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ABSTRACT

Computer aided design of ferro-electric insulators is mostly
a theoretical method of designing insultors. With the help of
computer and some analytical techniques-some of the conventional
insulators are,analyzed.

First the electromechanical stress distribution for
ferroelectric material was calculated using finite element
method.'In order to formulate the finite element method, the
region between two circular parallel plates has been divided into
a finite number of triangular elements. An extremum function in
energy density form can be developed. Then
minimization technique, the potential at different
the elements can be calculated.

using energy
vertices of

A computer program has been developed for calculating
electric field and electromechanical stresses for ferro-electric
material placed between two circular parallel plates. The
program can be readily used for designing ferro-electric
insulators subject to variable electromechanical stresses.



COMPUTER AIDED DESIGN OF
FERROELECTRIC INSULATORS

INDEX

Page No.

CHAPTER 1 : GENERAL INTRODUCTION.
1.1 : Importance of Insulators 2
1.2 : Brief Literature Review 3

1.3 : Present State of Art of the Project 6

1.4 : ,Objecti ve of the Research 6

1.5 : Research Out! ine. 7

CHAPTER 2 FERRO-ELECTRICITY AND INSULATORS
2.1 : Introduction 9
2.2 : Ferroelectricity 10
2.3 : Ferroelectric Insulators 14
2.3.1 : Pintype Insulators 15
2.3.2 Disc type Insulators 17
2.3.3 Post type Insulators 19
2.3.4 : Shackle Insulators 21'
2.3.5 : Problems with conventional Insulators 21
2.3.6 : D.C. Insulators 25
2.4 I Discussion. 27

i



CHAPTER 3

Page No.

& THEORETICAL ASPECTS OF DESIGNING
FERROELECTRIC INSULATORS

3.1

3.2

3.3

3.4

3.5

: Introduction

: Evaluation of Potential Distribution
by Finite Element Method

: Electromechanical Stress Analysis.

: Electromechanical Stress Distribution
in a Ferroelectric Material between Two
Thin Circular Electrodes

: Discussion.

29

31

41

46

63

CHAPTER 4 : DESIGN OF FERROELECTRIC INSULATORS
4.1 ' ,. Introduction 66
4.2 : Finite Element Design of a 67Pintype Insulator
4.3 : Finite Element Design of a 75Disc type Insulator
4.4 : Discussion. 8~

CHAPTER 5 • GENERAL DISCUSSION AND SUGGESTION
FOR FUTURE WORKS.

COMPUTER PROGRAM

REFERENCES

ii

87

94

127 <



LIST OF PRINCIPAL SYMBOLS

E Electric stress or field vector (Volts/m)
D Electric flux density <Coulomb/m"')
P Charge density (Coulomb/m3)
£r Relative permittivity
So Permittivity of free space (Farad/m)
~ Potential < Volts)
J Extremum function
Sc Element submatrix
~
S E,iectromechanical stress tensor

AS.~ Components of tensor S
I Unit column vector
F Electro-mechanical force (Newton)
nUnit outward normal to a surface or.contour
P Polarization .<Coulomb/m2)
t Electro-mechanical stress vector IN/m2)

P~ Remanant polarization (Coulomb/m"')
Ero Dielectric constant at very weak field
E. Saturation electric field of ferro-electric

material (Volts/m)
E~ Applied Electric field (Volts/m)
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GENERAL INTRODUCTION

1.1 Importance of Insulators:

- 2 -

In any typical part of power system we can see that it
comprises four types of materials namely, 1- conductors,
insulators, magnetic materials and structural materials.
Undoubtedly, the most complex of the four are the insulators. Its
duty is to ensure the safe operation of diverse power components
as large generators, power transformers, power
circuit breakers ,

capacitors,'
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 reliabi~ity of power
system depends upon the quality and reliablity of tnsulators.
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1.2 Brief literature review:

In order to reduce the losses in power system the trend of,-;,--

increasing transmission voltage is increasing day by day. So, for
obtaing a reliable power system we need more reliable insulators.
Increase in voltage causes increase in size of system apparatus.
Improvement and compactness of, design of system apparatus can ..
reduce 'the cost and saving of energy resources. Moreover, the
'insulators' are used for electrical insulating purpose as well as..
fo~ mechanical support and the potential applied to it causes
electrical and mechanical stresses. So for optimising and to get
a reliable insulator it should be designed to withstand higher
electromechanical stresses.

The insulation' technology has "'reached the present
position after a long years of study and research. In' high

voltage insulators space charge and its distribution can cause
undesireable effects. Various effects of space charge in
insulators have been summarised by Ieda [ 1 ]. He showed that the
developed space 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
non-uniform. The measurement of space charge distribution and
interficial electric fields'are important for understanding the
mechanism of charge build-up and decay.



The study of electric field distribution in and around
insulating structures has been of considerable interest to
electrical engineers for designing high voltage equipment. The
peak stress value in an insulating systemi. an important
parameter to control, because it influences discharge initiation
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 i/"OQ

various numerical techniques are being extensively developed for
calculating electrostatic fields in high voltage systems.
M~kherjee ~nd Roy [ 2 ] calculated fields in insulators using
fictitious point charge method and they were successful in
applying this method for disc insulators. Chang [ 3 ] analyzed
the electric "stress distribution in cavities .embedded within
dielectric structures and he shows that the field inside the void
is enhanced by a factor E., the rel.ativedielectric permittivity.'
of the insulator, in the case where no free charge i. pr•••nt at
the void boundary. Takeshi [ 4 J used charge simulation method in"
combination with the method of image to find electric field. In
dielectric multilayers. Tadasu [ 5 ] successfully applied charge
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simulation method to study the field behaviour at points on the
boundary of two dielectrics. Takada and Sakai [ b J WRre
successful in determining electric fields at the dielectric
electrode interface. Kun [ 7 ] suggests that the field
distribution along the insulator surface is strongly dependent on
the P-E charoacteristic as well as frequency of the operating
voltage.

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
value for a given voltage 'rating. Abdel-Salam [ B J found that
to optimize a high voltage ins~lator, the distribution of the
tangential field component along its surface should be uniform.

Stih [ 9 J formulated a classical approach to high voltage
insulating system design using an integral equation tRchnique for
solving electric fields and optimizing the contours of the
insulator.



,
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1.3 Present state of art of the project

All porcelain or ceramic insulators used in high voltage
power system as well as telephonic and telegraphic li~esare
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 Stih [ 9 ] using integral
equation techniques for solving electric stress and contour
optimization. But if the hysteresis effect arising from
ferro-electric property of the material is considered, • rigorous
mathematical operation is needed. Begg [ 10 ] formulated the
electromechanical stress analysis considering the hysteresis
effect of ferro-electric materials.

f.4 Objective of the research:

The objective of this study is to evaluate the
electromechanical stress distribution associated with the time
periodic electric fields applied on ferro-electric insulators of
finite size and to obtain an acceptable design in terms of,
breakdown str~ss, flashover voltage and electrostriction.
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1.5 Research outline:

To design 'ahigh voltage insulator, electromechanical stress
calculation is the first step. In doing so, the insulator region
will be divided into finite nos. of trriimgularsubregions called
elements. Then the potential distribution and electromechanical
stresses can be obtained using finite element method and
developing an energy distribution function in variational form
for the system under consideration;
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FERRO-ELECTRICITY AND INSULATORS

2.1 Introduction:

In dielectric material an applied electric field induces
dipole moments in atoms or ions and generally displaces ions
relative to each other. Consequently the dimension of a specimen
undergoes slight changes. Mechanical stresses also chang& the
dimensions of a specimen but in general such changes do not
produce a dipole moment. In other words, inmost materials
dielectriC'polarization produces a mechanical distortion, but a
mechanical distortion does not produce polarization. This
el~ctro-mechanical effect, which is present in all materials, is
called electrostriction [ 13 ].

Ferro-electric materials are characterised by ,electro-
striction arising from their spontaneous or residual polariza-
tion. There are various types of ferro-electric materials that
are used in high voltage insulators because of their high
relative permitivity. Barium titanate IBaTi03) is an importan~
ferro-electric material that is used in fabrication of high
quality AC and DC insulators used in HV power transmission.
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2.2 Ferro-electricity

For the dielectric material the polarization i. 8 linear
function of the applied field. There are however, a number of
substances for which the polarization of a specimen depend. on
its history i.e. the polarization in these materials is not a
unique function of the field strength. These materi81111elChibit
hysteresis .effect, similar to those observed in ferromagnetic
materials they are therefore called ferro-electric ~aterials
[ 13,].

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 applied to a "virgin" specimen .of 8
ferroelectric material, the polarization increases along a curve
OABC. When the field is reduced, it is observed that for E

o
= 0, 8

certain amount of remanent polarization, Pr is still present.

In other words, the material is spontaneously polarized. In
order to make polarization to zero, a field in the opposite

direction must be applied; this field is called the coercive
field, Ec.

the
another.

with

generally nat
In .fact, the

of dom8insof a number
polarized but
one domain to

The direction of !Spontaneouspolarization is
same throughout the macroscopic specimen.the

specimen may be considered to consi!St
which are themselves spontaneously
direction of polarization varying from



Fig: 2.1 HYSTERESIS CURVE FOR FERROELECTRIC
MATERIAL
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Thus a virgin macroscopic specimen may have zero polarization as
•

a whole. Upon application of an electric field, the domains for

which the polarization points along the direction of the applied

field grow at the expenses of ather domains for which the

polarization points in the ather direction (Fig 2.2).

Barium titanate (Bali 03) is the best known ferro-electric
material commonly used in the fabrication of HV. insulatorsl

capacitors with multilayered structure. Their high permittivity

enables fabrication of capacitors with high capacitance and

insulators with good quality. There are three types of BaTi0
3

materials commonly used in insulators. These are NPO (S •.: 60),
X7R (E.~;; 1800) and ZSU (Sv= 9000). The permittivity of ferro-
electric materials depend an the temperature. A typical
temperature dependence of BaTi03 ceramic is shown in Fig.2.3.
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Fig. 2.3. Dielectric constant of barium titanate ceramic as a
function of temperature. The fully drawn and the dl18hed curves
correspond respectively to a peak field strength at 1 kc of 56 and
1100 volts per em. The "sharp peaks occur at the ferroelectric
Curie temperature 0,.
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2.3 Ferro-electric insulators

The material most commonly used for high voltage insulators
is porcelain. It has high insulating resistivity and undergoes
hysteresis effect with the application of electric fields. Bo,we
can say that most of the high voltage insulators are manufactured'
from ferro-electric materials. 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 such
a way that it undergoes compressive stresses most of the time.

The second material that is used in manufactu~ing high
voltage insulators is glass. Though it has higher dielectric
strength, ultimate tensile strength, higher puncture voltage but
due to the surface errosion and contamination problem these are
not popular. In porcelain insulator these problems are overcomed
by suitable design.

Insulators are required to withstand both mechanical and
electrical stresses. In addition to this, the surface leakage
path, even when wet, must have sufficiently high reist.nce to
prevent any appreciable current flowing to earth. So , the
insulators must have enough leakage distance. For obtaining
sufficient leakage distance and type of application different
types of. insulators are used in high voltage system. In the
following articles some of them are discussed.
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2.3.1: Pin-type Insulators.

Pin-type insulato'rsare of one piece construction and ulled
for operating voltag~s up to 33KV. As the name suggests, the pin
type insulator is attached to a steel bolt or pin which is
screwed to the crossarm on the pole or tower. There is a groove
on the upper end of the insulator for housing the conductor. The
conductor passes thr.ough this groove and it is bound by the
annealed wire of the same material as the conductor. They are
preferred by some users, even at voltages where multi-part
insulators are available, because of the comparative absence of
cement. An adequate length of leakage path is o~tained by the
provision of two or three sheds. There should be sufficient
thickness of porcelain between the line conductor and the
insulator pin to give a factor of safety of up to 10 against
puncture. The insulator is designed in such a way that it will
sparkover before it puncture$.At wet .and contaminated condition
the sheds becomeQ conducting and to avoid'sparkover the pin
should be sufficiantly long.

The insulator and its pin should be sufficiently strong
mechanically to withstand resultant force due to the combined
effect of weight of span, wind pressure etc. For higher voltages,

b",the thickness of the insulator is tOAincreased, so, it become. un-'
economic. That is why pin type insulators is used up to voltage
level of 33KV. A0 schematic diagram is shown in fig 2.4.
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b) Showing flashovE'r distancE'

Fig. 2.4. Pin TypE' Insulator
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2.3.2: Disc-type Insulators.

Disc-type insulators are very popular for constructing high
voltage lines because of their relatively smaller size and less
weight. Each disc is designed for a comparatively low working
.voltage and the required total insulation is obtained by using a

!
such insulatots. The mechanical

!
~;

stresses on the insulator is less as the insula~ors are connected
flexibly with the tower.

The first disc insulator is the Hewlt type (fig 2.5) and is
characterized by great simplicity of design. Each unit consists
of a single piece of porcelain,the central portion of which ha.
two curved tunnels laying in planes at right angles to each
other. The short steel strips,forming the connectors between
individual units, are threaded through these tunnels and thus
loop through each other, bending separated by layer of porcelain
which is whollyin compression. This method of construction
secures a high mechanical strength and there is no risk of
breakage by the difference in expans~on of conducting links and
insulators.

In cap and pin type or cemented cap disc type insulators
shown in fig 2.Sb, each unit is covered by a metal cap cemented
in place, the upper end of each cap terminating in a lug to which
the pin of the unit above is fastened. The pins are also cemented
in place and consecutive discs are joined together by ball and
socket joints. The three materials porcelain, cement and steel
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have different co-efficients of expansion and sudden temperature

change in service were sufficient to set up internal' bursting

stre~ses, .which ultimately cracked the insulator. The cement

material is subjected to volumetric changes depending on its

moisture content and causes fracturing process. Improvements in

design overcomes these troubles and cap-and pin disc insulator is

giving a~excellent 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

conforms approximately the lines of electric field thus avoiding

materials of different permittivities being placed in series. The

metal work consists of pressed steel spiders,the legs of which

are fastened into the porcelain. It is not easy to produce the

necessary thick porcelain discs. That is why the core and tine
insulators have fallen into' disuse.

2.3.3: Post Insulators:

The post type insulators are very much important for

constructing high voltage switching equipments and protection

equipment. These are used in constructing the breaking chamber of

MOCB,transformer and circuit breaker bushing, current

transformers, potential transformer etc. In some places this type

of insulators are used as line insulator up to 30KV. A schematic

diagram of post type insulator is shown in fig 2.0.
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Pole-

Fig: 2.6. Post Type Insulator

/ Bolt

Shackle
Insulator

!D-Strap

Fig :'2.7. Shackle Insulator
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The post type insulatorO is of solid core or hollow
construction as per use and have a cylindrical boundary shape.
All the metal work and cement is external to the porcelain. 80 it
cannot set 'up bursting stress. The sheds are designed in ,Buch•
way that it can be cleaned efficiently by rain. Moreover its
great advantage is that if the sheds are broken off by power arc
or mechanical damage, the flashover voltage of lhe insulator ill
little effected. So, this type of insulator is very useful.

