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Abstract: This paper presents the analysis and
simulation of occurrence and development of ferro-
resonance in real eectrical networks. The necessary and
sufficient conditions for ferroresonance occurrence have
been examined. It has been shown that in eectrica
networks this phenomenon is non-linear, so some special
methods should be applied. A computer simulation has
been performed to calculate the ferroresonance mode.
During the analysis the application of the Jiles-Atherton
model has alowed taking into account the hysteresis
effect and improving the reliability of simulation. The
ways of preventing ferroresonance phenomena in
electrical networks at open-phase operating conditions
are presented.
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1. Introduction

Ferroresonance is complex nonlinear oscillations
that can occur in electrical circuits with seria or paralle
connection of nonlinear inductance and capacitance.
Methods for ferroresonance study have been already
devel oped for many decades.

According to practical experience and theoretical
studies this phenomenon leads to the occurrence of high
overvoltages and overcurrents with high levels of harmo-
nic distortion and it cannot be eliminated by traditional
means of overvoltages and overcurrents suppression.

In dectrical networks, ferroresonance can cause serious
damage of the equipment and long-term failure of power
supply. Therefore, it must be avoided by all means. Since
the number of failures caused by the ferroresonance has not
been reduced in the course of networks operation, the given
problem isrelevant in the present.

In electrical power systems, ferroresonance may
occur either at fundamental frequency or at one of the
subharmonic or higher order harmonic frequencies. The
nonlinear transformer introduces those current and
voltage harmonics. Ferroresonance emerges when a
capacitance and an inductance tune in with one of these
harmonics. Ferroresonance is found to occur at the
fundamental frequency mainly while subharmonic
ferroresonance may also happen sometimes. In the latter

case the ferroresonant overvoltages are less severe and
more difficult to mitigate. Such type of ferroresonance
occurs sometimes in an extra high voltage transmission
network where a voltage transformer is connected to a
de-energized transmission line that runs alongside an
energized line[1].

Ferroresonance is also considered as a jump
phenomenon. The system suddenly jumps from one
stable state (the normal mode) to ancther stable state (the
ferroresonant mode) upon a system disturbance, such as
a small change in system voltage, circuit capacitance, or
transients. This sudden jump is sometimes referred to as
bifurcation. Researchers investigated it analytically or by
using time domain methods, such as numerica
integration techniques. Nowadays they are trying to
investigate this phenomenon more deeply by applying
the theory of nonlinear dynamics and chaos [2].

2. Theferroresonance conditions

For the occurrence of ferroresonance phenomena in
electric networks the necessary and sufficient conditions
must be fulfilled. The ferroresonance presence can be
expected if the following characteristic features are
observed: phase-to-phase and/or phase-to-ground over-
voltages; overcurrents; voltage and current distortions;
neutral shift; transformer heating (in no-load mode); too
loud continuous noise from transformers and reactors;
failure of eectrical equipment (such as voltage trans
formers). In such cases, the necessary and sufficient con-
ditions of ferroresonance processes should be checked.

The necessary conditions include: the presence of
relatively large capacitance in electrical networks (long
aerial transmission lines; shorter, but relatively more
capacitive underground cable lines; capacitive voltage
dividers in circuit breakers, capacitive voltage
transformers etc.) and the presence of an inductive
element with a ferromagnetic core (power transformers,
electromagnetic voltage transformers, etc.).

The sufficient condition is the appearance of the
relevant disturbance that precedes and induces ferro-
resonance (atmospheric overvoltage, connection or
disconnection of transformers or loads, short circuit
occurrence or clearance and others).
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Ferroresonance occurs in power distribution systems
with open-phase supply of a power transformer on no-
load or low-load, when the transformer coil is fed
through the capacitive coupling from other phases or
from paralle lines. In such a case, the linear phase-to-
phase and phase-to-ground capacitances of the trans-
mission line and the nonlinear inductance of the
transformer could compose a series resonant circuit.

Some typical system disturbances that may cause
ferroresonance in power distribution system at open-
phase operating condition are;

Sudden de-energization of one phase while the
other two phases remain energized. For instance, when a
phase conductor is accidentally damaged, or upon loss of
a phase due to a blown fuse as a result of a phase-to-
ground fault.

Open-phase switching-on: for instance, two
phases are connected simultaneousy when the third
phase remains open for a few cycles. This could happen
in distribution systems where single phase switching is
performed. Single phase fuses are still commonly used in
rural power grids due to their relatively low cost and also
because their utilization enables limited power
trangmission to be sustained after clearance of
frequently-occurring single phase-to-ground faults by
powering out the damaged phase.

Open-phase switching-out may lead to similar
ferroresonant overvoltages as open-phase swithing-on.

As it has been mentioned above, such
asymmetrical switching operations can lead to
essential overvoltage when atransformer at no-load or
low load is connected to a transmission line that
operates with ungrounded neutral. But the situation
gets more difficult when ferroresonance circuit is
supplied not only through line capacitance, but also
through el ectromagnetic coupling.

