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Abstract: In distribution transformers helical winding is generally used for the LV side-that carries high current. The helical windings
can be of multiple layers. The turn of a helical winding is wound in the axial direction along the helical line with an inclination A one-
layer winding it starts at the bottom of the winding and finishes at the top. A two-layer helical winding turns are also wound along a
helical line. The layer-one forms the outer/front coil and the layer-two forms the inner/back coil. The conductor passes from outer layer
one to the inner layer two at the bottom both the start and the finish of the winding are at the top. The asymmetry caused by helical
winding has an effect on the electromagnetic forces produced. Tappings also cause asymmetry. There is a need to find the the optimum
relative height of LV and H V winding such the short circuit forces and the resulting mechanical stresses are least in a transformer

having helical LV winding.
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1. Introduction

Power transformers are among the major apparatus in a
power system, its’ proper design along with monitoring of
in-service behavior is necessary to avoid catastrophic
failures and the resultant costly outages. Correct functioning
of a transformer is vital to the system operations. When
connected to a system of infinite fault capacity, the worst
condition that can occur in practice is the current
corresponding to the first peak of a three phase short circuit
flowing through the windings. The interaction of the short
circuit current with the flux produces electromagnetic forces
and the stresses can be large enough to cause mechanical
collapse of the winding, damage to the cellulose insulation,
and deformation of the clamping structure. The mechanical
stresses cannot be removed, but proper design can reduce
them. The transformer must be designed to withstand
mechanical stresses caused due to short circuit faults.To find
the best design for a particular rating transformer so as to
prevent failure is not possible because there is no agency
that is involved in the activity for such analysis. The
knowledge of the magnitude of forces would help the design
engineer manage the mechanical stress caused during short
circuit.

The mechanical stresses due to short circuit can damage the
insulation, and deform the windings and core. For a
particular design, if the region where excessive forces would
occur is known then proper mechanical support and
insulation can be provided. The proper design of windings
and insulation can reduce the in-service failure of the
transformer. The short circuit tests are carried out in
specialized laboratories; these are expensive and time
consuming to perform. There is thus a need of finding the
forces in different regions of the transformer that would
reduce the need of the expensive short circuit tests. With the
increased current ratings of distribution transformers the
short circuit capacity of the transformer needs utmost
attention. The calculation of short circuit forces by

numerical techniques such as Finite Element Method (FEM)
can reduce the requirement of short circuit test.

Often it is seen that during short circuit in a transformer
having helical windings, the yoke gets separated from the
limb due to axial forces. The high forces in the end turn
region cause mechanical damage to the insulation and
windings. In case of repeated faults, the connection of the
windings with the copper plate or bar comes off/ breaks.

FEM has been extensively wused for calculating
electromagnetic forces in transformers. The finite element
analyses for computing forces in windings of a DT have
been made, and results have been compared with those
obtained by other research workers in the field [1, 2]. FEM
has been used to study the impact of inrush current on
mechanical stresses of high voltage power transformer’s coil
[3]. FEM has been used to review, and improve the winding
support and tank wall of a power transformer [4]. FEM has
also been applied to calculate the mechanical forces of
current injection transformers, and it was concluded that the
due to the low value of the ampere per turn in the High
Voltage (HV) winding the forces produced are not
destructive to its winding [5]. The electromagnetic forces on
the windings of a three phase core type power transformer
have been compared for 2D and 3D model [6]. FEM has also
been used to compute the electromagnetic forces of a DT
[7]. It has been found that the forces produced in 3D and
simplified 2D asymmetric methods agree with each other,
and the total forces in front and end view are quite close, and
also the forces in the window region are more [8]. The FEM
results from the 2D calculation of short-circuit forces on
helical type Low Voltage (LV) windings are very close to
3D calculation except for the forces in the clamping
structure [9]. Safety factors for radial and axial force during
short circuit in a power transformer using the results of FEM
have been found [10]. The electromechanical forces due to
short circuit in a dry type transformer was studied by
dividing the windings into sections, it was the first attempt
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to find the short circuit forces in four sections along the
circumference [11]. As per literature survey the forces found
by FEM are in good agreement with analytical and
experimental values [12].