2.3.41 Shackle Insulators.

Shackle Insulators are mostly used.in distribution lines.
Such insulators can be used either in a horizontal position or
vertical position. They, can be fixed directly on the pole as
shown in fig 2.7. The conductor is fixed in the groove with a
soft binding wire.

2.3.5: Problems With Conventional Insulator

the
The
long

safety
term

and reliablity of transmission lines dependQon
performance of insulators. Insulators must

electrically and mechanically remain stable for a long period of
service under .harsh environmental conditions, such ••
contamination, wind, rain, snow and so on. So, thE!insulators
must be designed 1n such a way that it must cope with harah
environmental conditions. Some special designs against different
causes of insulator deter-iatien are discussed bellow:
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'a) Aging ef insulating material:

Peer manufacturing technique causes internal defect. in
the insulating material, resulting in cracking er shattering due
to.mechanical er electrical stress ccncentratien en the defects
during aleng te~m use. The pcresity af percelain accurs due to.
imprcper firing technique and reduces electrical and mechanical
strength. Impreved manufacturing technique tegether with gaad
quality ef insulating material can reduce this preblem •

b) Centaminaticn and Erasicn o.f Insulating Material.

A drastic reducticn can be seen in withstand or flash-
aver veltage when the insulater surface is cantaminated and
wetted. The pallutant accumulatian, cleaning af polluted surface,
wetted ef pallutant layer, leakage current and accurence af
flashever are influenced by the insulater shape, dimensians,
atmespheric, ccnditiens, valtage stress, pellutien saurce etc.
This centaminatien prcblem is severe in the ceastal and desert
area. 1'nheavy centaminated enviranment, the surface detariation
af insulating material cccurs due to. surface erresien, in the
werst case, resulting complete failure ef insulating material.
The erresi cn i'scaused by leakage current en the insul aters.
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The anti-contaminated insulators are designed to provide

less contaminant accumulation on surface, to k~ep surfacm 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 shown' in

fig 2.8. In aerodynamic type insulators the leakage distance i.

300 to 400 mm and the shape is such that the contamination ia

cleaned by the wind. In fog type insulators, inner skirts are

long enough to provide long creepage distance and remain dry and

less contaminated condition as these are covered by the top
skirtrs.

c) Cement Growth Failure.
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F i(J: 2.9. Hard-.ware Corrosion of DisC' Type Insulator



- 25 -

d) Hardware.corrosion.

The hardware of.suspension insulators a~so suffer. 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 fig 2.9. Among hardware of suspension
insulators, pin corrosion is serious problem because of reduction
in mechanical strength of the corroded pin or breakage of
insulator caused by expansion of pin body. The pin can be
protected against electrolytic corrosion by attaching a
sacrigical electrode (Zink Sleeve) to the pin close to cement
boundary as in fig 2.9.

2.3.6: D.C Insulators:

Recently, DC transmission line became popular due to the
availability of DC converting equipment and for long distance
transmission of bulk power. As th~ DC flashover mechanism ia
different from AC ones, so the insulators used in DC line should
be of different shape than AC ones, otherwise fault rate will
increase. The insulator under DC voltage is more contaminated
than .underAC voltage due to the dust collecting effect of DC
voltage. Moreover the local discharge effect is more effective in
DC insulators. So it is clear that the surface errosion, pin
corrosion and flashover problems are more severe~ than AC
insulators.
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Pure zinc sleeve
pro tee ting pin
from corrosion

Alternate 10n9 and short ribs
(lligh DCcon taillina tion wi ths tand vo.l tage)

oj Insulator Unit Showing Different parts

AC Fog Insulator's ShedDC Fog Insulator's Sh;;r

Local DIscharge Condition

b) Showin']' Discharge

Fig 210 D.C Insulators
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In order to cope with the above problems. th~ DC in.ulator.

are usually manufactured by high electric resistance porcelain

putting a zinc sleeve around the pin shank and for obtaining high

withstand voltage the shed is de.igned with alternate l~ng and

short ribs. keeping lnng distance between rib lips and long

"leakage distance as shown in fig. 2. 10.The DC insulators are

desinged to provide 10-20% higher withstand voltage than AC

insulator with same leakage distance.

2.4 Discussion

From the above" discussion we can say that the ferroelectric

insulators a'"e the widely used and most popular insulator. In

both AC and DC power system they are most reliable. Glas.
insul atoro,

insulator.

con.dition.

the other

presents.

which in

material used in manufacturing HV

high local discharge of contaminated

turn causes surface errosion and pin

corrosion and lowers the mechanical strength. In ferroelectric

insulators this is not so p~ominent. Due to the high insulating

resistance the local discharge is less in this type of

insulators. The ferro-electric materials have high compressive

stress and low tensile stress. For that most of the ferroelectric

insulators are designed to bear high compressive and low" tensile

stress. Disc insulators, the ~lidely used insulators. ar. designed
taking this into consideration.
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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 gaseous dielectrics and in almost every
instance a combination of at least two of these components is
involved. Another observatiun is that the dielectric must
frequently serve as a structural material as well as an insula-
ting material~ Liquid and gaseous dielectric may also serve as
coolants. These double or sometimes triple functions causes
mechanical and thermal stresses in additi~n to electrical stress
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 insulation ofa power system
component is perhaps the easiest to quantify. Firstly, there is
stress due to the steady state power frequency voltage. Depending
upon the perticular component involved, this may range from a

few Kv up to 800 Kv, with higher voltages in contemplation.
Because of the geometry of mo~t power system components, the
electric fields that voltages give rise to, are more often than
not ~uite non-uniform.
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In addition to the power frequency fields, system insulation
is subjected to transient overvoltages caused' by BHitchinQ
operations and intrusion oflightining into the pOHer sy.tem.
Those are of variable duration, magnitude and Have form. Rapidly
changing transient voltages can temporarily
extremely non-uniform distributions of stress.

cause further

So, the ~tudyof electric field distribution in and around
insulating structures has been of considerable interest to
electrical engineers for designing equipment that operate at very
high voltage levels. The peak stress value in an insulating
system is an important parameter to control because it influences
discharge initiation and propagation. Compaction and miniatuari-
zation of high voltage system, with the resulting increased
operating stress levels, have made the study of electric stress
distribution even more critical.

Mechanical stress occurs due to mechanical deformation under
the"application of electric fields. Thermal Stresses occur due

areto the thermal gradients, whichApresentc) in insulators due to the
ohmic losses in the conducting parts.

Unfortunately, the excessive' electrical, mechanical and
thermal stresses often occur simultaneously. And as thermal
stress is not so prominant, ~hen electro-mechanical .stre••
analysis is very important for an insulating system design.
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is, however, motivated to the
calculation of electro-mechanical stress developed in a

ferroelectri c materi al •.But e1ectro-mechanical stress anal ysill of

such media has not been reported. Only the electro-mechanical

stress in ether, a hypothetical medium has been widely discussed

by stratton [ 11]. 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

where

'Vip= 0

cP ;" potent! al

. . . (3.1)

Physical systems~re so complex that the analytical solution

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

As such, with ,the increasing availability of high speed digital

computers, two numerical methods are being eHtensively used in

the calculation of electrostatic fields in high voltage systems.

The first method is based on the difference technique

employing Laplace"s and Poisson"s equations in the space where

the field is to be determined. This is done by dividing the whole
space into small meshes.



The second approach to the computation of fields is to
integrate Laplace"s or Poisson's equation either by employing
discrete charges, or by dividing the elect~ode surface into
sub-sections with charges. This method of computation is known as
the charge simulation method. In this method fictitious point,
line or ring charges are assumed outside the space in which the
field is to be computed. The magnitude and position of these
charges are such that their integrated effect together with the
field of those charges existing inside the space, satisfies the
boundary conditions. This method is ~ery successful for many high
voltage field problems.

32 -
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The basic requirement of the development of finite element

equation is to find anO extremum function which can b. written in

energy density form.' As a first step in the development of this

method ,a uniform surface is considered which is completely

filled -with homogeneous and isotropic dielectric.

The extremum function for electrostatic field can be written
as,[iDJ

. . . '(3.2)

The finite element method employ~ a set of algebric

functions defined over a subsection of the whole crosssection.

These subsections may be polygonal in shape and are called

elements. Thus in the finite element method the entire domain over

which the operator is defined is divided into a finite number of
elements on of which the actual node function is
approximated by a set of continious algebric functions which are

only defined over the particular element under consideration and

are linearly dependent 'on the values of p at the vertices of the
element.

Hence I if an element has n vertices (for triangular element
n=3), the potential ~ within it may be

"
<P(X,:!) = ~ (x IY) <p~

n1-= I

approx 1mated bY['1oJ

. . . <:3.3)

Where ~is the value of ep at the vertex m and Nm(x,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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-------x

Fig 3.1 : division into triangular elements

Let us consider triangular elements as shown in fig 3.1. A

typical element Ithe eth element) is described by the vertic ••

i,j and k in cyclic order. Let"R,9; and 'R be the corresponding

values of 'f at the vertices . For the element e the funct.ional

dependence of <PIll,y) can be written asUe]

<- ..
<PIll,y) = "'.+ 0<,>: + <>(, y

where "'0.0<., and "'2 are to be determined.

. . . (3.4)

If Ill"y.>,

verti ces i, j and k, then sol vi ng for o{.,""1and~,we obtain, [1.oJ

<PIx ,y)
1

= --Ia.
2A.

+ b •.. >: + c •. y) q{....+ 1
--Ia-,
2A

<-+ b.•• ll + c .••y) er,

1
+ --Ia•..

2A . . (3.5)
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Where 2A is the determinant of the matrix,

1

1

1

x.

y",

A = area of the triangular element.

C:l = Xk - X--'

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

From (3.5) we get,

oepe
-'""Ox

1
---I
2A

1
---I
2A

. . .

(3.6)

(3.7)

Now from equation (3.2) for eth. element,

J '" -~- f f
2

oCP( )2 Jdx.dy ,oY
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sincehfJdK.dY =A
1

J = --- [(b.<P~+b~<P;+bk "If)2 + (C. 9~ +c~ "If +c••<It)"]
8A

. . .

If there are in all M vertices, then from (3.2)

(3.8)

"......•... q;, ) . . . (3.9)

The optimum value of a set of <Pm for a certain functional
form of Nm(K,y) may be obtained by minimizing the function given
by ,(3.9) with respect to each of m i.e. equating,

ClJ--- = 0 , ford<Pm m = 1,2,3 ••• M (3.10)

However, in the vicinity of boundaries where conBtant~'.
potentials are specified.

1 CDb"-J -+--- T,
2

So that at the boundary, OJ ---epba'P
where Cf'b is the value of the,potent'i011 at'the boundary.



- 37 -

Using equation (3.101 for the minimization of J function
over the element e.

1. e e-

= ---[b. (b.'P,+b..•CP..•+b",CP:l+c.(c,q>~ +c..•ep~..•+Ckq>"'k))
4A

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

b.,.bk + C.J.Ck

bt.b" + Ci..C."b"-, "-+ C,

bt..b..:t + Cl.C-"

of
o'R

'OJ'" 1
= --o'B 4A

0-/
o'E;

. . . (3.11)

Where S~. is the element sub-matrix and epe is a column
matrix. S~ is a square symmetric matrix such that S,..•=S..•,. The
above equation can be applied to obtain elemental submatrices for
all the elements of the domain. The resultant matrix will be the
sum of all the element submatrices generated b~ all ~he elements.
Then inverting this matrix and multiplying it with the boundary
.values we can get the potentials of the nodes of each element
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The potential distribution for pa..-allelcirc'Ular thin plate as

shown in fig 3.2 can be easily determined by uBinQ the above
analysis.

Let the upper plate be kept at a certain potential V = llKV

and the lowe..- plate is maintained at zero potential. The spacepn.. ,
one side of Y-axis between the two plates is divided into 64

numbers of elements and 45 nodes. Assuming linear variation of

potential over elements,taking permittivity is constant over the

~egion and considering the procedure discussed earlier .we Qet 45

linear algebric equations. Solving th~s~ equations we get
potentials at different nodes. The results are polotted in fiQ

3.3. From the plot it is clear tt,at the potential is constant
about the level Y = h/2, the potential from the top .plate

at Y = h/2

decreases gradually and becom~ constant function of M at the

level Y'= h/2 Le. <P = '$'.SK~'. Similarly from the bottom plate the

potential gradually increases and becomesa constant function of M
..:t. o'Pi.e'Amid level. Thus at Y = h/2 ~-x= 0 iridicates

that no lateral field exists. Rather the field is entirely

vertical at the midlevel between the two plates. This is expected

because C~~.:>the electr 1c 11nol'l of forc!i!l:IliImanAtln;fr-om the top

plate will turn towBrds~e bottom plate aftar reaching vertically
at the mid level.

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

upper hal f regi on as is expected ina parall el pl.ate capaci tor

or in the case of dipole.
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. ~} \,

o

/ Circular plait"

x

Fig,3.2 Co ordinatE.' system of ,thE.' problE.'m
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3.3 Electromechanical Stress Analysis

The theory of Maxwell-Faraday on electromechanical stress in

"ether" has been widely discussed by Stratton [ 11 J. Emphasizing

41

their validity for dielectric materials, the fall owi n/:J
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 =-\7'P
Then '\7x E = 0 • (3.12)
and '\7. E P

(3.13)c- . • •€

I-ttVlCeJLet equQtion (3.12) be multiplied vectorically by D=St~,~we
get,

. '--

(V'x El x D = 0 ••• (3.14)

aH ay aR

OE~ OEy oE",. oE~ oEy oEM01" ------ - ---- - ---- ---- '" 0
. , .,.

oy oz oz 0>< Ox OY
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The I<,y and 2 components of the vector (3.141 ar. given by,

() EH OEr () E.,.. () EH[(\71< Elx DJ.aH= Or (---- - ----I - Oy (---- - ----I =0 •• (3.15)
02 Ox Ox CY

o Ey o EH OEr OE.,..[(\7x Elx OJ.av= OH (---- - ----'-I- Or (---- - ----I =0 •• (3.16)
Ox Oy Oy '02

"0 Er dEy oEw OEr[(\7x Elx OJ. Br 0.,.. (---- - ----I - OH (---- - ----I =0 ..(3.17)Oy 02 d2 Ox

The above equations can be arranged by adding equal
quantities on both sides.i.e,

oEH

Or(---- -
OZ

OEr

----I
-01<

o EH
----I
Oy

EH V.O (3.18)

OE.,.. OEw OEr OEy0.(---- - ----I - 0.,..(----- ----I + EyV.O = E.,..\7.0 . . (3.19)()x oy OY 02
(} E", a Ew o Er dE ....D.(---- ----I - Oy(---- - ----I. + Er \7 •D = Er \7.D (3.20)d)( oy Oy 02

The above three equations can be arranged 1n tensor form,
•.•.. - - _.