This situation occurs in subtransmission substations
with circuits where the step-down transformer is
connected to the line by means of a shorting device and
disconnector, rather than by a high-voltage circuit
breaker. Usually, the step-down transformer has high-
voltage wye-connected windings with grounded neutral
and low-voltage delta-connected windings. There is a
possibility of such dangerous incidents as switching-out
or switching-on of a line connected to a transformer on
no-load or low-10ad by operating one of the line breakers
and with its other breaker being open (Fig. 1).

The application of three-winding transformers
creates favorable conditions for the initiation of ferro-
resonance, because the tertiary winding has considerably
lower power than other windings. Therefore, the leakage
inductance of the lowest-voltage winding referred to the
primary oneisvery high.

Substation

Qo)
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Fig. 1. Theferroresonance occurrence
in Ukrainian eectrical network.

It should be noted that corona discharge
substantially restricts overvoltages due to additional
energy losses. However, in a ferroresonance circuit,
strong electromagnetic coupling diminishes this effect,
S0 overvoltages can be il sgnificant [3].

Ferroresonance phenomena are featured by long-
lasting transients, therefore the use of traditiona
methods and techniques utilized in studying
electromagnetic trandents are often ineffective in their
case. The most suitable method to be used here is a
computer simulation. It has been used for investigation
of an accident in Ukrainian eectrical network (Fig. 1).

The substation (Fig. 1) is connected to 220 kV line.
The line was scheduled for repair. One of the high-
voltage circuit breakers worked properly, but another
one failed (open-phase swithing-out — only two phases
cut out). The personnel of the substation noted a specific
loud noise in the voltage transformer VT lagting for
about fifteen minutes. Then the noise stopped. After
thirty minutes since the start of the commutation, the
high-voltage circuit breaker was manually switched out.
The voltage transformer VT exploded, when the line was
switched on after repairs. A subseguent analysis test
indicated decomposition of oil and solid insulation.
Close examination of the transformer details aso
revealed asmdll of burnt insulation.

The simulation of the process caused by open-phase
operation has been performed for this network and it has
been shown that ferroresonance occurred in both trans-
formers connected in parale (power transformer and
voltage transformer). The voltage transformer was da-
maged first, because it was weaker than the power one.

3. Modeling nonlinear core characteristics of
transformers

As mentioned earlier, the appearance of ferro-
resonance processes in electrical networks requires the
existence of an inductive dement with a ferromagnetic
core. This condition can be fulfilled by the presence of a
power transformer on no-load or low-load and a voltage
transformer. The accuracy of the mathematical model s of
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the transformers influences considerably the reliability of
the results of ferroresonance calculations.

The nonlinear characterigtic of the transformers is
described as the dependency of magnetic flux density B
on magnetic field intensity H (magnetization curve):

B=my(H +M), D

where my =4p ®0°’ H/m is the permeability of va-
cuum; M ismagnetization.

For modeling of the power and voltage transformers
andytical methods (eg, harmonic balance method) can
be used. However, to develop more accurate and ade-
guate mathematical model s of the transformers the effect
of hysteresis must be taken into account. To simulate the
behavior of transformers in eectrical networks, the
application of Jiles-Atherton modd is the most appro-
priate way [4, 5]. That modd was devel oped with the
focus on computer simulation and has a stable algorithm.
This model can be described by differential equations; it
uses only five parameters and needs only one hysteresis
loop, obtained experimentaly, for its identification. It
should be noted that the origina Jiles-Atherton modd is
valid only for isotropic materials.

According to Jiles-Atherton model, the total magne-
tization M can be written as the sum of irreversible
magnetization M;,, and reversible magnetization M, .

The irreversible magnetization can be determined
from the equation:
dMiy, - Man - M
dH kd-a (Mg, - M)

(2

where Mg, isanhysteretic magnetization; k, Amisthe
value of the hysteresis loop coercive force that deter-
mines the width of the hysteresis loop; d is a direction
parameter, which takes on the values of either 1 (for
dH/dt > Q) or —1 (for dH/dt < 0); a isaparameter that
guantifies the interdomain coupling in the material.

The anhysteretic magnetization can be written as the
modified Langevin function:

M, = Mfcoth?iﬁ-ig, ©)
e a g Heg

where Mg is saturation magnetization; Hg =H +aM is
effective field acting on magnetic moments within
domains [6]; a, A/misaform factor for the anhysteretic
curve which is determined as the value of magnetic field
intensity at which Mg, =Mg4/2.

The reversible magnetization can be described by
the differential equation:

ere‘/ = C@Man -d_MO
dH g

dH & gH

(4)

where ¢ is the reversibility coefficient which ranges
from O (completely irreversible magnetization) to 1
(completely reversible magnetization).