FEM application for the study of helical winding initiated in
2001, the effect of transposition of double helical winding
was observed [13]. The circumferential displacement in
helical winding was studied and it was found that as the
helical angle increases, the circumferential forces and
displacement increase and maximum stresses occur in the
ends of the winding[14].Short circuit axial forces in helical
winding of one layer and two layer helical winding have
been calculated [15,16]. However, work on finding the
optimum relative height of the LV and H V winding so the
short circuit forces and the resulting mechanical stresses are
least so as to have reliable operation of transformer need to
be undertaken.

2. Coupled  field  for  Short
Electromagnetic Forces in Windings

Circuit

2.1 Electromagnetic Forces:

The rated current of LV inner winding is very large, and it
has a small number of turns, while HV outer winding has
less current and large number of turns. The currents in the
two winding are in phase opposition to each other; thus, the
force is of repulsion type, such that the distance between the
two windings increases. The turns within a winding carry
current in the same direction because of which they
experience force of attraction, thus, this force compress the
winding in the axial direction. The conductors of the
winding lie in the region of the magnetic leakage flux and as
per the Fleming’s left hand rule, they experience a force that
has a direction perpendicular to the direction of the current
flow and the leakage flux.

The directions of the electromagnetic forces in a transformer
are illustrated in Figure 1. In symmetrically placed windings,
the axial component of the leakage flux density (Ba)
interacts with current in the winding, producing radial force.
This radial force is responsible for the repulsion between the
HV winding and LV winding. The radial flux component
(Br) interacts with the winding current to produce axial
force.
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Figure 1: Distribution of elect‘rom‘agnetic forces in
transformer for symmetrically placed windings

This axial force act in such a way so as to produce axial
compression in the winding, under ideal conditions. Axial
force predominates radial force. In case the current density
increases the electromagnetic forces also increase. These
electromagnetic forces produce mechanical stresses in
transformers.

The mechanical forces in the transformer winding
conductors can be classified into two types namely external
forces and internal forces. The external forces are due to
interaction of current in different windings and the internal
forces are due to interaction of currents within a winding.
The external forces are directed towards the radius and tend
to increase the distance between the windings, they are
called radial forces. For concentric windings, the radial force
tends to burst the outer HV winding and crush the inner LV
winding. Also when the windings having equal axial height
and uniformly distributed mmfs, the internal forces are
called axial forces. For electromagnetically balanced
windings, the axial forces are of compressive nature and
have a tendency to reduce the height of the winding.

On assuming that, the forces of interaction between
windings pass through the centre of gravity of their
longitudinal section, and their direction is along the straight
line joining them. Figure 2 shows the forces of interaction
between asymmetrically placed windings; in such a case the
inner LV winding moves upwards and the outer HV winding
moves downwards. Under such condition, the axial forces
are both due to external and internal forces. Asymmetries
may cause the external axial force to act in the same
direction of the internal axial force or may be in the opposite
direction. This would decrease or increase the pressure on
the spacers. When the axial height of the LV and HV
windings are unequal or in case the mmfs are non-uniformly
distributed along the height of the winding, the forces that
are produced are such that they increase the asymmetry. The
effect of such forces is is studied by coupled field theory.
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Figure 2: Forces of interaction between asymmetrically
placed windings

2.2 Coupled Field Theory

The differential equation of the vector field defined along
with the boundary T of the domain X is given by

De(P.t) = f(P.t) (1)
where, D is a linear differential operator, ®is the unknown
function to be determined which may be a vector or a scalar
field, f is the forcing function of the position, P(x,y, z)in
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space, and of the time, t. In an electrostatic problem the
scalar electric potential V is indicated by & and its
distribution is described by Poisson Equation [17]. The
forcing function is the distribution of free charge density
f = p and the equation (1) is rewritten as

—div(z grad V) = p (2)
The behavior of the function & on the boundaryris
expressed by the boundary conditions. The boundary
conditions are of two types namely Dirichlets’s condition
and Neumann’s condition. The Dirichlet’s condition is given
when a given value of @ is assigned on the boundaryl". The
Neumann’s condition is given when value of the derivative
of @ normal to the boundary I is assigned.

If a portion of the boundary is [, then the Dirichlet’s
boundary condition on this boundary for homogenous
condition is @ = 0, and for nonhomogenous condition it is,
@ = @,. If the remaining portion of the boundary is I, then
Neumann’s boundary condition for homogenous condition is

34: + k® = 0,and for nonhomogenous condition it is,
aP
—+ ko =,

The field problems can be solved by three methods, namely
Galerkin’s Method or the Classic Residual Method,
Rayleigh-Ritz’s method or the Classic Variational Method
and Finite Element Method. All the above methods
approximate the function @ as closely as possible and thus
define a function @*that is commonly expressed as a linear
combination of the bas‘iJc functions and is given by

#*(P.1) = Z v (P, 1) (3)
j=1

where &; are unknown coefficients that are determined
during computation and v; are interpolation functions, at
times referred to as base or expansion functions.

