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ABSTRACT Power transformers are inevitably subjected to external short circuit impact during their
service period. The electromagnetic force generated by the fault current may cause winding destabilization
and collapse. The radial buckling of the inner winding accounts for a considerable proportion. Based on
the effective contact of the sticks, the traditional analytical methods ignore the manufacturing deviation
and operation impact (MDOI) characterized by assembly gaps and insulation shrinkage. To address the
limitation of the contact-constrained approach, this paper proposes the equivalent support stiffness (ESS)
analytical method. The ESS method can investigate the issues of support weakening and failure, which are
affected mainly by assembly gaps and insulation shrinkage. Further, two transformers are implemented in
the short-circuit tests to demonstrate the feasibility of the ESS method. Among them, the assembly gaps
are investigated by the first and second windings of the newly manufactured transformer, and the influence
of insulation shrinkage is researched through a 30-year-old transformer. Furthermore, the application of the
ESSmethod is expressed based on the tests and the simulations. The research presents quantitative references
for transformer design and operational reliability assessment. The ESS method can be an improvement and
supplement to traditional methods.

INDEX TERMS Power transformer, winding, short circuit, buckling, manufacture, operation.

NOMENCLATURE
A. ABBREVIATIONS
ESS Equivalent support stiffness.
HV High-voltage.
LV Low-voltage.
MDOI Manufacturing deviation and operation impact.
TV Tertiary-voltage.

B. SYMBOLS
Name Type Unit
σϕ Equivalent hoop stress MPa
σcr Critical hoop stress MPa
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approving it for publication was Vitor Monteiro .

1xact Actual compressed size of material mm
1x0 Initial inner gap caused by the MDOI mm
Ast Stick area subjected to the radial force mm2

bc Width of the winding copper strand mm
Bzsc Short-circuit axial leakage flux density T
E0 Equivalent elastic modulus MPa
Et Tangent modulus of elasticity MPa
fr Lorentz force in the radial direction N/mm3

Fact Compressive force on each stick N
hc Height of the winding conductor mm
Jsc Short-circuit current density A/mm2

Keq Equivalent stiffness N/mm
L0 Total length of internal support. mm
Nst Number of the sticks
R0 Mean radius of the inner winding mm
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Wid Width of the winding mm
Wst Width of the stick mm

I. INTRODUCTION
Power transformer is an essential equipment in electric power
systems, and transformer damage caused by an external short
circuit may affect the power system’s reliability [1]. As the
electromagnetic force during short circuit impact is much
larger than that of rated operation, short-circuit fault should
be paid extra attention to [2], [3]. As shown in Fig.1, the
radial failure of inner winding is a crucial issue according
to the characteristics of the damage phenomena, such as
deformation, forced buckling, and free buckling [4].

When a sufficiently electromagnetic force acts on the
winding under short circuit conditions, the copper strand
conductor will bend, buckle, collapse, or even damage
the transformer [5], [6]. The winding strength research
methods include theoretical analysis [7], [8], material
research [9], [10], fault analysis [11], test investigation [12],
[13], and simulation [14], [15]. Simulation calculation by the
finite element method (FEM) has increasingly replaced tradi-
tional high-cost and highly destructive experimental research
with the continuous improvement of simulation technol-
ogy [16], [17].

For the analysis of winding strength and stability, it is
customary to divide it into two dimensions, the axial and
radial components [18], [19]. Among them, radial buck-
ling mainly occurs in the inner winding, related to many
factors such as wire type, conductor thickness, and stick
number [6], [20]. Radial buckling strength should consider
both forced buckling and free buckling. Free buckling occurs
when a sufficient gap is present between the inner wind-
ing [6]. According to the traditional theoretical research
method, the internal supports are equivalent to contact con-
straints, which do not consider the manufacturing deviation
and operation impact (MDOI) [7]. The traditional research
method is based on valid support and discusses the influ-
ence of winding radius, conductor size, and stick number
on the radial failure of the inner winding. However, this
judgment method based on sufficient support cannot consider
the impact of assembly gap and insulation shrinkage [21].
Transformer manufacturing deviation and winding insulation
shrinkage are inevitable in engineering. As a result, it isn’t
easy to accurately evaluate themechanical properties of trans-
former windings based on the fully supported method. Thus,
due to the need for more consideration of MDOI, trans-
former damage during operation and grid breakdown acci-
dents often occur. Unfortunately, the winding radial buckling
research considering the influence of MDOI has yet to be
described.

