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Abstract: Electromagnetic forces acting on conductors of the cleats and lead of a power transformer
can cause permanent damage to the insulation of conductors. Determining the force acting on the
conductor of cleats and leads cannot be performed using the standard analytical formula because
those conductors are in close proximity to the construction part of the active part made of ferromag-
netic material. To calculate those forces in a steady state of a three-phase AC current, a parametric
numerical simulation was conducted. Based on the simulation, a new analytical formula for forces
acting on cables near the ferromagnetic plate was proposed by the authors. It was also noted that
the presence of the ferromagnetic plate can increase the forces up to 60% compared to the same
geometry without the plate. This publication also discusses how eddy currents and the proximity
effect influence forces acting on conductors.
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1. Introduction

In the three-phase power transformer, the electromagnetic forces acting on cleats and
leads (C&L) conductors can be enormous. Especially in the case of an operational short
circuit of power transformers with tertiary winding with a reduced power, the current
density in C&L may reach the value of 280 A/mm?, which gives a peak phase current of
approximately 100 kA, as in the case of the power transformer shown in Figure 1. The
damage of the insulation of the cables in this transformer after the short circuit test is
shown in Figure 1. This figure depicts three cables from three different phases near the
core press plate. The insulation of those cables was destroyed near the supporting ribs
due to the oscillation of cables during the short circuit test. This kind of failure is very
difficult to predict during the design phase of a power transformer. To prevent the failure
of insulation, the electromagnetic forces acting on the cables must first be known. Because
cables are close to the core press plate, which is made of ferromagnetic material, forces
acting on the cables cannot be determined by using an analytical formula. These forces
can be determined by using magnetic stimulation. After knowing the force acting on
cables, dynamic mechanical simulation must be conducted to simulate the oscillation of
cables, and some failure criteria for insulation must be proposed. Building such a complex
multiphysics model is time-consuming and much knowledge is needed. As each power
transformer is designed individually according to customer needs, the cleats and leads
designer does not have enough time to perform such a time-consuming algorithm. The idea
of this publication was to develop analytical formulas that will approximate forces acting
on conductors in the steady state of AC current. Having such analytical formulas helps
the designer to calculate forces very quickly without using magnetic numerical simulation.
This paper will not discuss the mechanical part of the problem. The mechanical model of
the cable is awaited in further research.
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Figure 1. Damaged insulation during short circuit test.

There is a very limited number of publications about forces acting on C&L conductors.
However, there is a great number of papers focusing on short-circuit forces acting on the
windings, and some of them will be described here. To determine short-circuit forces in
windings, three main methods were used: numerical simulation, analytical formulas, and
experiments. In ref. [1], a finite element method (FEM) simulation was used to calculate the
electromagnetic field in the core and windings and determine forces during short-circuit and
inrush conditions. The authors prepared two-dimensional and three-dimensional models
of windings and compared axial and radial forces obtained from both simulations. The
main conclusion was that there was a significant difference between forces calculated by 3D
and 2D simulations. The radial force in the case of the 2D simulation was underestimated.
In ref. [2], a magnetostatic analysis of the winding conductor was used to calculate the peak
value of the force acting on windings. The peak forces calculated by the magnetostatic
analysis were transferred to a static mechanical simulation to calculate the maximum
deformation of the winding and determine its mechanical stiffness. Based on this coupled
simulation, the critical buckling load for transformer winding was determined. The authors
also prepared an experimental stand and measured the force in the short-circuit state and
confirmed that the critical buckling load from the simulation differs by only 2.3% from
the critical value obtained from the experiment. This publication shows how effective
a good FEM method for the multiphysics system can be. Publication [3] presents a full
dynamic multiphysics model of windings. The authors used a 2D transient simulation to
calculate the dynamic electromagnetic forces acting on windings during the short circuit.
The authors developed a mechanical model of windings and applied calculated forces
from electromagnetic simulation to those windings. Based on a transient mechanical
simulation, the deformation in winding and stresses in conductors as a function of time
was determined. A similar approach of a multiphysics dynamic simulation was used in
ref. [4] and ref. [5]; however, here, both the electromagnetic simulation and mechanical
simulation were made using 3D transient solvers in COMSOL software.

Based on the presented publications, it can be concluded that using a multiphysics
model to calculate forces acting on winding conductors and the mechanical response is
widely used. However, building such a model is time-consuming. Therefore, an analytical
approach to calculating forces is needed. Analytical formulas for radial and axial short-
circuit forces were developed in ref. [6] and compared to results from numerical simulations.
The results of the numerical simulation are in good agreement with the analytical formulas
presented by the authors.

