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ENHANCING THE POSSIBILITIESIN VISUALISATION
OF THE FERRORESONANCE PHENOMENON

Waveforms measured and recorded in a ferroresaiamit are the base for many
computations, including simulation of ferroresorarmircuit over - current/voltage re-
sponses and modelling a nonlinear coil.

During such a study of ferroresonance phenomerantitne dependent nonlinear
differential equations are derived frdR+ ¥(i) — C ferroresonant circuit. The system of
nonlinear equations is numerically solved usingoter algorithm applications. In ap-
plied mathematics, in particular the context of tloalinear dynamical systems analysis,
phase — plane/space graphs are a visual displagrtdin characteristics of kinds of
differential equations.

The aim of the paper is a full plane/space presentaf all possible states of a test
circuit when the ferroresonance occurs. Poincargsnagplication is also mentioned in
the paper.

KEYWORDS: ferroresonance, Power System, ferromagroetre coil, measurements,
state space and plane representation of dynanysizinss.

1. FERRORESONANCE PHENOMENON

Ferroresonance is an oscillating phenomenon oaguini an electric circuit
equipped with a nonlinear inductance, a capacitamtkalso containing some
resistive element. In such a circuit, amy i condition change of any electrical
component can lead to naxt i spontaneous changes at the terminals of other
components [1, 2].

Power networks are especially vulnerable for f@sonance occurrence. The
dense accumulation of line and cable capacitaneddransformer’'s magnetiz-
ing inductances creates an environment where arésonance scenario cannot
be excused. These nonlingar linearC connections are exposed to impossible
to avoid power network switching events. Those &veneate moments of sys-
tem unbalance after which a ferroresonance isedri].
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Electrical equipment damages (e.g. failures ingi@mers, cables, and arresters
and severe power quality problems) are consequetheg¢sare hard to avoid
during ferroresonant overvoltage and/or overcurirapiact [4].

Therefore it is necessary to study and exam theicpkr phenomenon in

order to learn how to predict and identify it andhe end how to protect against
it. Knowledge about classification of a ferroresoc®& phenomenon is also re-
quired in order to choose the correct mathemadipptoach [5, 6].
It is worth to mention that ferroresonance as anpheenon is so complex that it
almost rejects any analytical trials of examinati®he proper tools for the anal-
ysis or prediction are located in advanced compuriahethods, i.e. a numerical
integration method [7, 8, 9].

In this paper the time-domain techniques were nigaky implemented. In
the first place, the ferromagnetic circuit coil lwits nonlinearities and hysteresis
was exam. After that the ferroresonant was inteatiy ignited in test circuit
and analyses have been performed. The phase pldrepace visualization was
provided with the use of Poincaré Maps.

The aim of performed studies was to assess andifglaes ferroresonance
phenomenon induced in laboratory.

2. CIRCUIT MEASUREMENTS

The measurements — the basis for further analysi®e performed in the test
circuit composed in laboratory. This circuit is ggped with a regulated voltage
source, a resistor, a nonlinear coil and a capaditwrough an adjustment of the
source voltage level one can intentionally indudereoresonance phenomenon
in the circuit.

The industrial digital interference recorder wagdiso acquire the voltage
and current waveforms on all circuit componentstiijithe measurements the
ferromagnetic core coil has reached its saturaggion conditions.

The flux linkage is a quantity not measurable dlyewith the use of conven-
tional engineering tools. For the purpose of trapgr it was obtained directly
from its definition as a time integral of the v@jeaacross the coil [10]:

t
@(t)= Ju (t)dt + (t) (1)
to
The trapezoidal integration method is applied imatical realization computa-
tions.

In Fig. 1 and Fig. 2 pairs of waveforms at the motmehen ferroresonance
occurs are presented. The measured circuit culsgraired with computed flux
linkage (Fig. 1). The collected measured voltagethe coil and capacitor are
depicted in Fig. 2.
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Fig. 1. Measured waveforms of circuit current (grayd computed nonlinear coil magnetic flux
(black) during ferroresonance (the scale is comfopboth quantities)
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Fig. 2. Nonlinear coil (gray) and linear capacifoiack) measured voltage waveforms when
ferroresonance occurs (the scale is common for dpodintities)

3. IRON CORE COIL EXAMINATION

The nonlinear colil is a crucial element of eachidersonant circuit. There-
fore performing a full scale supply voltage diagios necessary [6, 11]. Liter-
ature survey delivers proofs of usage of basie i characteristics or quasi-
hysteresis curves fitted by different functions f24]. In fact only measured
hysteresis curve provides true information aboor icore coil features and be-
havior [6]. The shape of a hysteresis curve sigaifily influences the
ferroresonance phenomenon [15, 16]. What is noitepsrtant, this rule covers
both major loop and various minor loops cases [17].

