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Abstract: The power transformer is a critical primary device in the power grid, and the
verification of its winding mechanical stability is of paramount importance in ensuring the
safe and stable operation of the power grid. In the conventional numerical calculation meth-
ods for verifying the mechanical stability of power transformer windings, the influence of
temperature variations at the winding hot spots on winding mechanical stability has not
been taken into account. In reality, factors such as the transformer’s operating load rate,
ambient temperature, and the duration of short-circuit fault currents passing through will
affect the mechanical stability margin of the transformer windings. Under conditions such
as winding aging, deformation, or other reasons, the transformer windings may become
unstable due to material parameter degradation, leading to insufficient mechanical stability
margin. This paper analyzes the mechanical stability of power transformer windings
considering the impact of the temperature field. Initially, a numerical model for calculating
short-circuit currents in transformers was established to compute the short-circuit current
under three-phase short-circuit-to-ground conditions as an excitation. Subsequently, a
3D electromagnetic force finite element calculation model was developed to determine
the electromagnetic forces experienced under this condition. The results of the calculated
electromagnetic forces were then used in a numerical calculation method to assess the me-
chanical stability of the windings. Furthermore, a 3D transformer electromagnetic-thermal
flow finite element model was created to calculate the steady-state temperature rise under
various operating conditions of the transformer. This model is validated through trans-
former temperature rise tests, and transient temperature rises under different operating
conditions are calculated. The obtained data are fitted using the nonlinear least squares
method to derive a fitting function for the winding hot spot temperature concerning load
rate, ambient temperature, and short-circuit time. Taking into consideration the influence
of temperature on the yield strength and modulus of elasticity of transformer winding
materials, the variation in mechanical stability margin of transformer windings due to
temperature effects is analyzed. Additionally, the operating domain for preventing the
transformer from becoming unstable under three-phase short-circuit impacts is calculated
for different degrees of material parameter degradation. This method provides an effective
reference for transformer design and operation, demonstrating clear practical value.

Keywords: power transformer; mechanical stability margin; hot spot temperature; finite
element model; yield strength; modulus of elasticity

1. Introduction

Power transformers are important primary equipment in modern power grids, respon-
sible for voltage transformation and energy transmission. In the event of a transformer
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short-circuit fault, especially a three-phase short-circuit-to-ground fault, a very large short-
circuit current flows through the transformer windings. Under the action of the short-circuit
current, the transformer windings will experience significant electromagnetic forces. If the
electromagnetic forces exceed a certain limit, the mechanical stability of the transformer
windings can be compromised, leading to deformation, tilting, bending, and other insta-
bility issues [1]. Typically, during the design stage, transformer mechanical stability is
verified and calculated to ensure the rationality of the design. However, conventional
verification methods [2] do not consider the influence of temperature characteristics of
transformer winding materials [3,4] on the mechanical stability. Therefore, these methods
are often used for predelivery verification. Considering the temperature characteristics
of winding materials, the mechanical stability margin may change compared to prede-
livery verification. When transformer materials degrade due to aging, deformation, or
other reasons, the mechanical stability margin may become too small due to temperature
variations, potentially leading to instability under short-circuit conditions. This study
aims to consider the temperature field variations in transformer windings under different
operating conditions and analyze the mechanical stability of power transformer windings
by accounting for temperature-dependent yield strength and elastic modulus parameters.

Research on the mechanical stability of transformer windings has advanced signif-
icantly. Standards such as GB1094.5 and IEC60076-5 [5,6] specify stress value standards
for verifying the mechanical stability of transformer windings, but these standards do not
provide explicit stress value calculation expressions. Currently, for calculating the radial
and axial stability of transformer windings, most researchers use relevant models and
theories from material mechanics for analysis. Li Kaiqi [7] utilized a fixed-supported beam
model to solve the superstatic problem and calculate the stress values in the axial and radial
directions of transformer windings. Ou Qiang [8] and others considered manufacturing
process deviations and material aging, proposing an equivalent support stiffness theory to
calculate and analyze the radial buckling stability of transformer windings. Amit Bakshi [9]
and others treated the winding portion between two supports as an arcuate arch hinged at
both ends to determine the buckling critical stress of transformer windings supported by
braces. These studies focus on solving the mechanical stability of windings using different
material mechanics models. However, they often provide a fixed mechanical stability
margin without considering the influence of temperature on material parameters. In reality,
operating conditions and environments for transformers are variable, and with aging, defor-
mation, or other reasons, material parameters inevitably degrade. Conventional numerical
methods for verifying the mechanical stability of transformer windings do not consider the
influence of temperature. Hence, this study aims to calculate and analyze the impact of
temperature variations on the mechanical stability of transformer windings under multiple
influencing factors.