This paper concentrates on forces acting on the C&L of the power transformer. The
authors found some selected publications discussing the geometry of straight conductors,
which are similar to the problem in this paper. In ref. [7], a geometry consisting of three
parallel busbars was analyzed. The forces acting on the busbars were calculated using the



Energies 2023, 16, 3600

30f13

analytical formula. A mechanical transient simulation was conducted to determine the
deformation and mechanical stresses in the busbar. It should be mentioned that the use of
analytical formulas to determine the forces was possible because the geometry was simple
and there was no ferromagnetic material near the conductor, which is not the case with the
system described in Figure 1. In ref. [8], a full multiphysics numerical model concerning
electromagnetic, thermal, and mechanical phenomena was discussed. Based on this model,
the dynamic deformation and equivalent stresses in busbars caused by electromagnetic
forces and thermal effects were determined.

Comparing ref. [9], which presents the classical approach to modeling of short circuit
state of power transformers to the more up-to-date refs. [10,11], it can be concluded that
the requirements for modeling of the short circuit state operation of power transformers
have significantly increased and currently numerical simulations are used more frequently
to better model physics of short circuit state.

The discussed problem of the failure of the insulation is very complex because it
involves both electromagnetic and mechanical phenomena. In order to fully solve the
discussed problem, a multiphysics simulation is needed, consisting of an electromagnetic
simulation and mechanical simulation. This paper focuses only on determining forces
acting on the conductors of the cleats and leads of a power transformer. The mechanical
modeling of a cleats and leads conductor is in progress and will be discussed in the
next paper. As the conductor of cleats and leads consists of hundreds of small copper
wires wounded helically and insulation wrapped around the copper part, the mechanical
modeling of such a system by the use of a numerical simulation is very difficult. Due to
the complex geometry of the cables, the system is highly nonlinear, and force cannot be
applied by one step, but by gradually increasing the force, which makes a mechanical
simulation very difficult and time-consuming. Moreover, in this publication, the authors
did not concentrate on the modeling of one case of a power transformer or a few cases,
but rather developed a general approach on how to determine forces acting on cleats and
leads conductors, analyzing the results from thousands of design points from parametric
simulations and analytical formulas.

In Section 2, the analytical formula for forces acting on the cleats and leads conductors
in a standard three-phase system without a ferromagnetic plate is determined. In Section 3,
the authors describe the methods and results of the parametric numerical simulation of a
magnetic field, concentrating on calculating forces acting on mentioned conductors. Firstly,
the case without a ferromagnetic plate is discussed, and the results of the simulation are
compared to the analytical equation from Section 2. As the next step, a number of paramet-
ric simulations with geometry consisting of three cables and a magnetic plate are presented.
The forces determined by the numerical simulation were compared to the standard analyti-
cal formula from Section 2. In Section 3, the influence of geometrical parameters, as well as
eddy currents in plate and cables, on forces acting on conductors is discussed. Based on
parametric numerical simulations, the authors checked which parameters have a significant
influence on the forces acting on the conductors and developed new improved formulas
for forces acting on conductors near a ferromagnetic conductive plate, which are discussed
in Section 4. In Section 5, all conclusions from the whole publication are presented.

2. Analytical Formulas for AC Forces in Steady State without the Ferromagnetic Plate

Before discussing a more advanced analysis, the theoretical formula for forces acting on
cables in the symmetric three-phase in-plane system shown in Figure 2a will be discussed.
The geometry mentioned in Figure 2a does not contain ferromagnetic plates, so simple
analytical formulas can be discussed. The following assumptions were made for this analysis:

e The conductor is very long, so it can be assumed that the magnetic field is constant
across the whole length of the conductor.
e  The diameter of the cable is small with respect to the distance between cables.
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e  The currents flowing through cables are sinusoidal changing with angular frequency
w. The steady state is analyzed here. The phase of currents in cables 1, 2, and 3 are,
respectively, 0, 120, and 240 degrees.
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Figure 2. (a) Forces acting on 3 parallel conductors; (b) instantaneous forces acting on plane,
200 mm long system of three-phase conductors in air shifting each other by 60 mm and carrying
10 kA peak current.

