbrtion undergpes
cumpréssive .stress. However, the ' insulator as a whole is

subjected to compressive stress.
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For the design of Disc—fype insul ator (4;6), the insulator
region is divided in 93 number% of elements comprising 72 nodes.
The width of each element is taken as 1 cm. The potentials at
different nodes decreases as the distance from the Pin increases
and becomes zero at the cép. For d.c., the material of the top
circular pdrtion under§095 compressive stress and the remaining
portion undergoes tensile strecs. However, the-insulétor as a
whole is subjected to tensile stress. For a.c. when the pu@ential
varieas from negative maximum to positive maximum, the material in
the top circﬁlar region undergoes compressive .stress and the
remaining portion undergoes tensile stress. However, tha
insulator és a whole is subjected to tensile gtress. For a.c.
when the cycle varies from positive maximum to negative maximum,
the material in tha top circular portion undergoes tensile stresg
and the remaining portion undergoes compressive stress. However ,
the insulator as a whole is wubjected to compressive stress.
Theréfore, the insulator is subjected to alternate compressive

and tensile stresses with the alternation of cycle.

An interesting feature is that a severe lateral component o+t
the electrnmechanical‘ stress can be observed in the two
ferro-lectric insulators designed in,thé present work. It is of
the order of 107 N/m® for a.c. and 10” N/m= for d.c. with an 11
KV aﬁplied potential. Such lateral phenocmenon éeems to have nat

been studied_extensively in experimental design of ferro-electric

insulators.
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The finite element design of pin-type and Disc—type
insulator performed in this thesis. can be a very useful technique
for designing ferro—-electric insulators. Hence the analysis may

be extended to get optimum design of ferro—electric insulators.

The electrothermal stress analysis and frequency response of

insulators may be subjects of further research.
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FILE: SEXHAR  0QUT?UT Al BUET. COMPUTER CENTRE, DHAKA

28
2?
30
31
32

33

34

43
44

45

o

9389445

5439.00
5452.79
5342.56
5422.16
5456483
5465458
5499479
5499478
5499477

5433.77

. 3657202

TT1

2.5108=+06
3.5?9?5{05
0.6406E+05
De5524E+05
3,37945405
o.3242§+oa'v

0.3218E+05

ANGL
32.07

70400

\Fi
&+
PR
<
(a8

-55.14
93,00

5005

202,00

TrZ2
O«7579E+07
0.T7T607E+0T

D.676TE+0T

Do TT3E+Q7

0.80435+07

0w3D23E+07

0.8193E+07

T3

0.12736+08

0,12725+Oé
0+1358F+08
De1358E+08
0.1222E+08
o.;2225+08

D.1205E£+03

- 101 -



FILE: SEYXHAR guTPUT Al BUET COMPUTER CENTREs DHAKA

- 102

L

2 0.15647c+06

? 3.3813E+06

10 0.3213E+05

11 0.3827E+05
12 0.1338E+0s6
13 0.5085E+06
22E+00

14 323

S

(&)

15 041177€+07
16 0.1152E+06
17 0.8081FE+05
15 0.1022E+05

19 0.1457E+05

20" 0.1732F%05

21 0.1033E+25

22 045202E+

4]

+J

m

4

i

5

~J

23 0.
24 0.13292z+05
25 J.41223E+05

26 042554E+05

27 0433552+405

i

28 3.5279E+b4
29 0.1303£+06
33 D3.3305E+)5
31 0.2555E+05
32 0.8345E+04
33 5.30195+0¢4

34 1,39983%+34

35 0.6431E5+03

5 -

A S

15411

BD.33

90.00
42497
70,00

90,90

-3.14%

37.27%

37.99
35,50
89,997
-15.22
~32.83%
~24.08

.-42.82

0«8214E+07

0C.8193E+07

0.9053E+07
C«BIBRE+NT
Ce7T47E+QT
O-???TE*OT
310302408

0.1013E+08

il

Ce8723E+07

0.85T292+07

O«2483C+07
0.948§E+07
0.39230252+07
0589665*0?

J.7513

Rl

+O7
04 7510E+07
5.9535E+07
Ge7513E+07
CeQBI3E+DT
D.9797€+07

0.1034E+08

0.1033E+08

0.1024€+08
0.1023E+08
0.2803E+07
p.?éoae+07

0.9946E+07

0eB140E+0T

“1e75

-1552

-13.24
-17.53
-6eFT
-17+43
-19.80
-30.33

-9e 46

-1.587

0.1205E+08

D«1205£+03

0.1205E+08
0.1121E+08

0.1119E5+08

0+1255E+95
G.1322E+03
0;1005E+08
0+1144E+08
0.1144E+03
O.lﬁﬁbE*DB
0.10665+08

Calll3E+

98]

4]

0.11195+23

(JalU54E+08
.

De410635+03
N+1065E+03
D.190652+05
0.10355+453
0.1234E+03
0.9847E+D?

2.9825E+07

0.9712E+07

0.99035+07

0.1034E+03

0.103%E+08 .

0.1019E+03

T 1.26

11,11



FIles

356
37
38
39
40
41
42
43
44
45

45

56

57

53

SECHAR

Da84%50E+33°

0a.1344%E+23
0.1639E+03
0.24455+0é
3.2248%+02

3.52795+04

D23143E+0¢4.

