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Abstract The study on cumulative characteristics of transformer windings is of
great significance to improve the short-circuit withstand ability of power trans-
formers. Current research on the cumulative characteristics of windings is nascent,
with the impact of simulation modeling methods—including multiple short-circuit
conditions—on these characteristics yet to be established. Therefore, the cumulative
characteristics of windings are studied based on finite element simulation in this
work. Firstly, we examine the simplified method of simulating multiple short-circuit
impacts. Furthermore, we utilize a multi-physics coupling model to evaluate the effect
of short-circuit current loading on the cumulative characteristics. The results demon-
strate that the short circuit current under intermittent loading, considering the residual
stress, is more consistent with the engineering practice than that under continuous
loading. Our study of intermittent loading reveals that with an increase in short-circuit
impacts, the equivalent stress under load diminishes gradually, suggesting a hard-
ening phenomenon. Therefore, the winding shows stronger bending resistance with
increased strain when the copper wire reaches the plastic stage. In addition, when
the winding enters the hardening stage, the cumulative increase of the displacement
and stress borne by the winding are reduced.
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1 Introduction

The dynamic response of the winding structure is investigated through the analysis
of electromagnetic and mechanical characteristics when subjected to the impact of a
single high magnitude current [1, 2]. In practical production applications, power
transformers encounter multiple short-circuit incidents, often involving multiple
reclosures within a single accident. Consequently, the study of winding accumulation
characteristics has received increasing attention. The accumulation characteristics of
power transformer short-circuits can be categorized into thermal and force effects
[3]. Within a short timeframe, the residual stresses arising from the short-circuit
fault result in hidden cumulative losses that can significantly impact the power trans-
former. Thus, this paper primarily focuses on investigating the force effect of the
winding.

Although advancements have been made in the manufacturing process of trans-
formers, smaller short-circuit current shocks may not significantly affect transformer
operation. However, as the number of short-circuits increases, winding damage or
instability may occur even under the same short-circuit current shock [4, 5].

Currently, research on the cumulative characteristics of transformers during short-
circuits is still in its early stages. Jiang S constructed a transformer segmentation
model to study the leakage magnetic field, electrodynamic force, and cumulative
deformation of windings under various operating conditions [6]. Li B developed a
coupled electric-magnetic-structural field model for different short-circuit scenarios
and analyzed the relationship between winding deformation and the number of short-
circuits [3]. Yao et al. employed a two-dimensional finite element method to conduct
a numerical simulation of a 220 kV oil-immersed transformer, utilizing Maxwell’s
system of equations and elastic—plastic mechanics theory [7].

Two simulation methods are commonly used to study the cumulative characteris-
tics of winding deformation. The first method involves applying multiple repetitions
of the same short-circuit shock in the simulation to explore the relationship between
the number of short-circuit shocks and deformation, stress, and strain [7]. The second
method assumes that each short-circuit shock produces a displacement of 5 mm and
investigates the relationship between winding deformation size and maximum stress
[6], examining whether stress changes abruptly with increasing deformation.

Furthermore, Lin et al. conducted multiple tests on the transformer under 100%
short-circuit current conditions and observed an abrupt change in impedance as the
number of short-circuits increased [8]. Li et al. analyzed the trends of copper changes
and short-circuit force changes during accumulation after multiple instances of accu-
mulated stress loading using test data [9]. Both short-circuit tests and numerical simu-
lations were conducted to verify the cumulative characteristics of the short-circuit
force effect.

In short, scholars have conducted simulation studies and experimental explo-
rations of short-circuit accumulation characteristics. However, the influence of
modeling methods, such as multiple short-circuit conditions in simulations, on the
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results remains unclear. This paper focuses on studying the accumulation character-
istics of windings from this perspective. Firstly, a simplified method of simulating
multiple short-circuit shocks is investigated. Secondly, a coupled magnetic field-
structural field analysis model is developed to compare and analyze the short-circuit
current loading methods.

2  Multiple Short Circuit Impacts

2.1 Theoretical Analysis

The shape of a particular unit of the winding changes when it is subjected to an
electromagnetic force, which can be calculated using the following equation [10]:

_h
£=—4 (D
AL=¢-L 2)

where E is Young’s modulus, F; is the stress of a unit, ¢ is the strain of a unit; L is
the length of a unit and AL is the length increased or decreased by the stress.

Hence, the deformation variable of a specific cell within the winding under M
short-circuit shocks is denoted as [10]:

AL = Z AL, = de 3)
m=1

where M is the number of shocks.

