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ABSTRACT

Switching operations in a power system network can lead to transient overvoltage in the high
voltage (HV) winding of distribution transformers that causes high-stress build-up. This paper
presents the relationship between electromagnetic force due to a standard switching impulse
(SSI) and mechanical deformation/displacement behaviours for a disc-type transformer. The
analysis was carried out based on a three-dimensional (3D) modelling of a continuous HV
disc winding configuration whereby it is subjected to the switching transient voltage and force
excitations through the finite element method (FEM). The electric transient solver analysed
the static and dynamic aspects of the electromagnetic forces associated with the variation of
forces versus time. The transient structural solver evaluated the structural behaviours of the
disc winding related to the axial height and radial width of the winding under electromagnetic
forces. It is found that the positively dominant axial force generated in the winding with a

magnitude of 8.7 N causes the top and bottom
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INTRODUCTION

According to a global survey conducted by CIGRE WG A2.37, among the major
contributors to transformer failures is the winding, including deformation cases
(Tenbohlen et al., 2016; Tenbohlen et al., 2017). The winding deformations normally
occur at locations between spacers and barriers (Kojima et al., 1980). These phenomena
are usually caused by the high electromagnetic forces from the overvoltage/overcurrent
in the power system networks (Da Costa Oliveira Rocha et al., 2014). The majority of
transformer insulation failures and abnormal electromagnetic stresses on windings are
caused by repetitive in-service switching operations (Agrawal, 2001b; Yasid et al., 2023;
Yutthagowith, 2022).

The primary fundamental of switching transient is the interruption of the steady state of
a power system network caused by the switching operations. High resonance overvoltage
can occur once the oscillations of the switching operations match with the resonance of a
transformer (Bjerkan, 2005). It can trigger overvoltage up to 4 or 5 times higher than the
normal power frequency, resulting in a steep-fronted surge that generates large stress in a
transformer (Bhuyan & Chatterjee, 2015). This condition can also occur once the transient
voltage excitation wave frequencies are close to the major frequencies of the transformer
(Massaro & Antunes, 2009). Surge arresters are normally installed as surge and overvoltage
protection devices but are only sensitive to voltage amplitudes. Therefore, the incoming
transient voltage wave might still cause resonance behaviours in the winding even when
the amplitude is well below the protection level if there is a matching in the frequencies
(Agrawal, 2001a; Florkowski et al., 2020).

The finite element method (FEM) is known as one of the best alternative methods to
solve engineering problems, and it can provide results closer to physical phenomena (Rao
etal., 2012; Rao, 2005; Yan et al., 2016). Several studies have been conducted to examine
the magnetic fields, stresses and electromagnetic forces during transient conditions through
the FEM. The electromagnetic forces on the transformer windings based on FEM are
carried out in Arivamudhan and Santhi (2019), Dawood et al. (2019), Faiz et al. (2011)
and Fonseca et al. (2016). The axial and radial forces are found to be the highest at the
end and middle sections of the windings, respectively. Other studies focus on the stress
concentration factors (Hodhigere et al., 2018; Muminovic et al., 2015). It is found that
the irregularities in the stress distributions cause abnormal stress concentration on the
winding. The previous study also examined the magnetic fields within transformers of
different geometrical dimensions and magnetic parameters (Hussein & Hameed, 2022). It
has been discovered that different winding configurations can affect the magnetic field and
electromagnetic force distributions. In addition, the leakage flux induced by different types
of faults can affect the structural deformation and displacement of the windings (Fonseca
etal., 2018; Nazari, 2013; Zhang et al., 2021).
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It is known that the structural displacements and deformations of windings can lead to
mechanical faults. It can be divided into two main modes, which are axial displacement and
radial deformation (Bagheri et al., 2012; Gutten et al., 2011; Nurmanova et al., 2019; Ou
et al., 2022; Tahir & Tenbohlen, 2019). Axial displacement can cause a complete winding
displacement, tilting and bending of the windings. Radial deformation causes hoop tension
, forced and free buckling. When both forces are excessive, it can cause spiralling and
telescoping of windings. These conditions challenge manufacturers and users to compute
the changes in the structural behaviours of different winding configurations and faults since
generic condition interpretation could not be applied. Furthermore, limited analysis that
focuses on the disc winding configuration is available. This winding type is common in
a core-type transformer but is more complex than the spiral-type winding (van Jaarsveld,
2013).