To analyze the impact of temperature on the mechanical stability of transformer
windings, it is crucial to first be able to calculate the temperature field of the windings
accurately. Currently, the mainstream approach for calculating transformer temperature
fields involves using computational fluid dynamics (CFD) [10-15]. This method integrates
various numerical calculation methods such as the finite element method, finite volume
method, least squares finite element method [16], inverse wind finite element method [17],
inverse wind finite volume method [17], and others to achieve high-precision calculations
of transformer temperature fields.

This study employs the finite element method to compute the temperature field of
transformers. Due to the short duration of the short-circuit process, it is challenging to
experimentally validate the transient process. Therefore, this research initially calculates
the steady-state temperature rise in transformers under different conditions and validates
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the steady-state finite element temperature field model of transformers with transformer
short-circuit temperature rise tests. Subsequently, using the steady-state temperature field
output as the initial state, the transient temperature rise in transformers under short-circuit
excitations is computed. The parameters affecting the temperature rise are then fitted
with functions to obtain a fitting function for the hot spot temperature. Finally, this fitting
function is utilized to analyze the influence of transformer winding material temperature
characteristics on the mechanical stability margin of transformers. The study results reveal
the extent and patterns of temperature influence on the mechanical stability of transformer
windings, providing a method to analyze the mechanical stability margin of transformer
windings considering the impact of temperature field, which is crucial for verifying the
mechanical stability of operating transformers.

2. Theoretical Model of Transformer Windings
2.1. Theoretical Modeling of Transformer Electromagnetic Fields

In order to carry out a multiphysics field analysis of transformers, the electromagnetic
field involved in transformers should be analyzed first.

In this paper, a three-dimensional solution algorithm based on the T-2 bit
group [18,19] is used to solve the low-frequency three-dimensional transient field problem.
The electric vector T and the scalar potential (2 are defined as follows in Equation (1):

J=V T

H=T-VQ M

where ] is the current density and H is the magnetic field strength.
Disregarding the displacement current in the conductor, the control equation in the
conducting part at this time is shown in Equation (2) below.

oT oV

1
VXEVXT+V§_y78t

=0 (2)
The control equations in the region of non-conductive parts and multi-turn coils at
this point are shown in Equation (3) below.

V- [u(-vVQ+T)]=0 3

Among them, ¢ is electrical conductivity, S/m; and u is magnetic permeability, H/m.

During operation, the windings of a transformer are subjected to Lorentz forces,
resulting from the combined excitation of winding currents and leakage magnetic fields.
The formula for Lorentz force is given by Equation (4).

F=g(E+VxB) (4)

where F is the Lorentz force vector, N; g is the electric charge, C; E is the electric field
strength vector, N/C; and B is the magnetic induction strength vector, T.

From the basic theory of power system analysis [20,21], it is known that when a short-
circuit occurs in a power system, the short-circuit impulse current can be calculated by the
following Equation (5):

fim =1 Xk x V2 (5)

where i, is the short-circuit impulse current, A; I is the short-circuit periodic current RMS
value, A; and k is the short-circuit impulse coefficient, the value of which is determined by
the ratio of transformer and the system reactance value and resistance value.
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For thermodynamic problems, when the power transformer operates, the heat source
is mainly from copper losses of the transformer windings and core losses. It can be seen
from classical circuit theory and the relevant theory of electrical engineering [22] that the
copper loss of each phase can be calculated by following Equation (6).

Peoit = IfoﬂRcu (6)
where P is copper losses, kW; I is the current flowing through the winding, A; and
Rey is the winding resistance, ().

Transformer no-load losses are generated mostly by the transformer core losses, which
is calculated as follows in Equation (7):

Pre = knfBh + ke f?B2, + kef*BL @)

where Pr, is the core loss, kW; and ky, ke, ke, and B are the pending coefficients, determined
by the magnetization curve of the ferromagnetic material. For a specific silicon steel sheet,
the above pending coefficients are frequency-independent constants.

2.2. Theoretical Modeling of Transformer Heat-Flow Field

The following heat transfer equations were used for the solid domain [23,24]:

V-(AVT)+Q = pcaa—z (8)
where T is the temperature, K; A is the thermal conductivity, W/(m-K); Q is the internal
heat generation rate, W/m?3; p is the density of the material, kg/m?; c is the specific heat
capacity, J/(kg-°C); and t is the time, s.

For the fluid domain, convective heat transfer plays a more dominant role compared
to heat conduction. The transformer oil flow is approximated as an incompressible fluid,
and its mass conservation equations, momentum conservation equations, and energy
conservation equations are shown as follows in Equations (9)—(11):

d
S+ V- (pu) =0 ©)
2 (ou) + V- (pu x u) = —=Vp+uV2u (10)
+8(p — pref)
g(pcpT) + V- (pcpuT) =V -kVT (11)

ot

where 7 refers to the Nabla operator, m !