0+1451%+3%

Je{323E+33

Je3557E+03
0. 17995403
0.10375+23
0.7055E+02
0.7952E+04
C.1461740%

0.1833E+404%

J+35532+03

A

Je52722+03

0.1027%+03

Jel143E+03

J.5511E+02

G«5052E+04

O.L957E+047

D« 1055z+0D4%

0.4379E+03

2« 2083E+03

J3.20135+072

DuUTPUT

~58.23

-3.40

53.32

. 33.02

-J.02

37.937

12.03
3. 00

57441

‘B3.9%
64e51
90.00

-28.15

“45.07

" ~28a.75

-45.33
23,14

-33.53

0e9946E+0T

0.1001E+08

D0.1001E+58"

0.10655+03
0.1005E5+38
De9TITE+DT
0.97T97E+0Q7
D0+9938E+07
0.9238E+07
0.1000£+08
0.1000E+08
D«1003E+08
0.1003E+08
0.9232E+07
D.99380+07

0.1001c+07

0.1000E£+083 .

D.1003E5+08

0.1003E+08 :

De1006+08

0.1004E+08 .

0.1316E+08
0.1015E+08
0.1011£+08
0.1011E+08

D+1003£+08

0. 1008E+08

~{37

=315
~1+30

_101.2

'“'DnB?

-0s53

-0e33

-0.25

Al BUET COMPUTER CENTRE, DHAKA . _
- 103, -

0.1019E+08 -

0+1013E+08
0.1013E+08
0.1009F+ 28
0.1009E+038
0.103%F+08
0s1034E+038
0.10205+08
0.1020E+03
0.121%E+08

0.10145+08

0+1211E+08

-

0.1011E&+28
0. 1LD020E+08
N.1020r7+08
0.1314E+08
0.1014E+08

D.1011£+08

0.1011E+08

0.1010E+03

0.1310E+08

D.9986E+07 .

0.9986E+07

0.1303E+08B.

.0.1303E+08.

0.1006E+08

0.1006E+08.

_0I39

e



. FILE: SEXHAR

63 Da3314F

‘OUT?UT Al BUET COMPUTER CENTRE, DHAKA

T
P

+02 14471 0.1007E+08 ~ -0.15 0.1007E¢08 0.15

+27 19.75 041007
. 1007

Machanical Streaws

~Mechanical Stress

'Nechanical Stress

© max imum

64 0.1530%
1T -
ANBL
T2 -
ANGZ -
TT3 -
ANG3 -

Muechanical Stress
positive manimum)

Mechanical Stress
wak imum

Mechanical Btress
negative maximum)

w

€408 -0.11 0.1007E+05  .0.11

(D.C. case)
Angle (D.C. case)

(AC, negative maximum to positive.
Angle (AC, negative maximum to
(AC, positive maximum to negative

Angle (AC, positive maximum to



FILE: SEXHAR QUTPUT Al 8UET COMPUTZ2 CENTREs DHAKA

ELEZCTROMECHANICAL STRESS AMNALYSIS OF FERROELECTRIC MATERIAL

ELECTRIZAL STRESS DISTRIBUTION

1

2

LS

17
13
13
20
21

22

23

24

25

zzl

0.19522+99

Ju2)F0E+072

Je21275+Q9

1

Je22172403Y

Del571=+09
Del5463E+D9

0.15572+09

Delll14%%=+373

D0el597E+09
0.15575+09
0.1693E+09

Je334754003

DaTBI4I+08

J«87792%+03

D.3314%E+03

Os3B1oE+03

Ja8846Z+08

Da5262E+08

D.44725+08
J.32164F+08

Ja?873E£+08

cal
93,95
~30.00
~107.95
-153,07
~90.00
~24.93
-90.09
~127.45
—35;41
-90.00
~65.49

~293.00

-12%417
-154.22
-133,90
-16%¢75
-93.00
~13%.42
S -90.00
135,57

"53-5‘!‘

tZ2

(.0000E+00

De7lg5z+00
0.,77855+09

Te+D7d

Ja

-
-4
~d
-4
Tt

Q
.
-y
4]
u
o
i

Fer 07

D.7283235409

0.7868C5+09

¢ 7

0. 7352=2+0572
DaBZH1Z+00
Du222T75+0"°

Je7543E+09

CoV7Hb57E+009

0.3810E+09

0.37325+07

0.81075+09

O.8111E+092

CeB455E+09
0+ 3455E+00
C.3227E+09
J.3221E+09
D.8463E+09

0. B4556E+09

33.35

4332

45405

m

Z3
0.0000F«00

D0a27955+09

DW3TI2E+09 -

O0.1012E+10
0.1312E+10C
D4925928E+09

0.95992E+09

J.9531E+09

0253 E+09

0.9123E+09
0.9185E+07
D«9729C+09
027275409
J.87798+02

D.87V03E+D2

0.92885+409

0.9288E+09

D«B365£409

0.8965C+09

0.7185E+¢09

D.2184E+09

D4.8954E+09

0.8953E+09



FILE: SEXAAR JuTRPuUT Al BUET COMPUTER CENTRE, DHAKA -

26°0.4472E+03  -90.00 0.3478E+09  40.03 0.8959E+D9 ° 49451
27°0.5029E+08 -62.80 0.846BE+400 43432 0.8954E+09  456.53
28 2.21755+08 -90.00 0.8596E+00 - 42.52 0.83325409  47.37
29 0.10530+409 -37.37 0.8594E+09  44.20 0.8830E+39  45.76
30 0.49915+35 -28.58 0.3829E409  39.78 0.9515E+09  50.45
31 9.43395+os- 132.95 0.88228409  42.63 0.8505E409  47.48
32 2.25035%03 ~-23,57 0.3724E+09  42.25 0.8544E+09  47.20
33 0.1508E+35 —132.30 0.87336+07 43483 0.35625+09 46,20
34 0.17355+08 -164.23 0.3596E+09  45.04 0.83225+09  44.96

35 3.59895+07-—139.4? 0.48595E+0% 454> 0,88285+07 44457

36 D.T79752+07 ~154.12 D48659E+07 4503 DWBTHHE+0T G497

37 04318354037 —-135470 043653E+0°9 45420 0.2765E+03 44481

.