The findings of this study have significant implications for characterising the
behaviours of the electromagnetic forces as well as identifying the corresponding
deformation and displacement behaviours of a disc winding structure due to a switching
transient. The study presents a case study of a single-phase HV winding model of a 30
MVA disc-type distribution transformer. A 3D model that considers 8-disc winding is
simulated through Ansys. The electromagnetic forces and mechanical deformation/
displacement due to standard switching impulse (SSI) are investigated through electric
transient and transient structural analyses. The stress concentration with characteristics

of deformation and displacement of the
Table 1

The HV winding geometrical specifications of Dynll,
30 MVA disc-type transformer

disc winding obtained from this study are
anticipated to provide helpful insight for

physical configurations at the design phase

oo Parameters Specification

of the transformer winding. Number of discs in one phase 96
Number of turns per disc 30

METHODS Height of conductor 11.5 mm

Design and Disc Winding Modelling Width of the conductor 2.4 mm
The thickness of the insulation 0.5

In order to evaluate the structural (double-sided) = mm

performance of the disc winding design, the ~ Distance between each disc 3 mm

solution strategy began with the evaluation ~ Cooling duct between layers 12 5 mm

. . . d13
of the numerical electric transient due to ) o
th ichi ¢ ient. Th trical Inner radius of the HV winding 374.5 mm
itching transient. metri . .

? S‘fv ching transie ¢ geometrica Outer radius of the HV winding 466.5 mm
winding model was constructed based o ofthe HV S
on the structural parameters and material  winding :
properties of a 33/11 kV, 30 MVA disc-type ~ Height of HV winding 1437 mm
transformer, as shown in Tables 1 and 2.  Insulation between HV —LV 20 mm

windings

Figure 1 shows the single-phase front cross-
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Table 2
Winding and mechanical properties used in FEM
Part Materials Density (kg m) ME (GPa) PR
Conductor Copper 7850 113 0.3
Insulation Kraft paper 930 1.1 0.001
Fixed support Steel 7850 200 0.3
LV winding HV winding
Core Layer Layer Layer Layer

g ”“ Disc 96

- - - -

R - - - Disc 2
”' [T_|--- Disc 1
e

N

[275.5 mm 80 mm [ ™20 mm 92 mm

Figure 1. Single-phase 33/11 kV transformer front cross-section view

section view of the transformer winding. In this case, only HV winding was modelled
and analysed since the electromagnetic forces induced by the excitation inrush mainly
acted on this side (Zhang et al., 2021). It is known that the transient condition causes the
transformer’s core to oversaturate, leading to reduced permeability (van Jaarsveld, 2013).
Therefore, the core was not considered during transient analysis. The spacers are not
considered in the electrical and mechanical analyses since it is not electrically active and
is not subjected to significant mechanical loads.

The 3D geometric model of the disc winding that includes conductors, insulation
materials and winding fixed supports can be seen in Figure 2. Figure 2(a) shows the
perspective view, and Figure 2(b) shows the % symmetrical top and trimetric views of
the model. The model consists of continuous § discs, each comprising 6 conductors and
5 turns. Due to the nature of the transformer’s symmetrical structure, the 3D geometric
model was split into 4 symmetrical parts. This symmetry boundary condition setting leads
to efficient computational in terms of space and run times.