To address the above deviation and aging issue, this article
proposes the equivalent support stiffness (ESS) method to
investigate the radial buckling of inner winding. Further,
the effects of support, including the quantity, stiffness, and
defect, are simulated by the finite element method (FEM)

FIGURE 1. Typical phenomena of radial buckling failure.

FIGURE 2. Flow chart of ESS method.

based on the ESS method. As the ESS method can consider
the influence of MDOI, the results are more accurate when
evaluating the winding buckling strength.

The expensive cost and high destructiveness of the trans-
former short-circuit test determine that the research work
in this field is mainly based on materials and models [22].
However, these models cannot reproduce the gaps during
manufacturing [23], [24], [25]. To address the issue, two real
transformers have been implemented in short-circuit tests
to investigate the feasibility of the ESS method. Specifi-
cally, one 50MVA/110kV three-phase three-winding trans-
former is newly designed, and the other is a 30-year-old
150MVA/220kV transformer.

The structure of this paper is organized as shown in Fig.2.
Section II proposes the ESS analytical method to investigate
the radial buckling strength. Then, the vital characteristic
quantities which affect the critical hoop stress are described
theoretically, including the conductor, stick, MDOI, and
defect. Based on the ESS method, Section III investigates
the buckling strength when the defect is ignored and con-
sidered, respectively. The short-circuit tests of two actual
transformers are implemented in Section IV to demonstrate
the ESS method. Further, the application of the ESS method
is analyzed based on the tests and the simulations. Finally, the
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conclusion and further research plan are expressed in the last
section.

II. WINDING RADIAL BUCKLING
A. HOOP STRESS AND BUCKLING STRENGTH
As mentioned above, the transformer windings are subjected
to a much larger electromagnetic force under short-circuit
conditions than the rated operating conditions. As the dif-
ference along each disk of the windings is small in the cir-
cumferential direction, a two-dimensional axisymmetric field
can generally meet the accuracy requirements for calculating
radial force. The hoop stress can be obtained according to the
calculated Lorentz force estimated by FEMunder shot-circuit
impact:

σϕ = R0 · fr = R0 · Jsc · Bzsc (1)

where σϕ is the equivalent hoop stress, R0 is the mean radius
of the winding, fr is the Lorentz force volume density in the
radial direction, JSC is the short-circuit current density, and
Bzsc is the average axial leakage flux density under the short-
circuit condition.

When solving the leakage flux distribution of transformer
windings, the static field can meet the requirement of solving
accuracy. Meanwhile, the ampere-turn method refers to the
calculation of loading the rated current on the primary side
and the secondary side, respectively. As the influence of
excitation reactance is not considered, this method is widely
utilized in traditional theoretical calculation and simulation
calculation with high computational efficiency. The govern-
ing equation of the magnetic field for a transformer can be
expressed as follows [4]:

∇
2A = µJ (2)

where A is the magnetic vector potential, µ is the magnetic
permeability, and J is the current density, denoting short-
circuit current.

Based on the steady-state solutionmethod, the leakage flux
density distribution and the Lorentz force can be simplified as
follows: {

B = ∇ × A
f = J × B

(3)

where B is the leakage flux density, and f is the Lorentz force
volume density.

Then critical hoop compressive stresses of inner windings
are expressed as follows based on IEC60076.5–2006 [5]:

σcr = Ks · σ0.2 (4)

where σcr is the critical hoop stress, also known as buckling
stress, σ0.2 is the proof stress of conductor material, and KS
is the coefficient that depends on the wire type. KS should be
taken as 0.6 when using resin-bonded strands and CTCs wire.
In other conditions, KS should be equal to 0.35.
From (4), the hoop stress generally reaches the buckling

stress before the proof value of the material. Thus, the radial

buckling analysis is as vital as the hoop stress calculation.
Radial buckling stress can be simplified as follows based on
the arch stability analytical method [4]:

σcr =
Et
12

(
bc
R0

)2
[(π

α

)2
− 1

]
(5)

where Et is the tangent modulus of elasticity, bc is the width
of thewinding copper strand,π /α reflects the characteristic of
buckling mode, and α is the angle between the radial adjacent
supports.

The buckling stress is related to the material, the width of
the copper strand, and the winding mean radius. Meanwhile,
the buckling mode and critical stress change with valid sup-
port quantity and support stiffness. As the influence of copper
wire has been studied in other literature, this paper will focus
on the effect of internal support on radial stability.