Recorded current waveform and previously computexl inkage waveforms
have been used to plot hysteresis loops of the Tb# characteristics of the
nonlinear core coil used in analysed test ciraughiown in Fig. 3.
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Fig. 3. Plot of measured flux linkage versus cur(ére hysteresis curve)

4. VISUALISATION OF FERRORESONANCE

In literature one can find several tools dedicatedtudy the nonlinear and
dynamic systems [18 — 21]. There are known metlhaded on bifurcation theo-
ry [22 — 25], where the evolution of the systernusoh is examined by changing
the value of a control parameter. In a rather disja approach the
ferroresonance can be examined by using a spsttiy method based on Fou-
rier's analysis or a 2D/3D phase plane analysipstpd by Poincaré maps [26
— 28]. The latter is used in this paper to difféiee between ferroresonance
types. In the end it allows to correctly classife tferroresonance that has oc-
curred in the test circuit.

A system of differential equations is used to diégca nonlinear and dynam-
ical test circuit [24, 29]. The set of equationpeleding on assumed mathemati-
cal model of nonlinear coil may be formulated:

dy
F = fl("U,uC,t)
We - @, uc.t) @

Such system of differential equations is solved etcally.
For the discussed series ferroresonance circate space is a representation
of time development of state variablesand ¥ [30, 31], which can be illustrat-
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ed in a 2-dimensional or 3-dimensional plot (througajectories). The phase
trajectory displaying ferroresonance occurrencanflient state between two
steady states) is presented in Fig. 4.
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Fig. 4. Phase trajectory of the investigated sygighere ferroresonance is observed)

In order to reduce dimensionality of informatioroabchanges of state vari-
ables one can analyze a two-dimensional plot. Thelevthree dimensional
trajectory in the effect will be projected onto B horizontal plane. The ob-
tained state plane of the system is depicted inT=ig

Presence of periodically driven voltage source imd@épendent variables in
the discussed system allows to generate another aym three dimensional
space. This space is an ordinary cylindrical cowt# system generated by ro-
tating ¥— uc plane about a central vertical axis. The angubarainatew.t rep-
resents the stage of the source waveform in it®gé&r The intersections of the
trajectories with a plane at an arbitrarily seldcegle are recorded. These inter-
sections allow to generate what is called a Poéosap. The trajectories on the
3-dimensional plane along with the points of thénParé map are presented in
Fig. 6.
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Fig. 5. Two dimensional phase plane of the inves#ig circuit obtained from previous (3-
dimensional) phase space presented in Fig. 4
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Fig. 6. Three dimensional representation of trajgogenerated through the rotatié- uc plane
for an examined ferroresonance transient state

The obtained Poincare map for the examined cirsyitesented in Fig. 7.
A record of the intersection points (forming tharieéare map) along with the
trajectory on a 2-dimensional plane is presentdeldn8.
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Fig. 8. Points of the Poincare map and the phagectory of the system on a two-dimensional
phase plane

The analysis of the features of an obtained Po@no@ap can lead to determi-
nation of the type of ferroresonance, which in acfgical system could lead to
the identification of the source of the phenomenon.

A reliable ferroresonance mode classification heenbgiven in the study [5].
The modes are:

— fundamental mode (one point on the Poincare majpearbserved),
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— subharmonic mode (a single occurrence of a sefpafmts),
— quasi-periodic mode (several occurrences of a dlps¢h of points),
— chaotic mode (many points gathered close to aesiigtactor).

Naturally - one observed ferroresonance can benpatly classified into two
categories. The occurrence studied in this papendsthat can be classified as a
guasi-periodic mode. The closed path of pointshenRoincare maps (previously
depicted in Fig. 7) can be observed. Several patb$d be observed when ob-
serving Poincare maps in a larger time interval. (Bom waveforms as in [6]).

5. CONCLUSIONS

The series ferroresonance circuit has been studiédiseful circuit quanti-
ties have been measured and computed and usettoerfanalyses. Two of the
obtained quantities have served as state variatfiehe considered system
(i.e. nonlinear coil flux linkage and capacitor tagje). The obtained waveforms
allows to illustrate 3D and 2D plots of the systphmase trajectories. Further
analysis of phase trajectories allowed to obtaiadeloincare map. Finally, the
Poincare map allowed to determined the type obttwairring ferroresonance.
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