V .91 = EV.D
"-where 9 is the tensor expressed as follows:

• • • (3.21>

9•• S,'" S 1/::S

~
S = 92• 5",,:> S':>'" . . (3.22)•

S:S1. 53'" 5:53



and I is the column vector expressed as~.

-a~

For an isotropic dielectric the elements S~~ are shown in
Table .3.1.

Table 3.1 : Components S~~ of the tensor ~ ih free space

.. ,"

T

j/k 1 2 3

1 ." €'oE,E~'.-~.~PE2 ~.E,E:~Ey c.E,.E~E~.f~. 2
•

2 CC.~,.E,;E~ t.~.Y _ ~~rE2 tS-tEyEE.
2

• ~!...E.rE'"3 t:..E,E~E~ €..~rE~Ey c.f.,.E.-.

2

Equation (3.21) is a relation through which tHe forces
exerted on elements can be expressed in terms of the vector D. As
v.D, is the charge density is in column/m3, the force
distribution given by the right hand side of (3.21) wi'll be in
Newton/m3• Let us now integrate the identity over a volume V to
obtain the force,

F 1V.SldV =JE V .Ddv • (3.23)

Let n be the unit outward normal at a point on the boundary
surface. Then by divergence theorem •

.F = ~ <i3I) .nda =J E V.Ddv (3.24)
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A- _
Thus ~he quan~i~y (SIl.n comes ou~ in ~he form of force per

A-uni~ area or as mechanical s~ress. Tha~ means (51)." represen~B •

mechanical s~ress developed wi~h applica~ion of elec~ric stres.

E. In vec~or no~a~ion ~he elec~romechanical s~resB is given by

t =
.•.-

(SIl n . . . (3.25)
Hence ~he stress componen~s can be given as,

""'+S1.:3nle" )

Refering ~o Fig.3.2 the electric ,field between the two

circular parallel plates has x and y components only. Now if we

desire to calculate s~ress in ~he >:zplane,~hen n will be in the
o ;@ GilY directi on such that nH = 0,: 'n,..= 1 and 'n~ = o.

Then

1
2---,E )

2

. . . (3.26)

= E..E.. ( E; _ E:- )
2

. . .

. . .

(3.27)

(3.2B)
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Hence the magnitude of the stress is given by,

1
---I
4

or, co
t =

1

2
D.E . . . (3.29)

The angle of the mechanical stress is.then given by

. . . (3.30)

1
D.E represents the magnitude of the electra-In general

2
mechanical stress in the dielectric.
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3.4 Electromechanical Stress Distribution in Ferroelectric
Material between Two Thin Circular ParalleIElectrodB~.

In order to obtain the electromechanical stress distribution
in ferroelectric material between two thin circular parallel
electrodes by finite element method, first we have to calculate
the applied field distribution between the electrodes. Th~
applied field can be expressed as,

. . . (3.31>

The field components E~~ and E~y can be easily obtained by
dividing the region between the electrode into fini.te number of
triangular elements and applying equations(3.o) and (3.7) we get,

1
e. e. eE~~ = [ b.'Tl+b3cp'+ b", ep~] . . . (3.32)2A

1
E~y e e eD [ Clcn+ c,.9j + C ••<f'K] (3.33). . .2A
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.
MQAm

For satisfying theAhysteresis curve (Fig. 2.1) the magnitude

of the electric flux density as a function of electric field can
be well approximated as,

D = •• (3.34)

Where
dO

Hence, Cro is the dielectric constant at very weak field, K
is a constant.

When ferroelectric materi al is placed between two
electrodes, major portion of the electrical energy i,s spent in
polarizing the molecules. After polarizing the dielectric, a
portion of the supplied energy remains to link the two

electrodes. These phenomena are explained by Lorentz equation.

D = D~ + p . . (3.35)

Where,

P is the polarized portion,

-
and 'D~ =€oE~ is the ma'croscopic flux density that remains as,

an unpolarized portion of the net flux density D. The purpose of

electrical insulation i5 to keep this unpolarized fluK den.tty to

a minimum. As "i7.D~ = 0 in the dielectric region, then E~",":Vep,',

where cP 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) we get

P '" Co [( ero - 1) E~ - KE= ) ••• (3.36)



The effective relative permi~vity Er is obtained fr.om

dP

-"'18-

e",( E.•. - 1) -
dE~

Substituting (3.36) in (3.37) we get

eo(~r-l)= &'0 [ (e'(o-l)- 3 KE;]
E.,,= eyO - 3 KE~

•(3.37)

• (3.38)

From Fig. [ 2.1 J

We get flux density corresponding to the two curves of Fig.
2'.1-

t. [ eyO
.:3 (3.39)01 = (E~ + Ec) K (E~ + Ec) J .

• ". . -302 = t. [ t,yO (E~ - Ec~ K (E~ Ec) 'J (3.40.)

At E~= Es the polarization saturates and we get 01 = 02 i.e.

01 ~ 02 = O. Hence
... eo [ 3 ..32 E..,o Ec - K {(Es + Ec) - (Es - Ec) } J =-0

'.

or,

K

K =

2&"0 Ec
= -----------------------

(Es + Ec~ - (Es - Ec)..3

2 eyoEc--------------£-----------2-----£----~i---
2 Ec[(Es + Ec) + (Es - Ec) + Es - Ec ,J

K =
~E'2..-> S + Ec'" .. ••• (3.41)

After saturation the field leaks out into the medium

sourrounding the ferroelectric material, and flashover takes

,place around the insulator with the air breakdown at whicl:'tthe

field strength is, Es = 2xl06 vim. We choose Ec = 1/2 Es = 106

vim and &YO = 2000'for ceramic at 100°C (the extreme condition).



Now from equation (3.34) we can also write the x and y
components of flux density as,

Again for any dielectric, the internal
given by [ 11 l,

E = E~ + Ep

(3.42)

(3.43)
field developed is

where E~ = applied field '

Ep field due to polarization

pol,prizat.i.onvector~

For ferroelectric material we have Ep "where P is the

Therefore,
.•. 'llP

E = E~ + -€:-
~ is a constant., for , .

BaT10",the. ,"
coefficient of

.'(3.44)

expansion
A = 3 )( 10-" per degree and

. ~":' the observed curie constant
1/"'ll -;; 10". Hence '?J 1/3 [ 13,].

Again for ferroelectric 'material
expressed as, [ 13 ]

the polarization is

dP
----- =
dE~

, .
(3.45)

,Where E..•• is the relative permitivity of the material. For
polarization in x and y direction we can write,

d Py
----- = C. (e-r:J - 1)
'~E~y

(3.46)

(3.,'\7)



(J
- 50 -

where c,rJ( and Sry are the relative permittivities for fields

in x and y direction respectively. Now by definition of relative
.permittivity,

8••=
1 00
E.. • • • (3.48)

Hence substituting the values of flux density components
from equations (3.42) and (3.43) we get,

• • • (3.49)

••.• (3.50)

Substituting equations (3.49) and (3.50) into equations

(3.46) and (3.47) respectively we get,

(:)PH •

---- = So( C,-a - 1 - 3KE':-H )

OE~H ••• (3.51>

(:)Pv
2-= t.( £ro - 1 - 3KE~v ). • •• (3.52)

"
Hence by integrating we get,

. . .
3Pv = E.. [ (Cr. - 1 ) Eav - KEav ]. (3.54)

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

(3.44) we get the components of the field as,

••• (3.55)

••• (3.56)



Therefore the magnitude and angle of the field are
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E = I Ex'" + Ey'" •• (3.57)

and •• (3.58)

The magnitude of the mechanical stress according to eqn.
(3.29) is 'given by,

1
t = --- D.E

2

1
t = ( Dx_EM '+ Dy.Ey. ) ,

2

. ~. 1 ",• ..' .. D';.EHt"'= + Dy.Ey)'" . . . (3.59)
4

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

1

4

and
1

2

t = I tx:Z+ ty:Z

• • • (3.60)

••• (3.61)

• • • (3.62)

-1
and angle em,= tan ••• (3.63)



Hence from equation (3.62) end

52-

(3.63) we can readily
determine the magnitude and angle of mechanical stress developed

in ferro-electric material under application of electric field.

For alternating fields experiencing hysteresis effect, the

electric field components in the above expression must be changed

as E~ ~ Ec respectively for alternation from negative maximum to

positive maximum and from positive maximum to negative maKimum.

The coercieve field Ec can be assumed Es/2, where Es is the
saturation field.

Both the electric and equivalent mechanical stresses have

been calculated for ferro-electric material between two circular
,parallel oplates. For electrosfatic case Fig. 3.4 and 3.5'

illustrate the plots of electric and equivalent mechanical stress

megnitudes as functions of radial distance from the SKis of the

electrodes. Plots are shown for different levels y=h,' 3h/4, h/2

and h/4. The peak values of the stresses Occur at the edges of

the electrodes and the stress value drops rapidly for distances

away from the edge. The electric and equivalent mechank~al
stress curves have almost similar shspe.

From the angle distribution of electromechanical stress

shown in table 3.2, it can be checked that the upper half of the

ferr~-electric material experiences compressive stresses and the

lower half of the materiel experiences tensile stresses.
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Table - 3:2
Electromechanical stress angle variation of ferroelectric material

" ( Staticase )

x (C~)
(\ 1 2 3 4 5 6 7'

Y ,J ' ,

(Cm,)

8e, -90 -44.57 -37.39 -32.96 -30.91 -30.62 -33.43 -52.35
4

,8", +90 -179.153 -164.78 +155.92 -151. 83 -151. 25 -156.86 -165.28
---- ---_ .._- -~ "

8" - 85.41 - 66.48 - 63.64 - 62.80 - -2.62 - 63.(4 - 65.89 - 77.25
3

8.., + 99.17 +137.02 +142.71 +144.39 +144.75 +143.72 +138.20 +115.49
, ,

8" - 90.00 - 89.99 - 89.99 -- 89.99 - 89.99 - 89.99 - 89.99' - 9°.(10
2

em + 90.00 + 90.0f) + 90.00 + 90.0n + 90.00 + 90.01 + 90.00 + 90

8e - 93.96 -1'17.96 -124.16 -133.90 -138.29 -139.47 -136.70 -U8.4,81

e", + 82.074 + 54.08 + 21.69 + 2.19 6.59 - 8.94 - 3.40 + 33.02
.e(, -90 -163.07 -164.21 -164.75 -164.83 -164.n ,-160.15 -135.00

0

e", .+90 - 56.139 - 58.435 - 5,9.507 :-59.66 - 58.23 - 50.31 - 0.01 V1
0\
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Table -33
Electromechanical stress anqle variation of ferroelectric material

(NeQiitivemaximumto positive maximum)

X (eM)

y~ I 0
(em)

1 2 J 4 5 6 7

Be. I -'-35.10 29,98 +?9.79 +42.8S +44.04 44.56 +44.80 +44_.92
- 4

V1
\0

I
i
I

I
j

I
, I
I

- 0.15

+44.87

+44.89

+44.98

'- 0.25

4~~

oj

- C'.2D

- (1.03- (l.01

- (l.15

- 0.53

45.07

I +44.81

I - 0.39
1
Ii - +44.73
i

I - D.37
;

I +45.00

- 1.13

- 0.87

+44.62

- 0.75

- O.D5

+45.19

- 0.39

]

1
, +44.43

- 1. 90

+43.80

- 2.38

- 1.59

<45.04 -1 <45.02

+44.20

- 0.09

- 4.28

- 4.95

+43.32

- 3.35

+44.96

- 0.06

'---

--'--
+46.00 I +45.44

- 2.01 I --0.89

I +42.52

-10.44

+40.03

-.93

+41. 51

- 6.97

+44.16 _

- 1.67

+47.44

IJ - 4.88

+38.05

-13 .88

+52.24

-14.49

eml -16.48

e~I +35.55

eml -18.89

1

o

L_

i 8"'1 -17.42 I -3(1.03 i

. I1-----------'---------T---------i
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- I
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Table - 3.4

. Electromechanical stress angle variation of ferroelectric rraterial
(Possitive rraximumto negative ITI3Ximum)

I I i ,.
)( (e",)

y"'" I a I 1 I 2 I 3 I 4 I 5 I 6 I 7
(c,.;,)
--

Be- -129.29 -119.55 -17.9.'55 -132.79 -134.03 .l~~ .134.80I -134.92
4

em + 11.41 + 30.22 + 10.89 + 4.40 + 1.93 + 0.87 + 0.39 I + 0.15

13

i
.~._- --_.

I I I8" I -129.44 -127.71
I
-130.48 i -132.63 -133.85 -134.43 I -134.73 I -134.87

8ml + 11.20 I. + 14.57 I + 9.02 1+ 4.73 + 2.33 + 1.12 + 0.53 + 0.25
II

ee-! ~130.26 I 1-133.47 I
I

-129.93 -132.11 -134.23 -134-62 -134.81 -134.89
2 8ml + 10.13 I + 9.46 I + 5.76 j+ 3.05 I + 1.52 1 + 1).74 I + 0.36 I + 1).20

,

8,,1 -129.76 I -131.21 '--134.33 1-134.96 I -135.04 I -135.02 I -135.0.0 I -134.98
1

9~1 + 10.47 + 5.57 + 1.32 + 0.06 t+ 0.08 + 0.05 + 0.01 + 1).03

~-128.98 -175.95 -136.9~ -135.91 -135.42 -135.19 -135.07 - 45.00
0

e../ + 12.02 I + 7.91 I + 3.86 1+ 1.82 I + 0.85 I + 0.38 I + 0.15 I + ()
(l\
I\)
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For alternating field a different nature of stress curve ia
observed. In the cycle when applied voltage alternate. from
negative maximum to positive maximum, the stress distribution
takes the shape as in Fig. 3.6 and 3.7 and their ang18 variation
is as in Table 3.3. In this case ,the maximum stress occurs at the
edge of the upper 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 from 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 edge of the lower
plate and minimum stresses at the upper plate, the stress curves
attain constant value with the increase in M. In this case also,
the material is subject to laterally expanding stresses a. can b.
checked from the angle distribution shown in table 3~4.

3.5 Discussion.

The above study gives the distribution of electric and
equivalent mechanical stresses developed in a ferro-electric
material placed between two circular parallel electrodes.

,We calculated stresses for both static and alternating
fields. In all cases shapes of the electric stress distribution

.~.

curves resemble those of the equivalent mechanical
distribution curves.

stress' ,,'
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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

compressive.lateral stress only. In general the lower half 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 the applied. potential varies from

negative maximum to positive maximum, the peak stress occurs at

the edge of the top plate and its magnitude is higher than that

of the static stress. The angle variation (Table 3.3) in this

case is such that the insulator inside the plates are subject to
laterally expanding stresses.

For applied potential varying from positive maximum to

negative maximum, the peak stress 'occurs at the bottom plate and

its magnitude is higher than that of the above two cases. 80, the

greatest ,maximum stress occurs at the bottom plate. The angle

variation (Table 3.4) in this case is such that the insulator

.inside the plate suffers from laterally expanding stresses.