B. STICK SUPPORT STIFFNESS
When investigating the sticks’ compressive deformation, the
self-supporting effect of the conductor on the radial direction
is ignored. Thus, the compressive force on each stick in the
radial direction can be approximately given by:

Fact =
2π · fr ·Wid · hc · R0

Nst
(6)

where Fact is the compressive force on each stick, Wid is
the width of the winding, hc is the height of the winding
conductor, and Nst is the number of sticks.
The radial support inside the winding is influenced by

insulation cylinders, sticks, and core, which cannot be simply
equivalent to either valid or invalid support. More cases may
be between free buckling and forced buckling. When the
radial force is transmitted to the internal support structure,
the surface subjected to the force is the stick area. Then,
the comprehensive equivalent elastic modulus of different
materials inside the winding can be calculated as [4]:

E0 =
LW + LS + LC

LW /EW + LS/ES + LC/EC
(7)

where LW , LS, and LC are the length of the winding portion,
stick portion, and core portion, respectively, EW ,ES, and EC
are Young’s modulus of the winding portion, stick portion,
and core portion, and E0 is the equivalent elastic modulus.

The stick’s inner surface inside the winding is set as the
equivalent stiffness boundary constraint during the calcula-
tion. Then, the stiffness coefficient of the support structure
can be expressed as:

Keq0 =
E0 · Ast
L0

=
E0 ·Wst · hc

L0
(8)

whereKeq0 is the equivalent stiffness when ignoring the effect
of MDOI, Ast is the stick area subjected to the radial force,
Wst is the stick width, and L0 is the total length of the internal
support structure. It should be noted that the above formula is
only a theoretical value when ignoring the gap in the winding
assembly process and the shrinkage of the insulationmaterial.
Further, the winding is not fully supported by sticks and core,
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FIGURE 3. Support structure of the winding.

FIGURE 4. Calculation principle of the ESS method.

andKeq will be smaller than the theoretically calculated value
based on (8) when considering the gaps.

C. EQUIVALENT SUPPORT STIFFNESS METHOD
There are inevitable effects of the MDOI during a trans-
former service period, such as assembly gaps and insulation
shrinkage. This paper proposes the ESS method to address
the limitation of traditional researchmethods of direct contact
constraint. The radial buckling strength can be calculated by
defining the ESS of internal support and assuming support
failures.

TABLE 1. Winding Parameters.

It is considered that newly manufactured transformers are
in a defect-free state, while most of the old transformers have
local flaws. Furthermore, the ESS research method is based
on the actual engineering situation with specific assembly
gaps, as shown in Fig.3. The closer the windings are to the
core, the smaller the assembly gap will be, and the gap will
add up after multiple layers. The schematic and calculation
of the ESS method are described as follows.

As shown in Fig.3, the assembly gaps dTV and dLV are the
winding unavoidable assembly gaps expressed as1x0. When
the disk is compressed by uniform force, there is no adequate
support during this gap. The winding will be supported after
the displacement reaches 1x0. As the elastic modulus of the
core and copper is much larger than that of the insulation
material in the support structure, the compression of the core
and copper can be ignored.

Fig.4 shows the calculation principle of the ESS analytical
method. The deformation of the main insulation, including
the stick and the insulation cylinder, is considered indepen-
dently. According to the curve relationship, the value of the
ESS can be calculated as follows:

Keq =
Fact

1xact + 1x0
=

1xact · Keq0
1xact + 1x0

(9)

where Keq is the ESS of support material proposed in this
paper to investigate theMDOI,1xact is the actual compressed
size, and 1x0 is the winding initial inner gap caused by the
MDOI.

The compression deformation of the support structure can
be obtained at the work point when assuming no compression
deformation of the core and inner copper structure. Then,
combining (1), (6), and (8) with the stress-strain relation-
ship, approximately taking a linear segment, the compression
deformation can be expressed as follows:

1xact =
Fact

E0 · Ast
L0 =

2π · σϕ ·Wid · L0
E0 ·Wst · Nst

(10)

III. RADIAL BUCKLING ANALYSIS
A. WINDING RADIAL FORCE
Two transformers are implemented in the short-circuit tests
to investigate the effect of radial supports on the winding
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FIGURE 5. FEM model diagram.

buckling. Specifically, the difference between the first and
second windings is compared by a newly manufactured trans-
former with the power of 50MVA, and the influence of
insulation shrinkage is investigated through a 30-year-old
transformer with the power of 150MVA. Detailed parameters
of inner windings are given in Table 1.