Then, the total magnetization can be written as.

v _ 1 Mgy -M) c dMg,
dH (@+c)kd-a(My,-M) 1+c dH

(5)

Using the mathematical model (5) we can smulate
all hysteresis characteristics, such as initial magne-
tization, saturation, hysteresis | osses, etc.

4. Theresults of ferroresonance simulation

The devel oped nonlinear inductance modd makes it
possible to assess directly the impact of losses in the
steedl on the character of ferroresonance processes in
electrical networks. Simulation results of ferroresonance
phenomenon at open-phase operating mode have shown
that after the ferroresonance initiation the current sharply
increased up to several amperes in the high-voltage
winding of the voltage transformer. As the result of
overheating in the high-voltage winding, short-circuits
occurred. Those short-circuits changed the inductance of
the voltage transformer, thus the ferroresonance loop
was changed and process was terminated, but the
winding damage caused subsequently an explosion.

The results of simulation have shown impossibility
of suppression with the aid of valve-type arresters. When
the voltage of the neutral point reaches a magnitude
sufficient for operation of a valve-type arrester, break-
down of its spark gaps occurs and a current surge
appears. Voltage decreases promptly to its minimum
value, further it rises and then rather dowly decreases
once more. At the second and third operation of the
valve-type arrester the voltage is less than at first one.
Therefore, at consequent operations of the valve-type
arrester the amplitude of its high-frequency current
component rises and so the necessity for cutting off the
current in the valve-type arrester occurs. In turn, it
prompts recurrence of the voltage ferroresonance. The
calculation has shown that after actuating the valve-type
arrester and arc decay of the accompanying current, the
overvoltage recurs and is repeatedly reduced in the
course of new operation of the valve-type arrester and
consequent current decay etc. If the ferroresonant
overvoltages were not reduced within specifid time
period, sooner or later the arrester would be destroyed
due to thermal runaway.

According to smulation results, the above-mentioned
ferroresonance can be prevented by ground connection of
the neutral of the transformer on no-load through the
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resgor during open-phase operation of the power line.
The value of the resstance in the neutral is determined
according to following requirements. to ensure preventing
the ferroresonance, not to interfere with the operation of
relay protection, to ensure lightning protection of the
neutral, and to comply with production conditions. Those
requirements are satisfied when the resgance value is of
2 kW. Apat from the resistor protection of the
transformer from the ferroresonance, it is suggested that
the current through the resistor should be continuoudy
monitored, otherwise theresistor may be damaged. By the
way, if the ddta winding of the power transformer can be
open, the conditions of ferroresonance would be
eliminated.

For ferroresonance suppression a standard shorting
device can be used. In this case there are two variants of
its operation: the short-circuiter is used on live phase, so
that its actuation causes opening this phase by means of
a high-voltage circuit breaker; the short-circuiter is used
on open phase and the current which appears in the
circuit is approximately egual to the current of the
transformer on no-load and the voltage on other open
phase eguals 0.5 phase voltage. Therefore, utilization of
a standard shorting device insures switching-out the line
(if diminator is blocked) or interruption of the dangerous
state [7].

5. Conclusion

The analysis of ferroresonance occurrencein thereal
Ukrainian electrical network at open-phase operating
conditions has been conducted. Jiles-Atherton mode
allows taking into account the hysteresis effect and
increasing the reliability of computation results. Thus,
the result obtained is the nearest equivaent to the real
situation. The proposed methods of the prevention of
ferroresonance phenomena help to avoid damage of the
main equipment of electrical networks.
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JOCIAKEHHSA ®EPOPE3OHAHCIB B
EJEKTPUYHUX MEPEXKAX ITPU
HEINIOBHO®A3HUX PEXKUMAX POBOTH

Ipuna Tyrait

VY wiit craTTi HaBeJEHO aHali3 BUHUKHEHHS 1 PO3BUTKY
(bepope3oHaHCY B pealbHHX  EIEKTPHYHHX
PosrnsiHyro HeoOXimHiI Ta JOCTaTHI YMOBH JUIS IIOSIBU
(bepope3onancHoro mnpouecy. I[lokasaHo, mo Le sBHUILE B
CIIEKTPUYHMX MepekaXx € HeNiHiHHUM, TOMYy ITOBHHHI
3aCTOCOBYBaTHUCS creniaabHi Merogu. Ilpu  mpoBeneHHI
PO3paxyHKy OyJI0 BHUKOPHCTaHE KOMII'IOTEPHE MOIENIIOBAHHS
Ta Mozenb Jxkinca—ATepToHa, 110 J03BOJIMIO B3ATH O yBard
e(eKT TicTepe3nucy i MiJBUIUTH HAAIHHICTH MOJEITIOBAHHS.
3anpornoHoBaHO IUIAXM  3anobiraHHs — (epope3oHaHCHUM
SBUIIAM B C€JIEKTPUYHHX MEpexax IIPU HENOBHO(DA3HUX
pexumMax poOoTH.
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