In the calculation of the cumulative properties of the winding, the Von Mises
criterion, based on the concept of equivalent force-strain, is employed to assess
whether the copper wire undergoes plastic deformation. Once the equivalent force
and equivalent strain of the copper wire surpass this threshold, the material enters
the yielding phase, in accordance with the principles of the fourth strength theory in
material mechanics, known as the Von Mises criterion and can be described as [7]:

Oe = \/[(‘71 — 02)* + (02 — 03)” + (03 — 01)*]/2 (4)

6, = \/2/3 x (&2 + &2 + £2) (5)

where, o1, 02, 03 are principal stresses; €, &2, €3 are the principal strains; o, is
equivalent stress; &, is equivalent strain.
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According to the mechanics of materials, the material deformation properties
(stress—strain curve) of copper conductors are shown in Fig. 1 [11]. Before the loading
stress surpasses the initial yield stress, the copper conductor undergoes elastic defor-
mation, exhibiting a reversible response. However, once the loading stress exceeds
the initial yield stress, the copper conductor enters the elastic—plastic deformation
regime, where permanent deformation occurs. It should be noted that even after
unloading the stress, the copper conductor does not fully recover its original shape,
indicating the presence of residual deformation.

The value of the yield limit is called the initial yield stress, which is the stress
to which the copper conductor is subjected when plastic strain first appears. When
the copper conductor enters the plastic phase, the phenomenon of increasing strain
and exhibiting stronger bending resistance is called hardening. In the elastic—plastic
stage, the stress required increases with increasing strain, as shown in Fig. 1.

The effective strain g,4 due to a short circuit is composed of a linear elastic
component and a nonlinear plastic component, as shown in Eq. (6) [11]:

Zeff ©6)

Eeff = Epe T

where ¢, is effective plastic strain, that is, strain produced during the plastic stage;
o/ E is effective elastic strain, that is, strain produced during the linear elastic stage;
o 1s effective stress; E is Young’s modulus.

The stress—strain curve describing plastic phase is called the hardening function,
as shown in Eq. (7) [11]:

O,
Ohard = Oexp (Seff) — Oys = Oexp <5pe + EEff) — Oys (N

where oy, is the fitting function of the stress—strain curve measured by the test; o
is the initial yield stress.

As the quantity of short-circuit shocks increases, the plastic deformation gradually
accumulates and the winding strength and stability decreases. The stress—strain curve
of copper wire used in this paper is shown in Fig. 2.
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2.2 Loading Simplification

To accurately simulate the cumulative characteristics of windings during a short
circuit, a short-time multiple low-voltage symmetrical short-circuit shock, intention-
ally more severe than the actual scenario, is assumed in Fig. 3. The three windings
are loaded with currents as depicted in Fig. 3a—c. This study focuses on analyzing
the cumulative characteristics of stress and displacement on the windings, specifi-
cally examining the maximum force location on each winding. By investigating these
cumulative characteristics, valuable insights can be gained regarding the response of
the windings under such conditions.

To simplify the simulation process while ensuring the validity of the results, this
paper conducts multiple short-circuit shock simulation tests utilizing the wave crest
of the first half-period of the short circuit current. The objective is to investigate the
cumulative characteristics of the transformer winding.

To effectively simulate the cumulative characteristics of the winding under
multiple short-circuit current shocks, the continuous loading of short-circuit current
shown in Fig. 3 is simplified to a loading and unloading process as illustrated in
Fig. 4.

3 Establishment of Finite Element Model

A 220 kV oil-immersed three-winding transformer is studied with the parameters
shown in Table 1.

In studying the cumulative characteristics of power transformers, the process of
solving and coupling between the electromagnetic and structural fields is shown in
Fig. 5 [12].
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Table 1 The geometric parameters of the transformer

Parameters Value

Low/Medium/High voltage rated capacity (MVA) 60/120/120

Low/Medium/High voltage rated current (A) 1979.5/602.5/314.9

Core radius (mm) 396

Center distance of iron core 2165

Column (mm)

Compression height (mm) 1810

Inner diameter of LV/MV/HV winding (mm) 829/1035/1327

Outer diameter of LV/MV/HV winding (mm) 937/1191/1513
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Fig. 5 Electromagnetic field-structural field coupling method

4 Study of Winding Accumulation Characteristics During
Short Circuit

4.1 Continuous Loading Short Circuit Current

The short-circuit current shown in Fig. 4 is applied to the finite element model of
a single-phase transformer. Specifically, the first peak of each winding is consid-
ered individually for the low-voltage symmetrical short-circuit shown in Fig. 3. The
resulting accumulated displacement, stress, and plastic strain of the winding under
multiple short-circuit current shocks are presented in Table 2. The simulation includes
a total of five short-circuit current shocks.