Based on the FEM, the two-dimensional axisymmetric and
the three-dimensional field are utilized to calculate the leak-
age flux and each disk’s electromagnetic force by the finite
element program COMSOL Multiphysics 6.0. The HV-LV
condition is an example to present the model, boundary con-
ditions, and results.

Fig.5a shows the geometric model, which is described
by the outside area of the core window. The pri-
mary material consists of a high-magnetic-permeability
core, low-magnetic-permeability clamps, and non-magnetic-
permeability copper. In Fig.5b, the current is applied to the
winding position, and the simulated leakage flux distribution
is shown. It can be seen that the axial leakage flux in the
middle of the windings is significantly larger than that at both
ends.

B. BUCKLING ANALYSIS BASED ON ESS
The radial buckling is simulated by changing the inner wind-
ing support’s ESS values to investigate the influence of the
assembly gap and the number of adequate supports. Based
on (9), the maximum ESS value of the new LV winding can
be approximately calculated as follows:

Keqmax =
8 × 19 × 12.3

40 + 0
= 46.7kN/mm (11)

FIGURE 6. Buckling stress when ignoring failure.

Meanwhile, the minimum ESS value of the new LV winding
can be expressed as follows:

Keqmin =
0.2913 × 46.7
0.2913 + 5

= 2.6kN/mm (12)

where E0 is the elastic modulus of the material, 8GPa [15],
L0 is taken as 40mm, Ast is taken as 19mm×12.3mm, 1x0 is
assumed as 5mm caused by the MDOI according to process
requirement, and 1xact is the actual insulation compression
calculated by (10) under short-circuit conditions, 0.291mm.

The ESS value is taken from 3 to 30 kN/mm with the step
3kN/mm to investigate the gap effects caused by the assembly
process and insulation shrinkage. The buckling stresses of TV
and LV winding are calculated by finite element simulation
under different equivalent stiffness. And the values of TV
and LV winding are compared in Fig.6. If the computed
value exceeds the proof stress, it should be judged as strength
failure first before buckling, and the corresponding buckling
forms will not appear in practice.

Compare the difference between TV and LV winding:
(1) The buckling stress on LV is greater than TV winding

because the thickness of LV and TV conductor is 2.9mm
and 1.52mm, respectively. Therefore, the thickness of the
conductor is the crucial factor affecting the buckling strength.

(2) Under the same support quantity and stiffness, the
radial buckling stress is positively related to the conductor
thickness. The result is consistent with the conclusion in (5).

(3) For the same conductor, the buckling stress increase
with the support quantity and stiffness. Therefore, ensuring
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FIGURE 7. Plot of radial buckling modes.

the support stiffness and increasing the stick quantity can
improve the winding ability to withstand short circuit.

C. BUCKLING ANALYSIS CONSIDERING DEFECT
It can be observed that the buckling stress correspondingly
increases with the stick quantity. However, it does not strictly
obey the form of (5) in practice. The buckling stress of TV and
LV winding differs between the support stiffness and stick
quantity. That means the support stiffness and stick are as
crucial as the effect of conductor thickness on the winding
radial buckling.

To further investigate the relationship between π /α and
the buckling mode, the manufacturing dispersion and defects
are simulated by assuming the failure point of the support.
Manufacturing dispersion and defects may cause one or more
support failures during specific equivalent treatment. Thus,
four different equivalent conditions are analyzed by taking
the stick quantity 20 as an example. Specifically, there is no
defect in the ’’No failure’’ model (0-FM). The ’’One failure’’
model (1-FM) simulates the state that there is one defect in the
circle. Moreover, the ’’Two adjacent failures’’(2-FM) model
and the ’’Two non-adjacent failures’’ model (1+1-FM) sim-
ulate two support failures, but the missing support points are
continuous and non-adjacent, respectively. With the help of
COMSOLMultiphysics, The linear buckling study is utilized
to estimate the critical load at which a structure becomes
unstable. Further, the LV winding radial buckling forms in
different failures are shown in Fig.7.Where,Keq1,Keq2,Keq3,

FIGURE 8. Buckling stress considering the failure.

and Keq4 represent the results of the equivalent stiffness of 3,
12, 21, and 30kN/mm, respectively.

