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Abstract - The power transformer is an important component
in power system that must be highly efficient and reliable in
operation. Insulation design in power transformer is one of
the important factors for determining reliability and size.
It is essential to find a compact optimal design for insulation
that satisfies the technical specifications with minimum
manufacturing cost. In the transformer insulation design, the
top end and bottom end insulation between winding and yoke of
a power transformer is one of the important factor determining
the total window height of the power transformer; hence
optimization in the end will result in reduction in total cost and
size of the transformer. In this paper electrostatic finite element
analysis of power transformer end insulation is carried out, the
cumulative stress distribution for each oil gap is determined
and safety margin is evaluated by comparing it with industrial
withstand curve. The value of top end and bottom end clearance
of winding to yoke is optimised so that the value of window
height is minimum and the end insulation design is reliable.
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1. INTRODUCTION

The transformer insulation system can be categorized into
major insulation and minor insulation. The major insulation
consists of insulation between windings, between windings
and limb/yoke and between high voltage leads and ground.
The minor insulation consists of basically internal insulation
within the windings that is inter-turn and inter-disk insulation.
The materials commonly used in transformer insulation
system are: (i) insulating fluid: mineral oil, (ii) conductor
insulation: oil impregnated paper (iii) solid insulation, i.e.
barriers, blocks, spacers: pressboard, permawood.

Insulation of the winding ends from each other and
winding to yoke is called end insulation. The end insulation
design of transformer is composite oil-solid insulation system
consisting of angle rings/caps, transformer oil and clamping
ring. The strength of the end insulation arrangement is
predominantly determined by the strength of oil gaps. The
maximum occurring oil stress value will not be the only
important factor for strength of oil gaps. The cumulative
stress calculated for each oil gap should have a permissible
safety margin compared to withstand curves. A typical end
insulation arrangement in a power transformer is shown in
figure 1.

The end insulation design of a transformer is one of
the factors deciding the window height of a transformer,
so optimisation of end insulation will permit reducing the
clearances to core and thus reducing the amount of steel and
transformer oil. During optimisation the insulation design
rules must be true under all circumstances for reliable design.
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Fig. 1 End Insulation Design of Power Transformer (132kV/33kV)

II. OPTIMISATION PROCEDURE

The electrostatic analysis of the insulation design is
done using finite element method (FEM), using the software
package ‘Elecnet’. The areas of study selected for optimisation
are 1) Thickness of clamping ring. 2) Size of oil gaps.

The thickness for clamping ring must be selected in such
a way that the clamping ring withstands the clamping force
and the end insulation design is electrostatically correct and
the formula for maximum bending stress in the clamping ring
is given by

_GFIID
max 8“'1‘2 n 2 (1)

F = Total axial force, n = No. of clamping
point, t = Thickness of ring, W = Width of ring, D = Mean
diameter. The thickness of clamping can be reduced by using
better material and the cost saving must be higher than earlier
design. The value of 6 = 120 MPa for permawood®, 400
MPa for Transring.

After selecting the thickness of clamping ring electrostatic
analysis is performed for electrostatic feasibility.
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After fixing the thickness of clamping ring further
modification is carried out in the size of oil gap in the end
insulation, and then three main criteria must be satisfied. [1]

(1) Maximum local stresses at the surface on an electrode
must be less than 11-12 kV/mm.

(i1) In an oil gap having maximum stress is at one of the
extremes, the cumulative stress at any point with a distance of
d from the point of maximum stress is given by the equation.

(2]
1 d
Bla)- *|‘
w0 E(x)dx (2)
The cumulative stress calculated must have a safety
margin of 15% with respect to the industrial withstand curve.

(iii) The creep stresses along the solid insulation to oil
boundary should not exceed the design limit of 2kV/mm.

III. FinxiTE ELEMENT PROBLEM DEFENITION
A. Problem Formulation

A 33/132 kV power transformer design is taken for design
optimisation. End insulation design of a 132 kV power
transformer under power frequency condition is expressed
as an electrostatic problem. The governing equation for
electrostatic finite element analysis is the given below

2
vy=9 3)

The end insulation of a transformer is modelled as an axis
symmetric and FEM is used calculate voltage distribution
curves and electric field intensity in the end insulation.

B. Material Details

The three main dielectrics which are used in the transformer
insulation are 1) Transformer oil 2) Pressboard barrier 3) Oil
impregnated paper, whose relative permittivity are shown in
table L.

TABLE I MATERIAL PERMITTIVITY

Transformer oil 2.2
Oil impregnated Paper 35
Pressboard 4.4

C. Excitation, Boundary Condition and Assumptions

The assumptions made during analysis are LV, HV and
TAP windings are considered as a single cylinder with
uniform voltage axially symmetrical. The conductors are
rounded at the corners are rounded to a radius of 0.5mm and
a paper covering of 0.5 mm is given.
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The boundary condition taken for this finite element
problem is Dirichlet boundary condition. The limb, yoke and
winding next phase is considered as the boundaries and are
grounded. V (AB, BC, CD) = 0.