CHAPTER 4

DESIGN OF FERRO-ELECTRIC INSULATORS
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DESIGN OF FERRO-ELECTRIC INSULATORS

4.1 Introduction:

The most obvious objective in insulating system design is
to obtain suitable system elements (electrodes and insulators)
which will withstand electrical and equivalent mechanical
stresses at normal operating conditions and occasional faults. In

order to get reliable insulating system, the peak value of the

sfresses must be less than the allowable stress. The continuously

increasing voltage level of HV devices imposes the need for

~etter space utilization. For this purpose it is necessary to

apply electrode 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 ]. The same method was discussed by Itak.

and Hara [ 12 J for three dimensional field problems. In order to

produce high quality insulator, it is necessary to follow some
noticed points which are as follows:

Selection of high quality materials
High manufacturing technique
Strict quality control
Suitable design engineering
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4.2 Finite Element Design of a Pin-Type Insulatorl

Pin type insulators are used in distribution lines for

voltage ranges upto 33 kV. It is usually a one-piece construction

and fitted with pin to the tower. The finite element design of-

this type of insulator can be performed using the

electromechanical stress analysis for ferro-electric materials
studied in chapter 3.

The pin-type insulator is symetrical about its axis. So we

take half portion of it divided into 66 nos. of triangular

elements as in fig. 4.1. The 66 no. of elements produces 53

nodes. Then taking 11 kV at nodes 1,2 and 3 and considering the

pin at nodes 33-37 and applying the analysis of article 3.4 we

get electric stress and equivalent mechanical stress distribution

for static and alternating cases. The distributions are plotted
in figs. 4.2-4.5.
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TABLE 4.1

Table
t

showing average vertical stresses at different regions of
the Pin-Type insulator considered in Fig. 4.1

•• ":';.'...

:.
lAver-age IType of Stress:
IStress in
:V-direction

(KN/m"').'.
Working Load

(KN)

Type of field applied
"

•Region
l" considered

------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------
: Top. region, , • DC • - 0.54 , . ':34.39 • Compressive

,
• •:(elements • AC (negative maximum to positive: -12.20 • -776.95 • Compressive• , •1 - 10) , maximum) • • ,,
• • ,AC (positive ma.ximum to negative: 12.02 • 765.48 • Tensile• •maximum)

------------------------------------------------------------------------------------------
IBetween ; DC • 8.75 • 744.24 • Tensile• • •:Conductor • AC (negative maximum to positive: -28.53 :-2524.77 , Compressive•

•land Pin • maximum) • •• • ..:(elements • AC (positive maximum to negative: 34.79 • 3078.98 • Tensile• • •11 - 22) • maximum)..
------------------------------------------------------------------------------------------
:Body region ; DC • -0.035 • -1.14 • Compressive• , •:(elements • AC (negative maximum to positive: -1.414 • -46.00 • Compressive•

• •28 - 43) • maximum) • • •• , • •AC (positive maximum to negative: 1.414 • 45.'67 • Tensile, •maximum)
---------------------------------------------------------------------------~--------------
:Outer Skirt ; DC • 0.00003' • -0.0005 • Compressive• , •:(elements • AC (negative maximum to po~itive: 0.071 • 1.18 • Tensile• , •55 - 66) • maximum) • .. • •• • • • ..AC (positive maximum to negative: -0.071 • ,-1.18 • Compressive, •maximum)
---------------------------------------------------------------------~-------------------- ~

I



compressive stress

(ii) For a.c.

to' positive maximum

- 14-

From the figures and numerical results we observe that the

potentials of the nodes decreases as its distance increases from

the potential plate and becomes zero at the pin i.e. at the
ground 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 observed':

(i) For d.c., the 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. ,

v

when the cycle varies from negative maximum

the material above the pin undergoes

and the remaining portion undergoes tensile
stress, but as a whole the insulator is subjected to compressive
stress.

<iii) For a.c.' when the cycle varies from positive maximum

to negative maximum, the material above the 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 component. It is tensile in

nature and of the order of 107 N/m~. However, for the proposed

design the magnitude of electromechanical stress is greatly

reduced compared with the case of hypothetically infinite lateral
extent of the material as discussed in Chapter 3.
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4.3 Finite Element Design of a Disc type Insulator:

From the figures and numerical results we found that the
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

------------------------------------------------------------------------------------------
Region

considered-
...

Type of field applied Working
Load
(KN)

Average IType of Stress:
Stress in:
V-direction

(KN/m"')------------------------------------------------------------------------------------------
Top circular: DC , 7.82 , 437.36 , Compressive, , ,portion • AC (negative maximum to • 18.64 , 1042.51 , Compressive• , , ,(elements • positive maximum)•
1 - 15) • AC (positive maximum to • -16.25 , -908.84 , Tensile, , , ,

negative maximum)
------------------------------------------------------------------------------------------
Cap portion , " .. " DC • -52.75 :-1301.51 , Tensile, , ,(elements , AC (negative maximum to , -127.90 :-3150.6~ • Tensile• • ,
16 - 36) • positive maximu~)•

AC (positive maximum to • 111. 71 , 2756.23 • Compressive• , ,
negative maximum)

------------------------------------------------------------------------------------------
iBody region . DC , -3.58 • -23.40 • Tensi.olle• , • ,I(elements • AC (riegat'lve maximum to , -12.20 • -79.73 • ,ensile• • • •37 - 71) • positive maximum) . , • , " '. ". -., , • ,

AC (positive ma>:imum to , 11.03 • 72.09 • Compressive. • •.-.. • • negative maximum)
------------------------------------------------------------------------------------------ I

(;I)
Ql
I
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From the study of the average vertical component stress at

different regions of the insulator as shown in Table 4.2. the
following phenomena are observed:

(i) For d.c. the material of the top circular portion

undergoes compressive stress and the remaining portion undergoe.

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

(ii) For a.c. when the cycle varies from negative maximum

to positive 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 portion

undergoes tensile stress and the remaining portion undergoe.

COmpressive stress. However, the insulator as a whole undergoes
compressive stress.

In all cases the average lateral component of stress is very

high compa~ed to the vertical component. It is tensile in nature

stress is greatly reducedthe magnitude of electromechanical
and is of the order of 107 N/m~. However, for the proposed design

.'

com~a~ed 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 fo~ pin type and disc -

type insulato~s a~e pe~fo~med on the basis of finite numbe~s of

elements and by analyzing the elect~omechanical st~ess fo~ fe~~o-

elect~ic mate~ials filling those elements. F~om the Table 4.1.

and 4.2. it can be obse~ved that the po~tion of the insulator

which remains in contact with the conductor undergoes the maximum

stress. Moreove~, the insulator is subjected to
alternate compressive and tensile st~esses with the alte~nation

of cycle.

To check the validity of the p~esent calculation we made a

comparison with the electromechanical test data of disc-type

insulato~ ca~~ied out by Swedish State Powe~ Boa~d materials

Laborato~y [19], when the insulato~ is subjected to 60 KV A.C.

the obse~ved ave~age elect~omechanical load is 105.5 KN.

According to the p~esent calculation the average
electromechanical load at 60 KV becomes 119.52 KN. This ag~ees

reasonably well with the test result. It may be Mentioned that

the difference in the wo~king load is due to the value of

inte~nal field constant which we take 1/3 fo~ BaTi03 and this

value may perhaps be slightly different.
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FOR FUTURE WORKS
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GENERAL DISCUSSION AND SUGGESTION
FOR FUTURE WORK

Computer Aided design of ferro-electric insulators is
carried over by calculating the electromechanical stress

distribution in ferro-electric material by finite element method.

Firstly, a Computer Program has been developed for calculating

the electromechanical stress distribution in .ferro-electric
material of infinite extent and then it is modified to calculate

the electromechanical stress distribution -for the ferro-electric
insulator of finite size.

\

To get an idea about the electromechanical stress over &

region, it is first necessary to know the potential distribution

over the region. The space between two circular parallel plates

has been divided into a finite number of triangular elements.

Then assuming linear dependence of potential over the elements

Laplace's equation has been solved to get potential at different
nodes. It is observed that for dielectric between two circular

parallel plates, the potentials at different nodes converge to.-

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,
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Since ferro-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 section 3.3.

and 3.4. Because of the non-linearity in the medium, the stresses

cannot be calculated in a direct 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

the hysteresis curve of polarization of ferro-electric materials,
three cases were investigated. These are 1_

(1) insulator subjected to d.c. voltage

(2) insulator subjected to a.c. voltage and the applied

voltage goes from 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.

:i.:

The magnitude of

stresses for the above
the electric and equivalent mechanic~l

three cases for material of infinite
extent are plotted in Figs.

.r.espectively.
3.4, .3.5. 3.6, 3.7. 3.8 and 3.9
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For static case (Figs. 3.4-3.5) the peak stress occurs at

the edge of the plate and the 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 half experiences
tensile stresses.

For alternating current when potential goes from negative

maximum to positive maximum, the maximum stress occurs at the

upper plate and the minimum stress occurs at the lower plate

(Figs. 3.6 and 3.7). The stress curves attain a constant value as

the distance increases from the axis of the plates. Fromth.

angle distribution (Table 3.3) it is ~lear 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, tile maximum stress OCcurs at the

edge of the lower plate and minimum stress at the upper plate

(Figs. 3.8 and 3.9). The stress curves attain a constant value

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 •.



The electromechanical stress analysis for ferro-electric
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material of infinite extent developed in chapter 3 is applied

for designing ferro-electric insulators of finite size. In doing

so. we divided the insulator region into a finite number of

elements (Figs 4.1 and 4.6) and app"lying the above analysis we
get the results discussed below:

For the design of pin-type insulator (Fig. 4.1) the
insulator region is divided into 66 numbers of elements
comprising 53 nodes. The width of each elelment is taken as 1
cm. The potentials of different nodes decreases as its distance

increases from the conductor and becomes zero at the pin. For

d.c., the material between the pin and the conductor undergoes

tensile stress and the remaining portion undergoes compressive
stress. However, the insulator as a whole is subjected to

compressive stress. For a.c. when the cycle varies from negative

maximum to positive maximum, the material above the pin undergoes

compressive stress and the remaining portion 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,

undergoes tensile stress and
the

the
materials above the pin

remaining portion undergoes
compressive stress. However, the insulator as a whole is

subjected to compressive stress.



remaining portion undergoes tensile stress. However,
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the
insulator as a whole is subjected to tensile stress. For a.c.
when the cycle varies from positive maximum to negative maximum,

the material in the top circular portion undergoes tensile stress

and the remaining portion undergoes compressive stress~ However,

the insulator as a whole is wubjected to compressive stress.
Therefore, the insulator is subjected to alternate compressive
and tensile stresses with the alternation of cycle.

An interesting feature is that a ~evere lateral component of
the electromechanical stress can be .observed in the two
ferro-Iectric insulators designed in the present work. It is of



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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"U'F~Rc I\I)I(I\T" "l)~r\I ' .J ,_, J I ~ L j.. _ J

.PJT.=V

.'OT.=V

POT.=O

y ----------------------
I

131~---- 1~_~ ~!5 24 25
I I I I I I 1 / I
r I1] ) I I! 1';) II! :'')) I I (3 1 ) / I
I I I' I I I 1 / I
I / (1 ~) I " r 1(, I 1 I 13 0 J I I (32) I101 111 121 271 231
I II II II /1
I ! 9 I I I l 11 I I I ( 2 'j I I 1 (Z 7) / ,
I I I I I I I I I
I I {10 I I I ("~J 1 I lL (, J I / ( Z 8 j I

71 e 1 " I Z] I ~__ 211
I / I II / I / ,
I (S) I I (i) I I (21) I I (23) I I
I I I ! I / , / ,
I I (,c,) 1 ! I'.:) I I lUI I / (24) I4J----------~~I-- \J_~ lJI 19J
I. ' I . I . -I J I , / I
I (1) II (I ) I I ! (7) I I {PI I 1
I I I ! I I I / I
I. I (2 J I ! l ,,) I I l (3) I I (20) I~.~-----------1r-----------l------------l~----------:~----
(( ----------------------

~~I 'J

~;c~L K.\

) I '1=, S 1 ] IJ 'II" 5 , 't 5 1 ,C ( ••C • '. ~ i .~I (, ',I . v J ( '. Of , , X'( ( b', ).• Y I { & 4 1 • YJ {& 41 • YK
•. ( 64) , I ( (")(t ) ,J ( f) 4) ,Y, ( :J !~J , / '\ ( 't -), J' J } • 7..I ( I•. ::J , ~'t~ ) ,v J ( (t 5 ) , X A ( 4 5 J ,H)( 1 ( b 4 J. S I
~ 'W 1 (S '. ) • '11 U J ) • '\ 2 ( C I) ) • -; ~ r I.: '.1 ) '. ~ ! ( ,'oJ) • :: 7 ( eO) • '; -" (3 a I , '14 { '3 0 I • 05 ( B0 I •
.• 16 I 30 ) • : ':i ( 'l J) • CS ( J 0 ) • ~ " ( ': ) )
]? c; '.1( '.1'J I T = 5 , = 1 L c = • 1 \)' ; :: T ".1 J '; = • "L -J' )

c

c
c

c

c

c
c.
c
c

c

c
c
c
c
c

c

c
c
c
c

c

c
c
c
c
c

c
c
cc •..

c

c
c
c
c
c
c
c
c
c
c



FILE: SE(-tAR Al
- 95 -

JP~~(U~lT=3t~Il~=']jT',~~~TtJ~~"~~~' )
\lJ(II=O.O
\I'JIZ)=J.D
\lUI31=J.0
\lJ(l))=I100J.0
\lJ( l'>l=llOOO.D

C iIJ(I5J=0.O
DJ r~ '-11/=;,12
\I J I ',I V ) = J • 0

9 :J'HI'Uc:
)] 71 \.'~=15,!t5
VJ(1',)=0.0

7 I : J 'If I ,TF

,5
5
5
5
S
S
S

,

R=I
~1'"1L== 6tt
\i;)'J= ItS

)J 1'0 IA=I,'JJ'j
JJ If) JA=I,'4j'i
v(r ,\.JA) =0.0
: U'lf I \i~F

)Ar~' 1/4,2,5,J,7,5,~~.~),t:l,'I,lL,9,1~fll,14,12,~,3,16,16,9,b,ZO,18,1!
.Z,?,22,ZO,15,lZ,Z4,22,19,17,)),ZS,'Sl,Z7,lz,zr,Zl,19,34,30,35,31,36~
~~3Z,2J,21,JB,]4,39.3~,~0.3S.25,23,~2,~B,~3,3~,44,~OI (
U 4. T ~ J / l. , :; , 2 , 6 , 4 , 3 , .? , '} , 7 , I 1 , :...., I 2 , 1.J , I !t , 1 1 , 1 5 , ) ,If" 1 9 , 1 7 , 6 t 1 8 , 1 8 , 1 q!
.,],~Q,20,21,12,22,22,23,17,2S,2~,~7,27,28,28,29,1~,30,30,31,31,32,~
.32,3J,2L,J4,34,J5,3S,36,3Iy,17.,~3,3~,3~,)9,3J,4n,40,411
JAIA K/5,I,~.2,3,'t.!.5.II.7,12.3,l4,lO.IS.11,19,I8,18,19,ZO,20,21,:

• 2 1, 22 , Z 2 , 23 , 23, 2 It , 24. Z'J , ;' 'J_. 3') • 3n • 3 I , ~ I , 32 , 3 Z, 33 , 33 , 3't, 3't , 3 5 ,35,36', :
.3~,J7,37,39,lB,J9,3~.~J,~),41,41"t2,~~,41,43,44,44,45,45/
J ~ r ~\ XI I 0 • 0, 1 • O. t. 0 , 2 .•) , ~)• () , 1.•J , l .•') , Z .•{}, o. Q, 1 • f) , 1 • 0 , 2. 0, 0 • 0 , 1 .0 ,1 ~

•..• J , 2 .0 t 2 .•,) , 2 .•J , J. ~, -!.•• ] , ,~ .• :: , :~ .• J , :\ .•:1t :~. Q , ;~ •• ) ,7- .•0 .•:. .•J , 3 .•J ,2 .•J. 2 • 0.3. 0 ~
",3.) ,4.:),4 .f', 5.], s. (),(l.\:' ;).';..!. 7.Ll, 7'.:;, !+.J, !t.J, 5.0,5.0,6.0,6.0, 7.0, 7.
••O,~.O,4.0~5.D,5.0,6.J.0.!),7.),7.~,~.U,~.O,5.~,5.0,6.0,&.0,7.0,7.0'
.1 ,

LJ

) -~\f i\ XJ I J .•.0 , 1 .•0 , 1 .•J , ~ .• ~], '! .•CJ, 1 • J , 1 .• :) , ? .• tl,~ 0 .•0, }.•'J , 1 .• 0 , 2 • 0 , 0 .• 0 , 1 .• 0 , 1
••O.2.0,2~rJf3.0,4.2,4.J.2.J.-\.Jt3.J,~.O,2.0t3.J,3.0,4.0,2.),3.0,3.0
.,~.J,4.J,5.J,5.J,6.U,S.0,7.0,7.(l,J.J,~.a,5.),5.U,~.J,S.O,7.o,7.D,a
+ • :) ., t • J .,".)• J , .:.> • c' , ::> • r: , ~ • :' , 1 • U, 7 .. ")t ~~.• J , '•• fJ , =.; • a , '5. 0, 6. J , S. 0 , 7 • 0 , 7. ;) , 8. a
.1

) 1\ T~. x,~II • ) , ) • 0 , Z• (), 1.. '), 1 .. r) , ~~• ") , 2 .. I) t 1 ..0, 1 .0, l .• 1,2.0,1 .0', 1 .•0,0'.0,2
•.• O. 1 • J, 3.• 0 ., ] • J , .3 • ~} , 4-..~), ~-~..~}, :~.•.:,' ., (t • '.J t ~, •• J ., 3 • n • :». • :] ,,4.• J ,4. J , 3 .•0 ,3. 0 ,4.0
~,~.j,5.0,5.Q,b.J,b.U,?2t7.J.~.0.~ ..O.~.U.,5.J,6.0,S.O,7.~,7.0,8.0,8
".~,5.U,5.U,S.J,~.J.,7.~.,7..~.,:~.~.,,~.2.,;;.O,S.3,S.U,S.a"1.J,7.0,8.0,8.0
.1
)AT~ YI/t.8,J.O,1.O,8'~'='~'~",2.~.1.0,3.0,2.),3.0f2."O,4.0,3.0,4

~.O.,].O,1.O,j.J.,J.O,J.)"..2..~).l..J.,2.0.1.1,,3.0,Z.J,3.J,2,),4.0,3.J,4.0
.f- , :' • 0., 1 .• () ., 0 • 'J ., 1 • J , U•. ;) , I • :;. ;.. :) .•, 1.• 8 .• '; .• r), ? .;-) , 1 • ) , 2 .0" 1 .• 'J ,2 .0,1 .0,2.0, 1
•..• J ., )'. () .•2*. n, J .•C , 2 • oJ ., J • 1 ,. ? ..() , ) • j f 2 • " ., " .•J .,3 .•0 , [t. a., J. {),4-.• 0., 3. J .,4.• 0 ,3. a
'1

] /\ T:\ YJ I J .•0 ., I .•J , ~1.• (J., 1 • '':;, 1 • " ., ., •• (1 , 1..• :~., ..~• c' ,. 2 • () , :'. .• ) , 2 • a , 3 • 0 , 3 • J ,4-. J , 3
•.• Q ., "t • 0, I). J .,8 • 0 ., 1 • U , ') • '), 1 .• [J ., l .• ~-', t • :) , i ..:':i ., ? • J , 2 • U , 2. J , 2 • J , 3 • 0 , 3 • 0 , .3 • a
.+,J.),0.J,0.),0.0,0.0,",.J,').),1.0,J.O,I.0,1.0.,1.0,1.0,1.0,1.0,1.0,1
••Q,~.O,~.J.,2.~,2 .•~.2 ..J.?',2.J.2.J,3.1.,3 .•0,3.0,3.J,3.).3 .•0,3.J~3.0-I' .

,"f _ f .,

, , ' /
/
- /



. '. ,".'

JO 22 111=1;\1)\1
)CJ 22 J\I=I.tJJ:>l
~111I,J\I)=Vlll1,J\lI'CIIII,JIl)
:JIITI'lUE
:JIITI\lU"
DO 17 1.>=1.2
DJ 17 JP=I,'JJ\I
IIllf',JP/=O.O
:JIITI '~'JE
DO 18 IJ=13d"
OJ IB J;)=I,IIJII
~IIJ,J:l)=a.o
: JIlT IrUE

• JJ 1~ 1~=1,2
1I11~,n./=1.0
;;J1lT I IIJ!:
11113.131=1.)
Vll'ttl'tl=l.Q

19

. FILE: S!:(-lI\R F)~T~I\'l Al "\iF!" crl'PUTE~ Cc'H!'.E, ):-lIlKA .. ,
"'-~':::'~':-'96-~?~~-~

' . . ,) Ar II YK11 • 0, :>• J , 1 .0, J • 0 , 2 • 0 , 1 •.1 , 2 • 0 , 1• 0, 1.:>, 2. J , 3. 0,2. 0 ,4.,0,3. O,,~. 5 E~
',0,3.0,1.0,1.0.1.0,1.:>,2.:>,2.),2.:>,2.:>,3.0,3.0.3.0.3.0,4.0,4~Op4~~~
~,~.J,1.O,1.O,1.Otl.O,t.O,1.O.1.O,1.O,2.3,2.Jt2.0t2.0t2.0~Z.Ot2.0.2~E:
.~O,3.0,3.0,).Ot3.0,3.J,3.J,3.J.).D,4.J,~.J,4.0t4.Jt4.O,4.0,4.0,4.0S.E:

,"I "SE:
,''-/R.ITEI1dll SE:

11 F)~~AT[")(,'"LEtiENTS;)F '-'/lnIX'1I .... 5E:
DO 2:> JJ=I, Il~L , ,SE:
)J 30 IJ=I,'lJ\I SE:
DO 30 JJ=l,~)N ...•..•..•.. SE:

'.CIIJ,J)I=O.O 'SE'
30' C:JIlTI'W!: SE:

)(It =)(l I JJ I ~ ,. ",SE:
)(Jl=XJIJJI .. SE:
XKl=)(KIJJ) SE:
Y'Il=YIIJJI .SE:
YJI=YJIJJl SE:
YKl.=YKIJJI SE:

,.It=IIJJ) ", .,SF
,Jl=JIJJ)"SE'
(1=I(IJJ) SE:

,.. B I = YJ 1- Y (l • j' • '; S.E:
BJ=Y~I-Y'Il , , , , . SE,
3K=y[ 1-YJl :.1 SE:
:1 =X< l-)(Jl , SE:
:J=X11-)(I(l ./ i . SE,
:K=)(Jl-)(1l SE

I:111 till = I [II ~BI 'CIC'C! I~R .~SE.
CI J 1 , J 11 = 13HflJ' CJ ~CJ P R • ., ~f . SE

.~. ; , .CI(l,Kll=IBK~[)K'Ci("'CKPR •. " SE
CI1I,Jll=IBPBJ"CI*CJPR ''''0 ;': SEc
CI1l,Kll=lflPBK'ClC'Cl(PP' .(. '" SE
CIJl,KlI=IBJ~Br.'CJC<CKP<l . SE
: 1 11,I 11 ,; C 1 I1 , J II '. ...•. . S E
:1(hJll=CIJI.Kll ••.. SE
:1(1,11)=CIII,KI1 SE

'" SE
SE
SE
SE
SI:
SE
SE
SE
SE

,SE
SE
SE

.' SE
. SE
SE

'C" .•••. SE
. • ',SE

SE
SE" .

..'.""

, '

.'

':.: --

r. "

'0



FILE: S"HAR FJRTRA\I Al BUET :m1PUTE~ CENTRE, DHAKA: _._
-------.,

- 97 ~

C
C >/RITEl3,1381

n=3.141592654
EO=.000000000008854
;:$=2000000,
EC=lOOOOOO.
CJ2=3.0~IES*.2J+EC**~
[03=1.0IC02
CO=[03

'.,Efl..O=2000.0
tlO=E~O*CO

00 29 .IJ=.1.N3N
00 29 JI=I.NJN
lAIIJ,JI)=V(IJ,JI)

29 CO\lTINUE,
CSOLJTION OF MATRIX TO FINO POTENTIALSC .

CALL INVERTllA.45,lIJ
CALL MATVllI,VD.XA,45!
00 21 MA=l.'JJ~~
~RrT5(3,26)MA,XAIMA)

26 FDR~ATIIX.I2,lX,Fg.2/J
21 CO\lTINUE

Ll=IIMJ
L2=JIMJ
l3=(IMl
EXO=-IBllMI*XA(lll+B2IMJ*XAIL2J+B3IM)*XAIL3JJ*10a.0
EYJ=-1:1IMJ*XAILIJ+C21'lJOXAILZI+C3('1J*XAIL311*100.0

CElD=SQRTIEXO**2+EVO**21
C OXl=EO*IERO*EXO-WO*EXO**3)
C OYl=EO~IERO*EYO~WO*EVO~.31

"Xl ,,'1-{(no -1 •0 )13 •0 I+1 •0 ),~E'Xa - O/::J 13 •0 !" EX0**3
EV1=IIIERJ-l.OlI3.01+1.0)*EYO-(WJ/3.0)*EYO**3
Ell=SQRTIEXl*EX1+EYl*EY~J

C TVl=IOY1*EVl-OX1*EXl1/2.0
C TXl=SQRTIEX1*EV1*OXl~'OYl)

'C

C

C

, "

C

>/RITE (3, 95 J
95 FOR~ATI2X.'NJOE'.2X.~PDTENTIAL AT OIFF \I00E(V)'/J

DJ 37 l~=l.W~L
XI2=XII~)
XJ2=XJI'l)
XK2=XKIM)
YI2=YI!'tl
YJ 2'~ Y J I ~ )
YKZ=YKI~1
Bl('1)=YJ2-VK2
[321'1)=YK2- VI Z
B31'1)=YI2-.YJ2
Cll'1)=X<Z-XJZ,

.C21'1I=XI2-Xi(2
C31'1I=XJ2-XI2

SEK(,
SEKt
SEKt
SEK(I
SEKI
SEK,
SEK,
SEK,
SEK,
SEK,
SEK,
SEK)
SEK,
SEK,
SEK,
SEK)
SEKj
SE'<!
SEK),
SE'<)
SEK,'
SEK)
SEK]
5EK~
SEK)~.SEK;
SE'<I'
SEK
SE'<\
5EK
SE'<
SEKi
SEKt

"5E\«
SEKI
SEK(
SEKI
SE'<(
$EK(
SEK{
SEK{
SEKr
SEK(
SEKI
SEKI
SEK'
SEK'
SEK'
SEK,
SE!("
5EK
SEK
SEi<
SEK
SEK

. I



FILE: SEUAR FOR fRA.'JAl 3UET ~o~aUTE~ C~NTRE. J1AKA
- 98 -

c

c

C

C
\=
C
C

C

L

C2JiJ
~132
C
C
C
200
132

37
c

C

24

;31

TTl=SJRr{TXl~~2+TYl~2)
S3=lODOOOJ .:.
S4=cXO+S3
S5=i.":YO"'S3
')X2::: =~1::~( ~?,~j<: S ft- .f~J;.~Sf.t:'::'o -=,)

'Jy2::: ~~)'.~( :=: '~':.],' S ::.- JCJ';: S 5::'::~' )
~~l Z :: S J:Z T ( [: X 2 '.~':- ? ."C Y 2 ;,: .:' ,~ )
r:: A 2 ::: AT /\ \j { ~~y 2 / ~ ';( '2 ) ';: { 1 .3G 0 ('. /:) I )
-= X 2::: ( ( ( ~ r ] - 1. • 0 ) /:3 '"Q } + 1.• :) J ,; S; - { " ':-:/ :, " f)) .' .:),.;:': ':: "3
:: Y2:: { ( ( :::~\~J- 1. • ')) I 3 • J ) t- 1 • ,~~i} .: S :.> ~ ( ~.~; I~)•J ) ',' :>:; ."; -,: 3
TY2=(OY2:':~Y2-DX2:"~X~):::J.~
rx,:=s:';:<.rr riXZ ";;\'2"\:XZ' --;'{::')
r (2 :: S y~r , T X.':: :~.::? + "';y :': .: j

~\ \J ; 2 ::: ;:..T .\ "1 ( T Y ~ I T X 2 l ,.'. ( : :;;(", .. ') / PI)
S6=::XJ-:;~~
S7=':YU-S3
~)X 3 = 0 'y' ( E!, J ~,S (, - d i] '.'S (, <, 3 )
JY3::: ~J": ( C.~ ]:.: S 7- ,":'].:: S 7:";;: 3 )
:::l 3::: S :) 1, T ( c: X j :'."~•.t:: y .),: " :~ 1
.: ~:3 = ~ T 0, \i { E F') 1 [~X,"-:J l ;,: r 1 r,'.j'. ,-\I PI)
i ..(3:: { (( :'::,~{J-le.]) I?,.J) for.. -]) : S0- (:,":;/3. oJ J', ":;:.,"': '\
.:= Y3 = ( ! ( ::-~~;j~1 • :j ) 1 3 .•:] J -l-. 1 • ,',;l ::-; 7 -.( ,f ~J'/~ ~ 'J ) '.' '; 7~' ,'~'1

r Fl c ( Tn' ;cy 3- ,J >: 3'= x3 I ':'1• ")
f'X3::S~~T(;)X]::JY~:::~Y~::~X~)
T r 3:: S c~ '{.r ( r >< 3 -;:::. ~ +- T Y 3 :,: .'" ,7: )