; u refers to fluid velocity vector, m/s; p refers to
the fluid density, kg/m?; g refers to gravity acceleration constant, m/s?; cp, refers to specific
heat capacity, ]/ (kg-K); T refers to temperature of transformer oil, K; k refers to thermal
conductivity of the fluid, W/(m-K); and p refers to the fluid pressure, Pa.

The temperature distribution is affected by the heat conduction generated by the core,
coil, and transformer oil convection, and the surface heat flux 4. is introduced to calculate
the effect of convective heat transfer, which is calculated as shown in Equation (12) below.

qc = h(T - Tref) (12)

where & is the heat transfer coefficient, W/m?2-K; T is the solid surface temperature; and
Tt is the fluid temperature, K.
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For a smooth wall surface, the convective relation is used to estimate convective
coefficients, of which the empirical formulate is as follows:

A
h = Nup (13)
6 188 17
TR (R;>°-4]
2 5
« P gBepbqu

where Nup, is the Nusselt number; L is the characteristic length, m; R is the Rayleigh
number; B is the thermal expansion coefficient, m/k; b is the width of the vertical oil
channel, m; gy is heat flux per unit area; and y refers to the dynamic viscosity of the
fluid, Pa-s.

3. Transformer Mechanical Stability Analysis
3.1. Transformer Winding Current Calculation Model

To facilitate the incorporation of the electromagnetic—temperature field coupling
model’s excitations and to analyze steady-state and transient currents under different
operating conditions, this study utilizes MATLAB/Simulink of R2020b version simulation
software. Specifically, for the two-winding power transformer model SFZ-40000/110 man-
ufactured by Shenyang Transformer Research Institute in Shenyang, China, a transformer
winding current calculation model is established to compute steady-state currents during
normal operation and transient currents during three-phase short-circuit conditions. The
model is illustrated in Figure 1.

110kV Voltage Source
A a A
Load
\ }—@ B m B A
c B AN
Cec C C
HV Breaker | v
LV Breaker
110kV/10.5kV
1 2Winding Transformer

Figure 1. Transformer winding current calculation model.

The detailed model settings are shown in Table 1.

The transformer winding currents are calculated for five cycles (0.1 s) under rated
operating conditions and three-phase short-circuit conditions. The steady-state currents of
the transformer’s low and high voltage side windings are shown below, respectively, in
Figures 2a and 2b. And the short-circuit currents of the transformer’s low and high voltage
side windings are shown, respectively, in Figures 2c and 2d.
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Table 1. SFZ-40000/110 transformer short-circuit current calculation model parameter settings.

Components Parameters Value
Nominal voltage 110 kV
110 Kv Voltage Source Nominal frequency 50 Hz
Connection type Yg
Nominal voltage 110/10.5
Nominal frequency 50 Hz
Connection type YNd11
Nominal capacity 40 MVA
SFZ-40000/110 LV winding R 0.010032 O
Transformer LV winding L 9212 x 1074 H
HV winding R 0.50364
HV winding L 0.1011 H
Excitation R 4,321,42.86 ()
Excitation L 48144 H
Nominal voltage 10.5 kV
Nominal frequency 50 Hz
Load Connection type Yg
Nominal active power 40 MVar
Nominal reactive power 0
L Breaker resistance 0Q)
Circuit-Breaker Snubber resistance 1 x 10° Q)
Fault resistance 0.001Q2
Fault Snubber resistance 1 x 10° Q)
s 25,000
0007 N 20.000
15,000
1000 10.000
g o g 5,00
~ ~ 0

—1,000 -

—2,000 -

—5.,000
~10.00
—15,000

—20,000]

a)Low voltage winding steady state current

400

1 1
0.00 0.02 0.04

1(s)

L L
0.06 0.08

0.10 0.00 0.02

200

I1(A)

=200

—400

0.04 0.06 0.08

1(s)

0.10

c)Low voltage winding short-circuit current

4,000

FEE
L334

3,000

2,000

0.00 0.04 0.08
1(s)

b)High voltage winding steady state current

Figure 2. (a) Low-voltage winding steady-state current; (b) high voltage winding steady-state current;
(c) low-voltage winding short-circuit current; (d) high voltage winding short-circuit current.

L .
0.00 0.04 0.08
1(s)

d)High voltage winding short-circuit current
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3.2. Finite Element Modeling and Analysis of Transformer Electromagnetic Force Fields

In this study, electromagnetic field finite element calculations are conducted using
ANSYS/Maxwell. of 2024R1 version For the two-winding power transformer model

SFZ-40000/110, the electrical parameters and dimensional parameters are presented in
Table 2.