There are apparent differences in the buckling mode of dif-
ferent defect types by comparing Fig.7a and Fig.7b. Further,
the buckling stress values of the same defect with different
stiffness can be obtained by observing the red dotted lines.
It can be noted that the buckling mode will change if the
support stiffness is reduced to a particular value. Fig.8 details
the buckling stress of TV and LV winding under different
support conditions.

The following conclusions are obtained by analyzing the
results under different conditions:

(1) The influence of conductor thickness is the greatest
when analyzing buckling stress under similar working con-
ditions. The LV value is 68.5% higher than the value of TV
winding by taking Keq =3 kN/mm, 0-FM condition as an
example. And the LV stress is 123.8% higher than the TV
value under Keq =30 kN/mm, 1-FM.
(2) Taking 0-FM as an example, with the support stiffness

rising from 3 to 30 kN/mm, the TV and LV winding buckling
stresses are increased by 187.5% and 110.2%, respectively.

The buckling stress increases with the support quantity and
the ESS. However, when the local support failure range is too
extensive in 2-FM, the radial buckling changes are no longer
evident with the number and stiffness. Therefore, ensuring the
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TABLE 2. Test current and critical stress.

TABLE 3. Test current and critical stress.

tightness and uniformity of the winding assembly margin is
an effective method to improve winding radial strength.

IV. SHORT-CIRCUIT TEST INVESTIGATION
There are inevitable assembly gaps and manufacturing devi-
ations during the manufacturing process. Meanwhile, the
internal support will weaken and might fail with the oper-
ating years because of the insulation aging and shrinkage.
As the MDOI is objective and unavoidable, the MDOI’s
impact cannot be ignored. The limitations of the traditional
research method based on effective contact can be addressed
by the ESS method. In this section, the rationality of the
ESS method will be investigated through short-circuit tests.
What’s more, the regional scope of gap and failure will be
scanned.

A. SHORT-CIRCUIT TEST AND DISASSEMBLY
The short-circuit tests of the two transformers have different
research focuses. Specifically, the newly manufactured trans-
former distinguishes the ESS between the first and second
windings, and the influence of insulation shrinkage is con-
sidered through the old one.

The short-circuit tests aim to determine the critical short-
circuit current, buckling stress, and deformation states. Thus,
the tests are implemented by gradually increasing the current.
The impedance is measured after each test. It is consid-
ered that permanent internal deformation has occurred if the
change exceeds 1.0% of the IEC60076-5 standard judgment
range. Then the short circuit test will be ended. Meanwhile,
the short-circuit currents take the maximum current in a set
of tests as the critical value when ignoring the test deviation
and the cumulative damage. Taking the old LV short-circuit
test as an example, the test data is shown in Table 2:

The short-circuit test is performed to apply load on the
HV side. The inductance directly measured on the HV side
is recorded, and the currents in the table have been converted
to the LV side.

Table 3 lists the critical short-circuit currents and the radial
critical stresses obtained by secondary FEM simulation based
on the critical currents. Since the buckling stress is much

FIGURE 9. Deformation phenomena of inner windings.

TABLE 4. ESS calculation.

smaller than the proof stress, it is necessary to pay attention
to the radial buckling strength.

After all the tests, the units are transported back and
disassembled to observe the buckling mode. Both the new
design and the old transformer are three-phase three-winding
transformers, each including three TV windings and three LV
windings. Fig.9 shows pictures of inner windings with typical
radial failures.

Two important conclusions can be obtained based on the
disassembly phenomena:

(1) There are better supports on new TV winding, and the
damages tend to be forced buckling with the deformation
between the adjacent sticks. Therefore, it should be equiv-
alent to a strong support relationship.

(2) The LV winding of the old transformer operating for
approximately 30 years, is seriously deformed, crossing the
adjacent sticks. And the radial buckling mode is no longer
half the number of sticks. Accordingly, this support can be
equivalent to a weak support relationship.

The TV winding is situated close to the core, and there is
relatively better internal support than LV winding which has
more assembly gaps. Meanwhile, the support weakening and
failure are affected by insulation aging and shrinkage, and the
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FIGURE 10. Curve of buckling stress-winding gap.

old LV winding buckling mode is significantly reduced with
operating years. In conclusion, the MDOI cannot be ignored
in engineering.

B. APPLICATION OF THE ESS METHOD
The influence of support conditions and operation age on
radial buckling has been investigated through FEM simu-
lation and short-circuit tests. Based on the proposed ESS
method, the theoretical ESS value of each winding is calcu-
lated by (9), and the calculation results are listed in Table 4.