The transformer is subjected to four main high voltage test
1) lightning impulse test, ii) short duration power frequency
test and iii) long duration power frequency test, it is important
to convert all these values to equivalent one minute power
frequency test. Highest of these values is used as excitation
for HV winding during simulation. For the conversion the
following design insulation factor are taken.

TaBLE II DEsIGN INsuLaTION FacTORs (DIL) IN REFERENCE TO THE AC
POWER FREQUENCY 1 MINUTE TEST

Condition DIL factor
Lightning impulse (FW) 2.3
AC one-minute test level 1.0
AC one-hour test 0.8

After calculation of DIL for 132kV transformer the one
minute power frequency voltage 275kV is taken as excitation
for calculating top end clearance and the one minute power
frequency voltage of 133kV is taken for calculating bottom
end clearance.

LV 1=0Kk V]

LV2=0kV|
HV=275kV

TAP=0kV

Lvi=okv | || | Lva=okv

Eknk\'

HY = 133kV
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Fig. 2 Boundary condition and excitations for top and Bottom end
insulation.



IV. ANaLysis Or EXisTING AND MobIFIED END INSULATION
DESIGN

A. Existing End Insulation Design

The existing end insulation ofthe 132k V power transformer
design is shown in figure 3. The two angle rings placed are
placed over the high voltage winding to divide the oil between
high voltage winding and yoke of the transformer. There is a
total of four oil gap on the top and 3 oil gaps on the bottom
between the HV winding and the yoke of the transformer. The
safety margin of this oil gaps have to be analysed for end
insulation design.
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Fig. 3. Existing insulation design structure.

The finite element electric field analysis is carried out
using the above said boundary conditions on the top and
bottom end insulations for existing design and the field plot is
shown in figure 4.
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Fig. 4 a). E Field and equipotential lines of existing top end insulation design
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Fig. 4 b). E Field and equipotential lines of existing bottom insulation
design.

The value of local stress on the surface of the electrodes
is less than 11kV/mm in both cases. The cumulative stress
is calculated along a line in critical stressed region and the
safety margin is calculated. The calculation of safety margin
of one of such gaps is shown in figure 5.
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Fig. 5. a) Determination of cumulative stress along line KL
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Fig. 5. b) Safety margin calculation for Gap 1 along KL

The creep stress criterion is checked along the pressboard
oil surface for the transformer to be partial discharge free. The
example of one such analysis is shown in fig. 6.
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Fig. 6. b) Values of Creep stress along AB< 2kV/mm Voke

From the analysis of the existing design the modification
of the design is done by reducing the size of oil gaps, thickness
of clamping and further electrostatic analysis is done to check S
the reliability of the design. IEl smoathed

Fig. 7. Modified insulation design structure.
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The first modification has been done in the solid insulation e
clamping ring, in the existing design permawood clamping 0 |
ring. The maximum clamping force applied on clamping
ring is 102.8 Ton, after calculation based on (1) the thickness
of permawood® clamping ring having bending strength of
120MPa has been replaced by Transring material of lesser
thickness having bending strength of 400 MPa. The second Fig. 8 a). E Field and equipotential lines for modified top end insulation
modification is done by rearrangement of pressboard and the design.
size of the oil gaps has been reduced by 10mm on the top end —
and the bottom end clearance has been reduced by 12mm. The B ot
modified insulation structure is shown in figure 7. e

The boundary condition and excitation is applied for
top and bottom end insulation and finite element analysis is
carried out, the field plots are as follows.

The cumulative stress analysis for oil gaps in the modified
design is done and the safety margins in all gaps are above the
permissible limit of 15%. The safety margin calculation for
one of the gap is shown below.

Fig. 8 b). E Field and equipotential lines for modified bottom insulation
design.
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Fig. 9. a) Cumulative stress determination along KL for modified design.
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Fig. 9 b) Safety margin calculation for Gap 1 along KL for modified design.

The creep stress analysis is done for the modified design
to check whether the value of creep stress lies within design

limit.
i
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Fig. 10 a) Creep stress analysis for modified design along AB
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Fig. 10 b) Values of Creep stress along AB< 2kV/mm
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V. DiscussioN

The cost reduction and the reduced weight in material
for the modified design are given in the table 3 below
consider Rs. 180 per kg for MOH steel and Rs. 72 per litre for
transformer mineral oil.

TABLE III COST AND WEIGHT REDUCTION FOR MODIFIED DESIGN

Window height reduced 42mm
Qil Reduced 231.872 kg |
Steel Reduced 374.8717 kg
Cost savings Rs. 2,21,188

Comparing the existing design and the improved design
after performing electrostatic analysis for both, it is estimated
that there will be a cost savings of Rs. 2,21,188 per transformer
in the end insulation by using the new insulation structure.

IV. CoNcLUSION

The finite element analysis and cumulative stress analysis
for existing design has been done and based on the results
the modifications has been done in both top and bottom end
insulation thus the total window height has been reduced by
42mm. After modification the safety margins calculated for
all oil gaps are above 15%, the value of maximum creep stress
on press board oil interface is 0.8kV/mm and the value of
maximum point stress is 10.7kV/mm, theses values are within
permissible limits of the transformer design.
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