Table 2. SFZ-40000/110 transformer electrical and dimensional parameters.

Num Parameters Configuration
1 Connection group YNd11
2 Nominal voltage 110kV/105 kV
3 Nominal frequency 50 Hz
4 Nominal capacity 40 MVA
5 No-load loss 28 kW
6 No-load current percentage 0.2
7 Wire diameter (HV /LV) 86.5 mm/90 mm
8 Winding height 1220 mm
9 Tank (length x width x height) 4750 mm x 1620 mm x 2730 mm

To simplify the computational analysis, the model is simplified as follows [14,25]:

(1) The model retains only the core, windings, and tank structure.

(2) The oil ducts between the windings are neglected, and each phase winding is simpli-
fied to a hollow cylindrical structure.

(38) The cooling fin structures are ignored, with only the oil inlet and outlet retained. Other
components on the surface of the tank are neglected, as well as the thickness of the
tank walls.

(4) The core is treated as a whole, disregarding its laminated silicon steel structure.

The electromagnetic field finite element model of the transformer established in this
study is illustrated in Figure 3.

QOil Tank

Oil Inlet

Figure 3. Transformer finite element model.

To analyze the mechanical stability of transformer windings, it is necessary to first
examine the short-circuit electromagnetic forces acting on them. Labeling the windings
from the lower end of the low-voltage phase A winding to the upper end as numbers 1 to
109, the radial and axial forces at 0.01 s are depicted in the wire diagram below as Figure 4.
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Radial forces are considered positive in the direction toward the center, while axial forces
are positive in the upward direction from the lower end.

30,000
25,000
20,000
15,000
40,000 10,000
5,000
0
—5,000
—10,000
—15,000
—20,000
—25.000
25,000 ! ! L L L 30,0007 L L L L L
0 20 40 60 80 100 0 20 40 60 80 100
Number of Winding Coil Number of Winding Coil

45,000

F, radial (N)
F, axial (N)

35,0001

30,000

(a) (b)

Figure 4. (a) Winding radial force and (b) winding axial force at 0.01 s.

From the above figure, it is evident that when the winding is subjected to short-circuit
transient currents, the maximum value of the radial short-circuit force occurs in the middle
of the winding, compressing toward the center. The maximum value of the axial force, on
the other hand, is observed at both ends, compressing toward the middle.

3.3. Mechanical Stability of Transformers

For the mechanical stability of transformer windings, there are established standards
such as IEC 60076-5 and GB 1094.5 that provide regulations on this matter. Regarding
the low-voltage winding of the SFZ-40000/110 transformer under study in this paper, the
corresponding stress and verification standards are presented in Table 3.

Table 3. Transformer mechanical stability verification stresses and criteria.

Num Stress Criteria
1 mean hoop compressive stress o1 < 0.35 Rpo2
2 radial bending stress Opr < 0.7 Rpo.2
3 free buckling critical stress oy < Ocr
4 compressive stress on radial spacers Tact < 80 MPa
5 axial bending stress oaL < 0.9 Rpo2

These stresses are currently difficult to measure directly through technical means.
Generally, when the transformer is manufactured, the relevant formulas in the field of
material mechanics are used for calculation. For each of the stresses involved in the above
table, the equations are as follows [7]:

(1) Mean hoop compressive stress
27 A

where 0y is the average ring compression stress, MPa; F; is the maximum radial force, N;

and Ay is the winding cross-sectional area, mm?Z.

011 (16)
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(2) Radial bending stress

For a line cake between two pads, the radial bending stress is shown in the
following equation:
El?

= 17
2t D2 wy 17)

Obr

where 0y, is the radial bending stress, MPa; [ is the length of the winding between the
two radial pads, mm; t, is the radial width of the winding, mm; and wy, is the axial height
of each wire pancake, mm.

(38) Free buckling critical stress

E [t,\?
Ocr = 1 : (;) (18)

where 0 is the free buckling limit stress, MPa; R is the average radius of the winding, mm;
and E is the modulus of elasticity of the wire.

(4) Compressive stress on radial spacers

Fa
Oact = Aiz

(19)

where F, is the axial force of the winding, N; A; is the effective area of the pad, mm?; and
Tact is the axial compressive stress of the pad, N/ mm?.

(5) Axial bending stress

F, 12

— S 2
2nDtyw? (20)

Oba

where 0y, is the radial bending stress, MPa.

In the numerical computation of transformer mechanical stability verification, the val-
ues of winding yield strength and elastic modulus are typically set as fixed constants based
on the transformer design temperature. For the SFZ-40000/110 transformer considered in
this case, at its design temperature of 348.15 K, the yield strength (R.2) is set at 160 MPa
and the elastic modulus (E) is set at 125 GPa. Based on these values, the calculated stresses
and their corresponding limits for the mechanical stability verification of the transformer
windings are presented in Table 4.