Combining the Lorentz equation and Ampere law, the classic form of the instantaneous
force fi,, () per unit length between two parallel conductors shifted by distance Ax and
carrying the currents iy, (t) and 7 (t) holds [12]:

fi() = i (D (1) M

The currents are symmetrically shifted in time but the set of conductors is not symmet-
ric in space. We may distinguish the “middle” and two “side” conductors. The resultant
force acting on the k-th conductor fi(t) is the sum of interactions with the remaining two.

fic(t) = fem(t) + frn(t) 2)

It can be decomposed into two components: the constant in time Fypc and alternating
in time with the doubled network frequency 2w and amplitude Fy4c.

fi(t) = Fipe + FkACej(ZWf+rpk) 3)

The phase angles ¢, amount to 0 and £271/3. These amplitudes are obtained after
simple trigonometric manipulations inserting sinusoidal relationships for phase currents.
Their values are presented in Table 1 following the compact formula using the factor k. I
stands for the amplitude of the AC current and the peak force F amounts to

_ 1 Ko p
F=k I @)

Table 1. Values of factor k for set of three conductors supplied from three-phase network; subscripts
are as in Figure 2a.

Force Component Fipc Fiac Fape Foac Fspc Fzac

3 3
k 2 VAl 0 2 is 3
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3. Numerical Simulations

The main goal of this publication was to study the forces acting on a three-phase
system of cables situated close to the active part of the power transformer and carrying
sinusoidal currents. This system is usually located near the ferromagnetic plate pressing
the core as is shown in Figure 1. The said plate is made of a conductive, ferromagnetic
material and, as will be described later, its presence has a great influence on the forces
acting on the cables. Therefore, the analytical Equation (4) cannot be used directly. In order
to calculate forces acting on the conductors, a numerical simulation must be applied.

The numerical simulation was conducted in ANSYS Maxwell 2021 R1 software in the
eddy current module. This solver assumes that all quantities, such as the current density
and magnetic field density, are sinusoidal changing with a defined frequency, so it only
calculates the steady state of the AC current. The mentioned solver numerically solves the
Maxwell equations in the form presented below [12].

VD= %O ®)

V x E = —jwB (6)
V-B=0 @)

V x H=]+jwD 8

As a next step, the instantaneous force acting on each conductor was calculated by
integrating Equation (9) over the volume of the cable [12].

F(t) = /](t) x B(H)dV )

Firstly, a parametric model consisting of three parallel cables supported by wooden
brackets near the ferromagnetic plate was created. (Figure 3a) The presented parametric
geometry is very close to the real geometry shown in Figure 1. By modifying the parameters
(d, Ax, Ay, L, H, h), the geometry of the model can be changed and the influence of
geometrical parameters on the force acting on the conductors can be investigated. The
boundary condition assigned to all external surfaces of the model is a magnetic field
tangent. As the excitation, the total current flowing through the cross-section of the cable
was assigned to be the AC with amplitude I.

In the first simulation, the plate was omitted and eddy currents in cables were ne-
glected. The instantaneous forces acting on cables obtained from the simulation are shown
in Figure 2b. The force acting on the upper and bottom conductor consists of an AC compo-
nent of 2w frequency and a DC component, whereas, for the middle conductor, only the AC
component is present. This is exactly as discussed in Section 2. Moreover, the numerical
values of the DC force and AC force amplitude from theoretical Equation (4) are the same as
those calculated by Maxwell software. This consistency in results between the simulation
and theoretical formulas confirms that the simulation model is correct.

