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Abstract

In response to the growing demand for electrical load driven by socio-economic development, the national transmission grid is being gradually
upgraded. In this context, conventional power transformers with capacities of 3x150 MVA-500kV and 3x200 MV A-500kV are increasingly
being replaced by higher-capacity units, most notably the 3x300 MVA transformers. To meet this trend and reduce dependence on imported
equipment, the research, design, and manufacturing of power transformer with 3x300 MVA-500kV present a significant technological
challenge for the domestic industry and remain a current topic of interest among both national and international researchers. During operation,
short-circuit events subject the windings to extremely high electrodynamic forces, posing a risk of severe deformation or insulation failure if
not properly designed. In the winding structures, the clamping beam plays a critical role in directly withstanding these forces, preserving the
mechanical integrity of the winding, and maintaining insulation stability throughout operation. This paper develops an analytical approach
combined with the finite element method (FEM) to compute, analyze and simulate the electrodynamic forces and deformation acting on the
clamping beam in supper-high voltage transformers with power ratings up to 300 MVVA-500kV under various operating conditions. Accurate
assessment of the mechanical behavior during short-circuit events is essential to ensure the structural integrity and safe operation of the

equipment.
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Symbols
Symbols Units Description
A(X,Y,2) A Magnetic vector potential
B Testa Magnetic flux density

H d and q stator inductance

Tl H/m Relative permeability
J Alm? Electric current density
ihos Ampere is the harmonic oscillation;
idos Ampere s the damped oscillation;
® (rad/s); s the angular frequency
1o} rad Angle at the moment of SC
t S time
les A Short circuit current
Frotal N Total forces
Dnm Mm Medium  clamping  beam
diameter
c mm Radial clamping beam width
h mm Thickness of clamping beam

n Points ~ Number of clamping
(pressing) points
M3 N.m Corresponding bending
moment
w Number  Section modulus of the
clamping beam
O1max» O2max M

maximum bending stress
cm?

1. Introduction

Power transformers represent some of the most capital-
intensive components within electric power transmission and
distribution networks. Their safe and reliable operation is

essential to system stability, making monitoring and
mechanical integrity of key importance. Modern transformer
monitoring systems focus primarily on thermal performance,
bushing condition, and main insulation health, transmitting
real-time diagnostic data to control centers. While such
systems can identify thermal or insulation-related issues, they
often overlook a critical aspect of transformer longevity: the
mechanical stability of the winding axial clamping beam
system. The clamping beam system must ensure consistent
compression of the windings throughout the transformer's
service life, despite the influence of electrodynamic forces,
temperature fluctuations, and material aging. Most power
transformers utilize rigid clamping mechanisms that apply an
initial compression based on expected short-circuit forces, the
mechanical properties of insulation, and manufacturing
constraints. In certain applications, especially those with
higher operational demands, specialized axial clamping
structures are employed.

Up to the present time, numerous studies have been
conducted on the electromagnetic forces acting on
transformer windings, specifically including: In [1-2], a
combined approach using MATLAB and the finite element
method (FEM) was employed to calculate the magnetic field,
short-circuit current, and resulting electromagnetic forces in a
3-phase amorphous transformer (22/0.4 kV) under short-
circuit fault conditions. In [3] presented an analysis in which
the maximum short-circuit current and the short-circuit
voltage across the phases of the low-voltage (LV) winding
were determined. Based on these parameters, the maximum
axial and radial distributions of electromagnetic forces acting
on both the high-voltage (HV) and LV windings were
evaluated. The findings indicate that the interaction between
the maximum short-circuit current-whether in one, two, or all
three phases-and the magnetic field within the windings
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generates significant electromagnetic forces. In [4, 5], authors
investigated and analyzed the axial and radial electromagnetic
forces (EMFs) acting on the LV and HV windings of an
amorphous core transformer using two distinct approaches: an
analytical method and a 3D FEM. In [6, 7], the paper
presented a foundation for comprehensive studies on the
mechanical stability of power transformers through
continuous operational monitoring. According to [8], the
study demonstrated that under single phase-to-ground short-
circuit conditions, the leakage flux density in transformer
windings increases markedly. This elevated flux density,
combined with higher current density, results in a significant
increase in the electromagnetic forces exerted on the
windings. In [9], a 3D model of a large transformer, based on
a real-world unit, is developed for simulation purposes. The
simulation results indicated that, following a short-circuit
event, the leakage flux is predominantly concentrated in the
gap between the HV and LV windings. In [10], the paper
investigated  short-circuit  electromagnetic  forces in
transformers, which have increased due to the rise of supper-
high voltage systems. Using both analytical methods and
2D/3D finite element simulations, the study accurately
calculates these forces and validates results against measured
data. The findings offer a reliable basis for improving
transformer design and ensuring structural integrity under
fault conditions.