Table 4. Transformer mechanical stability verification stress calculations.

Num Calculated Value (MPa) Critical Value (MPa)
1 o =21.43 <56
2 Opy =2.24 <112
3 o = 1800 >21.43
4 Tact = 3.39 <80 MPa
5 Opa = 15.22 <144

4. Mechanical Stability Analysis of Power Transformer Windings by
Counting and Temperature Field

This paper employs ANSYS/AEDT Icepak of 2024R1 version for thermal field finite
element calculations. The model comprises steady-state and transient calculation compo-
nents, where the results of the steady-state calculation serve as the initial condition for the
transient calculation.

Considering operating conditions at a 100% load rate and winding resistance values
based on a design temperature of 348.15 K, with steady-state current as the model excitation,
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the transformer winding copper losses and core losses are computed. Given the symmetry
of the current values in the three phases, the analysis of copper losses is conducted for both
low-voltage phase A and high voltage phase A, resulting in corresponding copper loss
curves and a comparison with theoretical values shown in Figure 5.

45

P —— P A(RMS)=16.25kW (theoretical value 16.18kW )
0 r—— p__ (RMS)=22.19kW (theoretical value 22.20kW )

f (ms)

Figure 5. Winding copper loss.

It can be seen that the deviation of the copper loss calculated by this model from the
theoretical value is very small, while the distribution of the core loss under this condition
and its comparison with the rated value is shown in Figure 6.

Loss Density
(W/m®)

Max:15,286.537

16,000
. 14,400
12,800
11,200
9,600
8,000
6,400
4,800
3,200
1,600
0
Min:114.12

Pcoreloss(RMS)=28-03kW
(Nominal value 28kW)

Figure 6. Core loss distribution.
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Temperature
(K)
Max: 315.28

31539
.3[5 16
31497

314.78

314.59
.3[4,40
31421

314.02

313.83
| =
313.45

Min: 313.52

4.1. Transformer Heat-Flow Steady-State Field Calculations and Their Experimental Validation

For the steady-state calculation model, the excitation utilized consists of the copper
losses in the windings and the core losses. The fluid domain is computed using a turbu-
lent flow model, while the thermal radiation boundaries are modeled using the discrete
ordinates radiation model. The oil inlet flow velocity is set at 0.8 m/s, and the oil outlet is
defined as a pressure boundary.

In order to verify the validity of the method, the working conditions at which the
model is calculated should be consistent with the subsequent experimental working condi-
tions. As the transformer will then be experimented at 50%, 75%, 100% load rate and an
ambient temperature of 293.15K, the winding copper losses and core losses are employed
as excitation at load rates of 50%, 75%, and 100%, with an ambient temperature of 293.15K
for steady-state temperature field calculations. And the subsequent experiments are The
temperature distribution of the intermediate phase of the low-voltage winding under
these three operating conditions is chosen for the analysis of hot spots in the transformer
windings. The temperature distributions and the line chart showing the minimum and
maximum temperatures at the same height section of the winding under 50%, 75%, and
100% load rates for the intermediate phase of the low-voltage winding are depicted in
Figure 7. Here, Tryin represents the minimum temperature at the same height section of
the winding, Trmax denotes the maximum temperature at the same height section of the
winding, and T}, indicates the hot spot temperature of the winding:

Temperature

(K)
Max: 334.11

334.15
. 333.88
333.61

333.34

333.07
. 332.80
332.53

33226

331.99
.33[.72
331.45

Min: 331.54

Height (mm)
<

=200]

—400]

T,=315.28K T=33411K
=600) ; ! 1

f " L 4 s f s . H
3132 3137 3142 314.7 3152 3312 331.7 3322 3327 3332 3337 3342
Temperature (K) Temperature (K)

(2 (®

Temperature
(K)

Max: 360.45

360.45
. 360.08
359.71

359.25

35897
. 358.60
358.18

357.86

357.49
. 357.12
356.75

400t |7

Height (mm)
(=]

—200F

Min: 356.75

~400¢

T1=360.44K
—600, =

3577 358.7 359.7 360.7
Temperature (K)

S567
(©)

Figure 7. Steady-state temperature field of windings at (a) 50% load rate; (b) 75% load rate;
(c) 100% load rate.

As can be seen from the above figure, the simulated values of the winding hot
spot temperature at 50%, 75%, and 100% load rates are 315.28 K, 334.11 K, and
360.44 K, respectively.

In order to verify the steady-state thermal field calculation model, a transformer wind-
ing temperature rise test was carried out with an SFZ-40000/110 oil-immersed transformer,
and the test was carried out in the form of braced slotted embedded optical fiber, with
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the specific test apparatus and optical fiber measuring point detector layout as shown
in Figure 8.

