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a b s t r a c t

In this paper, control of chaos is done in presence of ferroresonant oscillations in a voltage transformer
with nonlinear model of core losses. In order to control the chaotic oscillations, nonlinear adaptive
approach is employed. Moreover, a Time Delay Feedback Controller (TDFC) is implemented to stabilize
Unstable Periodic Orbits (UPOs). Also multiple scales method to analyze chaotic behavior and types of
fixed points in ferroresonance occurrence at voltage transformers considering different types of core loss
models is applied. In the literature ferroresonance phenomenon in voltage transformers is proved to be
classified in chaotic dynamics systems. In this contribution, chaos occurs in the system from a sequence
of Period Doubling Bifurcation (PDB). This phenomenon consists of different types of bifurcations such as
Period Doubling Bifurcation (PDB), Saddle Node Bifurcation (SNB), Hopf Bifurcation (HB) and chaos.
Dynamic analysis of ferroresonant circuit is performed using bifurcation theory. bifurcation diagrams
and phase plane diagrams are illustrated using a continuation method for linear and nonlinear core loss
models. For analyzing ferroresonance phenomenon, Lyapunov exponents are calculated using multiple
scales method and feigenbaum numbers are obtained. Bifurcation diagrams illustrate variation of param-
eter control and as a result chaos is created and increased in the system.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Ferroresonance is a complex nonlinear electrical phenomenon
[1], which can causes – thermal – danger to insulators as well as
problems in transmission and distribution systems. Due to nonlin-
ear nature of ferroresonance, ferroresonant systems are considered
as nonlinear dynamic system, thus linear methods cannot be
implemented to analyze them. So, analysis of this behavior is done
applying more complex numerical methods [2,3]. These methods
are used in transient analyzing programs such as MATLAB, EMTP,
PSCAD [4–8]. Ferroresonance behavior occurs in circuits which
contain a linear capacitance and a nonlinear inductance. For exam-
ple, when circuit breaker between main bus and reserve bus is
opened, ferroresonance is created in voltage transformer con-
nected to reserve bus. When ferroresonance occurs over voltages,
over currents and chaos are created in various frequencies in a
power system. Magnetic core of voltage transformer can be consid-
ered as a nonlinear inductance and composition of line to line
capacitances and line to earth capacitances and grading capacitors
of circuit breaker can be considered as a linear capacitance.
Ferroresonance should not be understood like linear resonance

which occurs in circuits having a linear capacitance and induc-
tance. In the linear resonance, voltage and current change linearly
and depend on the frequency of the electrical source. But in the fer-
roresonance because of nonlinear characteristics of circuit ele-
ments the number of fixed points is more than one. Thus by
variation of system parameters fixed points lose their stability
and regain accordingly. This behavior depends not only on the fre-
quency of electrical source but also on the amplitude of the voltage
source, initial conditions and core loss [9–12]. Although methods
such as harmonics balance can be used for analyzing the nonlinear
differential equations, but solving them leads to a set of complex
algebraic equations [13]. An alternative solution is the bifurcation
theory which some articles use from this method [14–17]. It
enables us to describe and analyze qualitative properties of the
solutions, i.e., fixed points, when system parameters change.
Studying ferroresonance using bifurcation theory has been per-
formed [18–21]. Although study of ferroresonance exists in the re-
cent literature, they demand relatively high computational
resources and their results are only valid for limited cases. For
example, the method which is used in [18] is valid only in limited
cases while plotting a bifurcation diagram by continuous method
could be more systematic and could reduce computational effort
[13]. Ferroresonance in power systems have been reported in
[5,21,22].
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Chaotic ferroresonant behavior depends on various parameters
of the system: voltage source amplitude, capacitance and resis-
tance, core loss, initial conditions [6,18,19,23]. Also Metal Oxide
Arrester (MOA) and neutral resistance effect on elimination and
damping of chaotic oscillations. Chaotic behavior and routes to
chaos can be changed when MOAs are connected to terminals of
transformer [20–22,24,25]. In this paper a nonlinear models for
core loss are derived. Bifurcation diagrams, phase plans [6,26],
Feigenbaum numbers and Lyapunov exponents are used to analyze
routing to chaos in ferroresonant behavior of the voltage trans-
former. Lyapunov exponents and the routes to chaos are analyzed
by using multiple scales method and bifurcation theory, respec-
tively. In this study, the effects of nonlinear models – of coreloss
– are illustrated using bifurcation diagram. Stability analysis is
done using Lyapunov exponents and bifurcation diagrams. In bifur-
cation diagrams, stable and unstable solutions and type of bifurca-
tion are shown. Finally, stability of periodic solutions is
investigated using solution’s characteristic.

