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Abstract

Ferroresonance is a non-linear resonance which occurs between the capacitors of the cables, lines, and breakers and nonlinear
inductance of the reactors and transformers when their core is saturated. Due to ferroresonance, it has been proved that large
pulse currents pass through the transformer winding which seems to cause severe electromagnetic forces on the transformer
windings. This research work is aimed at characterizing the transformer behavior at ferroresonance mode and calculation of
the electromagnetic forces applied on the windings. To this end, a 2D FEM model of a 25KVA distribution transformer is
developed. The accuracy of the FEM model is validated by comparing the FEM results and those obtained from the analytical
methods. The results of this study are of great importance in the electrical and mechanical design of transformers and their

windings.
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1. Introduction

Transformers are one of the most expensive
equipment on the network and their loss can be
damaging to the network. Therefore, their protection
and maintenance are important. Transformers
experience different stresses during the operation
period, including electrical, mechanical and thermal
faults, some of which can increase the current and
thereby increase the electromagnetic force on the
winding. This increase in electromagnetic force
causes damage such as bending of the winding,
displacement and tearing of the winding. Therefore,
the prediction of electromagnetic force in the design
process of transmissions is necessary [1,2]. When
the ferroresonance occurs, pulsed currents with the
multi-amplitudes pass through the transformer's
winding that can increase the electromagnetic force
on the windings [3].

An overview of the investigations carried
out in the field of the ferroresonance phenomenon,
reveals that, in the case of the ferroresonance
phenomenon, many of the past work is related to the

investigation of the states of occurrence of
ferroresonance in different network structures. In ref
[4], to study ferroresonance occurred on a power
autotransformer 13/275/400KYV is presented and the
practical results of the simulations were compared
with the results. The reference [5] has analyzed the
ferroresonac of the lightning strike and switching on
a capacitor voltage transformer. In [6], the impact on
the occurrence of capacitors opens circuit breaker
Ferroresonance a voltage transformer is studied.
Different parameters of the network and
transformer have a different effect on the
ferroresonance phenomenon, which has been
investigated in Ref. [7,8] and how these parameters
are affected. Also, the effect of different components
of the power system, initial conditions on the
occurrence of ferroresonance and the impact of the
residual on the stability of ferroresonance in
references [9-11] have been studied. Different
solutions have been proposed in order to prevent and
reduce the ferroresonance in various systems. In [6],
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a detailed presentation of these methods is
presented, as well as a method of protecting
transformers  against  overvoltages due to
ferroresonance using The active load is shown in
reference [12]. In the references [13,14], the
methods of decreasing the ferroresonance of the
posts in the posts using the controller (UPFC) and
the use of an inverters gas desorption reactor have
been investigated. Reference [15,16] uses a two-
dimensional transformer model to analyze the
voltages caused by ferroresonace in the frequency
domain and to analyze sub-harmonic volatility.

The study of past work shows that the major
work is done in most areas of studying the
occurrence of ferroresonance in different systems,
the effect of different parameters and initial
conditions, methods for reducing and eliminating
ferroresonance and analyzing the signals of
ferroresonance. The description and calculation of
the forces involved in the transformer winding as a
result of the ferroresonance phenomenon, in spite of
the importance of discussing the electrical and
mechanical design of the transformers, is a subject
that has not been studied so far. This paper, by
considering a two-dimensional model of a 20/0.4 kV
transformer, 25 KVA, has investigated the amount
of electromagnetic force applied to the transformer's
winding under normal operating conditions and the
occurrence of ferroresonance.

2. Ferroresonance

Ferroresonance or iron resonance is a
nonlinear phenomenon that occurs between a
network capacitor such as a cable capacitor, lines, a
power key capacitor, and a nonlinear inductance of
equipment such as transformers [17]. According to
Fig. 1, this phenomenon occurs in a distribution
network when the transformer is blunt or low, while
in a point away from the single-phase cut-off or two-
phase due to the burning of one of the Augmented
Cut fuses.
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Fig. 1. The occurrence of ferroresonance in the distribution
network