The classical methods take the entire analysis domain into
account and the interpolation functions are defined on the
entire domain. The FEM divides the entire domain into
subdomains. @* is a combination of the functions v; that are
defined in the subdomains. This results in the subdomains of
very small dimensions and a very simple function, v;.

The inner product between two functions @ and ¢for
volume T is defined as

(®,0) = J‘:-:'?qﬁ dr @)

t

where ~ indicates the complex conjugate. The properties of
additively and the product by a constant are satisfied, since
the inner product is a linear operator, thus

(#, +2.0) = (&, 0) +{&. ) (5)

la®, p) = al® @) (6)
It is essential that the differential operator D is positive and
is defined as
=0, # =0
oeo)=Zo I, (7)
and to change the argument of the operator D within the
operation of the inner product if possible, i.e

(D2, @) = (2, Do) (8)

2.2.1 Galerkin’s Method

This method directly deals with the differential equation (1).
To solve the field problem, the residual of this differential
equation is reduced, so it is also referred to as the classic
residual method. It is assumed that: the function @* that
better approaches the exact solution @ corresponds to a
residual that is equal to zero in the entire domain of analysis.

The residualis » = D$* — f (@
In the residual method, the weight functions are introduced,
this forces the integral of the residuals weighed by w; to be
zero over the domain volume ty. The condition that is
forced is given as

R; = f wi; (D2 —f)dr=0 (10)
Tk
In this method, the weigh functions are chosen equal to the
interpolating function i.e.
w; =1; i=1,2,3..N (11}
On using the approximation of equation (3), equation (10)

becomes
—— N
R; = J‘ T D (Z # vj.) - vfdr. (12)
Ty J=1

i=123...N
From the above equation the system equations that are
developed are expressed by
[s51[2] = [T] (13}
where [@] is a column vector of unknown coefficients @;,
[SS] is a vector matrix which depends upon the interpolating
functions, the elements of which are given by

J- E
sij = EI (vDv; + wDvy)dr  (14)

[T] is a column vector whose elements depend upon the
forcing function which is given by

E; =J‘ v fdt (13)
Tx
2.2.2 Rayleigh-Ritz’s Method
The Rayleigh-Ritz method uses an integral approach to solve
the field problem. A variational function is built from the
differential equation (1)such that its minimum corresponds
to the solution. The field problem is solved when the field
equation and the boundary conditions match [17]. The
minimum of the variational function that corresponds to the
solution of equation (1) is expressed by

1 1 1
Flg) = ;{qu.qﬁ}—;{qb.f}—;{f.qb} (16)

If function @ is substituted by @* of equation (3)and v;is
defined in the entire domainX. On substituting (3) in (16)
and equating to zero the derivatives of the variational
function Fwith respect to unknown coefficients @, i.e.

aF

5E
a system of linear quations is obtained. The property defined
by equation (8)needs to be valid, hence the matrix vector
[SS] is symmetrical and the system is identical to that
obtained by the residual method [17].

0 i=123..N (17
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2.2.3 Finite Element Analysis

Finite Element Method (FEM), a numerical technique can be
used for computing electrical and magnetic fields. Field
solutions with time varying fields and materials that are non-
homogenous, anisotropic or nonlinear can be obtained using
it. In this method, the analysis domain is divided into
elementary subdomains called finite elements and the field
equations are applied to each subdomain. The method is
based on the solution of Maxwell’s equations applied to the
structure under study.

The advantages of study of electromagnetic field distribution
using FEM include precise local analysis, highlighting
dangerous field gradient, calculation of magnetic field
strength, magnetic saturation, etc. The FEM also gives a
good estimation of the electromagnetic device under
analysis and substantially reduces the number of prototypes
of device under study. The drawback of FEM is that the
solutions are approximate on account of it being of
numerical nature. If not applied correctly, it might produce
inaccurate results and the computation time required may be
long [17].