In this study, the winding modelling was simplified and considered an ideal model
focused only on the 8 topmost discs. An implicit assumption was made that the winding was
arotation symmetric cylinder with a continuous arrangement of the copper conductors. The
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[ Conductor
[ Insulation
["IFix support

(a)

(b) (©)

Figure 2. Details of HV disc winding model: (a) Perspective view; and (b) % symmetrical top and trimetric view

structure presents the geometry, material properties, capacitive and inductive couplings for
every element of the disc winding. The skin effect was also considered. The winding fixed
supports were placed at the inner and outer layers of the winding to simulate clamping.
The 3D geometric model was subjected to a mesh of free tetrahedrons network composed
0of 492 active bodies, 2,678,899 nodes and 1,271,896 clements.

The current simulation work was performed based on a similar approach to Murthy
et al. (2020), whereby the 3D geometric model validation was conducted by comparing
the results of simulated and measured frequency response analyses (FRA). The study
showed good agreement between simulated and measured FRAs, which indicated that the
winding model was adequate and applicable to this analysis. Another study showed that the
parameters of the winding model were near the actual transformer once good agreement
was found between the simulated and measured FRAs (Behjat & Mahvi, 2015).
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St.anc!ard. Switching Impulse Voltage Switching
Distribution impulse
The SSI voltage as per IEC 60071-1, 2019 [1 6 5]4]3]2][1—" Discs
and IEEE Std C37.30, 2018, defined the N b Disc 7
front and tail times as 250 and 2500 ps. ] Disc 6
The impulse generator circuit generated the q ] ] Disc 5
SSI voltage waveform (Ren et al., 2016). | [ ] ] :] Disc 4

In total, 1 cycle of SSI voltage was used E‘l T T ] Disc 3

as the input data for the force analysis. | | | ‘ ‘ b Disc 2
The voltage was defined in per unit (p.u) d [ [ 1| Disc 1
based on the ratio of the peak overvoltage

to the peak phase-to-earth voltage for the . —

transformer winding. For this case, the —
. . . . Figure 3. The overall scheme of switching impulse

analysis considered the highest magnitude ;.15

of a switching surge that could be achieved,

which was 5 p.u, equivalent to 165 kV. This SSI voltage was superimposed on each disc

windings to determine the total electromagnetic force. Figure 3 shows the overall scheme

of the SSI voltage application on the winding.

Relationship of Electromagnetic Forces and Winding Displacement/Deformation

The computed electromagnetic forces from the electric transient analysis were transferred
to the transient structural analysis to obtain the deformation/displacements of the winding.
The winding model was remodelled using the Space Claim in the Ansys Workbench to
certify its initial structure. The internal overvoltage was obtained as a result of the response
within the winding due to the 1 cycle of SSI voltage. The transient current and leakage
flux generated the electromagnetic forces in the winding. The forces in the winding can
be obtained by the Lorentz force, as shown in Equation 1.

dF = id x B [1]

Where F is the force, / is the current density, and B is the flux density. The magnetic
computation of the 3D modelling was described in x, y and z planes since the current was
normal to those planes (Feyzi & Sabahi, 2008). The component of leakage flux density
can be expressed as vector potential, as seen in Equation 2 (Ahn et al., 2012).

044

B, =— B, =0,

1 aT'Ad)
X ’ y B, =-
0,

=1 2]

Where B, B,and B, are directional components of leakage flux density, and 4y is the
magnetic vector potential. The electromagnetic force on the winding was expressed using
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the Lorentz force as per Equations 3 and 4 (Ahn et al., 2011).
F= f Jy9 X (ByX + B,2)dv = EX + F,Z [3]
4

F. =B, X]Jy, F =BX], [4]

Where, ], is the y-directional current density, X, ¥ and 2 are the unit vectors in the winding
plane. When the winding was subjected to a high electromagnetic force, the winding
deformation or displacement could be initiated. The deformation can be defined by elastic-
plastic deformation, stress and strain control (Zhang et al., 2014). The relation between
stress and mass force in space can be described based on Equation 5.

do, 01, 0, —0g _

ar 0z + T tfr=0 5]
do, OJt,, N Try LE =0

0z Jar r fo =

Where f, and f, are the radial and axial forces exerted on the winding. g,., gy and g, are
the radial, tangential and axial stress. The relationship between strain and displacement
describes the displacement. The strain-displacement describes how the applied forces
on the winding cause it to deform and result in displacement of the winding. The strain
displacement can be expressed by Equation 6.