1

15=+0

%]

33 2.3 ~160.15 04368BE+09  45.00 D873TE+09 45,00
39 0.1333E5+07 -113.47 0.3688F+09  45.02 0.37375+02 44,92
43 0.1302E+07 -135.21 087026409 44.98 0.8722C+09 49,02

41 0.21755+05 —20.03 0.2702E+09 45.00 0.872Z25+092 45400

S}

42 0.15372+88 -137.03 Q.8594E+09 44470 0.8330¢

e
<
m
.
3
o]
4
%!
[ ]

-4
[

43 0410475408 -~387.22

Ue3593E+27 454033 03.33305+009 Gde g7
44 D,7413E+07 135,73 0.84530+00 G462 Da8T763F+07 45,37

45 0.51795+07 -90.00 0.3655E+00 45,03 D.8769E+09 45 00
46 343532E407 —128.93 0.3634E+09  44a81 0a8740E¢09  45.18
4?33.285é5+67 —90.00_0.868#E£OQ 44498 D.B8T40E+09  45.02
48 7.2308E+07 ~105.30 0.8697E509  44.90 0.87286+09  45.10 °
49 0424506408 -52.62 D.869TEC09  44.9% 0.8728E+09 4505
50 0.1049E+08. -89.99 0.3%§Q£+09 43.51 0.8770E¢09 46417
51 0.1L76E¢08 -53.1% 0-8655E400  44.52 0.5769E+09  45.37
52 04518)E+07 -89.97 0.8684E+09 44443 0.8741E+D9 45,56

53 0.%57%Z+07 -06%5.93 O-SBS#E*OQ 44+ 51 §.3740E+09 45.18



FILE® SEXHAR [UTeUT Al "BUEF COMPUTER VENfR_o JHAKA

54 3;26535¥0? —89493 0.8697E+D% 44473 D.8T28FE+09 45427
55 0429355407 - ~77425 0.869TE+02 | 4490 0,3?285+0@ 45.10
56 3;25155 +07  —20402 0.BTODEHQD 44437 0.97245+409 45,13
57 Da1353E+02 -32.32 0.B7208+09 £4497 D.87245+09 45 .08
53 5.12155+03. S21.95 Da8T6425409 44405 0.3575§+99 45.97
59 043918407  -3)453 0.97425+09 CG4ad4 DIB5TEED9 45.57
60 0.57%45%+07 -22.33 0.512v§+09 44e55 DaB595E+GT _45‘44
51 0a3952E+07 ~33.43 UeST29E+09 44«73 0.85935+09 | 45,27

62 Da25055407° -2T7425 0.8713E+09 44480 0.8708EFD2 - 45,20

! )
53 Tal527c+d7 . 52435 DLETLRE+DO G4 .97 D.BT705Er03 45.173

v
WS

54 0.11255+07 -54457 D.R711E+00 64492 048714E+09 - 45408

D s ' e s

LEGENDwm

EZ1 = Electric Stress (D.C. case)

EA1 . = Electric Stress Angle (D. C. case)

EZ2 ~  Electric Btreass (AC, negative maximum to positive
max imum '

EAZ2 = Elsctric Stress Anglae (AC, nemgative maximum to
punitive mnuimum)

E23 - ' Eluctric Btrnsl (AC, positive maximum to nagative

o maximum
EAJ - Elactric Btress Angle (AC, positive maximum to

nnqativ- maximum)



FILE: NIPYU . JUTPUT ALl 7UFT CAO%PUTE2 CEMTRE, JHAKA - 108

FINITE ELEMENT DESIGN OJF PIN-TY2:E [NSULATIR

NODE PIOTENTIAL AT JIFF tH0DELV)

———

1 11000.00°
.2 11000.00
3. 11000.00
4  9120.8%
5 BT9L .57
5  B8736.80
7 B581.93
8 . 7858.87
I 5252.17
19 . 2505.52

11 1202.99

12 954443
13 913,33
14 915.04 S
15 913.58
16 913.45
17 ° 913.45
18 913.34
19 913.11
20 911446
21 911.46
22 . 908.17
23 893,08
24 632.60
25 35%2.55

.26 303.13



=

m

27
28
29,

30

31

32
33
34
35
35
37
38
39
40
41
42

43

45
45
47
48
43
50
51
52

53

NIPY QuTPUT

293.48
292.10
299,72
289.34

\
279.70

54744589
9285.50
B654.4%9
8366.62
5449417

5322.15

2220.52
1054.82
1417.09
581.50
905.03
988.R8
365440
"919.98
251.44

214.07

Al

BUET COMPUTEY CENTRE, DHAKA ¢

- 109 T-

-



FILE:

ELEZTRICZAL STRESS DISTRISBUTION

Mg

[#e)

10
11

12

1s

17

19
20
21
22
23

24

25

26

NIPUY

71
Ds115E409
Ue24574¢08
Je431£+08
J3+9855+07
0« 4d3E+0Q7
Je114E+09
0.185E+09
é.%435+08
O«530E+08

Ga531E+08

© 0+350E+09

4

ouTPUT

EAl

_115.5?