The finite element analysis uses the following steps:
Stepl:Partition of the domain
Step 2: Selecting the interpolating functions

Step 3:  Formulation of the system to solve the field
problem
Step 4:  Solution of the field problem

2.3 FEM for Computing Forces in Winding

The electromagnetic forces in transformer windings can be
found using finite element method (FEM). To reduce the
size of the field problem the analysis is generally carried out
in sections having geometric and magnetic symmetries. The
flux lines are symmetrical in regard with the vertical axis
and horizontal axis. The boundary conditions need to be
applied on the symmetry lines.

The equivalent circuit of a lossless transformer is shown in
Figure 3. The winding resistances, core losses, and
saturation are not considered. For a transformer, the voltage
equations are given by

d.lll dl.]_ n{ pla -J-B‘
YL a Lae 7 de (18a)

di, Tn’fj_ ; di, .
T TR T (185)

where vy, vy, 14,15, 1;andA, are the voltages, currents, and
flux linkages at the two terminals. The sign convention is
such that the positive direction of the currents is against the
voltages in both terminals. L, L,,and M are the self and
mutual inductances and are constant since it is assumed that
there is no saturation and the inductances are constant. The
flux linkages are expressed as Ay = Ly i; + Mi,and 4, =
Ly iy + Mi;

Lig a:l Ly

———"{{iI®

+ . * .
1y Im i2
vy Lim p-_'( :E Li{ V2

Figure 3: Equivalent circuit of the real transformer

The self-inductances are

Ly=Ljz+Lm

Ly =Ll + Loy

suchthat L, L., = M*
where, L,,, L,, are leakage inductances referred to primary
and secondary winding. An ideal transformer has a perfect
coupling of Lq,,, L,,and M. The transformation ratio “a” is
given by

Lim M

= 20
M Lom (20)

(19a)
(19b)

The choice of the transformation ratio is useful to impose the
current sources in finite element analysis of the leakage
inductances. To compute the magnetizing inductances a
simulation is carried out that corresponds to the open circuit
test. In the test the primary winding is fed rated voltage at
rated frequency and the primary current and induced
secondary voltage are measured. For simulation, the primary
winding current is imposed as the field problem source and
the corresponding voltages for the two windings are
computed. The magnet vector potential is derived so as to
obtain the components of magnetic flux density in the core.
Assuming the material to be linear, the stored magnetic
energy corresponding to the current feeding the primary
winding, it is computed as:
1 1 i

Wi =5 B.H = Sz H* (21)
The magnetic energy stored in the transformer can be
computed on integrating the energy density over the entire
volume. If the net iron length of the transformer is L., then

the energy in the transformer is

Wy = Lee f S #reH?dS (22)
where, B is magnetic flux density, H is magnetic field
strength, S is the total surface of the domain , and ug, is the
permeability of the core.

The main flux is found by integrating the component of the
flux density that is normal to the core section over the same
surface. For a core type transformer, the magnetic flux at
no-load is:

&, = L;PJ‘ B.ndl (23)

where L, is net iron length and n is a normal unit vector to
the surface.

The flux linkages are found by integration of the magnetic
vector potential A, over the surface of the equivalent
sections/bars that form the primary winding
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A= N, Le, (5— J A,dS — J‘ A, dsj (24a)
CUL" Sy 4 Seui—

As= NaLg, ( 5 J A.dS —J‘ Axn‘j) (24b)
CUZ“Smz+ Seuz-

where S 14 » Seu1— and S5, and S, ,_are the surface of
the equivalent copper bar where the current direction is
positive and negative in the primary and secondary winding
respectively, and also S, 14 = Scui— = Seuq and S04 =
Seuz— = Seu2. Njand Njare the number of turns of the
primary and secondary winding.

The induced EMF’s in the primary and secondary windings
are
Ejp = wiyy (25a)
E.p = wisg (25b)
where A;y and A,gare the maximum values of flux linkages
of primary and secondary windings. Ej,and E,jare EMF of
primary and secondary windings. The operating frequency
of the transformer is w = 2nf.
All simulations are carried out considering the maximum
value of the current.

The leakage inductances are given by:

A
W= (26a)
Lo
Agp
Loy =— (260
i Lo
Ap
M= (26
Lip
The current densities are given by:
- (27a)
= Ld
= ‘S'Ei.!].
NaT2 27h
Jx=5— (27b)

N;and N,are the number of turns in the primary and
secondary winding. The Lorentz’s force in the coil along the
x-axis and y-axis is:

k= _{cug J‘ _,fxBJ. d5 (28a)
seul

F_"r = _{r.'ugJ‘ J:Byd5 (29b)
Scul
where ] is the current density vector and B,, B, are field

xr =y
density vectors and l,,, is the average length of the iron
path.