This phenomenon has several destructive
effects on the network, including over voltage and
current, distortion in voltage and current waveforms,
noise generation, destruction of transformer
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insulation, and so on. The ferroresonance circuit
consists of a serial connection of an alternating
source Vs, a capacitor C, and a nonlinear inductance
L, as shown in Fig. 2, which shows that the relations

between the circuit elements are:
VC
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I
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Fig. 2. The occurrence of ferroresonance in the distribution
network
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To determine the point of nonlinear circuit
operation, we can deduce the curve of the voltage
difference E = V| -V¢, which is considered to be the
magnetization curve of the kernel core V. =f(1). The
capacitor voltage is plotted as V¢ on the V-I
coordinate with a coefficient of 1/ .
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Fig. 3. The operation point of ferroresonance

The linear curve in Fig. 3 shows the difference
between two  self-acting and  capacitive
characteristics, which, according to the shape, yields
three cross points as the working point (1, 2 and 3)
for the circuit. Working Point 1 is a stable, non-
ferromagnetic state point where the circuit is in self-
ignition mode, and the working point 2 is a stable
ferroresonance point where the circuit is in
capacitive state and the operating point 3 is an
unstable circuit operating the circuit. In three-phase
networks, the ferroresonance events occur more in
the 10-35 KV distribution networks with transducers
fed through the cable [18]. In this case, as shown in
Fig. 4, when the three-phase keys do not function
correctly, the current may pass through the primary
winding and the capacitor between the circuit lines,
which results in the formation of a fog-viscosity
circuit.
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Fig. 4. The occurrence of ferroresonance in a three-phase
network

3. Electromagnetic Forces

The electromagnetic force is produced by the
interaction between the current and magnetic field in
a winding. As shown in Fig. 5, the magnetic flux
density vector has two radial and axial components,
which the radial components are only stronger at the
top and bottom ends of the windings. These radial
and axial fluxes distribution, lead the resultant
electromagnetic force to have two components.
Based on the Ampére's force low, if two wires carry
current in the same direction, the force between
them is attractive and for the opposite direction
currents, the force is repulsive. So, the forces
between each winding loops are attractive but the
force between the two HV and LV windings which
are carrying current in the opposite direction is
repulsive. Hence, the acting radial forces on the
outer winding of the transformer are tensional and
trying to rupture the winding conductors, but the
inner winding of the transformer experiences the
radially compressive forces.

Core

Fig. 5. Electromagnetic forces produced by the interaction
between the windings current and leakage flux

A) Radial Forces

When a transformer exposes to a short circuit
fault, axial leakage flux increases and produces
radial forces which act outwards on the outer
winding and leads the winding conductors to endure
stretch stress [18] and also, cause the inner winding
to experience a compressive stress [21], as shown in
Fig.6. Different types of the deformations such as
free buckling and forced buckling on the inner
winding and hoop stress on the outer winding can be
occurred due to the radial forces. Fig. 6 illustrates
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radial forces in a cylindrical winding and various
types of radial deformations.

(a) (b) (c) (d)

Fig. 6. Electromagnetic radial forces and windings radial
deformation, a) Radial forces acting on LV and HV windings, b)
HV winding deformation, c) LV winding free buckling, d) LV
winding forced buckling

B) Axial Forces

The resultant axial forces due to the radial
stray flux density, act on all windings and impose an
axial displacement or lead the conductors to tilt or
bend. The axial forces will be strengthened by
Ampere-turn mismatch between the LV and HV
windings if the windings are not situated
symmetrically or the HV and LV windings height is
not equal. Titling and bending of the conductors
between the spacers are one of the most common
deformations due to the axial forces [22]. Fig. 7
shows the winding axial forces and the resultant
deformations.
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Fig. 7. Electromagnetic axial forces and windings axial
deformations, a) Axial forces acting on the windings, b) Winding
healthy state, ¢) Stand-wise tilting, d) Cable-wise tilting

4. Calculation of the Electromagnetic Forces

In this section, two methods are presented for
the calculation of the electromagnetic forces:
numerical method (FEM) and analytical method.