0.00
~12.32
~-55.51
~57 .45

-91.23

04026409  ~64.20

Da2N2E+09

J41735+09
X,

O207E+09

0e355E+09
0«355E+00
0«253E+09

0235E+09

0.133E+D9

f537 459

-80.47
323445
-83.73
-93.00
-BB.63
=125.70
-33.70

_95t96

0.148E+09 -182.00

0.1058+409 -132.1¢%

0+8005#08 ~103.75

0+755E+408 ~108442

Al

£22
N0.933E4+009
De889E+09
‘0. 83395409
07868F*09
QeB3ART+DD

De3I327+D9

0.932E4009

0.8512+00

08817+ 09
0.841C+09
6}5835¥09
0.6835+09
0.7955E+09
0.75655409
Ne7823+072
0,7?92+09
0.6855+09
0.5685E5+409
0.691E+09
046655409
0.7625+09
0.760E+00
0.7205+09
0.788E+09
0.8185+09

0.818E+00

EA2
41475
Lb a2
43 .23
444549
44,93
4138
37.50
41422

‘-%1-82

43,05

BUET_CDﬂPUTEQ CENTREs DHaKA

IN PIN-TYPE INSULATIOR

EZ3
0.8302E+009

De853E+09

0.853E+03

008?1}5+Oq

D.374E+009

0.8098+09 °

0.812£+09

0.882E+09

‘De3825+07

J+901LE+09

D.105E+10

0.104E+10

Da267E+00

D.259E+09
D.925904+09

0+:104E4+10

L 0e10%4E+10

0.1045+10

0.105E+10Q
0.275E+07
De375E+09

L D.949E+09
0«223E+09

EA3

49424

45441

45490

45.45

45407

42463

54.556

G8.62-

48.05

465473

'53.838

53.95

65036

51.15

52.07
504733

53.32

54410
46443
51410
49.73
40e 4B
45,23
46490

46a55

110



FILE:

27
28
29
30
n
32

33

iz
39

40

41

42

43

44

45

46

47
43

49

51
52

53

W

NIPY

0.703E+08

0.530E+08

De39BE+Q8

D.40%E+08
Ja373E+08
Ds153€+408
Os145E+08
5.3855+08
D.284E+03
0.259E+08
0;2545+08
0e170E+03
O.léSE+08
Jen79E+DT
D+232E+07
0.230E+07
2445408

»184E5+08

" 0+193E+08

0el196E+08
04205E+07

De557E+06

De4)7E+05

0.229E+05
0.169E+08
DeTHOE+OT

.

OUTPUT

“78:86
-180.00
-143.35
~127 4%

-122.23

-82.85
~180.90
-149.58
n145.3?
-134.34

-107.11

-70.22

_12?0"?8

—ISO‘Od
—IS%.Q3
—136.64
-i11.63
-20%.30

"‘13!!'.- 99

—106432
-186.4%1

-194.54

Al. BUET ZOMPUTER CENTRE, DUAKA

0.840E+09
D.833E+09
D.332E+09

DeB841E+09

D.841%+00

D.3607+029

0.B60E+09

G+365Z+009

O0«3508+003

0.8505+59
0-852E+0§
0.3527+009
0.358C+07

0.858F+99

0+.85697+009

Ue 86925400

De370E4+00

De353%Z+09.

O«358E+092

0.8575+09
D+3871E+09
0.8715+09
0.8?1E+O§

0.8715+09

0+8563E+09

0.868E+09

1

4169

47.72

T 45433

45 .37
44460
45,10
4500

44498

45468

454733

D903E+07

0.909E+09
0.909E+02
0«201E+DT
0«901E+07
De8825+07
N.882£+09
0.87BE+Q9

0+392E+07

S D«892E+Q2

0.891E+09

D«821E+09
0e3834E+07

D‘- 884 _+09

l

De373E+09

O«BT3E+09

043725407 .

De384E+09

0.834E+09
0=385E+09
0+885E+09
0«872E+0D9

0«872E+07%

0«8B71E+09

D.BT1E+09
0.879E+09

V874E+09

47,92
42466
44.75
45425

*

4542

‘}6-?‘0

45, 30

44 .65

44275

- 111 -

43 .AT

45, 44

444 68

44465

45033
45403

45.02

45401

464434

44e68



FILE: NIPU UQTPUT Al BUET‘CDMPUTEI'CENTREs DHAkA -
5% 3.4gss+o7.-112.52'b,8685#09~ 44492 0+8T4E+09  45.08
55 Qe451E+06 =20%.14 0.871E+G§' 45.02 D.871%=+079 44493
56 0e1277+06 -149.58 DJBTLE+09 . 45.00 0+371E+09 45.00
57 0,911£+55 ~134.94 0.871E+09  45.00 0.8TLE+09 45400
.58 Uey835C+0> -112.62 O.B?lEfDO '45}00 D«3T1LE+CT 45 00
5% 0.1575+07 -202.38 0.B87LFE+09 45.58 D«372E£+C7 4% 432
60 0.701E+05 -113.20 G,ST1E+09 44299 U.B%EE+O? 45.01
61 D0«113£+06 ;183.d0 Of8715409 ;45}00 0.8?1E+09 4%. 03
62 0s4)3E+05 4201.8270;5?1§+09 45.00 D.3T1E+D9 45,00
53 041676405 ~115.59 D.8T1E+09  45.00 0.371E¢09 454 00
64 Da291E+05 -173.4% 0a8712+097 .45,01 0.8?16+b? 44-99
65 D+ 132E+056 —-13%.031 0.871E+09 45.00£938715409 5. 00
66 0s758E+0% -120.00 0.3T1E+092 QS-ODlO.SfLEfOQ 45 .00
» L N
LEGEND
EZ1 - Electric Stress (D.C. casé)
EA1 - Electric Stress Angle (D.C. case)
EZ2 - Electric Stress (AL, negative maximum to positive
max imum
EAZ2 - Electric Stress Angle (AC, negative maximum to
' pasitive maximum)
EZ3 - Electric Stress- (AC, positive maximum to negative
maximum
EA3 T = Eleﬁtri: Stresé-ﬁngle {AC, positive maximum to

negative maximum) :



FILE:

METHANIZAL STRESS DISTRIBUTION IN PIVjIYPE INSULATOR

10
11
12
13
14
15

16

17

18
13
20
21
22
23
24
25
26
27

28

PIN

Tr1l
O.1745E+35

De30042+04
Ue2462E+D5
0+1293E+04

£+03

Ny

Do 224
0«1727E+05

Je455

[
Tl

E+06
Je733324D5
Je5239E+05

J .374,1.5"'05

017232407

Jel735E+37

04274l E40T

Ja3275E+056
DelBITEGT

0« 1675E+07

Owl6T6E+DT"

!