This paper proposes a combined analytical approach and
FEM to calculate and simulate the electrodynamic forces and
stress acting on clamping beams of power transformer
windings rated up to 300MVA-500kV under various fault
scenarios. The accurate assessment of mechanical response
under short-circuit stress is essential to ensure structural
reliability and operational safety. The FEM developed enables
the detailed evaluation of stress and deformation behavior
across different support regions, contributing to improved
transformer design methodologies.

2. Analytical background

Based on the the Laplace-Poisson’s equation, in three
dimension, the magnetic vector potential A(X,y,z) is written

via the Maxwell’s equations [1]-[3]:
0*A(X,Y,2) N 0*°A(X,Y,2) N O°AX,Y,2)

o oy° o7’ @
where:
VZA(X, y.2) = -uJ  in the windings )
0 others

The magnetic flux density (B) can be defined via the term
A, that is,
B=curl A 3)
The boundary conditions of B in the x- and y- axis can be
expressed as [1]-[3]:

5 = 0AXY)
Cy (4)
By=_6A(><,y)

o0X

In the case of the short-circuit transformer is considered.
The short-circuit current in the windings can potentially

damage the transformer. This transient current consists of two
distinct components [1]-[4]:
Lshort circuit o) = lgos T+ thos
U .
— nommalﬁsin(a}t _ ¢ _ §055)
U ZSc R
; _Rsc
+ ol Fsin( + g e Ve (5)
Sc
where Unominat IS Nominal voltage, Rsc is the resistance, Xsc
is the reactance and Zsc is the SC impedance (Q).

3. Electrodynamic Forces and Mechanical
stressing Acting on Clamping Beams

The structural response of transformer windings to axial
forces encountered during operation is governed by a
combination of factors, including winding geometry,
insulation system configuration, and the effectiveness of the
axial clamping mechanism. Adequate axial compression is
essential for maintaining winding alignment and mechanical
integrity under dynamic electrical loading conditions.
However, current pressing systems used in transformer
manufacturing often exhibit limitations in uniformly
distributing compression forces across windings located on
the same magnetic core column. These limitations primarily
stem from inherent design constraints, material variations,
and manufacturing tolerances. The clamping beam systems
are generally for an assembly of windings as shown in Figure
1 [5].
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Figure 1: Modeling of winding clamping beam: 1-frame works; 2-tie rod
plages; pressing plate; 4-clamping beam; 5-LV, HV and MV windings; 6-
iron core of transformer [5].

Although the low, medium, and high-voltage windings
within a single transformer limb have identical geometric
heights, they differ significantly in construction due to
variations in active material content (copper and insulation),
determined by their specific electrical characteristics (voltage,
current, coil type, etc.). Consequently, the degree of
compressibility varies, leading to unequal axial clamping
forces when a common clamping system is applied. To
address this issue, independent clamping systems for each
winding are recommended. Considering the impact of axial
compression on long-term transformer performance, it is
advisable to implement advanced axial force monitoring
systems, such as the one developed by ICMET [6], [7], where
construction and technology permit.
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Common clamping rings are the primary components
susceptible to damage from electrodynamic forces during
short-circuit events. These forces cause deformation in the
ring segments located between adjacent clamping bolts.
Therefore, accurately determining the forces acting on
transformer board rings is essential to identify the critical
stress levels leading to failure. As a first approximation, the
stress on a clamping ring can be evaluated by assuming that
the forces are applied at the bolt locations [5]. The maximum
bending stress is given as [5]:

1
O1max = Wﬂ (6)

where M; is the corresponding bending moment and W is the
section modulus of the clamping beam. The terms of M; and
W can then be calculated accordingly [5], [11]-[15]:

FomD 1
M, = “;n ™ [kgf.cm], W = gchz (7
By substituting (7) into (6), one gets:

_ Ml 377:1:'1501:allD kgf
Otmax = Y = " gcpznz

(8)

cm?]’
When the clamping beam is combined with the fixed
beam, the resulting bending moment (M) is given by [5]:

3 9
cm
the maximum bending stress is

27 12n2
From the equation (9),
defined by relation:

FtotalT[D [ kgf

M, 6nFyDy, wFyuDp [kgf (10)
G2max = Y T o chznz T 2chn? |em?
By comparing relations (3) and (5), one has:
O1max > O2max (11)

In the design process, the stress can be estimated using the
average of the two moments defined above [5].

_ T[FatDm kgf
37 10n? [cm2 (12)
Finally, the bending stress is given as [5]:
- _ % _ 61F,;. D, _ 3nF,: Dy [@ (13)
Mmax Ty T 10ch?n? ~ 5ch?n? lem?

The calculated value must remain within the allowable
limits defined by the material properties and the applied safety
factor.

4. Finite element results and discussion

In this part, the practical test is the clamping beam of high
voltage transformer (300MVA-500kV) as shown in Figure 2.
The main body of the clamping beam is made of high-strength
steel AH36 with a yield stress of g, = 355 MPa. The column
cover is made of structural stainless steel SUS304 with a yield
stress of o, = 240 MPa. The tensioning components use
fiberglass straps with a tensile strength of 3000 MPa. The test
problem is considered with diferent cases:

Figure 2: Modeling of iron core 0f the transformers rated up to 300MVA-
500kV

4.1 FEM analysis of upper clamping beam deformation
caused by winding clamping during installation:

The model of the upper clamping beam during installation
is pointed out in Figure 3. It can be seen that the total
clamping force required for winding compression during
assembly must be carefully calculated to ensure structural
stability and avoid premature deformation: Fiyprq =
1764 kN. The total contact area of the four pressing surfaces
is calculated as S; = 0.164.10° mm?, serving as the basis for
determining the required axial clamping force during winding
assembly.

Figure 3: Model of the upper clamping beam during installation.

Figure 4: Distribution of component forces on the clamping beam during the
winding compression process.

Thus, the pressure applied at a single clamping point is
calculated as:
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Ftotal
1)1 = =

1764000
= 5.378

= = 14
M 2x0,164x10° a4

mm?

Figure 4 illustrates the distribution of component forces on
the clamping beam during the winding compression process,
highlighting areas of non-uniform stress transmission.

(LY

The Summary displacements, mm

Figure 5: Simulation results of clamping beam deformation during winding
compression
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Figure 6: Stress concentrations at structural interfaces between core brackets
and clamping beam.
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Figure 7: Simulated stress levels at the support wedges used in winding
compression during assembly.
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Figure 8: Response of simulated stress at core banding attachment points.

Figure 5 shows the simulation results of clamping beam
deformation during winding compression, indicating areas of
maximum axial displacement and stress concentration. The
maximum value for this case is 3.59 N/mm. The simulation
revealed elevated stress levels at the core clamping bracket

locations connected to the clamping beam, indicating critical
zones for mechanical reinforcement is shown in Figure 6. In
the same way, the simulated stress levels at the support
wedges used in winding compression during assembly is
presented in Figure 7. It can be seen that the FEM simulation
identified notable stress concentrations at the wedge block
locations during winding compression, which are critical for
maintaining axial stability. The FEM simulations further
reveal notable stress concentrations at the magnetic core
banding locations, which are critical for structural stability
under dynamic conditions, is indicated in Figure 8.

4.2 Simulation of upper clamping beam deformation
during magnetic core lifting in the assembly process:

The total weight of the magnetic core was calculated to

be 93,020 kg, which contributes significantly to axial loading
conditions on the clamping structure. The stressure exerted on
the lifting lug positions is defined as:
b — Frotw _ 93020x9,81 10 37L I
2748, T 4x21992 7" mm?’ (1%
where S; represents the contact area at the lifting pin interface:
S, = 21992 (mm?).