A\J:;3=u.T:'\\j(i'-(:?,/TX"J,) ':( i";:'~.j/f'l'll

IF(~Xl.;~J.J~1=~1=-7~:
I= ( ~ Xl. ~ ~ •J j I ~\'J ~ 1=?0 ~

:. .-\1 = !:.. T -t.. ',~ ( ~ ,{ 11 .'~;.:1.. ) ,{ L " J a "; I~) T

'\ \l :; 1 = A r ~' i ( T Y} / T I.. 1 } " { !. ~~'l • 'J / PI)
,.J <..r ';,F. ( :: , ;. '5 Z ) '..~ , T 11. ., £:.,'; ~ 1 ., T' '7 , ,4':~'.? 1 I'T ") , :, . ~~,~:,
= -.J :;:, A !'~r ( 1 :< , T ;~ , 1 :;: 1 :-: 1 iJ • i~ 1 i :< " ;.' ~ .• ,-~ , :,.'<, ~-:I :~,~ .'~• 1 X 1 r: I .• 2. ,1X, .• :~ 1 C' '" it • l X , ;:::-; -. 2/ )
T~( ~XQ .•~JhJ~}~~J=-~O~
I;:-'(::'Xu.::.).:-''')~'J Tu -.~':)v
:'=..\J= 6, T4'.j {~~Y',_~I/~~<.Jl ::( l,~:J .•/r:I
~ ~ I r ':: ( J , 1 3 2} ~~, :::Z'l , ~:,,:•...1 , C Z ~ " F:...'~ t :- ,~ -:-.,, ~ ,\ ~

:= j ~',<1..'..T ( 1 >: , I 2 , 1~(! (~1J ~t, , i, X " i-: -: • ? } 1 ;< , L 1 .=... ~,~ 1 y ~ ;-:~ •. -,~• 1 ~:. t F l Co'• i" , 1 X , r: 7 .• z / )
+-;:1.J./~,2XtFJ,,?/)
:YH1'U:

STJP
c~C)
S!Jl~J~TI'4E fJ 11TA1\1 I ~V~~SE l~ ~ ~~T~!X
S J ::~1 'J r I \1 [:: : \~ If ;: .-(;" ( 7. '\ " ",J , Z I )
)i~:::'~SIJ;\l lA(rr5,9{)) tZI(!tS'!'4Sl
:'1= "J + \J
\.12=\J+1.
~'J 24- LI::1,'~
) J Z 4- L J :: ,"12 t ,~

l.,:d~I,LJ):::O .•iJ
)] L:;l <=l't'\J
12=K+ri
?.~\(<.,I2}:::1.:J

:0
SEK:J
SE':J
SE<~J
SEK:J
SEK:O
SEK:O
SEK:O
SE<: J
5['<'0
Sr:'<,.O
SE:<~J
S:~'<\.J
S~:l{('J

.SEK.:O
:;;:::~~(J
SE"~>J
SE{tJ
SEK'O
SE~:'O
S E I<, ~J
Sc:K'.Q

SE:'<~D
SEK'J
SE.'«J
SE'(iQ

S~<. J
S E.":. 'J
S E ~(: G

S ~;':: Q
SL:~'~J'
Sf:\]
S'E <~C
S ::::~: :=
Sf <~:J
S:=\~:J
c; := 1(: G

SC\J
S E'<: 0
S E <.~)
Sf: <:0
SC<:a
SEK.O
SE'{'C)

Sc~<>J
. S ~!<.iQ

S E:K '0
S E '{'to
S E '( (0
SC(IO
SE ~(O
SE~,,:O
S-EKf-G
SEl«(



FILE: 5E(;~~
~

- '99 .-.. -~~., .

..~.

. ,

f

-, -, c. SE,<;
-, SEK

SEi<
,-,' SEK

SEK
SE<

-" -. - -,-"" S E<
':' SEi<

SE<
SE<
SEK
SEi<

"-.'.- 'c' '0 -SEK
SEJ<
SE<
SE<

-, " .. SE<
SE<

'. ,SEK
SE<

, ; I SE<r :' SE<
I :~iSE,(

I' "r SE(.'i ;.i: SE<
';'. SE<

. ~..

,',

,. , I

rl~i,:
., ,
'.j r'

lAILJ,1I=lAILJdl/f'
II~ r rEI 3,I S I l <\ I L J .r )
=)~~<\rIEl:l.41
CJH1NUE
'OJ 101 l(=l,1J
OJ 101 U=J2,'1
IFILK-LJI20,101,28
lAI~K,LI)=lAILK,LII-ZAILJ,l1I*ZAILK,LJI
:olJrr IJ:.JE
)J 102 1=l,_1J
)J 102 J='12,~
l3=j-N
1II1,L3I=Z<\I1,JI
~ErU,~1J
EIJ)
SUB~)Ur1IJE T) '1ULTIPLV A '!ATRIX DV A VE:TDR
SU3~JUr1IJE '1<\TVllI,VJ,XA,IJI
)1'1EIJSI)1J ZII'tS,"S),XA(45).'1J1451
,\J=!t- 5
») 1 1;=1,1J
SJ'1=3.0
)J "1 (;=1,'J
'SU'1=SU~'ZI'I;,K~~.VJIKil
l(~'1oj)=SJ"!
~;::TUil.1J
EIJ)

,t- ;
C - .

C ',IS:
44

28
101

C

102'

~. "

,~'.

;':. 41
9

i

J
", :

'"

,. :
, ,

,
~ ::: rL :'

i '
I • '

J " t,
I ,,':-,. .j:i

i ;
I _ } •

)

"

. - -'~...,
..•,1

• '.. -
I

;" .

"

•
'.~.~:'



NODE POTENTIAL Af JIFF ~JJE(V)

.," '::ELECrRJr~ECHANI:AL ST~E~.S A'J~LYSI 5 J= FERRJELECTRIC

:

. ,

'FILE: SEi<.-iAR OUT?ur Al "UE f enDUfE ~ C E Nf RE, :lHAKA ._. ' . ro .••••

.,.-:10').;-,.~ . ,

.'1ATERIAL ,-- •• _ ..•... ;1
1.'....., ..•. ,

•,
1 0.00

,I

2 0.00

.', .

.• "

.,
.-

,.... . ..

., . '

.• : ~."1;
, .' I ~. ' • • !

. 'J j',!'.' "'", .•..(.. , ,
:'-t:t
",.

, '.•.. -

'1

;.. "'

• t' •

I . , I. to _._~

I" ;'l"i
. i -.- .;. ,~

,~ . I 'j .

I i"",~' !, ,

...

...~

.,

.- ..._~- --

>. ~_ •• ,

'1

.•. ~"_." ... -_.-- --,.. ,
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FILE: SEC1AR ClOP UT Al SUET. CDMPUTE,~ CENTRE, O:-lAKA

- 101,-

27 5339.45

28 5439.00

29 5452.79

30 534~.56

31 5422.16

32 5456.8.'3

33 5466.58

34 5499.79

35 5499.78

36 5'+99.77

37 5499.77

_3-13,•..• 5657.)Z

39 5577.39

40 5542.67

41 5532.97
• 5725.1042

43 5610.11

44 556J.55

45 55'+6.76

TTl ~'JGl TTZ

1 J.5108<")6 32.07 O.7579E"'07
i

2 ).5797E+06 90. 00 D,.76D7E.07

3 D.6'+)6E+06 5'+.08 0.676'E+07

4 0.,,5Z,+E+06 -56.14 0.6773E.07

5 J,.37=i4E"'Q6 90.00 0.8043'::+07

6 00324Z'::+06 80.05 0.30Z3E'07

7 0.3Z13E.06 90.00 0.8193E+07

6, .\C 2 TT3

-16.43 O.1273E-+-08

-18.'10 0.lZ72E'08

-13.38 0.1358E.08

14.5) 0.1358E+03

-14.60 0.12ZZE.08

-12 .•28 O.lZ2ZE+08
-13.Z4 0.lZ05E.03

,.

MIG3

lO.i-8

12.03

7. 58

-7.9Z

100.14

8.52





___J

FLU:: SE(-l4R OUTPUT Al SUET CDMPIJT,,~.CENTRE, JH4KA.
-. 103. -

36 0.844-::),,+03. -58.23 0.9946E+07 0."43 0.1019E-08 -0.39

37 O.134!tE+:J3 -3.40 0.100IE+08 0.01 001013E-08 -0.01
38 0.I639E+03 -50.32 0.1001E-OS' 0';15 0.1013E+08 -0.15

39 J.2445E+Cl2 33.J2 0.1005E+08 -0.•04 0.1009E.08 0.04-

40 0.224S=+02 -J.02 O.lOO5E+JS 0.00 0.1009E+OB O.OJ
41 o •6'279E-04 87.°9 0.9797E+07 -1.59 O.1034-F.+08 1.52
42 0.3143E+J4 -4.05 O.9797E+07 0' .• lJS O.lQ3ttE+Q3 -0.05
It 3 O.1461~+J4 g?9? O.Q738E+07 -0.76 0.1020E.08 0.74

44 0.7303E-03 . -1 .45 0.993'8E-07 0.01 O.• 102:JE+OB -D. 0I'
45 0.3559E+03 39.9q 0.IOOOE+08 ~O.37 O.lJ.14E+03 0.37
46 O.t'79~c+J3 12.03 0.1000E-OB -0.0;' O.lOl!t~+08 0.04
'7 0.1037::+)3 9J.OO 0.1003E+08 -0.21 0.1,')11E'08 0.•20'0,

48 0.7066E+02 57.41 0.1003E'.08 -0011 001011E-J8 0.11
49 0.79:,)2E+04- 35.25 O.9939E +07 -2.39 0.lD20E-08 2.34
5J 0.1461-:::+04- .3?:}3 O.9Q3RE+07 -0.76 C1.1020corlg O.7tt-

51 0.1835:=+04- 0.1001,,-0~ 0.1J14E+;]:8 101 2 ,,"-.. ,36.28 -1.14 ,'--'.

-7 J.33:'>Jc+03 8?98 0.1000E+03 - 0.37 0.10l;E-08 0."37"L
53 0.4272,,0::)3 41.80 :).lOD3E"08 -0.54 0.1011E+OS 0.53

54 0.1037=+03 '89.9] O.~003,,'08 -0.21 001011=- DB .0.20
55 .o.1143E-03 64.51 0.1004,,-OS -0.25 0.1010E-03 0.25

56 0.6511E+.o2 90.00 0.1004E-08 ,-0016 0.1010E-08 0.16
57 0.5062E-04 -28.16 0.'lJ16E-08 -1.90 0.9986E+07, 1.93
58 0.1957E+04 -4S.07 001015 E-J8 -1.12 0.9986E.07 1.14
59 0.1055e+04 -28.75 0.10IIE+OS -0.137 0.1)03E-08 0.88
60 0.4379E+03 -45.33 0.1011E+08 -0.53 0.LJ03E-08. 0.54
61 0.2083E+03 -23.14 0.1003E+08 -0.39 .o.1006E-08 0,.39

62 0.'1013E-02 -35.5J 0.1008E-08 -0.25 001006<::-08 0.25



FILE: SE<~AR . DlJPlJT

- .1'l4 -
_ J .

63 O.lJ14E+J2 .l't.71 0.1007E+08 -0.15 0.1007E>08 ,0.15

64 O.15g0~+02 1~.75 O.lOO7E"08 - o. II O.1007E>OB ,,0.II
. - .,

TTl
ANBl
TT2

ANG2

TT3

ANG3

Mechanical Str ••• (D.C. case)

Mechanical Stress Angle (D.C. case)

MechaniCal Stre •• (AC, negative maximum to positive
maximum

Mechanical Stres. Angle (AC, negative maximum to
po.itive maximum)

Mechanical Stre •• (AC, positive maximum to negative
Iliii4imum

Mechanical Stress Angle (AC, positive maximum to
negative maximum)

.,

. ~... ~,...



FI LE: SE:<-JAR OUT? UT Al 3UET COMPUTE~ CENTRE, DHAKA
105 -

ELECTROMECHANI£Al STRESS ANALYSIS OF FERROELECT~IC MATERIAL
ELECTRICAL STRESS DISTRIBUTION

:ell EA1 EZZ

1 0.19S2E+J9 -93.95 O.JOJOE+OO

2 O.2090E+O? -30.00 O.755R~+09

3 3.21?7E+09 -l07.9~ O.7572~+Oq

4 J.2217~+89 -lS3.07 O.7142~+09

5 0.1S71E+09 -90.00 0.7145E+Oo

6 O.15bJE+09 -?4.98 0.7785E+09
7 O.1557~+09 -90.0J O.7777E+O?

:3 O.lll~t~+J~ -127.45 O.7859r:+09

90.1S97E+09 -85.41 O.723)~+09

10 0.1557E-09 -90.00 0.7868E-09

11 0.1693E-09 -6S_49 0.7859=+00

12 J.3347~+O.3 -?~.OJ Q.8261~+Jo

13 O.1958~+J9 -90.00 O.3227[+O~

14 J.2095=+09 -35.29 O.7S43E+09

15 J.2978E+J9 -44.53 O.765:E+00

16 O.?350E+Oa -43.62 O.3BIQE+09

17 J.78J~E+U8 -124.17 0.8738E-09

13 J.3777~+03 -lS~.22 O.~100E+J9

19 0.3314E+08 -133.90 0.8111E+09

20 0.3816E+03 -164.75 0.8455E-09

21 0.8846=+08 -90.00 0.8455E-09

22 0.S262E+08 -134.42 0.3227E-09

23 D~4472~+08 -90.0J O.3221E+09
24 0.3164E-03 -13S.57 0.8463E+09

25 J.987!E-08 -53.64 0.8466[-09

EA2 El3

O.OJ O.OOOOE+-OO
36076 0.9795E+09

35.55 O.9792E+09

38.0S 0010121'>10

52.25 0.1012E>10

37.70 O.9598E+09
33.86 O.?599E+09

3,].33 J.9531E+J?