0.8492E+06
0e5623E406

Oe 4454E+05

D.23725+05

0.1453E4+25

JeB4IIE+CS

Ju725BE+05

3e5563E+35

ouUTPUT

T
-79.01
-35,87
-65+445

45 440
35,27
-90.00
-51.35
21.03-
24,09

35.05

F0.00

89446

3

Lo

bl
3519
T2.93
85.91
272458
30,00
8727
18.60
87440
78.09
-230.0D
5.71
652451

53.15°

5772

"‘90-0‘3

T Al

TT2
JellohEr0B

01043E+038

0« 1049E5+08

0.1000E+08
0.100JE+08

0.1152E+08

‘0. 1153E+08

-

Qe 2E42E+QT

O«5132E+07

UeB302E+07
Qs 7792E+07
0-8113E+5?
D+8058E+07

0.6228E+07

Ue5220E+07
0+6327E+07
0.5851E+07

D.770%E+07

0.76596+07
De8236E+07
0.8233E+07
0.8871£407
0+8869E+07
0493526+ 07

Ce@193E+07

ANG2
-_604?

-0.75
—3.54"
-0,.,22
-U.13

—Ta24

BUET COMPUTER CENTRE, DHYAKA:

TT3
0.8536£+07

0.95657TE+07
D.72560E+07
0«1014F+08
D+1014%+08

0.8674E+07

De8757E+07

0.1032E+03"

0.1032E+03
0.1077E+08
D.1449€+03
0«1448E+08
0.1241E5+08
0.1252E+08
0.1221E+08

Ds1221E+08

' 0.14435+08

Oulf44E+08

0.1433E+08

J1456E+08

D.1262E+08

0a1263E+08

0.1195E+08

0»1195E+08

0.1130E+08 -
 0.1130E+08

. 0.1081E+08

0.1095E+03

- 113

31.71

14.15

10.66

L1777

17.61

18,19

2487
12.20
Fed7

~-2.05



FILE

30
31
32

33

39
40
41

42

46
47

48

43

50

51

52

53

55

T NIpy

Je3320E+05

0.2098EFE+D5

. De218TE+0S

0.1819E+05

Be31264E+04

De2778E+0%
0e13272+05
0+1067E+05
089175E+24
2.8571E+4
D+43D0E+04
Je4551E+40¢%

J.5124%

il

Jell29c5+03

DeTG29E+02

J«7931E+D4
Jet516E+04
Je435TE+DG
3=5093E+04
0-5621E+Dé

0«%11BE+31

0.222DE+01"

0«37B2E+34

0.7391E+03

0.2212E+03

De2698E401

+33

JUTPUT

“11.
15.
25.
44,
47
7L.

-20.

"2?-

~40.
~43.
45
-31.
Ja
53,

57,

12

13

43

61

23

Ve

GO

15

35

28

75

41

a2

82

35

Al BUET [COMPUTER

0.9191C+07

‘0.93735+07

0+9373E+07
0.9823E+07
04982DE+07

0.9922E+07

~J
3

Cact

55+07

<
A
(¥

0.261924+07

Da26195+07

J+3772E+07
D.9772E+07

0+.10G2E+08
0.10025+03
0.1004E+0E
De2764E+07
0-2763E+07
D,07515+07
De2751E+57
0s1006E+08
0.1006E+08

0.1007E+08

"0«1007E+08

De9833E+Q7

01000EF+0D8

0«1003E+08

Q1007E+08

O0.75

0.54

_0003

~0.22

CENTRE,

0.1096E+08
0.1077E+03

0.10775+08

0.1032E+03

0.1032FE«03

0.1022E+0¢8

0.1056F+08
0.1056C+08
0.10525+ 08
0.1052E+037
0.1037E+08
0.1037€+03
D«1012E+08
0.1012z+08
D.1210%+08

0.1038E+03

" 0«10338E+08

0.1339F+02

Cs1039E+08

0.1008E+08

0.1308E+33
0.1007E+03

0.1025E+08

0-1014E¢08

0.1014E+03

0.10075+08

JHaKA

-.114 -

_1031
-0.65
0.16

_0304

=9



FILE

59

50

61

3 Nipy

J-2150E+00 -

0.1101E+00
9412375430

J37355402

D.55125+01

De1599€+00
C.2229E-01
J.3301E-22
0«1123E+01

D+2246E+00

JUT2UT

45424
43463
-90.00
-45435
35;82
'—53.i3
—0.01

. —QJ-OO

Al  BUET COMPUTER

0.1D07TE+08

0.10075+08

0+.1007E+08,

D.1006E+08

0.1006E+08
0.,10275+08
0.1007E+08
0.106?E+08
0.1007€+08

0. 1007E+08

CENTREs DHAKA CHS{

- 115 -

O.iQO?E*08  000
041207408 0.00
0.1207E+D3 0.00
0.1903E+08  -0.156
0.1008E+08 0.03
041007E+08  -0.01
'0.1007E408 000
o.13¢?5+35 0.00
0.1007E+08  -0,03
0.1007E+03 0.00
0.10075+08 0.00

66 0.76155-23 0.1007E+08

LEBEND
T4 = Muchanicel Stress (D.C. case)
ANG1 - Iﬂichnnical Btress Angle (D.C. case)
TT2 ~ Mechanical Stress (AC, negative maximum to positive
maximum '
ANBG2 - Mechanical Btrass Angle (AC, negafive maximum to
' positive maximum)
TTI - Mechanical SBtreas (AC, positive maximum -to negative
' max i mum '