The interaction between current density and leakage flux
density generate electromagnetic forces within a
transformer. In a transformer having concentric windings,
the flux bends towards the core at the end of the windings
making the return path of the flux shorter. This phenomenon
is observed both at the top and bottom ends of the windings
[102].

2.3 Short Circuit Current in Transformer
When a transformer is connected to a system of infinite fault

capacity, the worst condition that can occur in practice is the
current corresponding to the first peak of a three phase short

circuit flowing through the winding. The maximum value of
short circuit current g, (amps)is given by the expression

V2 xk x MVA x 10°

V3 % V= ey
where, k is the asymmetry factor, e, is fractional per unit
impedance voltage and V; is the primary voltage. The value
of V2 x k is calculated as per clause 16.11.2 of 1S-2026
[18], which is identical to IEC standard 60076 [19]. The
impedance voltage e, depends upon the tapping position, so
as to calculate the forces accurately the value of impedance
corresponding to the tapping position needs to be considered
[20].

(30)

aC

The short circuit current has a steady-state alternating
component at the fundamental frequency and an
exponentially decaying current. The force experienced by a
winding is proportional to the square of the short circuit
current. The force has four components, there are two
alternating components and two unidirectional currents. One
of alternating component is at the fundamental frequency,
and the other at double the fundamental frequency, the
double frequency component of current is of a constant but
smaller value. The other two components of force are
unidirectional; one is constant and the other is decreasing
with time. With a fully offset current, the fundamental
frequency component of force is dominant during the initial
cycles [21].

The first peak of the short circuit current is of very large
magnitude; it is this part of the current wave that is
important from the point of view of dynamic stability and
the mechanical strength of the transformer. If the
transformer can withstand the force at this point of time,
then it has the ability to withstand the forces generated in the
subsequent part of the current waveform. The subsequent
part of the current waveform is important from thermal
stability point of view.

When a three phase short circuit occurs there is a heavy
concentration of electromagnetic fields in the core window
and maximum failure in core type transformer very often
occur in this region. The windings on the central limb are
subject to higher forces. There is a considerable variation of
forces along the winding circumference [106].

3. Design, Modelling and Simulation
3.1 Design

The design of 630kVA, 11000/433kV power distribution
transformer considered for the study of short circuit forces
are given in Table 1[15,16], and the other parameters and
dimensions of the core are height 195mm, diameter 200mm,
leg center 350mm, window height 440mm and stacking
factor 0.97 and core material M4, and maximum flux density
is 1.68 T. The dimensions of the winding and core are
shown in figure 4.
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3.2 Modeling of Windings

3.2.1 One Layer Winding

The LV winding of the transformer has 23 turns. The
conductor used has 2 strips along the width and 5 strips
along the depth. Each turn coils up in a clockwise direction,
the helical angle of which is found from the pitch and mean
circumference. As the winding coils up the change in the
symmetry is considered for thirteen vertical sections, the
entire circumference gets divided into twelve equal sectors.
When there is no asymmetry, each vertical section has a
height of 398mm (height of winding) and width of 23.75
mm and 32mm for LV and HV winding respectively. The
axial and radial forces (N) are calculated per unit depth
(mm) in z-direction; for the rectangular bar/surface (vertical
section of the winding) of 398mm X 23.75mm for LV
winding and 398mm X 32mm for HV winding using FEM.
The average radial force in the LV winding is found by
taking the average value of the radial forces in the thirteen
sections along the circumference. The net axial force in LV
winding is the sum of the axial forces in the twelve sectors.
The force in each sector is the average value of force
between two adjacent sections multiplied by (nD/12)
[12,15].