For more in-depth research and application, the buckling
finite element simulation can obtain the adaptation domain of
the ESSmethod andMDOI. The ESS values are calculated by

TABLE 5. Relationship between buckling stress and assembly gap.

TABLE 6. Relationship between buckling stress and support failure.

scanning the initial gaps from 1mm to 8mm in Table 4, then
the curves of buckling stress with the initial gaps are plotted
in Fig.10.

According to engineering practice, the deviations of manu-
facture, calculation, and short-circuit tests are assumed as 3%,
3%, and 10%, respectively. Then, the 100% ±10.9% value
can be taken as a credible contour area. As shown in Fig.10,
the yellow areas are the confidence range considering the ESS
and defect.

The old transformer is more prone to local defects as
they are more seriously affected by MDOI. Moreover, the
assembly gap of LV winding is bigger than that of TV wind-
ing which is closer to the core. Therefore, when taking the
value, the ’’0-FM’’ or ’’1-FM’’ should be the focus in Fig.10a
and Fig.10b. Correspondingly, the ’’1+1-FM’’ or ’’2-FM’’ in
Fig.10c is more prone to occur.

Through observing and approximate interpolation calcu-
lation, the states of the three windings can be obtained as
follows:

(1) The state of new TV winding may be the ‘‘0-FM’’ with
a value of 1x0 1.70 ∼ 2.56mm or the ‘‘1-FM’’ with a value
of 1x0 less than 0.94mm.

(2) The new LV winding may occur the ‘‘1+1-FM’’ with
the value of 1x0 4.62 ∼ 7.36mm.
(3) The old LV winding should take the ‘‘2-FM’’ with a

value of 1x0 more than 5.37mm.
The initial gap and the credible failure area are obtained

using a certain deviation range. Then, the values can be
utilized as a reference for transformer design and operational
reliability assessment. In addition, transformer failure points
will increase with operating age because of plastic deforma-
tion. Furthermore, the initial gap range of the LV winding is
more significant than that of the TV winding.

C. PERFORMANCE LOSS CAUSED BY MDOI
The ESS method can evaluate the influence of the assembly
gap for the newly manufactured transformer winding on the
mechanical properties. Table 5 data can be a reference:
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The results show that the critical hoop stress value of both
TV and LV winding will decrease rapidly with the increase
of assembly gap, and the proportion can reach 20%∼50%.
Improvingmanufacturing control ability and reducing assem-
bly gap is superior to reducing current density or increasing
conductor thickness in cost.

Based on another aspect of this paper, performance evalua-
tions of operating transformers that consider support failures
are also very valuable. The reason for this failure may be from
insulation aging, short circuit impact compression, and stick
shift. The influence data are shown in Table 6.
Once more than one support failure occurs in operation,

the winding ability to withstand short circuits will also be
reduced by more than 20%. When considering manufacture
and operation, the actual buckling strength of power trans-
former winding is lower than that under the ideal adequate
support conditions.

The strength checks ignoring the MDOI influence can-
not accurately characterize the mechanical properties of the
transformer winding. More importantly, this strength weak-
ening may cause changes in transformer operating param-
eters, such as impedance and noise, thus endangering the
safe operation of the grid. Therefore, the influence of MDOI
is very significant when investigating the winding strength
under short circuit impact.

V. CONCLUSION
The support boundaries, including the support stiffness and
failure, significantly affect the radial buckling strength of
power transformer winding. By proposing the ESS method,
this paper investigates the buckling strength considering the
MDOI characterized by assembly gaps and insulation shrink-
age. The feasibility of the ESSmethod has been demonstrated
by two short-circuit tests. One is a new 110kV design, and
another is a 30-year-old 220kV transformer.

When applying the ESS method, the manufacturing devia-
tion values of TV and LV winding can be taken as 1mm and
5mm, respectively, based on the test samples in this paper.
Further, support failures can simulate the support weakening
and defects caused by insulation shrinkage. The research
presents quantitative references for transformer design and
operational reliability assessment.

As the limited sample short-circuit tests cannot sufficiently
characterize the short-circuit characteristics of all transform-
ers, more tests would be performed for further research in the
future. By improving the ESS method proposed in this paper,
the relationship between transformer radial buckling strength
and MDOI can be obtained more accurately and quickly.
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