_Ou, Uy
= %r =7 [6]
Ju, Ju, OJdu,
<(-:Z = YTZ = +
0z dz  Or

Where &,, &g, and &, are the radial strain, tangential and axial strain, y,, is the shear strain,
u, and u, are the radial and axial displacements. The relationship between stress and strain
in space can be expressed by Equation 7.

1
& = E [Ur - .U(Ue + 0-2)] &g = E [0-0 - “(O-Z + Gr)]
1 2(1+ [7]
& = E [GZ - ‘Lt(O'r + 09)] Yor = % zr

Where T,,,. is the shear stress, p is the Poisson ratio of the winding material, and E is the
elastic modulus according to the mechanical properties of the winding material.

RESULTS AND DISCUSSIONS

The deformations were classified into two modes: which are directional and total
deformations. Directional deformation refers to the deformation of the disc winding
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structure in a particular defined direction known as the x-, y- and z-directions. These defined
directions were correlated to the expressed electromagnetic force directions. The total
deformation is the vector sum of all the directional deformations. It should be noted that
the forces generated from 1 cycle of SSI would not cause the winding to deform/displace.
In this case, the scale of deformations was increased to analyse the possible deformation
and displacement on the disc winding.

Electromagnetic Force Generated Due to the SSI

The electromagnetic forces generated due to 1 cycle of the SSI are displayed in the time
domain, as seen in Figure 4. The forces are given into 3 directional components as the 3D
model planes, x-, y- and z-directions. The x- and y-directional forces represent the radial
force, while the z-directional force represents the axial force. It is found that both y- and
z-directional forces increase while the x-directional force decreases after 1500 ps. The peak
amplitude of the x-, y- and z-directional forces is -0.5 N, 3.2 N, and 8.7 N, respectively. The
average radially x- and y-directional force on the winding is 1.4 N, a positively directed
force. This condition indicates that the width of the disc winding experiences a horizontal
tensile force. The axially z-directional force is positively directed, which signifies that
vertical tensile force is projected along the height of the disc winding. The axial force in
the disc winding is observed to be more dominant than the radial force.

10

== X - directional force
8+ | = Y - directional force
=== Z - directional force

6 i
z :
8 4
o
w
2,,
0
-2
0 500 1000 1500 2000 2500

Time (us)

Figure 4. The electromagnetic forces generated due to 1 cycle of SSI

Directional Deformations

The variations of winding structural behaviours along the x-, y- and z-directions over 1
cycle of SSI waveform with 0.5 deformation scale factor are shown in Tables 3 and 4.
The average x-, y- and z-directional deformations are concentrated atx =0,y =0, and z =
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Table 3
Results of directional deformations of disc winding

Directior'lal Minimum  Maximum  Average Minimum Maximum Oceurs On
deformation (mm) (mm) (mm) Occurs On
X -1.24x10°  2.97x10°¢ -7.22x107  Conductor 1 (Disc 5) Conductor 1 (Disc 7)
Y -1.22x10°  3.51x10°  3.12x10°  Conductor 6 (Disc 8) Conductor 1 (Disc 5)
Z -2.56x10°  3.81x10°  6.11x10°  Conductor 1 (Disc 6) Conductor 2 (Disc 8)

0 planes (Ahn et al., 2011). The directional deformations are presented with the element
triads that show the directions of the deformation moments.