Table 1: Specifications of 630kVA, 3 Phase Power
Distribution Transformers

Winding
Parameters ny; Ry,
. cross- | One layer- | Two layer-
Type of coil over helic)alll helic?ill
No of coils per phase 2 1 1
No of turns per phase 1062 23 23
Conductor size (bare) Diameter:|6.70X4.25 | 10.02X4.70
2.850 X10 X6
Conductor size covered 3.150 |7.10X4.65|10.42X5.10
Conductor placement - 2WX5D 3WX2D
Inner diameter of coil (mm) | 275.5 207 207
Axial length of coil (mm) 398 398 398
No of turns per coil 531 23 23
No of layers 9 1 2
No of turns per layer 59 23 11.50
Outside diameter of coil(mm)| 339.5 254.5 254.5
Voltage (V) 11000 433 433
Yoke clearance 21.5 11 13
Inter phase connections Delta Star Star
195
i G 21 J: T [=R=8
230
12T 2%d 414
1.5
b A & .Ddr £ 21 :: B0 S | B
—195—+— 155575 |
2475 | 1'3|f.

Figure 4: Dimensions (mm) of winding and core for equal
effective height of one layer LV and HV windings

The average radial force in the HV winding is found by
taking the average value of the radial forces in the thirteen
sections along the circumference. To compute the net axial
force in the HV winding, the average value of the axial force
of thirteen sections is multiplied by the mean circumference.

So as to find the optimal height of LV winding when the
stresses in both windings and end turn are least the effective
height of LV winding is varied in steps of +1% to that of the
HV winding.

To study the effect of center tapping, 10% of the middle of
the HV winding is removed. The thinning of LV winding
adjacent to the tapped region has not been taken into
account.

3.1.2Two Layer Winding

The two-layer winding starts and finishes at the top. The
inner layer conductor passes to the outer layer at the bottom,
so an additional turn is provided. Turns 1-12 constitute the
inner layer and turns 13-24 constitute the outer layer. The
start of turn-1 of the inner layer and end of turn-24 of the
outer layer are connected to the line terminal. Turn-1 and
turn-24 are at the top, and turn-12 and turn-13 are at the
bottom of the winding. The conductor used has 3 strips
along the width and 2 strips along the depth. The helical
angle is found from the pitch and the mean circumference.
As the winding coils up there is change in the symmetry of
outer and inner layer, it is considered for thirteen vertical
sections. The inner layer turns coil up in the clockwise
direction, (from section-1 towards section-13) and the outer
layer turns coil up in anticlockwise direction from section-13
towards section-1). The entire circumference gets divided
into twelve equal sectors. When there is no asymmetry, each
section has a height of 398mm (height of winding) and
width of 23.75 mm and 32mm for LV and HV winding
respectively. The axial and radial forces (N) are calculated
per unit depth (in z-direction) for the rectangular bar/surface
(vertical section of the winding) of 398mm X 11.875mm
each for inner and outer layer of LV winding and 398mm X
32mm for HV winding. The radial force and axial force in
per unit depth in these two rectangular bars are computed the
space between the inner and outer layer is ignored.

The average radial force in each layer of LV winding is
found by taking the average of the radial forces in the
thirteen sections of the respective layer along the
circumference. The net axial force in LV winding is the sum
of the axial forces in the twelve sectors of both the layers
taken together. The force in each sector is the average force
between two adjacent sections multiplied by (nD/12). The
average radial force in the HV winding is found by taking
the average of the radial forces in the thirteen sections along
the circumference. To compute the net axial force in the HV
winding, the average value of the axial force of thirteen
sections is multiplied by the mean circumference [12,16].

The axial height of the HV (hHV) is kept fixed (398 mm)
while the effective height of LV (hLV) is varied in steps of
+1% for one layer and +1% for two layer helical LV
windings. So as to study the effect of asymmetry caused by
tapping, the center +10% of HV is tapped. Forces are found
for both without and with tapping of HV winding.
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To study the effect of tapping, 10% of the middle of the HV
winding is removed. The thinning of LV winding adjacent to
the tapped region has not been taken into account in this
study.

3.3 Simulation

The software Finite Element Method Magnetic (FEMM)
version 4.2 has been used to compute the short circuit forces.
FEEM 4.2 considers current driven magnetics. The complete
section of the transformer is used for simulation of the forces
and Dirichlet boundaries are used [22]. In the 2-D modeling
of the transformer, the cross section of the core and the
winding is considered, and the per unit depth (z-direction) in
mm is taken into account. Rectangular bars/sections are used
which are taken to be equal to the entire coil of the winding.
The core section is taken to be circular, and all the results
are taken for the window region.

The magnetostatic simulation is carried out by feeding
constant currents into the windings, I; in the primary and
I, = —I;(N;/N,) in the secondary, where N; and N, are the
number of turns in the primary and secondary. The
maximum value of short circuit current I,. is found using
equation (30) value of asymmetry factor k is taken as 1.8.
To simulate the electromagnetic fields at the time the fault
occurs, it is taken that the first peak of the symmetrical
current passes through the central/middle limb. The core is
assumed to be linear and with constant permeability.