In order to investigate the influence of the plate on forces, a simulation with a plate
made of ferromagnetic material with constant relative permeability ., = 290 was conducted.
Linear B-H characteristics were used to improve the speed of the simulation. The selected
value of relative permeability was chosen according to the authors” experience. The results
of selected linear simulations were compared to the simulation with nonlinear charac-
teristics, and the difference between those results was considerably low. Four different
simulations were carried out for the same geometry to investigate the influence of eddy
currents in the plate and conductors on forces acting on the cables. In the first simulation,
the plate was assumed to be nonconductive, and the conductors were stranded (eddy
currents were neglected). The forces acting on the cable in the x-direction are shown in
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Figure 4a. Comparing forces acting on cables near a non-conductive plate (Figure 4a) to
forces acting on the conductor when the plate is not present (Figure 2b), it can be observed
that the amplitude of forces is 25% higher when the plate is present. The force acting on
the cables close to the nonconductive plate in the y-direction is shown in Figure 4b. In
the case of simulation without the plate, the force in the y-direction is zero. From those
simulations, two main conclusions can be drawn. Firstly, adding a ferromagnetic plate
increases the magnitude of the force in the x-direction. Secondly, when the plate is present,
anew component of force in the y-direction is present. This finally confirms that using the
standard analytical Equation (4) is not enough because it will underestimate the forces.
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Figure 3. (a) Model of 3 cables near magnetic plate in ANSYS Maxwell; (b) magnetic flux density for
simulation with conductive plate.
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Figure 4. Instantaneous forces acting on stranded cables near a non-conductive core plate in
(a) x direction; (b) y direction (d = 30 mm, L = 200 mm, Ax = 60 mm, Ay = 40, H = 600 mm,
I=10KkA).
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In the second simulation, the eddy currents in plates were added, but eddy currents
in cables were neglected. The assumed conductivity of the plate was 6.7 x 10° S/m. The
graphs of instantaneous forces are very similar to those shown in Figure 4, so they will be
omitted. After adding eddy currents to the plate, the force in the x-direction is lower than
when eddy currents were not included in the model. Moreover, the induced eddy currents
in the plate caused a nonzero DC force acting on the middle conductor, which was not the
case for simulations without eddy currents.

In the third simulation, only eddy currents in the cable were activated and the plate
was non-conductive. In this case, the DC force for the middle conductor was again nonzero.
This clearly shows that adding the eddy currents either in cables or in the plate causes the
DC force in the middle conductor and that the system is unsymmetric (the amplitudes of
forces acting on the upper and lower conductor are also not the same). Moreover, the AC
component of force is bigger if eddy currents are present in cables. In the last simulation,
both currents in the cable and plate were taken into consideration, and the superposition of
effects discussed earlier was present in this case.

In order to investigate the influence of geometrical parameters such as the distance
between cables Ax or distance between cables and plate Ay on forces, a parametric simula-
tion for each of the previously mentioned simulations was conducted. In order to better
analyze the results, the forces acting on cables without a plate calculated by analytical
Formula (4) were treated as the reference and the correction factors were defined to better
visualize the influence of the ferromagnetic plate and eddy currents in cables and in the
plate. The correction factors for the AC and DC force for the bottom and upper conductor
and AC force for the middle conductor, given in Equations (10) and (11), can be used. The
mentioned correction factors define the ratio of the force when the plate is present to the
force obtained from the analytical formula. The same concept of the correction factor cannot
be used for the DC force of the middle conductor, so the correction factor for the DC force
for the middle conductor is defined, according to (12), as the ratio of the DC force with a
plate to the AC force according to the analytical formula. As the forces in the y direction are
significantly lower than in the x direction, they are not discussed in such detail.

Fac wit cor plate

kac= ¢ (10)
A withou cor plate
Fpc wit cor
plate
kpc = T — (11)
D withou cor plate
Fp middie wit cor pl
. plate
kpc middie = (12)

FA middie withou cor plate

Now, the results of the mentioned parametric simulation will be discussed using
corrections factors. Analyzing Figure 5a,b, it can be concluded that adding a plate always
increases the force acting on the bottom conductor. The increase in force is bigger when
the cables are very close to the ferromagnetic plate. Secondly, adding the eddy currents in
plates always decrease the force in the bottom cable. However, adding the eddy current
in the cables increases the force in the bottom cable. As can be seen, the increase in the
force may reach 60% for the AC component and 40% for the DC component. This clearly
shows that the influence of ferromagnetic plates and eddy currents in cables should not be
neglected during the design process.
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Figure 5. Correction factors: (a) Kac bottom; (P) KDC bottom (€) KAC upper; (d) KDC upper for Ax =35 as a
function of core plate distance.

Analyzing Figure 5¢,d, it can be concluded that the forces acting on the upper conduc-
tor are lower than the forces acting on the bottom conductor (Figure 5a,b) if eddy currents
are included either in cables or in the plate. This means that the eddy currents make the
system unsymmetric. Similarly, as for the lower conductor, the eddy currents in the plate
decrease forces acting on the upper conductor, and eddy currents in cables increase the
forces acting on the upper conductor. This asymmetry depends on different phases of
currents in bottom and upper conductors, and not on the geometry of the system.