In the similar way, the pressure exerted on the winding
press-block locations:

Frotwr  0.7x 1764000

P, = =
37485, 7 4x0,164x10°

=3.3765 (16)

mm?2’
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Figure 9: Force distribution mesh on the clamping beam during active part
lifting.
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Figure 10: Simulation results of clamping beam deformation during active
part lifting.

Figure 9 shows the force distribution mesh on the
clamping beam during active part lifting, highlighting areas of
concentrated loading around the lifting lugs. Figure 10
presents the simulation results of clamping beam deformation
during active part lifting, revealing critical stress zones around
the lifting lugs and guiding reinforcement design.
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Figure 11: Simulated stress at the structural brackets connecting the core to
the clamping beam.
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Figure 12: Stress results at the winding wedge locations during active part
lifting.
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Figure 13: Stress results at the magnetic core banding locations during
lifting.
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In Figure 11, the FEM simulations revealed significant
stress concentrations at the core bracket locations, indicating
critical zones for structural reinforcement to maintain core
alignment and stability. In Figure 12, the FEM results show
increased stress at the winding wedge locations during the
hoisting process, which may lead to localized deformation if
not properly reinforced. The simulation revealed localized
stress accumulation at the magnetic core banding locations
during hoisting, indicating a need for mechanical
reinforcement in these regions (Figure 13).

4.3 Simulation of upper clamping beam deformation
during short-circuit conditions:

- The electrodynamic force exerted on the upper clamping
beam by the LV winding during short-circuit conditions is:
F,,=246 kN.

- The electrodynamic force from the medium-voltage (MV)
winding is: Fy;,=1,584 kN.

- The HV winding contributes a force is: Fy;,=1,584 kN.

- The regulating voltage (RV) winding applies a force is:
Fry=1,584 kN.

- The total short-circuit force transmitted to the upper
clamping beam from all windings is therefore:

Fiotat = Frv + Fyy + Fyy + Fgy 17)

=246 KN+1584 kN+1662 kN+219 kN = 3711 kN
- So, the pressure exerted on the yoke wall during a short
circuit.
> Frotal 3711000 N
P = 45, 2x0,164x106 R (18
where S; is the area of the four contact surfaces (S; = 0.164.
10% (mm2)).

The force distribution on the upper yoke during the short-
circuit condition is shown in Figure 14. The simulation results
of the upper yoke deformation during a short-circuit condition
is pointed out in Figure 15. It can be observed that the
maximum force on the clamping beam is 9.07 N/mm.
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Figure 14: Force distribution on the upper yoke during the short-circuit
condition.
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Figure 15: Simulation results of the upper yoke deformation during a short-
circuit condition.
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Figure 16: Results of the stresses occurring at the upper clamping plate
positions during the short-circuit condition.

The results of the stresses occurring at the upper clamping
plate positions during the short-circuit condition is shown in
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Figure 16. In the same way, Results of the stresses occurring
at the upper winding wedge positions during the short-circuit
condition is presented in Figure 17. Figure 18 shows Results
of the stresses occurring at the upper magnetic circuit
clamping band positions during the short-circuit condition. It
can be seen that the maximum stress on bandage is 437.6 Mpa.

Equivalent stress, MPa

95.2973 142.945 190.592

.002769 47.6501
2 119.121 166.768 214.41

23.8264 71.4737

Figure 17: Results of the stresses occurring at the upper winding wedge
positions during the short-circuit condition.
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Figure 18: Results of the stresses occurring at the upper magnetic circuit
clamping band positions during the short-circuit condition.

4.4 Simulation of lower clamping beam deformation
during short-circuit conditions:

In the similar way to the upper clamping beam, the
simulation of lower clamping beam deformation under the
short-circuit condition is define as:

- The electrodynamic force exerted on the lower clamping
beam by the low voltage (LV) winding during short-circuit
conditions is: F;;,=309 kN.

- The electrodynamic force on lower clamping beam from the
MV winding is: Fy;;;=1511 kN.