Problem definition: Type: Planar, Unit length: millimeters,
Frequency: 50 Hz, Depth: 1 mm, Solver precision: 1e-008,
Minimum angle: 30°, AC solver: Successive precision

4. Material Properties

Core: Linear region, permeability in x-direction: 7000,
permeability in y-direction 7000, lamination thickness:
0.27mm, Lamination fill factor 0.97. HV winding:
permeability in x-direction: 1, permeability in y-direction:1,
electrical conductivity: 58MS/m, number of strands:1, strand
diameter 2.85mm. LV winding: permeability in x-
direction: 1, permeability in y-direction:1, electrical
conductivity: 58MS/m, number of strands:1, strand diameter
:18.97mm

In this study, the values of the computed forces in the LV
and HV winding are the forces exerted in the bar on the right
side of the central limb. Hence, the negative values of radial
force are directed towards the central limb of the core and
are compressive. The positive values of radial force are
directed towards the tank and are of bursting nature. The
negative values of axial force are in downward direction,
towards the lower yoke and are of compressive nature. The
positive values of axial force are in the upwards direction,
towards the upper yoke, hence are tensile in nature.

After design and simulation the flux distribution when the
windings are symmetrical with only central limb energized
(Section-8), with center tapping under short circuit condition
is shown below in figure 5.

Figure 5: Flux distribution when central limb is energized

5. Results and Analysis
5.1 Short Circuit Forces in One Layer LV Winding

5.1.1Average Radial Force: The average value of the radial
force in LV winding directed towards the core for all the
cases are shown in Figure 6.As the effective height of LV
winding compared to HV winding is increased (Case-7 to
Case-11) there is a decrease in the magnitude of radial force.
As the effective height of LV winding compared to HV
winding is decreased (Case-5 to Case-1) the radial forces
increase. The presence of tapping reduces the value of
average radial force marginally, with relatively more effect
for Case -1 and least for Case-11.
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Figure 6: Average radial force in one layer LV winding for

different effective axial height of LV winding keeping the
height of HV winding fixed
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5.1.2 Net Axial Force: Due to the helical nature at the start
of the winding in section-1 the force acts in a downward
direction and as the helix climbs up the force acts in an
upward direction in section-13. Figure 7gives the net axial
force in one layer LV winding for different cases. In case of
untapped winding the net axial force in the one layer LV
winding acts downward and is exerted on the lower yoke for
Case-1 to Case-6, but as the relative height of the one layer
LV becomes more than that of HV winding the net axial
force acts upwards and is exerted on the upper yoke. The
least magnitude net axial force in upwards direction is
observed for Case-8. In case of tapped winding, the net force
is always directed towards the upper yoke and of large
magnitude. The transformer is uneconomical when the
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effective height of the one-layer LV winding is less than HV
winding; hence, LV windings with an effective height less
than the height of HV winding are not preferred.

5.2 Short Circuit Forces in Two Layer LV Winding

5.2.1Average Radial Force: The figure 8 gives average
radial short circuit force in two layer LV winding for
different effective axial height of LV winding keeping the
height of HV winding fixed. As the effective height of two
layer LV winding becomes more than the height of HV
winding the magnitude of radial force decreases marginally.
The presence of tapping negligibly reduces the average
radial force.

5.2.2 Net Axial force: The figure 9 gives net axial short
circuit force in two layer LV winding for different effective
axial height of LV winding keeping the height of HV
winding fixed. For untapped winding the axial force in LV
winding acts in downward direction towards the lower yoke.
The average valve in the sections for a particular case, of the
downward force varies from 26N to 31N (per unit depth in
z-direction) for different cases. Thus, the magnitude of net
axial force acting in a downwards direction for untapped
winding is least force Case-6 and maximum for Case-11.

For tapped winding the axial force in LV winding acts in a
downward direction towards the lower yoke. The magnitude
of net axial force acting in downwards direction for tapped
winding is least force Case-6 and maximum for Case-11.