The same conclusions can be drawn for the AC force acting on the middle conductor
based on Figure 6a. Eddy currents in the plate decrease the AC force acting on the middle
conductor, and eddy currents in conductors increase this force. Figure 6b—d show the
correction factor for the DC force acting on the middle conductor for different distances
between cables (35, 50, and 100 mm, respectively). In the case where eddy currents are
neglected both in the plate and conductors, the DC component is zero. After adding
conductivity to the plate, this force is nonzero due to eddy currents in the plate. Similarly,
in the case of a solid conductor near a non-conductive plate, the force is also nonzero due
to eddy currents in cables. However, the direction of force caused by eddy currents in a
conductor is opposite to the direction of force caused by eddy currents in the ferromagnetic
plate. This cannot be seen in the graphs below because those graphs only analyze absolute
values of forces. Finally, after adding the eddy currents in both the conductor and plate, the
superposition of both forces exists. As the directions of the forces are opposite, the values
of the forces are subtracted. The component of the force coming from eddy currents in the
conductor mainly depends on the distance between conductors and the diameter of the
conductor. The closer the conductors are to each other, the more important this force is.
On the other side, the force caused by eddy currents in the ferromagnetic plate is strongly
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dependent on the distance between cables and the plate. The closer the cables are to the
plate, the higher this force is. As a result, depending on the geometry, either the force
caused by eddy currents in cables or the force caused by eddy currents in plates is higher,
which can be seen in Figure 6b—d.
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Figure 6. Correction factors: (a) kac middle for Ax = 35; (b) Kpc middle for Ax = 35: (¢) kpc middle for
Ax = 60; (d) kpc middle for Ax = 100; as a function of core plate distance.

In the previous simulation, the diameter of the cable was assumed to be 30 mm.
However, eddy currents in cables strongly depend on the diameter of the cable and the
distance between the conductors. For this reason, a parametric simulation with the diameter
of the cable changing from 10 to 30 mm and the distance between cables changing from
35 mm to 300 mm was performed. Figure 7a presents the ratio of the AC force acting on
the bottom solid conductor to the AC force acting on the stranded one for different values
of the diameter of the cable and the distance between cables. This figure clearly shows
that the influence of eddy currents is more significant for a large diameter of the cable and
when cables are close to each other. This can be explained by the proximity effect. Due
to the proximity effect, the magnetic field produced by one cable influences the current
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distribution in the second cable. The smaller the distance between the cables, the bigger the
influence of the magnetic field induced by one conductor in the other one. The bigger the
diameter of the cable, the smaller the resistance of the cable, and eddy currents in the cable
have higher values. In Figure 7b, the current density in the cable and the ferromagnetic
plate is shown for phase angle 0. It can be seen that the current distribution is not uniform
because one magnetic field of a neighboring conductor influences the current distribution
in another one.

13
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2 2272310 Im
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g 1.15 ' 7.6767 x 106 { 0
7 [ | 53466 x 10°
o) 37237 x 106
2
s 11 ] 25935 x 106
= ) 1.8063 x 106 ;G’i
2 105 [ ] 12580 % 10° ~
e LIPS 0 87617 x 106
o (LY o ' 6.1022 x 10° =
.g 1 eocoe $ ¢ ) . 42500 % 10° ®
© 29600 x 10° =
& 0 20 40 60 80 100 120 140 160 S

Ax distance between cables, mm 133’2?1& L

@ Ay=35d=10 ®Ay=35d=20 @ Ay=300 d=20
@ Ay=35d=30 @ Ay=100 d=30 ® Ay=300 d=30

(a) (b)

Figure 7. (a) Ratio of AC force acting on a solid conductor to force acting on stranded one for upper
cable; (b) proximity effect for current density distribution.

The mentioned ratio of solid to stranded AC force for the bottom conductor can be
approximated by Equation (13). A similar analysis was conducted for the other components
of the force and the approximation functions will be described in the next section.

Fx soli d*
xsolid 1+ Ciz (13)
Fx stranded Ax

4. Improved Analytical Formulas

Based on all parametric simulations, analytical formulas are proposed approximating
the forces acting on the cables near the conductive ferromagnetic plate. At the beginning,
it was checked which parameters have a significant influence on the forces and which
have negligible influence. The parameters with negligible influence (for example, the
thickness of plate h) were not taken into consideration while developing improved formulas.
The authors studied the influence of each parameter separately and the influence of a
combination of parameters, trying to find the best mathematical function approximating
the results of the simulations. After defining the proper mathematical formula, the least
square method was used to determine the unknown constants in the equations.