The directional deformation analysis of the disc winding shows that the maximum
deformation occurs in the z-direction, which is along the axial height of the winding.
The highest deformation is located on the topmost disc layer with a peak magnitude of
3.81 x10° mm. This deformation is about 6 times higher than the average deformation
of this direction. The axial displacements are obvious at the top and bottom layers of
the disc winding, as seen in Figure 5. The winding experiences axial displacement and
tilting of conductors. The positive z-directional deformation causes the bottom and
top disc layers to displace slightly upward from their original position. In addition, it
is observed that the conductors at both disc layers tilt to the right and left directions at
a small angle ranging between 5° and 10°. In this case, the support structures seem to
bend or not evenly align since they are experiencing deformations. It causes the axial
force to be imposed unevenly on the winding, which leads to different degrees of tilting
in different disc layers. These results align with the findings of Behjat et al. (2018) and
Dawood et al. (2020), whereby higher axial forces are detected at the end discs and
cause the tilt of conductors.

The second highest deformation occurs at the outer-most winding or circumference
of the winding, which is in the y-direction with a peak magnitude of 3.51x10° mm. The
y-directional deformation acts perpendicularly to the axis of the disc winding, causing
the hoop tension. This hoop tension refers to the tensile stress that occurs perpendicularly
to the winding axis. This stress leads to the stretch of the winding conductor along the
circumference of the winding, which results in changes in its dimension and shape. The
outer layers of the winding conductors bend outwardly between each fixed support as the
fixed support structure has higher stiffness than the winding conductors, as seen in Figure
5. On the other hand, the x-directional deformation is quite small, with a peak magnitude
0f 2.97x10"° mm and results in insignificant structural deformation. These results match
those observed in earlier studies by Behjat et al. (2018) and Meng and Wang (2004), which
found that radial forces act outward on the outer winding. Based on the overall results of
the directional deformation analysis, it is observed that the deformation is higher in the
axial direction as compared to the radial direction.
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Figure 5. Directional deformations of disc winding at: (a) x- and y-directions; and (b) z-direction

Total Deformation

The variation of total deformation that shows the total structural behaviours of the disc

winding over 1 cycle of SSI with a 0.5x deformation scale factor is shown in Table 4 and
Figure 6.
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Table 4
Results of the total deformation of disc winding

Total Minimum Maximum Average Minimum Occurs On ~ Maximum Occurs On
. (mm) (mm) (mm)
deformation - -
0 4.31x10° 7.30%10¢ Fixed support 1 Conductor 2 (Disc 8)

Min

Top view

Conductor 2
of Disc 8

Fixed
support 1

Side view

Figure 6. Total deformation of disc winding due to SSI

The total deformation analysis shows that the maximum deformation occurs on the
conductor at the topmost disc layer of the winding, with a peak magnitude of 4.31x10 mm.
The minimum deformation occurs on the fixed supports, with 0 mm. The deformations at the
fixed support sections are lower than those of the winding conductors. Radial deformations
are more obvious at the middle sections of the winding and uniform across the width of
the winding. The deformation in the axial direction is obvious at the top and bottom disc
windings. The analysis also reveals that deformation is the highest at the outer-most layer of
the winding, in both radial and axial directions. It is because the sections with higher leakage
flux experience higher electromagnetic forces and are prone to experience deformation and
displacement (Faiz et al., 2011). The deformation and displacement computation results
show that along the z-direction, the axial force gradually increases from the middle to the
end of the HV windings. Along the x and y directions, the radial force linearly increases
from the inner to outer sides of the HV winding.
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CONCLUSION

This work examines the electromagnetic force and structural deformation/displacement
characteristics of a disc winding. The axial force generated in the winding causes the top
and bottom layers of disc winding to tilt and displace with a peak magnitude of 3.81x10
mm. The radial force causes the circumference of the winding to experience hoop tension
and outwardly stretch with an average magnitude of 1.9x10~ mm. The deformation and
displacement are more likely to occur to the outer layer of the disc winding, whether in
axial or radial directions. The disc winding experiences a higher axial force; therefore, axial
structural displacement is more dominant as compared to radial structural deformation.
These findings generally strengthen the finding that high-stress concentration can lead to
a high degree of deformation and displacement of windings. In the case of disc winding
subjected to the SSI, consideration should be given to the design of the winding conductors
and its axial clamping system or fixed supports to ensure the disc winding structural
integrity.
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