20.00

withtzpping 4

[~
h
=
L=

10.00

IPAPSNE B A

h
=
L=

Met fxial foree (KN

=
=]
=

4 53 6 7 8 9 101

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

-1.00 203 4 3

M wathout tappmg

MNet Axial force (KIN)

6 7 B 9 10 11
Caze
Figure 7: Net axial force in one-layer LV winding for
different effective axial height of LV winding keeping the
height of HV winding fixed
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Figure 8: Average radial force in two-layer LV winding for

different effective axial height of LV winding keeping the
height of HV winding fixed
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Figure 9: Net axial force in two layer LV winding for
different effective axial height of LV winding keeping the
height of HV winding fixed

5.3 Short Circuit Forces in HV Winding

(a) Average radial forces: The figure 10 gives the average
radial force in HV winding for different effective axial
height of one layer LV winding keeping the height of HV
winding fixed.
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723 5.3.1 Short circuit forces in HV winding when LV
l winding is two layer type
207 o (a) Average radial forces:The figurel2 gives the average
- * radial force in HV winding for different effective axial
o= 13 * * height of two layer LV winding keeping the height of HV
E’ 710 * winding fixed. As the effective height of LV winding
= * compared to HV winding is increased (Case-7 to Case-11),
"--; 705 * . there is a marginal decrease in the magnitude of radial force.
= +* The presence of tapping reduces the value of average radial
e 700 * force marginally.
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Figure 10: Average radial force in HV winding for different E 720 ¢ »
effective axial height of one layer LV winding keeping the = *
height of HV winding fixed £ 713
=11
As the effective height of LV winding relative to HV z o
winding is decreased (Case-5 to Case-1) there is a marginal = 705
increase in the magnitude of radial force in HV winding & 7 g0 10 1
(directed towards the tank). As the effective height of LV o with _ Case ot
winding relative to HV winding is increased (Case-7 to without t2pping Wit tppmg

Case-11) the radial forces (directed towards the tank)
decreases marginally. The presence of tapping reduces the
value of average radial force marginally, with relatively
more effect in Case-1 and least in Case-11

(b) Net axial forces: The figure 11 gives the net axial force
in HV winding for different effective axial height of one
layer LV winding keeping the height of HV winding fixed.
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Figure 11: Net axial force in HV winding for different
effective axial height of one layer LV winding keeping the
height of HV winding fixed
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The least magnitude of axial force directed towards the
upper yoke for untapped condition is for Case-4, Case-1,
Case-10, Case-5, Case-8, Case-9, Case-7, Case-6 and Case-
11 (in that order). The least magnitude of net axial force
directed toward the lower yoke for untapped condition is for
Case-3, and Case-2 (in that order). The least magnitude of
net axial force directed toward the upper yoke for tapped
condition is for Case-9, Case-1, Case-10 and Case-8 (in that
order), The least magnitude of net axial force directed
toward the lower yoke for tapped condition is for Case-7,
Case-2, Case-5, Case-6, Case-3, and Case-4 (in that order).

Figure 12: Average radial force in HV winding for different
effective axial height of two-layer LV winding keeping the
height of HV winding fixed

(b)Net axial forces: The figurel3 gives the net axial force in
HV winding for different effective axial height of two layer
LV winding keeping the height of HV winding fixed.
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Figure 13: Net axial force in HV winding for different
effective axial height of two-layer LV winding keeping the
height of HV winding fixed

As the effective height of LV winding becomes more than
the height of HV winding the magnitude of net axial force
directed upwards towards the upper yoke increases. The
presence of tapping reduces the magnitude of the upwards
directed axial force.

6. Conclusion

For a LV winding of one-layer helical type the force
developed in both the LV and HV windings are of torsional
nature, hence so as to have least magnitude of net axial force
in LV and HV windings the effective height of the LV
winding should preferably be 2% more than the height of
HV winding. For a center tapped design so as to have least
magnitude of net axial force in LV and HV windings the
effective height of the LV winding should preferably be 1%
more than the height of HV winding.

Volume 8 Issue 2, February 2019

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: ART20195382

10.21275/ART20195382

1225



International Journal of Science and Research (IJSR)
ISSN: 2319-7064
Impact Factor (2018): 7.426

For a LV winding is two-layer helical type, the radial force
in the outer layer is 3 times that in the inner layer and the
axial force in the outer and inner layer are equal. The net
axial force in the LV winding is directed downwards
towards the lower yoke and in HV winding the axial force is
directed towards the upper yoke. To have least magnitude of
net axial force in LV and HV windings the effective height
of the LV winding should preferably be equal to the height
of HV winding.
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