37.24 0.9531£+09

JD.3E~ O.9531E+09

41.51 0.91.3SE+-']9

.;'0.28 0.8703E+-J9

47.44 0.9288E+09

4~.97 O.8965E+09
46.01 0.8965[+09

41.51 0.9186E-09

4-4.96 O.9184-E+09

43.32 O.,3954Et-09
45.05 O.8953E+09

iEA3

0.00

50*24

51.02

il.04

50.07

4-9.73

45.63

50.55

49.73

52.29

47.88

51.50

6'1.12

43.07

45.03

47.88

45.03

46.53

,." ' ..•



FILE: SE'<clAR JUToUT Al aUET CO'1°UTE'l,CENTRE. DHAi<A
- 106 -

26 'O.447~E+03 -90.00 0.3478E+09 40.03 0.8959E.1)9 49.51

27 'O.5OZ,E+08 -62.80 0.3468E+09 43.32 O.•B954E+09 4'6.53

28 0.2175E+08 -91.10 0.8596E+09 .(t 2. 5 Z 0.3332<'+09 +7.37

29 0.•1063[+09 -37.3? 0•.8594E+09 44.20 J~S830E+;)9 lt5.76

30 0.49)1::::+:;3 -23.58 O~BBZqE+J9 >39.73 1.,9615'.'.89 50.45

31 J.<'33];=+08 -32.9:> 0.8822E+09 42,.63 0.8606E+09 (t7.48

32 0.,2503'.'•03 -23.59 0.3734£:+09 ,? .,:),- O.3644E+09 47 .•20'+~_• ..;::'J

33 O.15JSE+JS -138.3J lJ.8733E+09 43. '33 O.3b42E+~9 46~2o

34 0.1736E+03 -164 •.~3 O.3596E"OQ 45.0<' O~8323E+09 44.96

35 J.6989[+07, -139.',7 0.3596E+09' (+5.4.5 O.8S28E+O? 44.57

36 0.7976,,+07 -164.12 O.8659E+09 4-5.03 O.8766t+09 44.Q7-

37 J.3i83E+:)7 -13S.7D O.3659E+09 45.20 O.8766E+Qy 44.31

33 J.3515<:+07 -16:].16 0.3688E+09 45.00 0.8737[.09 45~OO

39 0.Ll58E+07 '-113.49 O.~68aF:+09 45.02 O.'3737E+-J9 4/+- 92

'to O.13JZ[+07 -135.01 O.8702f+09 44.98 :~ .• 37 22E+Q9 ;':..O?
•41 0.2175''000 -?O.O::; O,.<~7n2[+,J9 '>5.0J ;; .3T2(~+~),9 '>5.00

42 O. 1 53=-; :::.+--8 S -137.03 Q.8594E+09 44.2J O •.s3JOE"'~9 -,+5.76

43 O.lJ~?~"Or3 -3) .•9':) C.3593[+-O') 45.J3 'O'.3::J]~+09 44."7

4<' J.741lE+07 -135.73 O.8655~"J9 4't .•b 2 O.• g769~"O? '-t5.37

45 O.517jE'+07 -90.0~ O.3655~+Oq :+5.08 0.8769E+09 45.0CJ

46 ).3632E+07 -128.qg 0.3684E+09 44.81 0.3740E+09 ~5.1g

47 0.2862E+07 -90.03 O.8684-E+Q9 44.98 0.8740E'09 <,5.02

48 ).2303;:+07 -106.33 0.8697:=+09 44.90 0.8728E.09 "5.10

49 0.2"53;:+03 -&2.62 0.8697E+09 44.94 0.8723E+09 !f?_OS

50 0.10""[+OB -89.99 0.3656E+09 4.3,.~31 D.87?OE.09 46.17

51 0.1176E+38 -S3.14 0.8655E+09 44.S~ Q.8769E+-09 '+5.37

52 0.518J;:+07 -89.99 0.8684E+09 44.43 0.8741E.09 45.56

53 0.567E+07 -65.9J 0.368<,E+09 44.31 0.37'tOE+09 45.18

, I
'I,

_i



FILE: SEUIAR DUTi'UT Al 'SUET CO~i'UTER CENTRE, DHAKA
- . ...., -~ -,

- 107

-89.9~ 0.8697E+09 44.73 0",8728E+09 45.2754 J.28S3E+"07

-77.25' 0.8697E+09 44. 90 0 •.3723E+09 45.1055 0.2.935::+07

(J.3724E+Cl9 ' - 13-90.)) o .i3700E+0'-' +4.g 7 1" J •56 J.2215E:+Oi

-3).92 O.a7,J~~+09 44.92 0.372+E+09 45.0857 0.1953,,+02-

1215:::+03 -21 .?6 0.37<;-9;:'09 +4.05 O.3~76E+c)9 ;-5.9753 O.

-3) .:)3 O. 'J7lt9,E+09 4<;-."t4O~gS76f>",J9 41),.5759 0 .• 3918[-+07

J.57+5:::+0'{ -22.-33 (:. 37.Z?~+O? ~t4,.5S O ••8S95Et-'Qg "" .4460

D.3:1SZE+07 -33.tt'3 I,). 37~:9E+09 !t4.73 O.8S95F-+O? 't5,.2761

0.260:'>:::+07 -27.25 0.3713E'09 44.3D O.8706Et-c)9 4'1.7.n62

63 D.15J7,,'J7

:'>40.1125"'07

-52.3S O.871SE+Q9

O.T711E+OC?

+5.13

'.'--" .--~---
,
I

L,

EZl
EAl
EZ2

EA2

EZJ

EAJ

..' .'

.. -.
Electric Stress (D.C. 'case)

Electric Stress Angle (D.C. case)

Electric Stre •• (AC, negative maximum to positivemaximum

Electric,Stre •• Angle (AC, negative maximum to
positive maximum)

"Electric Stre •• (ACt positive maximum to negativemaximum

Electric Stre •• Angl. (AC, positive maximum to
negative maximum)



FILE: ~l Pll ::lUTf'UT 11 ~UfT C~~P~TEl CENT~E. ::lHAKA - 108 -

F Poll fE ELEMENT DESIv"! <JF r 1"J- rV:J = PISULITJR
Iv.

NODE P::lTENTIAL AT JIFF 'lullE I V )

1 11000.00

2 11000.00

3 11000.00

It 9120 •.3H

5 8191.&1

[, 8136.80

1 8&81.93

8 .1858.81

'1 5252.11

- 10 .2505.52

11 1202.99

12 954.43

• 13 '113.33

14 915.04 i

15 913. &8
•
16 913.45

11 913.45

18 '113.34

19 '113.11

20 911.46

21 911.46

22 909.11, .
23 893.03

24 632.60

25 359.&5

.26 303.13

. I.



. FILE: HPU DUTPUT Al - 109 -
. ,

_..J





FILE: \IIPU OUTPUT AI. aUET ::J'1PUTn CENTRE, DCi~K~ - 111 -

27 O.7"OE+08 -73.85 0.•340E+09 H.69 .0.903E+09 "7.92
28 0.703E+08 -180.00 0.•S33E+09 47.72 0.909E+OQ 42.66
29 0.500E+08 -!'to.s:. 0.332E+09 45 .•28 0.909E+09 4".76
30 0.398E+0'3 -127."4 0.8411'+09 '.4.72 0.90'1E+09 45.SS
31 O.40!t-E+08 -122.23 0.•3"1 l'+09 44 .•5 2 0.901E+0? 45.42

32 0037 a c+08 -67.31 0.860=+09 t'~3.•23 0.882E+07 't6.70

33 O.153E+03 -111.39 0.860E+09 44.68 0.882E+09 45.30
34 0.1"5E+08 -8:).86 0.365::+09 Lt4.40 0.878E+09 45.59
35 0.3133E+08 -180.ao O.350r=+09 46"{4-5 O.:3QZE+07 '-t3c67

36 0.23"E+03 -149.58 0.850::':+09 45.38 O.89'2E+O? 44.65
.

37 0.259E+08 -146.37 0.852E+09 45".Z7 0.891E+09 44.7,5
38 0.254::+08 -13~ .•3i•. O.S52~+a9 /+4 III 98 O.891F+09 45.01'
39 0.190E+08 -107.11 0.858[+09 44.54 0,.884;::+09 45.4~
40 0.185E+08 -l')~ • .gl 0.85Sro+CJ9 45.40 0.88"E+09 44.62

"~".41 Q.679E+D7 -70.22 0.'369:'+09 {t-4<. 6:'? 0.873<=+09 45•.31
42 CJ.'29ZE+07 -127 .93 0.869:=+.oQ 4(...•98 0.873E+0", 45.02
43 O.•230E+07 -87.26 0.870E+09 44.91 8.~7ZE~O.9 . 45.09
4" J.Z44~+08-180.0'0 0.353:=+-09 45.90 o ..B8'tE+09 4".15
45 J.184E+08 -155."3 0.858['+09 {tS.33 0.884E+09 44.68
"6 0,'193E+08 -156,.64 O.857f.:+09 45.31 0.885E+09 44.65
it 7 0.196E+08 -111.63 0.857~+09 44.60 0.885E+09 45.38
48 0.206E'+07 -209.30 0.871E+09 45.10 0.872E+D9 44.90
49 0.557E+06 -13't.•9'1 0.871E+09 45.00 0.872E+09 45.00
50 0.409:::+06 -74.41 0.871E+09 4ft.98 0.871E+09 45.02
51 0.229E+06 -106.32 0.871E+09 44.99' 0.871E+09 45.01
52 0.169E+08 -186.41 0•.863 E+09 45.68 0.879E+09 44.34
53 0.7't6E+07 ,..194.640.868r:+09 45.33 0.874:::+09 44.68

"-- ,.,

[



. ':'.

LEGEND

EZ1
EA1
EZ2

EA2

EZ3

EA3

Electric Stress (D.C. case)

Electric Stress Angle (D.C. case)

Electric Stress (AC, negative maximum to positive
maximum

Electric Stress Angle (AC, negative maximum to
positive maximum)

Electric Stress (AC, positive ,maximum to negative
maximum

Electric Stress Angle (AC, positive maximum to
negative maximum)





FILE: ~IPLJ O-UTPUT Al SUET COMPUTER CENTRE, J~AKA - .114 -

29 ,0.3320E+0, -11 .72 0.9191E+07 0.55 O.1096E+J8 -0.48
3D 0.2098E+05 15013 -0.9373,,+07 -0.55 0.1077E-08 0.50
31 0.2157,,+05 25.43 0.9373 E+D7 -0.96 0.1077E-OB 0.85
32 0.1819E+05 ~4.61 O.nZ3E+07 -3.54 0.1032E+03 3.39
33 O.312"E+04- 47.23 0.9320E-07 -0.64 Ool032E-OS 0.61
34 o • 2 7'7 g E +O:t 71.72 0.'792:[t-07 -1.2~ O.1022E •.OS 1.17
35 0.1997;:+05 -90.00 O.953S=+07 2.90 0.1056E-OS -2.66

36 0.1067E+05 -n.15 0.958'tE+07 0.75 001056E+08 -0.69
37 0.891 7E+0 It -22.7" O.9619E+J7 0.5" 001052;:.08 -0.50
38 0.8571E+O/. 1.33 O.?619E+J7 -0.03 0.lD52E-08 0.03

39 O.'d30E+04 55.78 0.9772[+07 .:...o. ~2 0.1017E-08 0.88

I40 0.4551E+D't -49.61 O.9772~+O7 0.31 0.1037E+03 -0 •.'17 .~..•41 J.S12~,E+J3 5Q.lt4- 0.1002E+08 -0.62 O.1:J12E+OS 0.62
42 0.1129E+D3 l4604 0.1002:::+08 -0.04 001312["'03 D.O"
43 '0.7029E+02 34.53 0.100"E+O'8 -0.17 O.lOlOEt-OB 0.17••44 J.7931E+04 -90.00 CJ.?764E+07 1.30 0.1038E+33 -1.70
45 3.4516E+Q" -4Q.8& 0.9763E-07 0.6T 0.l:l33E'08 -0.63
46 0.4967E+04 -"3.28 O.9751c+07 0.74- 0.lJ39F+03 -0.70
47 0.5093E+0', 46.75 0.9751E+J7 -0.81 0.1039E+08 0.77
48 0.5621E+02 -31.41 O.lOO6E+OB 0.20 0.1008E+08 -O.20
49 D.'tU8E+Ol J.az 0.1006E+08 D.OO 0.1J08E+:l8 O.OD
5D 0.222DE+Dl Sg.82 0.1007E+08 -0.04- 0.1007E+08 0.04
51 0.6956E+00 57.36 0.1D07U08 -0.01 0.1007E-08 0.01
52 0.3782E+O't -77.17 0..9883E+07 1.36 0.1026E-08 -[.31
53 0.7391E+.o3 -'SJ.73 0.100.oE+D8 0.66 0.1014E+08 -0.65
5" 0.2212E'03 ~+,.9S Oo1OOJE+08 -0.16 0.l.ol'tE-D8 0016
55 D.2698E+Ol -31.71 O.lOO"?E+08 0.04 0.1007E+08 -0.04



LEGEND

ANGl
TT2

ANG2

TT3

ANG3

Mechanical StreBB (D.C. case)

Mechanical StreB. Angle (D.C. case)

Mechanical. Stress (AC, negative maximum to positi.ve
maximum

Mechanical Stress Angle (AC, nega~ive maximum to
pOBitive maximum)

Mechanical StreB. (AC, positive maximum-to negative
ma>eimum

Mechanical StreBs Angle (AC, positive maximum to
negative maximum)



FILE: [lIS :JJTPUT 116

FI~ITE ELEHE~T DESI~~. QF DISC-TYPE I~~JL.TO~
NQJE ?JTENTI ALS AT DIFF 'Ll:JF.:;

1 0.00

2 J.OO

3 0.00

4 0.00

5 O.OJ

b J. OJ

7 O.OJ
"

8 J.OO

9 J.OO

10 0.00

II 555b.95

12 5'1:>3.49

13 59'H.45

14 50UI.50

15 b02+.98

Ib b028.9b

17 6029.27

18 b029.34

'19 6029.37

20. 6029.33

21. 602'1.38

22 ". b029.J8

23 b029.38

24 5029.'38

25 6029.3'1

2b 6029.41

"

. .'

I: .,

<
. !



FIL~: :lIS
- 117 -

. '27 :'029.45

28 5029.55

29 5031.14
30 &033.59

31 &CJ"1.54
32 &0"".25
33 &044.95
34 504-5.66

35 &050.&3
'.35 &129.12

I. . .
; . ,37 6265.72

38 &599.45.

39 762&.07

40 1100Cl.00

41 110JO.OJ
42 1lClaO.aa

43 IlDao.OO

44 IlDJJ.DJ

45 1100J.00
.,

46 lIC1JJ.OCl.:

't7 110JJ.OCl

48 llOOD.OO

'+9 5377.84
50 5255.69
51 4644.95
52 232"014
53. 4651.6J

J



FIL~: 315 DUPUT AI, BUET CD'1~UTE~ CENTRE, D:-iAKA - 118-

------90.00 0.144E+03 17 •.47 0.626~+07 -37.56
87.28 0.144E+08 16.67 o..622E+07 -35.93
90.00 0.143E+08 17.22 0.532E+07 -36.41
74.77 0.144E+08 1.3.21 0.515E+07 -28.21
90.00 00139E+08 15.91 0.565E+07 -30.87
0.08 0.140E+08 0.01 0.635E+07 -0 .•02
0.00 0.140E+08 0.00 0.635[+07 0.00

87.45 0~'147E+08.. 17.39 0.603E+.07 -39.46 I')0.00 0.1 '.6E+08 13.16 0.608E+07 -41.11

54 5232.28

55 5477.53

56 5628.10,

57 503".91

58 7511.59

59 4872.10

,60 3139.37

61 6419.87

52 5058.53

63 6031.77

64 6025.91

65 6027.30

66 5028.22

67 6255.72

68 5029.39

69 5029.37

70 6029.41'

71 50n.33

72 5029.38

,'1':C:-iAIIICAL
TTl

1 0.153':+07

2 0.156::+07

3 0.155E+07

4 0,.125E+07

5 Od23~+07

6 J.i>32E+06

7 0.633E+06

8 0.178E"07

9 00185::+07

.'