A) Numerical Method

The electromagnetic forces are calculated from
the local magnetic flux density in the power
transformers. When current flows into the windings
of the transformer, the governing equation of the
magnetic field is expressed as [5, 18]:

Vxl(VxA)=JS—aa—A @
y7; ot

B=VxA

In equation (1), W is magnetic permeability, A
is magnetic vector potential, Js is the current density,
o is the conductivity and B is the flux density.
According to Lorentz law, the electromagnetic force
becomes [5]:
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df =idl < B ®

The radial and axial components of the
magnetic flux density are as follows [18]:

oA,
B, =—c—%
oz
B, =0 @
oA
B, = EO-J
r or

Where By, By, and B, are directional
components of the flux density in the cylindrical
coordinate. So, the electromagnetic forces for the
radial and axial directions can be computed by using

[5]:

A N AN A
F:J-J¢>< Brr+B,zldv=Fr+F,z
v ®)
Fr=B;xJy4
F,=BrxJy

As regard to the equation (5), the axial leakage
flux density Bz, interacts with the current passing
from the windings and generates a radial force Fr.
As well, the interaction between the winding current
and radial component of the leakage flux Br,
generates the axial forces Fz.

B) Analytical Method

The analytical method for electromagnetic
force calculation is completely linear and follows
the ideal condition. In the normal condition of the
transformer, the maximum value of the axial field
density (Ba) occurs in the region between the
windings and the minimum one is on the internal and
external surfaces of the LV and HV windings. So,
the radial force F (per unit of length) remains
practically constant along the length of the windings
and can be accurately calculated. The radial
component of the force which is produced by the
interaction between the instantaneous ampere-turns
in each winding (NI) and the leakage field density,
can be calculated as equations (6) and (7):

4z (NI)

Ba - 104 [T] (6)
_ 2z(NI1)2D,,

Fe= h=<107 [N] 0

Where N is the number of turns, h is the length
of the winding, Dn is the mean diameter of the
winding and | is the current flowing in the
transformer winding.

The analytical calculation of the axial force is
not as simple as the radial force calculations.
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Therefore, there is a well-accepted approach for the
above calculation that is the residual Ampere-turns
method. According to this method, the calculation of
axial force can be performed as follow [7]:

_ 47z _a(NI)
r =10°  2n, L] ®)

_ 2za(NI1)? D,
Fa=""0 *, M ©

Where a is the fractional difference in winding
heights and het is the effective length of the path of
the radial fluxes that it differs for each arrangement
of tapings [30, 32].

5. Case Study

Figures 8 and 9 illustrate a two-dimensional
model of a 25KVA transformer with a Yz
connection with its meshed structure, which is
neglected for ease of simulation of protectors and
insulators. In order to simulate the transformer using
finite element software and obtaining results, the
geometry and structure of the transformer including
core and winding are first drawn. Then, to structure
the structure, determine the initial conditions and
conditions of loading. The software used in this
paper is Flux 10.3 software to investigate the
occurrence of ferroresonance.

Fig. 8. Two-Dimensional Transformer Model
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Fig. 9. Transformer Mesh Model

The characteristics of the transformer studied
are shown in Table 1. The network used in this paper
is derived from a distribution network with its
medium-voltage maintainer cable, comprising three
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cable strings as shown in Fig. 4, where the cable
information is shown in Table 2. Fig. In order to
create annealing condition by placing a key on one
of the high voltage winding phases and
disconnecting it within 0.3 seconds, conditions for
the occurrence of the ferroresonance phenomenon
according to Fig. 4 are provided. In this case, the
transformer is in No load mode. In Table 3, a
comparison between the analytical results and the
finite element is presented to verify the force in the
normal conditions of normal operation, which
indicates the correctness and accuracy of the model.

Table.1.
Transformer specifications
Item HV side LV side
Number of turns 5023 116
Rated phase voltage 20kv 400v
connection Y z
The  height  of 178 195
windings (mm)
The inner/outer 142/181 102/123
diameter (mm)
Rated power 25 KVA
frequency 50 Hz
Core size (mm) 487/436
Window size 98/242
depth 97.5 mm
Table.2.