Top Part Temperature
Measuring Probe

A ="
SFZ-40000/110 Transform

R, | &5

4 1

Temperature Measuring
Fiber Optic Outlet

Y e
Middle Part Temperature
Measuring Probe

Bottom Part Temperature
Measuring Probe

Fiber Optic

ture Moni PC - Signal Record and
perature Monitor

Data Processing

Tem

Temperature Measuring

Fiber Optic Intlet

Figure 8. Schematic layout of test probes and data collection.

The experimental process is divided into two stages. The first stage is the preheating
stage: to rapidly increase the transformer’s temperature, reduce the overall test duration,
and conduct preheating before the formal experiment begins, heating the transformer
temperature to a relatively high level. The second stage is the loading stage, where the
transformer is subjected to 50%, 75%, and 100% load rates. The fiber optic temperature
measurement point at 90% height of phase A winding is approximated as the hot spot
temperature. The experiment continues for 1 h if the hourly temperature rise in all tem-
perature measurement points and the top layer of oil are less than 1 K. During this hour,
all temperature values at fiber optic points and the top layer oil temperature are recorded
every 10 min. The steady-state value of the hot spot temperature within this final hour is
considered as the experimental result.

The hot spot temperature curve was made according to the experimental data, as
shown in Figure 9.
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370

360 - Thji00% = 362.45K

Preheating stage
350

Th 75% — 334.35K

I Thyso0 = 318.75K
I
I

300 i Load Rate = 50% : Load Rate = 75% Load Rate = 100%

i
[
[
[
[
[
[

1 1 Ll 1 1 1 1
200 400 600 800 1,000 1,200 1,400 1,600

time (min)
Figure 9. Transformer hot spot temperature variation under different load rate tests.

From the figure above, it is evident that the experimental values of the transformer
winding hot spot temperatures at 50%, 75%, and 100% load rates are 318.75 K, 334.35 K,
and 362.45 K, respectively.

The comparison of the experimental values of the transformer winding hot spot
temperatures, which are 318.75 K, 334.35 K, and 362.45 K, with the simulated values
of 315.28 K, 334.11 K, and 360.44 K, shows errors of 3.47 K, 0.24 K, and 2.01 K. Due to
the simplification of the model, in order to improve the computational efficiency of the
model, there is a certain deviation between the experimental data and the simulation
data. At the same time, the use of optical fiber embedded in transformer windings for
temperature measurement, due to the tightness of the optical fiber to the windings and
the sensitivity difference in the optical fiber material to temperature, will also introduce
a certain measurement error. However, the error between the experimental data and the
simulation data above shows that the overall error is within 5 K, which is acceptable for
engineering applications. Hence, the thermal field simulation model for this transformer
is validated.

4.2. Transformer Heat-Flow Transient Field Calculations and Winding Hot Spot
Temperature Fitting

For the transient calculation model, the excitation employed comprises the copper
losses and core losses of the transformer during the short-circuit process. Due to the
extremely short duration of the short-circuit process and the presence of external insulation
in the windings, temperature changes in the windings cannot be promptly transmitted to
the temperature measurement fiber optics. Therefore, the short-circuit temperature rise is
challenging to directly measure through experiments. To address this, the excitation source
of the previously validated steady-state model is modified. The copper losses from the
short-circuit current in the transformer windings and the core losses are used as excitation.
The boundary conditions remain the same and can be used to approximately calculate the
transient temperature rise in the windings.

In this study, transient temperature rises in the transformer windings are calculated
for load rates of 25%, 50%, 75%, and 100%, ambient temperatures of 273.15 K, 293.15 K,
313.15 K, and 333.15 K, and short-circuit times ranging from O s to 4 s. The computational
results are presented as follows: at a short-circuit time of 4 s, the variation in the hot spot



Energies 2025, 18, 1374

14 of 20

temperature with ambient temperature at different load rates; at the same short-circuit
time of 4 s, the variation in the hot spot temperature with load rates at different ambient
temperatures; and the variation in the short-circuit temperature rise with short-circuit times
at different short-circuit load rates and ambient temperatures. The corresponding figures
are shown below.