STRESS OISTRIaUTIDN' IN DISC-TYPE INSULAT::n
AIIGI TT2 ANG2 TT3 AII~3

"



FILE: ilI) 0UTF'UT Al SUET C0~>UTE~ CENTRE, DH~KA
- 119 -

10 O.t87E+::J7 77.55 0.151E+08 16.49 0.557E"07 -38 .•77

11 0.224E+07 90. 00 0.150E+08 19.21 0.580E+07 -47.31
12 O.25S~ •.Q7 48.85 0.170;:+08 10.10 a.e 39{tE+07 -37.59 I
13 0.255E+07 -48.71 0.170E+08 -10.06 0.394E+07 37.48 I
1'1;8. ~3CtE .• ab 0.08 0.140;'+08 "- J.Ol a .6)ltE+07 -0.02
15 O.12+E+07 -,qo.oo 0.139:'::: •. 013 -1..5.Q2 ).66.5[ •.07 10.92

16 Q.224E+J7 -90.00 O.lSOE •. OS -19.20 0.581E •.07 47.24
17 O.lB.6E+D7 -77.09 0,ol5tE"OB -15.36 0.556E+07 38.42
18 0.125""07 -74.30 O.14ltE+09 -13.14 J.~)13E+07 2-3.18

19 00153E+07 -90.00 0.143E+08 -17.28 J.631E+07 36.66
20 O.lg;'E+07 -90.00 0.146E+08 -18.11 O.609f+O, 40.85

-. .21 O.i7~=+07 - 85.85 o .1-4tlE+08"'16.37 O.602E+07 38.20 ' -

22 O. 15,]E+07 -85.67 0.145"'''08 -16.(tO 0.614E+07 35.SQ
23 0.169E •.07 -90.00 O.1'45E+03 -17.66 O.621Ef-07 38.51
24 0.172£+07 -90.00 O.llt5E+Of! -17.75 0.f>lBt'+07 .33.94

25 J016E+07 - 86.72 0.145E+0,8 -16.77 0.613E+07 36.93
2;' Ool6QE+07 -86.7,8 O.146E+Og -16.98 0.608E+07 37.94
Z7 D0178E+:J7 -9D.00 o .1/tSL="."O.g -17 .•95 0.613E+07 39.97
28 0.163E+07 -90.00 0.144E+08 -17.45 D.626E+07 37.50
29 0.141E+07 -80.45 0.144E+08 -14.80 0.614E+07 32.04
30 Ool7JE+07 -81.53 0.149E+08 -16.14 0.579E+07 38.42
31 0.2)3E+D7 -90.00 0.148E+08 -18.68 0.594E+07 44.01
32 0.140E+07 -90.00 00141E+08 -16.62 O.647f+07 33.72
33- o. :33-i-E+06 -43.79 0.142E+08 -6.72 0.617E+07 13.89
34 0.216,,+07 -61.79 00161E+08 -12.56, 0.473E+07 38.09
35 0017",E+07 32. Ita O.163E .•..OB 6.14 0.443E+07 -19.08
36 0.l38E+07 73.71 0,.135E+08 19.58 0.710E+07 -35.46

--~--''-'"", ~L.. .• -''''' ~- T ••••• ,_ •.•••••••••. ----~ ----"'_ •.... -~ •.... •.. ~- •...•. ~



FI"lE= SIS DUTPUT Al aUET 'Cm~PUTU CENTRE. O'iAKA 120 -

37 0.706~+06 -90. 00 {}.130E+ OS -12.98 0.738E+07 21038
38 0.501,,+06 -65.10 0.130E.+08 -8.31 0.729E+07, 13.74
39 0.431E+06 -63. 11 0.128;0+08 -7.61 O.745{+ 07' 12.18
40 0.315E+06 -5.99 0.128E+08 -0'.65 D.741E+07 1.04.,
41 0.169E+06 42.20 Od08E+OS 10.02 0.938E+07 -11.33
42 O.227~+05 21.04 0.108E+08 0.72 0.935E+07 -0.81
43 0.22'6<'+05 21 • .17 0.102E+0.g 4.05 Q.?94E+07 -4.15
44 0.105E+04 57.98 0.102Eo08 0.43 0.993E+07 -0.44
45 O.14--5E+04 19.92 0.101E+08 1.04 0.100E+08 -1.04
46 0.&43E+02 69.54 0.101E+08 0.13 0.100:=+08 -0.13 ..
47 0.993<:+02 14 .•63 0.10F+OS 0 .•27 0.101E+08 -0.27"

't30.532E'+01 67.01 0.101E+08 0.05 0.101E+08 '-0.05 •
•49 0.759E+Ol 20.24 0.101E+08 0.08 0.101E+08 -0.08

5J O.63::>E+OO 75.15 0.IOle+08 D.02 3.101E+03 -0.02
51 J.652E+OO 64-.31 0.101E+03 0.02 O.lJIE+08 -0.02
52 O.lt93E+06 -69.53 0.121E+ 08 -13.62 0.825E+07 19.02
53 0.189::+06 - 56.69 0.11IE+08 -9.78 0.?10E+07 H.61
54 0.641E+05 -70.14 0.111[+"08 -3.lt 0.'707E+07 ',.41
55 0.920E'04 -35.85 0.105E+08 -0,.7'9 0.963E+07 0.85,
56 0.888E+04 -28.85 0.105E+08 -0.63 0.963E+07 0.68
57 0.?38E+04 68.85 Dol 03E+03 0.75 0.•937E+07 -0.78
58 0.l&6E+04 -19.04 0.103E+03 -0.18 0.987E+07 0.19
59 0.562E+03 83.11 0.102E+08 0.43 0.998E+07 - 0 .•4'+

60 0.400E+03 -55.04 0.102E+03 ~0.25 'O.998E+07 0.26
61 0.363E+02 81.25 0.101E+08 0.13 0.101E+08 -0.13
62 0.154E+02 -6.31 0.101E+08 -0.01 0,,101E+08 0.01
63 0.686::+01 85.52 0.101E+08 0.05 0.101Ej-08 -0.05
64 0.378':+01.-47.27 00101E+ 08 -0.02 0.101E+08 0.02



FILE: 315 8UTP UT Al 3UET CJM?UTE~ CENTRE, DHAKA eMS - 121 -,

65 ),.53!tE+JO 61 •.5.7 O.lOlE+.OB O.OZ' 0.101E+08 -0.02

66 0.170E+00 -49.54 0.101E+08 0.00 0.101E+08 0,00

67 o.z5in::-Ol 35.05 0.101E+03 '0.00 0.101E+08 0.00

68 J.Z35E-OZ -9.53 0.101E+08 0.00 OolOlE+08 0.00

69 0.lZ7E-OZ 32.7S 0.lOlE+08 0.00 00l01E+08 0.00

7.00.1)5[-03 ZZ.&Z 0.101E+08 0.00 O.IOIE+OS 0.00

71 O.73';tE:-Oct' 77.3Z O.IOlE+OB 0.00 0.101E+08 0.00

7Z 0.658E+04 -90.00 0.104E+OB -1.5& 0.979E+07 leD3

73 0.1l0E+04 -90.00 0.10ZE+D8 -O.SS 0.99bE+07 0.66

74 O.lOOE+OZ -45 .19 0.101E+08 -O.OB 0,.101[+08 0,. 08

75 O.l72E+OI lt3.5b O.lOlE+OB 0.01 O.lOlE .•..ve -0.01

7b O.297E+;)) -53.00 0.101:=+08 -0.01 O,lOlE+08 0.01 •

77 O.Yl1E-Ol 0.63 0.101E+03 0.00 O.lOlE+OB 0.00

78 0.189E-02 -Z6.78 0.101E+08 O.:)0O~lOlE+03 0.00

7')0.113[-J3 -36.87 0.1'01=:+08 0.08 O.lOlEt-O!? 0.00

80 O.550E-04- -10.39 O.IOIE+Ofr. 0.00 O.lolE+oB 0.00

81 J.586E-Q4 -30.51 0.101[:+03 0.00 0.10IE+08 0.00
. . ' .

82 0.153E-0+ 61.93 0.•10IE+08 0.00 0.101E+08 0'.00

83 0.451E-05 -36.87 0.101E+08 0.00 O.lOlE+OB 0.00

84 0.90ZE-0'> 90.00 O.lOlE+OB 0.00 0.iOlE+08 0.00

85 0.90ZE-04 -90.00 o.lOlE+OB 0.00 0.101E+D8 0.00

86 O.4!tZE-04- -90.00 O.lOlE+OB 0.00 0.101E+08 0.00

87 0.72IE-05 0.00 0.101E+08 a.oo O.lOlE+OB 0.00

88 a.OOOE+OO 90.00 O.lOlE+08 0.00 0.101E+08 0.00

89 a.ClOOE+OO 9Cl.00 0.101E+08 0.00 0.101E+08 0.00

90 I). '0ClDE+.00 90.00 O.lOlE+DB 0.00 0.101E+08 0.00

91 O.OOJi=+OO 90-.DO O.lOlE+OS 0.00 0.101E+08 0,.00

\



FILE: ill'; 'OUPUY Al SUET COM'UTE~ CENTRE. D~AKA C~S.
- 122.,-

92 O.OOOE+OO 90.00 O.lOlE+OB

93 OiOOOE-OO 90.00 O;IOIE-OS

LEGEND

0.00 O.101E+08

0.00 adDIE-DB

0.00

0.00.

TTl

ANSI
TT2 .

ANS2

TT3

ANG3

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

Mechanical Stress (AC, negative maximum to positivemaximum
Mechanical Stress Angle (AC, negative maximum to
positive maximum)
Mechanical Stress (AC, positive maximum to negativemaximum
Mechanical Stress Angle (AC, positive maximum to
negative maximum)







FILE, Drs: OUTPUT Al BUET COMPUTE,< CENTRE. DHAKA

- 125 -
54 J.5~5~+-a8 9.93 O.91(tE+ 09 lr3.1/t J.327£:+-09 !t7~21
55 D.Z&3Et-J8 27.08 O.390E+09 ';'4.61 0.852E+09 45.43
56 J.Z5?E+-03 30.5: O.~.9n;:+09 '+4.•69 O.332E"09' 45.34
57 0.13+::+03_ 7? ••tt2 eJ.880::-j-.O? lrS.38 ).563E+09 44.61
58 ).112E-08 3S ••43 0.880E-09 "ttt-.?l J.363E+Q? 45.10
59 8.651=+07 36 ••.56 J~875E+-09 !t5.22. O~367F.:+O? 44.78
60 J.":i!t?::+J7 17.4L~ J.g75[+O'? 4r:l- •• e 7 J.;.367F+O? !t5.13
61 0.165":'+07 -Z65.6 0.872::+09 45.06 ).870E+O? (t't. 94-
62 0.1)8E-0? 'ti.85 O.37ZE+09 45.00 ,J.8(OE+09 ',5,.00
"63 0.72CJ;:>06 -267.?-. J,.e72~+DQ (t5.J3 ~~i.371E•.09 44-.)7
64 3.S3i-E..+JS 21.36 0.872[=+09 4".99 D. '31.1E-09 4-.5.JL
.65 0.2J1:::+JS -255 .•8 0,.871E+09 45.01 o • 3 : 1 c .•..O'~) 44.99
66 J.l13E+06 28.23 oJ.87IE-09 (t5.00 O.S7'lE+-D9. 45.8oJ
67 0.441E+)5 -242.5 O.371E+O? 45.00 0.371E-09 It 5. 00
68 J.133::+'05 itJ • 2 + ", Q~lc: .•..n:l

Lt 5 .•JO 8.271E.f-O:t 4-5.00••.•• ~, , .l.. _ - ••.••• ;,

•69 0•.93) ,,+04 - 2!tl.Lr J .•g7.l:-:"-:J() 45.00 ,J •. ~;lE+O~ 45 •.00 .,.. 70 J.232E"-04- 5".31 8.B71c"-09 45.:]"0 J.371E+09 45.00
i.II D.Z3~E+04 -2='3. 1 O.S71E"'O? 45.00 ~. ':::71 E"-OO 4S.0.~

72 :1.223::+08 J.OJ 0.883'=:"+09 44.22 J.859!:+09 "!t5.B2
73 Ci. ]12E+07 J. DO 8.£76'::+09 44.,,3 O.B6bE-09 4-5.33
74 O.8S9E+:J5 -2,2.4J 0.37lE+09 44.96 D.,S7IE-09 45.04
75 J.3S.8E+OS 66.78 o .8HE-0" 45.01 O.871E+O? 44.99
76 0.150=+06 -18.50 0.871E+09 44.99 O.871E+09 45.01
77 J.5S7~+05 4-5.32 0.371,,-09 45.00 J .il71E-09 45.00
78 ).t19E+05 -31.61 0.871E-09 45.00 0.371E-09 45.00
79 O.2:tlE+O!';- 26.57 o. g"71 ~..-0 9 45.00 O.S7"lE •.09 45.00
3) J.ZJ4-E+04 39.31 0.8HH09 45.00 ).871E-09 45.00

'\ 81 oJ.21)::+04 29.74 O.87rE+O? 45.00 0.o3llE+09 45.00



FILE: un: ClUT'UT Al SUET CO~PUTE~ CENTRE, JHAKA

- 126 -

83 0.~83E-03 2S.57 O.871E+09 45.DO 0.871E+0~ 45.00

84 0.Z61E+03 -9).00 0.871E+09 45.00 O.871E-09 45.00

37 J.737E+J3 -~5.00 O.871E~Oq 45.00 ).871E+09 45.00

88 J.QJ~=+ao -?O.OJ O.871E+O~ 45.00 O.271E+09 45.80

89 J.OJJE+OO -?J.DJ G.371E+O? 45.00 O.371c~O? 45.00

90 o.a~OE+OO -~J.oa 0.871E+09 45.00.0.9,71E+O~ 45-.00

" .

91 J.UOJE+JJ -90.00 0.871E+09 ~5.no O.871E+O~.

93 O.DOOE+OO ~90.00 O.871E+09 45.00 O.871E+09

•

45.00

EZI

EAt
EZ2

EA2

EZJ

EAJ,

Elect,!c Stre •• (D.C. case)

~lectric Stress Angle (D.C. case)

Electric Stress (AC, negative maximum to positive
maximum

Electric Stress Angle (AC, negative maximum to
positive maximum)

Electric Btr••• (AC, positive maximum to negative
maximum

Electric Stre •• Angle (AC, positive maximum to
negative maximum)
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