Specifies the cable
Source voltage 20 KV
Reactance 0.148 Q/km
Inductance 0.438 mH/km
Capacitance 0.207 pF/km

Table.3.
Comparison between the analytical results and the finite element
Axial force Radial force
HV (N) HV (N)
Analytical method 0.0059 14
FEM method 0.0005 12.7

A) Distribution of force in normal conditions

When the transformer is in normal conditions,
the flow of the windings is low compared to the
ferroresonance mode. As a result, the
electromagnetic force of the winding is less than that
of the ferroresonance state. In this section,
considering the two-dimensional transformer
model, and by dividing the HV winding, one of the
phases into several regions, investigates the
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distribution of force in normal conditions and during
the winding. The magnetic flux density, the radial,
and axial force distribution, respectively, are shown
in Figures 10, 11 and 12 in the pre- ferroresonance
state in normal and stable transformer working
conditions, as shown below. Figs. 13 and 14 show
the amount of force applied to the transformer's
winding in normal operating conditions and
transient state. According to Fig. 11, it is concluded
that the amount of this force in the center of the
winding has the highest value, because the lines of
flux in the center of the winding are axial. As we
move from the center of the winding to the edges of
the winding, the lines of the flux are closer to the
radial position, which reduces the radial force. As
shown in Fig. 11, this force is applied in a radial and
positive direction, which causes the HV to open.
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Fig. 11. Distribution of radial force on a winding in normal
working conditions

0.3

0.2

0.1

Axial force (N)

-0.1

-0.2

-0.3

-0.4
o

20 40 60 80 100 120
percentage of winding height

Fig. 12. Distribution of axial force on the winding in normal
working conditions
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Fig. 13. Transient radial force in normal working conditions
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Fig. 14. transient axial force in normal working conditions

According to Fig. 12, it follows that the axial
force in the center of the winding is small and
gradually moving towards the edges of the winding
reaches its maximum value. The reason for this is
that the lines of flux on the edges of the winding are
radially and in the center of the winding Axial form.
In the normal state, the value of this axial force is
close to zero, and the reason that half of the positive-
power and the other half have a negative force is due
to the fact that for the radial component of the flux
in the two edges of the coil, they are opposite to each
other and compress the coil It turns out.

Figures 13 and 14 show the radial and axial
dynamics of the winding on the winding, in Fig. 13,
the maximum radial force is 12N, and Fig. 14 is the
value of this force equal to zero.

B) Distribution of force in ferroresonance
conditions

In order to investigate the electromagnetic
force of the coil in the ferroresonance mode,
assuming that the transformer is unloaded, the
length of the cable is considered to be 600 meters,
with a capacitance of 120 nF in this case, and at a
moment of 0.3 seconds, one of the unloaded
transformer phases cut off in order to appear at this
maximum peak flow rate due ferroresonance.

When the transformer is fitted for this
capacitance in the ferromagnetic mode, the
overvoltage and pulse currents, as shown in Figures
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15 and 16, appear on the transformer winding. With
reference to Fig. 16, with the formation of a
ferroresonance phenomenon, pulsed currents with a
range of approximately three times the nominal
current of the transformer pass through which
transformer winding is affected by severe dynamic
forces. Figures 17, 18, and 19 show the density of
magnetic flux, radial force, and axial force during
the occurrence of ferroresonance.

With respect to the values of Fig. 17, it is seen
that in flux density, the flux density is increased in
comparison with normal conditions.

The radial force in the ferroresonance mode is
18, in the worst case, according to Fig. 18, which is
close to 200 N, which is large in comparison to the
normal operating conditions of the transformer. This
increase in power can cause severe damage to the
primary socket of the transformer. According to Fig.
19, as shown, the amount of axial force in the
ferroresonance state is also negligible, due to the fact
that the axial component of the flux in the two halves
of the winding has been modified to cause the
resulting value to be zero.
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Fig. 15. phase voltage waveform at the time of ferroresonance
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Fig. 16. The waveform of the winding current at the time of the
ferroresonance of occurrence
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Fig. 17. Magnetic flux density during ferroresonance
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Fig. 18. Radial force during ferroresonance
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Fig. 19. axially force during ferroresonance

6. Conclusion

In this paper, the finite element method was
used to investigate the electromagnetic force on the
winding of a distribution transformer at the moment
of the occurrence a ferroresonance phenomenon
with pulsed currents. The results of the study show
that radial forces have more than 10 times the
normal conditions on transformer coils, which can
cause severe damage to the primary winding of the
transformer and, consequently, cause mechanical
faults on the winding. Also, these currents can
increase the axial force, but due to the fact that the
axial force in the ridge of the axis is in opposite
directions, the yield of this force is also zero in the
ferroresonance state.

The proper understanding of the forces applied
to transformer coils and their accurate description is
a subject that is addressed in this paper and plays an
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important role in the electrical and mechanical
design of the transformer and its winding.
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