ANG3 = Mechanical Btress Angle (AC, positive maximum to

negative mawximum)

)



FI

C.
[ =

91s

JJreur

Al

AUTZT COMPUTER LCENTRE,

FINITE EZLEMENT DISTISN. OF DISC-TYPS INSULATOR

NOJE PITENTIALS AT DIFF “JJES

1

 .2

10

il

12

13
l4
15
16
17
18

19

20

21

22 -

23
24
25

26

0.00
5556495
5933.49
5993445
5018 .50
6024.98
6028.96
6029.27
6629434
5029.37
502938
5027 .38
6029. 18

6023.38

- 5029,.38

5029.39

5022.41

DHAKA



FILE:

27
28
29
30
31
32
33
34
35
36
a7
38
5
40
41
42
43
44
. 45

46

kS

47
48
49

50
51
52

53,

BIS

5023445

502955

 5031.14

603359
50643454
6044425
6044495
5045466
6050463

5129412

5265.72

65734.45 -

71626407

11000.00

11000.00

11200.00
11000.00
11002.02
11003.00
11933.00
11092.00

11000.00

5377.8%

5255469
4644 . 95
2324 .14

4651 461

JuTeuT

Al

qUET

COMPUTERY CENTRE

DHaxA

- 117 -



55
56
57
58
59
. 60
61
52
63
64
65
66
67
68
69
70
71

72

315§

5282428

5477.53
5628410
5034491
7511.59
4372.10
8139.37
6419487
5553.58
5031477
5025.91
soz?.aq
5028422
6255472
6029439
5029437
5029441

_5029.33-

5029.38

QuUTAUT

AL BUET COMPUTER CENTRE, DHAKA

MZCHANIZAL STRESS DISTRIBUTION IN DISC-TYPE INSULATAR

L

2

1%

o~

TT1

0e153Z+37

041565407
0.156E+07
041256407
0.1235+07
D4632F+06

0e5332405

0«178E+07

Je 1855407

ANGL

9000
8723
20.00

T4.T7

F0.00

8745

Q009

TT12

0el44E+03

0+144E+08

0e143E+03
0.144E+08
0.1398+08
0.140E+08
0.140E+08
0«147E+08,

0.146E+08

ANG 2
747
16.567
17.22

13.21

TT3

0.626E+07
3.622E+07
0+ 5326407

0.515E+07

D.566E+07

U«635E+07

O« 503E+07

D.60BE+DT

ANG3
~37.56
-35.93
-36.41

*28021

- 118 -~



FILE: BIs

10
11
12
13

14

15
17
18
19
20
21
22
23
2%
25
25
27
28
29
30
31
32
33

34

- ol g

JUuTPUT

G« 1BTE+DT

0.224E+07

2 +37

5

<
i
in

D+ 2556407

D.153E+07
J.15%2E+07
Quel72E+07
Oel532+37

Oel692407

-

Jal738E+07

0.153E+07

O0+141E+07

0u.177E4+07

0.203E+07

Cal4DE607
De334E+06
Jel156Z407
OelT7o0E+07

- e

~90.00
-85.72
55478
-90.00
-93.00

~80445

~81.53

—-90. 00
-90.00
-43.79
-61l.77

32 248

73.71

LI T T RS

15449

0.1516+08
0+150E+038 19.21
0.1708+02  10.10
0.170E+08 -10,06
0+140€+08 ~ 0.0l
0e139:+08 -15.92
041508408 -19.2
0+151E+08 15436
Da144E+08 —13.14
0.143E408 -17.28
0.145E+408 -18.11
0.1482+08 *16.27
041450408 ~16440
0+1656408 -17.66
0.1456+08 -17.75
0.145E+08 16477
Oel46E+08 ~15.98
0e1455+08 -17+95
Del46E+08 —17.45
0«144E+08 —14.80
0+ 1476408 -16.14
0.148E+08 -18458
0.1415+03ﬂ—15.52
0.142€£+08 ;—6,?2
0.161E+08 ~12.56
0.153E+08 5.14
D«135E+08 19.58

—- ek e T e

0.557E+07

0.5306+07
O.394E+67
0.394é+07
0.5345+07
3+665E+07
0.5815¢07
0.556E+07
3.5135407
0.531E+07
0.50%2E+«07
0eb602E+07
Je514E+0T
0.621E+07
D.618F+07
04513E+07
J.508E+07

Deb613E+07

Je525E+07

Ded14E+07

U«579E+07 |

0.594E+07
0ad&47E+07
De517E+07

0.473E+07

Al  BUET COMPUTER CENTRE, DHAKA -

37.50
32.04
38,42
44,01
33.72
13.89

38,09

De443E+07 -19.08

0.710E+07 -35.456

-

Rl

- 119 -
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FILE:

37
a8
39
40
41
42
43
44
45
46
47

48

62
63

54

215

0.7065+05

De501c+06

04431E+05

D.315E+05%

Bl

0.159E5+05.

042275405
De226E405
De105E+04

D+145E+04

Jeb643E+02 .

De993E+02

De532E%01

0+759E+01
0e630E+00
J45652E+00
DeyyI3E408

0+189Z+0%6

04641F +05

04920E+04
0«BBBE+04

0.238E+04

Usl65E+04

De562E4+03

0«4D0E+03
0.353E+02
O.1548+02

0«588Z+01

04378%+01.

T DUTPUT

;90000

_?Ooléf

~35.85

—47.21

A1l BUET CTOMPUTER CENTREs DHAKA

0.1305+08

D«130E+08

D.128:+03
De12BE+03
0.108E+02

C.108E+08

De102E+03
D.102E+0C8

0+101E+03

04101£+08

0.1015+08

0.101E+08

0«101E+08

3.101iE+0

joh]

D.101E+08
Da121E+08

De111E+08

0.111E+08

0.1056+08
0.103E+03

0.103E+08

2.102E+08

0.102E+08

0.101E+08

0.101E+08

0+101E+08

0.101E+08

_12008

-B8.31
~T.51
-0.65

13.02

DeD2
‘13.52
-9.78

-3.71

0-738E+07

O —(ZQE“FO?.