Equations (14)—(16) can be used for three stranded cables near the conductive plate.
The DC force for the middle conductor in the x-direction is described by Equation (16). All
other forces in the x-direction are expressed by Equation (14). Equation (15) can be used to
determine the forces in the y-direction.

- ol’L
Fy stranded = (1 + Ae an)k‘un_m (14)
“M()IZL ,‘Bﬂ
Fy stranded = B e "ax (15)

TAX
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2
k]/[OI L

TAx (16)

oy
Fy DC middie stranded = (Ae aM)

Figure 8 presents the results from the simulation for different parameters and the
approximation function. The maximum relative error of approximation is less than 5%,
which is acceptable for engineering purposes.
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Figure 8. Simulation results and approximation function for stranded conductor.

The analytical formulas for forces acting on the solid cables near the conductive plate
were determined and expressed by Equations (17)-(19). For all x-forces except for the DC
force acting on the middle conductor, Equation (17) can be used.

d* oty VOIZL
Fy solia = (1 + Csz) (1+ae 5 kbl (17)
For the DC component of the force acting on the middle conductor, Equation (18) must

be used: . 5

_abdy ol°L

Fy D¢ middle solid = 'Csz — Ae”"ax k;‘/;TTx (18)
For all y-forces, Equation (19) can be used.
d* \ polPL gy

Fy solida = <1+Dsz)B P P (19)

As it is depicted in Figure 9 the approximation function are with very good agree-ment
to the results of simulations.
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Figure 9. Simulation results and approximation function for solid conductor.
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5. Conclusions

1.

The electromagnetic forces acting on conductors of C&L can damage the insulation of
the conductor. In order to prevent such a failure, it is necessary to know the forces acting
on these conductors. Cables are very frequently in close proximity to ferromagnetic
elements as core press plates, which makes the calculation of forces difficult.

In order to determine the forces acting on the conductor near ferromagnetic elements,
the classical Equation (4) for long cables in a vacuum cannot be used because it will
underestimate the forces acting on the conductors. Adding the ferromagnetic plate
near to the cables causes an increase in the force acting on these cables in the direction
parallel to the plate. The increase in force can be up to 60%, and it is stronger the
closer the cables are to the plate.

Adding the ferromagnetic plate nearby the cable also causes the force in a direction
perpendicular to the cables” plane. This force attracts cables toward the plate and it
decreases when increasing the distance between the plate and cables. However, forces
in the y-direction are always significantly smaller than forces in the x-direction.

The eddy currents in the ferromagnetic plate and cables significantly change the forces
acting on the conductor. After adding eddy currents in the cables or the plate, the
system is unsymmetric. The magnitude of the force acting on the upper and bottom
conductor is different due to different phases of the current in those conductors.
Furthermore, the eddy currents cause a nonzero DC force on the middle conductor.
Eddy currents in the plate cause a decrease in forces in the x-direction, except for the
DC force acting on the middle conductor, which is nonzero, in contrast to the situation
where eddy currents are neglected.

Eddy currents in cables increase the forces in the x-direction due to the proximity
effect. The effect of eddy currents on forces increases when increasing the diameter of
the cable and decreases when increasing the distance between two cables.

Based on the parametric simulation, new improved analytical formulas were devel-
oped to calculate forces acting on the cables near the ferromagnetic plate, which will
be used in foreseen non-linear mechanical calculations of C&L set during operational
short-circuit conditions.

Developing improved analytical equations is a big step forward for solving the prob-
lem discussed here. However, in order to use the mentioned equations in real engi-
neering applications, a mechanical model of the conductor must be developed. Due to
the complex geometry of cleats and leads conductors, performing the mechanical sim-
ulation is very difficult. Currently, the authors are in an advanced stage of developing
the mechanical simulation, which will be described in the next paper.

In the future, experimental verification is foreseen by measuring the deflection of the
realistic cable support geometry. This should be compared with the results from a
complex non-linear numerical model of the structure, where the applied forces are
given by the formulas given here. The finite element meshes in the electromagnetic
and structural domains are completely different; therefore, the coupled magneto-
mechanical approach cannot be used. A dynamic analysis of the structure seems to go
beyond the scope of the presented work. The authors decided to trust the correctness
of electromagnetic calculations, which were verified only for variants for which there
is an analytical solution. The value added by this paper is the synthesis of thousands
of finite elements solutions, showing the importance of several geometric dimensions
influencing the final force value.
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