Stabilizing the Unstable Periodic Orbits (UPOs) is an important
topic in chaos control research. The first control which is known as
the Ott–Grebogi–Yorke (OGY) method proposed by Ott et al. [27],
that stabilizes UPOs using small discontinuous parameter pertur-
bation. Some further extensions of this method have lately been
proposed [28,29], and they are quite popular in the fields of nonlin-
ear dynamics today. As an alternative to the OGY method to control
chaos, a linear Time Delayed Feedback Control (TDFC) method has
been proposed to stabilize the UPOs in chaotic systems [30–
33].These investigations have some problems. For example in
[34], the resistance is considered as parameter of bifurcation, while
increasing of input voltage and amount of capacitance is the main
reason of ferroresonance in transformer. Also core loss model has
been considered linear. The aim of this paper is presentation of a
control method for chaotic ferroresonant oscillations. It is sup-
posed that some uncertainties are present in the model. Because
of this assumption, the robust stabilization is considered too. Also
amplitude of voltage source and capacitors are considered as
parameters of bifurcation and bifurcation diagrams and are used
for stability analysis. Core loss model is considered nonlinear and
a comparison between uncontrolled and controlled system is
presented.

2. System description

Ferroresonance occurs in circuits having a linear capacitance
and nonlinear inductance. In high voltage systems the capacitance
is due to reserve busbars that are near of main busbars and the

nonlinear inductance is due to the voltage transformer. Single line
diagram of circuit is shown in Fig. 1.

When voltage is induced in the reserve busbar and disconnec-
tors in both side of circuit breaker are opened and circuit breaker
is closed, electromagnetic force of ferroresonance is generated.
Grading capacitors and capacitors between main busbar and re-
serve busbar are caused to value of this induced voltage increases
to the nominal voltage nearly. When disconnectors are closed
capacitors are connected to under voltage busbar, i.e., main busbar
and also reserve busbar. Because of low thermal capacity of voltage
transformers ferroresonance can damage to its insulation severely.
Equivalent circuit of Fig. 1 is shown in Fig. 2.

In Fig. 2 grading capacitors are series in the equivalent circuit.
Capacitors between main and reserve busbars and between bus-
bars and ground are modeled as a shunt capacitor with voltage
transformer.

The amplitude of voltage source is equal to voltage of main bus-
bar. The core of voltage transformer is magnetization section of
transformer modeled by a nonlinear inductance and a resistance
for modeling core loss considered as an important parameter in
investigation of ferroresonance [10]. Parameters of the proposed
case study in this paper are shown in Table 1.

In this paper the magnetization curve of transformer is modeled
by a polynomial function as Eq. (1).

il ¼ akþ bkq ð1Þ

where il and k is the current and flux of transformer respectively. In
fact, the ak term is to model the linear behavior and the bkq term is
considered due to the saturation effect of the core. Coefficients used
in Eq. (1) are as following:

q ¼ 7! a ¼ 3:42; b ¼ 0:41
q ¼ 11! a ¼ 3:42; b ¼ 0:14

Using these coefficients, the nonlinear magnetization curve of the
voltage transformer is shown in Fig. 3.Fig. 3 shows that the increase
of q causes the voltage transformer’s core to be saturated earlier.
Also, knee point of the saturation diagram is reached at lower val-
ues of current amplitudes. The dynamics of equivalent circuit can
be described as the nonlinear differential equations.
d2k

dt2 þ
1

RðCsh þ CserÞ
dk
dt
þ 1
ðCsh þ CserÞ

ðakþ bkqÞ

¼ Cserx
ðCsh þ CserÞ

ffiffiffi
2
p

VrmsCosh
� �

ð2Þ

X1, X2, e, l and k are defined as the Eqs. (3)–(7):

Nomenclature

hi coefficient for core loss nonlinear function
a coefficient for linear part of magnetizing curve
b coefficient for nonlinear part of magnetizing curve
x frequency of voltage source
q index of nonlinearity of the magnetizing curve
Cser series linear capacitor
Csh shunt linear capacitor
x state variable
i(t) instantaneous value of branch current
v(t) instantaneous value of the voltage
/ flux linkage in the nonlinear inductance
Rmax maximum resistance of circuit
v feigenbaum constant
a nonlinearity constant
e small positive parameter

l damping coefficient
Ke amplitude of voltage source
d external detuning
k eigenvalue
M mondoromy matrix
w(t) fundamental matrix
iR loss current of core
Vm magnetization voltage
Rmin minimum resistance of circuit
/rated nominal flux
r constant more than 1
Vin input voltage
z1, z2, z3 states of the nonlinear observer
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