OeT4S5E+DT

6;7415+07
0«238E+07
D+935E+07
0.294E+07
0.9935+07
0.100E+0B

0. 100540

0

0.101F+08

0.101F+08 .

O0+101E+08

J.101E+03
0+121E£+08
D.B825£+07

Q.210E+07

D.20TE+QT

0.963E+07

0aF63F+0T7

De?83TE+0T7

0.987E+D7

Ow QQSE*()T’

0;9985+07
0+101E+08
0.101F+03
0+101E+08

0-101E+D8

21.38

13.74

12.18

- 120 -



FILE

65

g9

90

g1

: BIS

'

345342400

m

0.170E+00 -

D.258E-01

5 0.235E-02
\

D.127E-02

0.135E8-03

0.7372E-0%

De6:5BE+04%
D 110E+D4
0. 100E+02

0e172E+01

0+451E-05
3, 902E-05
De922CE-04%

0+442E-0%

m

0.72LE-05

0.000E+00

0.0200E+00

0.030E+0D0

0.0025+00

QuTPUT

-30.00
-9+ 00
~45e1%

63455

_53' OO

90.00
99400
' 30.00

9000

'0.101E+08

A1 BUET COMPUTER C[ENTRE, DHAKA CMS. — 121 =

0.101E+08

0.02"
0.101E+08 000
0.101E+08 000
0.101E+08 - 0.00
0.101E+08  0.00
0.101E+08  0.00
0.101E+02  0.D0
0.104E408 ~-1.56

0.102E+08 —-0.55%

_0008

0.101E+08 - 0.01
0.101E+08 —p.di
0.101E+0% 000
d.iot&+58 0.90
0.101£+03  0.00

" D.101E+08  0.00
0.101E+03  0.00
0.101E+08 0400
0.101£+08  0.00
0.101E+08  0.00
0.101£+08  0.00
0.101E+08  0.00
0.101E+0E  0.00
0.101E+08  0.00
0.101E+08  0.00
0.101E+08  0.00
0.101E+08  0.00

0.101E+08
0.101E+08
0.l0O1E+D2
0«101E+08
0+1C1E+OE
0.10LE+DB

D+101lE+0O8

DeFTIEHDT .

D.R25E+0T
0.101é+as
D.101E+38
D.101E+03
0+.1D1E+0B
0.102E+08
0.101E+08
0.101E+08
0.101§ﬁéa
O.IOLE;OB
0.1615+08
0«101E+08
D=101E+08
0.101E+08
0.101E+08
0.101E+08
O.IOLE;DB
0«101E+08

0.101E+03

-0.02



FILED BIS

92 0.000E+00

?3 04000E+D0

LEGEND

TT1 -
ANG1 -

T2 - -
ANGZ -
CTT3 -

ANGS -

‘QuUTAUT Al BUET COMPUTER CENTRE, D94AKA CMS.

90.00 0.101E+08  0.00 0.,101£+08  0.00

90.00 04101E+02 0,00 0.101E+08  0.00.

Mechanical Stress (D.C. case)
Mechanical Stress Angle (D.C. case)

Mechanical Stress {AC, negative maximum to pﬂSlthE
max i mum

Mechanical SBtress Angle (AC, negative maximum %o
positive maximum) -

Mechanical Stress (AC, positive maximum to negative
max imum

Mechanical Stress Angle {AC, positive maximum %o

negative maximum)
.,



FILE:

D1IsSC

aureur

Al

ELECTIICAL STRESS DISTRIBUTION

[#4]

10

1z

15

17

18

19

20

21
22
23
24

25

EZ1
J3«351E+039
. D4343E+09
De343E409
Je328E+09

Ja335C+09

Tt

Ua2LlB8E+09

+

0.21'8E+09
2.356E+09
Je3T4E+DQ
De3755409
04115409
5.439E+09
Je4395+079
J«219E+079
043258409
04411E429
0.3T45409

D.308E+09

Ja345E+09

243725409
0.360E+09
0e3452+09
0.357E+09
(0e350Z+03

Je3512+07

Eal

_q0.00

=300

45404

45 00

B8.72
=33 .00
33474
-7%.00

59443

m

22

' D.1D4E+10

Ds104E+10

0.1045+10
0.104E+10
0+1026+10
04103E+10
0.103E+190
0+105E+10
0.1052+10
0.107E+10

De105E+1D

0.1138+10

Oe1135+10
0.1035+10
0.102E+10
D.1068+10
3.1075+10
O.lO#E;lD

Oa10%t+10

0.105£+10
D.105E+10°

D.105£+10 -

041045+10

0.1048+10-

0Da105E+10

BUET COMPUTER CENTRE, DHAKA

IN DISC-TYPE INSULATOR

Eaz
53.73
53.34

53.61

37.0%
35-40

37,32

36456
36.80
36.17
36412

3651

73

m

De587E+09
37 » O 85? +03

D.590E+09

‘Je581E+07

Ja TOEESQD

J«H92E+09

Je5692E+09
J«b6T7T7E+09

J.6485+09

[

m

+

O

651 ?