As can be seen from Figures 10 and 11 above, the transformer winding hot spot tem-
perature and load rate can be considered to be approximately quadratic, while the ambient
temperature and short-circuit time are approximately primary. Therefore, according to
the multicollinearity theory, the transformer winding hot spot temperature (T},), load rate
(Lr), ambient temperature (T, ), and short-circuit time (fs) are fitted by the nonlinear least
squares (nlinfit) method [26], and the objective functions are as follows:

Th= (p1-L?+p2- Le + p3)

(21)
X (pa- Tamp + P5) X (6 - ts + p7) — ps
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Figure 10. Schematic diagram of (a) winding hot spot temperature variation with load rate and
(b) winding hot spot temperature variation with ambient temperature.
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Figure 11. Schematic diagram of winding hot spot temperature variation with short-circuit time.
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The fitted equation to obtain the transformer winding hot spot temperature versus the
load rate, ambient temperature, and short-circuit time is given as follows:

T, = (0.0178 - L2 + 0.5003 - L2 + 3549.6)
% (0.0077 - Typmp, + 8.4843) (22)
x(2.7546 - 107 - ts + 0.0349) — 776.55

The root mean square (RMS) error image of this fit is shown below.

It can be seen that the fitting function has a small error in Figure 12, which is
within the engineering permissible range, thus allowing verification of the accuracy of the
fitting function.
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Figure 12. Fitting the root mean square error image.

4.3. Calculation and Analysis of Mechanical Stability Margins of Power Transformer Windings
Taking into Account Temperature Field

The above transformer winding mechanical stability verification did not consider
the influence of temperature on the transformer winding material parameters. In fact,
the transformer copper winding yield strength and modulus of elasticity change with the
temperature. The relationship between the two parameters and the temperature can be
approximated as a primary function as shown below.

Rpo2 = —0.18T + 174.42
(23)
E = —0.04993T + 130

The unit of Rpp.2 is MPa, and the unit of E is GPa.

The mechanical stability margin of transformer winding characterized by different
stresses is defined as the ratio of the stress to its critical value, in which the mechanical
stability margin of the mean hoop compressive stress is relatively the lowest, and the value
of the margin is calculated as follows:

0.35Rp02

kg =
0t

= 2618 (24)
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It can be seen that the margin should not be less than 1, if it is less than 1, then the
transformer windings will probably lose mechanical stability. It is useful to analyze this
margin by considering the temperature characteristics of the yield strength, and it is clear
that when the temperature changes, the margin value will change accordingly. Considering
the more severe case, the transformer is operated at a 100% load rate, and the variation in
the margin value with short-circuit time and ambient temperature is shown in Figure 13.

Original ky=2.618 1.0% |2.592

41%

0 10 20 30 40 50
5 (s)

Figure 13. Image of ky; variation with short-circuit time and ambient temperature.

The right side of the z-axis in the figure above shows the value of the mean hoop
compressive stress margin ktl, and the percentage on the left side is the percentage of
deviation between this margin value and the original margin value without considering
the effect of temperature. It can be seen that as the ambient temperature of the transformer
rises and the short-circuit time increases, the margin will decrease, and in extreme cases,
such as at high load rates, high ambient temperatures, and failure to remove short-circuit
faults in time, the mechanical stability margin will be significantly reduced, and if there is
insufficient margin in the transformer design or if the strength of the transformer winding
materials deteriorates, the likelihood of mechanical instability of the transformer will
be increased.

To further evaluate the mechanical stability of transformer windings under varying
temperatures, the analysis approach is outlined as follows: Initially, based on the computed
stress values characterizing the mechanical stability of the transformer windings, critical
values for Ry and E are calculated. Subsequently, considering the relationship between
Rpo.2 and E with temperature, the degradation of the yield strength or elasticity modulus of
the winding material is assessed. The minimum stress margin is then calculated, taking
into account the actual critical temperature value related to the material degradation level.
Finally, based on the obtained critical hot spot temperature, using the fitting function
relating the hot spot temperature to ambient temperature, load rate, and short-circuit time,
corresponding contour surfaces are determined. The region above the contour surfaces
represents the area where the transformer is subjected to three-phase short-circuit impact
and becomes unstable. Below the contour surfaces lies the region where the transformer
operates with sufficient margin for mechanical stability, defined as the operating domain. A
larger operating domain indicates a greater safety margin for stable transformer operation.

Regarding the verification item related to yield strength, let the degree of yield strength
degradation be represented as k,1. Assuming that the yield strength of the degraded copper
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winding changes with temperature in a manner consistent with the undegraded state, the
actual yield strength of the transformer winding after degradation can be expressed as
Rpo2 = ka1-(—0.18 T + 174.42). The actual degree of degradation is influenced by factors
such as the operational lifespan of the transformer, the occurrences of short-circuit impacts
during service, and maintenance conditions, and is difficult to precisely determine. As the
average circumferential stress provides the minimum margin, this stress value is used to
calculate the actual critical temperature for the hot spot, which is as follows:

174.42 — (0.35 - ky1)/21.43
0.18

Thcr = (25)

Taking the degree of degradation as 1 (not degraded), 0.8, 0.6, and 0.4, respectively,
the operating domain is calculated as shown in Figure 14.

contour surface at
different £,

ts (s)
20005 Unstability

3000 -

2001 4 k=0.6
4

Figure 14. Operating domain of mechanical stability of transformer windings.