- The HV winding contributes a force on lower clamping
beam is: Fy,=2134 kN.

- The RV winding applies a force is: Fg,=249 kN.

- The total short-circuit force transmitted to the lower
clamping beam from all windings is therefore:
Z Fiotar = FLy + Fyy + Fyy + Fry (19)

=309 kN+1511 kN+2134 kN+249 kN = 4203 kN
- So, the pressure exerted on the yoke wall during a short
circuit.
Y Frotal 4203000
Ps = 4S8, ~ 2x0,395x10°6 (20)
where S; is the area of the four contact surfaces (S; = 0.395.
108 (mm?)).

The force value and distribution on the lower yoke during
the short-circuit condition is indicated in Figure 19 and Figure
20. The results of the stresses occurring at the lower clamping
plate and the winding positions during the short-circuit
condition are shown in Figure 21 and Figure 22. The results
of the stress in bandages occurring at the lower clamping plate
positions during the short-circuit condition is shown in Figure
23, with maximum value of 94,89 Mpa. The maximum values

=532—,
mm

of deformation and stress in the structural components of the
pressing yoke corresponding to each case are described in
Table 1.

N, 5.32 12
N T

Figure 19: Force distribution on the lower yoke during the short-circuit
condition.
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Figure 20: Simulation results of the lower yoke deformation during the short-
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Figure 21: Results of the stresses occurring at the lower clamping plate
positions during the short-circuit condition.

circuit condition.

Equivalent stress, MPa
e | —

.04375 30.2378 60.4318 90.6258 120.82
15.1408 45.3348 75.5288 105.723 135.91

Figure 22: Results of the stresses occurring at the winding support plate
positions during the short-circuit condition.

Based on the obtained results, it can be observed that with
the selection of steel as the yoke material, having bending
stress limits of o; = 240 MPa and a; = 355 MPa, and
applying a safety factor of ki = 0.9, the allowable stress limits
are determined to be 216 MPa and 319.5 MPa, respectively.
The simulation results indicate that the stresses occurring in
the yoke under clamping, lifting, and short-circuit conditions
do not exceed these allowable bending stress limits. This
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confirms that both the structural design and the selected
material for the transformer yoke meet the required safety and
performance standards.
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Figure 23: Results of the stresses occurring at the lower clamping band
positions during the short-circuit condition.

Table 1: Results of the stresses at the lower and upper clamping beam with
different positions during the short-circuit condition.

Stress at Stress at Stress at
Name of Degree of the yoke the core
. Simulated gree o clamping | winding :
clamping P deformation clamping
conditions plate press-
beam (mm) - zones
location block (MPa)
(MPa) (MPa)
Winding 359 175.8 93.2 197.4
Upper _|_compression
ppe Core and
clamping windin 2.98 176.1 66.8 171.4
beam Short—cirguit
o 9.07 208.9 214.4 437.6
condition
Lower -
clamping Stg;‘dft'lrgﬁ” 1.85 160.7 1359 | 9489
beam
0.9x240=| 0.9x 355
Allowable stress (MPa) 216 23195 3000

5. Conclusion

This study comprehensively analyzes the electrodynamic
forces acting on the clamping beams of the power transformer
rated up to 300 MVVA-500kV under multiple critical operating
scenarios, including winding compression, core lifting, and
short-circuit  conditions. By integrating  analytical
formulations with FEM simulations, the research accurately
identifies stress concentrations and deformation patterns
within the upper and lower clamping structures. The
simulation results indicate that, under all evaluated
conditions, the mechanical stresses remain within the
allowable limits defined by the selected materials (AH36 steel
and SUS304 stainless steel), with safety factors duly
considered. Notably, even under extreme short-circuit forces
amounting to 3,711 kN and 4,203 kN for the upper and lower
clamping beams, respectively the structure maintained
integrity without exceeding yield stress thresholds. These
findings validate the suitability of the current design and
material selection for ensuring structural reliability and
operational safety. Moreover, the proposed methodology
offers a reliable framework for optimizing future transformer
designs and reinforces the potential of domestic
manufacturing to meet the rising demand for high-capacity,
supper high-voltage equipment in Vietnam’s power grid
modernization efforts.
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