T

+0

545

[
0

Ja545E+09

DebP1E+09

0. 7085+09

Jeb620+09

DJe64BE+09

0.530E+09

L .589E 409

0W67TE+DD
DebT4E+09

0.580£+09

‘De8684E+09

D«H83E+092

EA3

26422

2757

44499

45400
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DISC

‘De231z+D9

GuTPUuUT

"3.357E+09 l.sl
0.365E+09  2.00
"Ge351E409  0.90

Je325E+09 G717

Je36T7E+09 bhelt

J43215+09  0.90
0.3252439 0,00
5.251E409 23410
044345409 14411
03642409 51424

J.322

T

+ 39 —25105

-O-l?#;*DQ 12.45

O0.180L+0y

Deld5E+29

J.4l4E+08  55.52
0.4127408 -235.9

D.82L=+07 7T3.99

DelI55402 234 ,9

042205407 79.77
0427T4E+07 =232.3
3.533F+D5 -258.3

0.7565+05‘—235.r

Qs 2LBE+I5 —252,.5

0,2225+06 -257.2

m

061735+09 -1D.23

0ell92+409 -15.65

Al  BUET COYMPUTER

0e1055+1D
0.105E+10

Del04z+1D

DelO4=+10-

0.1065+10

N«106E+10

2 0.1035+10
0.1045+10

0.1105+13

C.111E+10

0.101z+10

re

3.92895+07

L 041132409 -245.,100.9035+59

Je2022+09

r

o.é?TE+o?'

J.877E+0Q

DWBT3E+09
D.371E+09

D.371C2+07

CaBT1E+DO

De371E+09
D.8371E+059

0.2532+02

JaF155+09

33.51
40,84
41,20
44458

5%+ 01

38.19

40.11

CENTREy DHAXA

Qe 7T7E+SO

0«680E+09

JeBBTE+DY
0.5805409

‘Da661E+D9.

0e659E+02
J e HIFFE+07
0«5B2E+09
6.597E+ﬁ9
J.57T8E+02

CaT3R2T

a;?éss+09
JeTHIE+DD
0 T42E+D9
0e7475+09

0% 841E+D9

JeB4OE+DQ

J.555E+09

Ds865E+09 .

J.870EXDY

J.BTDELDD

D.B8T1E+DQ

J«571E+09
J«8T1E+09

J.871E+09

1

D.871E+09

1« 788E+09

0.82BE+09

g,

63.97
64493
53.75
51.02
64.21

57.01

44459
44478

44 .94

44,85 -

{!“"‘!‘70'97

44495

44499

44499

54e51

50.31

124
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T

11l

i
-

54
55
56
57

58

70
Ti
72

T3

75

i6
a7

73

80

81

v
L9

J.5755+08

m

J.253E+)

2]

+0

m

Je252

[$9]

Ja13%z+03.

I+ L12E+05
Je45512+407
3.543?;07
Dels55+07

0.128E+Q7

0.7295¢05

-+
rr
o

=+

o
Ji

2
e

5

DeZ201¢

ra)

m
+
[ ]
U\

Jell3E+0s

JagslE+DS
Jal33z+025
Uad33E5+0¢
J3ez32E+04

Je235E4D4

3-223A+:}8
D4 7125407

548595405
3.350E+04

U.153Z+05

Je55754G5 -

0.119E4+05

Je234E+0¢4

De213E+04

auTePuT

Fe33

27.08

39.81

27«74

Al

D.514E+00
04790403
0+2905+00
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t

O
.

jus]
~d
=
m

+

o
N3

0.B871FE+D9
G.8712+02

=1
871

0.371£+09
0.3?15;09
D+871E+09
0.8715+09
0.871E+C9

0.271

It

+09

De8715+0G9

De37IT+037

BUET COMPUTER

44,58
44496
45,01
44499
45.00
454 00
45,00
45.00

45.00

CENTRE, DHAKA

248275409

0.852E+09
0.352E+09 -
3.853E409
' 2.353E+00

2. 0.84T7TE+D2

JeRFATE+DD
Je87D5+03
0;8?05+09
Ge3TLEF 09
0.371E+0%

2.371F+09

D.871E+09 .

227

2.859C403
3.866E+09
0.371E+09

+0

0.371E+02
G«B871E+409

D.871E+09
0.271E+09
0+2371E+D0D
3.8T1E+09

0.87l5+09

47,21

45443

45434



3ISC

negative

maximum)

FILE: JUT2UT ~ Al BUET COMPUTER CENTRE, JHAKA ,
| - 126 -
B2 0.1075+04 -255.9 0.87T1E+09 45.00 0.371E¢09  45.0n
83 0.5833+03 25.57 0.871E+09 45.00 0.871E+09 45.00
84 D.261E+03 ~23.00 6.8715+09 45,00 0.8T1E+09  45.00
85 D.251E+3%  J.00 D.871E+09 45.00 DW3TLIE+09 -as.po
86 041822434  05.00 J.B71E+09 45.00 D.8715+02 45,00
37 2.737E+23 455.00 S«B715409 45.00 2.871E+09 45Loh
B8 J4020Z¢00 -20.00 D.971E+02 45,00 0.271E+09 45.00
89 2.0JIJ5+00 -927.03 543715407 45400 0.3511+03 45400
90 0.3305400 ~7J.00 0,871E+G7  45.00 74BT1EFOI 45400
?1 D.00J5+00 ~90.00 0.871E+09 45.00 0.871E+09. 45.00
92 G.0DIE¢0U ~35.50 0.8715+392 45.00 5.871E+09  45.00
93 D.000E+03 -92D.00 03.871S+09 43.00 0.8716e09 45.300
§
LEGEND '
EZ1 Electr i Strese (D.C. case)
EAL Electric Stress Angla.(D.C. casa)
EZ12 - Electric Btress (AC, negative maximum to pusiﬁive
maximum ‘ ' ' ‘
EA2 Electric Stress Angle (AC, negative maximum to
: pomitive maximum)
EZ3 - Elnétric Btreﬁl (AL, poﬁitiva maximum to neéative
- maMimum :
EAJ, - Electric 8tress Angle (AC,

positive maximum to
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