From the above figure, it is evident that the relationship among the mechanical stability
of transformer windings and load levels, ambient temperature, and short-circuit times is
affected by the consideration of yield strength degradation. With an increase in the degree
of degradation, the operational domain of the mechanical stability of the transformer
windings progressively diminishes. This implies that the margin of mechanical stability
considering temperature conditions decreases continuously. Once the degradation reaches
a certain threshold, the transformer experiences operating conditions beyond its operational
domain, leading to mechanical instability of the transformer windings.

Subsequently, considering the condition of modulus of elasticity, let the degradation
coefficient of the modulus of elasticity be denoted as k,». Assuming that the elastic modulus
of the copper windings after degradation changes with temperature in a manner consistent
with the undegraded state, the actual elastic modulus of the transformer windings after
degradation can be expressed as E = k,»-(—0.04993 T + 130). By relating the average



Energies 2025, 18, 1374

18 of 20

circumferential stress to the free buckling limit stress, the actual critical temperature for the
hot spot can be determined as follows:

2
, _ 130,000 - (2143-4)/(55635)" - ka2

“r 49.93 (26)

Considering the small coefficient of proportionality between elastic modulus and tem-
perature, the operating domains were calculated as shown below by taking the degradation
degree as 1 (undegraded), 0.8, 0.6, 0.4, 0.1, and 0.05, respectively, in order to show the
variation in the operating domains with the degradation degree more clearly.

From Figure 15, it is evident that compared to the scenario considering yield strength,
when considering the condition of modulus of elasticity, the operational domain is larger.
Furthermore, the intervals between the operational domains of the windings under the
six degrees of degradation shown in the figure are very small. This is because under the
condition of modulus of elasticity, the mechanical stability margin of the windings is larger,
and the impact of degradation on its stability is relatively minor. Therefore, the transformer
windings exhibit a strong ability to withstand significant degradation in stiffness.
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Figure 15. Operating domain of mechanical stability of transformer windings taking into account
modulus of elasticity variation with temperature characteristics.

5. Conclusions

This paper analyzed parameters such as transformer operating load rate, ambient
temperature, and short-circuit time, considering the impact of degradation in yield strength
and modulus of elasticity parameters. It revealed the extent and patterns of how the
mechanical stability of transformer windings is influenced by temperature, providing
a method for analyzing the mechanical stability margin of transformer windings that
accounts for the temperature field effect. This method assists in more reasonably verifying
the mechanical stability of windings in transformers based on actual operating conditions
and material parameter degradation.

The paper established a short-circuit current calculation model to provide accurate
and reasonable excitation. A 3D electromagnetic force finite element model was developed
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using an SFZ-40000/110 oil-immersed transformer to calculate the radial and axial electro-
magnetic forces acting on the windings. The electromagnetic force results were then utilized
in a numerical computation for the mechanical stability verification of the windings. Addi-
tionally, a 3D electromagnetic-thermal finite element model was established to compute the
steady-state temperature field, which was validated through transformer temperature rise
tests. Using this validated model as the initial state, transient temperature field calculations
were performed. Finally, employing multicollinearity theory and least squares fitting, an
expression was derived to show how the hot spot temperature of the transformer windings
varies with load rate, ambient temperature, and short-circuit time. This expression was
used to analyze changes in the mechanical stability margin of the windings under varying
material parameter degradation levels, determining the operational domain where the
transformer remains stable under three-phase short-circuit impacts.

The proposed method offers an effective approach for analyzing changes in the me-
chanical stability margin of transformer windings under temperature influences, providing
valuable insights for transformer design and offering a clear practical utility for analyzing
the mechanical stability of transformers in operation.

In view of some limitations found in the current research and areas where further
progress can be made, the following work needs to be carried out in the future:

1.  Design more experimental conditions to verify the model more comprehensively and
universally. Specifically, increase more load rates and carry out related experiments at
various ambient temperatures.

2. Design a reasonable method for a transient temperature rise test of transformer
windings. Due to the short transient time and small transient temperature change,
there is no low-cost and high-precision method to measure the transient temperature
rise in transformer windings. This is an urgent problem to be solved to study the
influence of transformer short-circuit temperature rise on the mechanical stability of
transformer windings.

3. Accurately measure the influence of temperature on the yield strength and elastic
modulus of transformer windings. Subject to the experimental conditions of material
mechanics, the relationship among winding yield strength, elastic modulus, and
temperature used in this paper refers to the existing articles. In the future, targeted
measurements should be carried out for the target transformer used to more accurately
evaluate the influence of temperature on winding mechanical stability.
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