The cumulative effects of stresses and displacements are plotted with the short
circuit current as shown in Fig. 6. The loaded equivalent stress gradually decreases
with the increase of the quantity of short-circuit shocks, verifying the existence of the
hardening phenomenon. When the copper conductor enters the plastic stage, it shows
stronger bending resistance with increasing strain. The residual stress and residual
deformation keep accumulating and increasing: the cumulative increase of residual
stress is about 10.4 MPa and the cumulative increase of residual displacement is
about 0.51 mm.
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Table 2 Cumulative summary of stress and displacement under continuous loading short-circuit
current

Short-circuit impacts 1 2 3 4 5
Max stress (MPa) 82.3 81.2 80 79.5 78.8
Residual stress (MPa) 10.2 10.3 10.2 10.4 10.4
Max displacement (mm) 0.87 0.86 0.86 0.86 0.87
Residual displacement (mm) 0.51 0.51 0.51 0.52 0.52
Residual stress accumulation (MPa) 10.2 20.5 30.7 41.1 51.5
Residual displacement accumulation (mm) 0.51 1.02 1.53 2.05 2.57
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4.2 Intermittent Loading Short Circuit Current

The cumulative results after one short-circuit shock were obtained after loading the
first cycle of 0.012 s of short-circuit current. In the subsequent studies with multiple
short-circuit shocks, the latter cumulative simulation inherits the solution of the
previous study and takes the residual stress into account the boundary conditions of
the next structural field. The results of the first five simulations are shown in Table 3.

Plotting the results of Table 3 in Fig. 7, it can be obtained that: with the increase of
the quantity of short-circuit shocks, the maximum pressure on the winding gradually
decreases slightly with the increase of the quantity of short-circuit shocks, and the
increase of the residual stress and accumulated displacement slows down, which is
the cumulative characteristic of the winding hardening stage.

From the above two simulation methods, it can be seen that the accumulation
trends of stress and displacement are basically the same, and the cumulative effects
of windings during short circuit can be simulated by using continuous loading and
intermittent loading of short circuit current. However, from the specific data analysis,
it can be seen that, ignoring the simulation error, the residual stress and displacement
generated by the continuously loaded short-circuit current are basically the same
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Table 3 Cumulative summary of stress and displacement under intermittent loading short circuit
current

Short-circuit impacts 1 2 3 4 5
Max stress (MPa) 82.3 80.6 79.3 78.5 779
Residual stress (MPa) 10.2 17.6 24.8 31.9 39.1
Max displacement (mm) 0.87 1.28 1.63 1.97 2.32
Residual displacement (mm) 0.51 0.89 1.26 1.62 1.98
Residual stress increase (MPa) 10.2 7.4 7.2 7.1 7.2
Residual displacement increase (mm) 0.51 0.38 0.37 0.36 0.37
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each time, and the stress and displacement show linear accumulation characteristics,
which is different from the actual operating experience. Furthermore, although the
process of intermittent loading of short-circuit current is more tedious, requiring the
residual stresses after each short-circuit shock to be added to the boundary conditions
of the structural field and inheriting the previous solution to start the next simulation,
this simulation method takes into account the internal damage to the winding caused
by the previous short-circuit force and is more in line with the actual objective
situation. Subsequently, the simulation results of intermittently loaded short-circuit
current show that the cumulative increase in displacement and stress will be smaller
when the winding enters the hardening phase, which is more realistic. Therefore, the
comparative study in this paper can provide a reference for the subsequent simulation
modeling of the cumulative characteristics of the winding.
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5 Conclusion

This paper presents a comprehensive simulation study investigating the cumulative
characteristics of windings subjected to multiple short circuit shocks. The study
focuses on two main aspects. Firstly, the paper examines different simplification
methods for simulating multiple short circuit shocks in order to identify the most
appropriate approach. Secondly, a coupled magnetic field-structure field model is
developed to analyze the loading method of short circuit current and assess its impact
on the cumulative characteristics.

The simulation results reveal that intermittent loading of short circuit current and
considering the influence of the residual stress from previous shocks yield simulation
outcomes that are more consistent with real-world engineering scenarios compared to
continuous loading of multiple short circuit current shocks. By studying intermittent
loading of short circuit current, the cumulative characteristics of the winding are
elucidated. As the quantity of short circuit shocks increases, the loading equivalent
force gradually decreases, providing empirical evidence for the existence of the
hardening phenomenon. Moreover, as the copper conductor enters the plastic stage,
it exhibits enhanced resistance to bending as strain increases. Additionally, the study
finds that when the material reaches the hardening stage, the cumulative increase in
displacement and the stresses endured by the winding decrease.

These findings contribute to a better understanding of the behavior of windings
under multiple short circuit shocks, providing valuable insights for the design and
analysis of transformers in practical applications.
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