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Abstract: This paper consists of two sections: control and stabilizing method for chaotic
behaviour of converter is introduced in first section of this paper for the removal of
harmonics caused by the chaotic behaviour in current converter. For this work, a Time-
Delayed Feedback Controller (TDFC) control method for stability chaotic behaviour of
buck converter for switching courses in current control mode is presented. This behaviour
is demonstrated by presenting a piecewise linear discrete map for this converter and then
combining the feedback equation to obtain the overall equation of the converter. A simple
time-delay feedback control method is applied to stabilize the Unstable Periodic Orbits
(UPOs). In second section the effect of a parallel Metal Oxide Arrester (MOV) on the
ferroresonance oscillations of the transformer is studied. It is expected that the arresters
generally cause ferroresonance drop out. Simulation has been done on a three phase power
transformer with one open phase. Effect of varying input voltage has been studied. The
simulation results reveal that connecting the arrester to the transformer poles, exhibits a
great mitigating effect on ferroresonant over voltages. Phase plane along with bifurcation
diagrams are also presented. Significant effect on the onset of chaos, the range of parameter
values that may lead to chaos and magnitude of ferroresonant voltages has been obtained,
shown and tabulated.

Keywords: TDFC Method, Buck Converter, Fuzzy Diagram, Bifurcation Diagram, Power

Transformer, Chaotic Ferroresonance.

1 Introduction

Two important elements in power electrical systems are
converters and transformers. It is because analyzing and
investigation of these two elements behavior has
remarkable importance. Processing the electrical
potential by means of power electronic instruments is
the function of power electronic systems .The main part
of these systems is the power converters that transforms
the electrical energy from one form to other forms.
Some of these converters are AC/DC, AC/AC, DC/DC,
and DC/AC [1] - [3].

The advantages of these converters are their small
size, low weight, and high efficiency. In spite of all
these advantages, the main problem with them is their
nonlinear and varying function with time, which brings
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complexity to their design and dynamic behaviour
analysis. Their nonlinearity and variation with time is
the result of the circuit topology changes because of the
status changes of the switches in the performance period
of the switching converters.

Sampling of the continuous behaviour of these
converters leads to the discrete behaviour model in their
switching intervals. Sometimes the behavioural analysis
of the converters in the switching intervals has great
complexity such that the order of the current or voltage
in decreasing or increasing rate in the switching
intervals seems to be lost. This strange behaviour in
these intervals is called the chaotic converter behaviour.
So far, many studies have been carried out to evaluate
the chaotic behaviour of the switching converters [4] -
[10]. Studies on voltage control mode are carried out in
discrete spaces. Study of the chaotic behaviour of the
multilayer converters is possible with higher degree
discrete equations [11]. However, studying the chaotic
behaviour of fixed points of the converter equations
such that the behaviour can be followed has not been
precisely done in any of the former studies. This paper
presents a discrete model of buck converter behaviour
in current control mode. By presenting an equation for
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the duty cycle and the time when the switch is on, we
obtain a final, analyzable equation which is nonlinear
and discrete, for the study of the chaotic condition of the
converter. Finally, an analysis of the equation in the
chaotic field and also the converter behaviour around
the equilibrium point is presented. Evaluation of the
chaotic behaviour in discrete spaces [12], [13], was
performed in the voltage control mode. However, the
circuit behaviour of these converters in current control
modes were studied by considering various circuits for
the feedback loops [14]. We also intend to study buck
converter behaviour in current control mode by a
saturable function in discrete space, obtained by the
subtraction of the circuit current and the reference
current. Stabilizing Unstable Periodic Orbits (UPOs) is
an important topic in chaos control research. The first
control, known as the Ott-Grebogi-Yorke (OGY)
method proposed by Ott et al. [15], stabilizes UPOs
using small discontinuous parameter perturbation. Some
further extensions of this method have lately been
proposed [16]- [19], and they are quite popular in the
fields of nonlinear 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 [20]-
[22]. This method involves a control signal formed on
the basis of the difference between the current state of
the system and the state, delayed by one period of the
UPO. The advantage of this method is that it does not
require the exact information of the UPO. All it needs is
a time-delay constant which is the period of the target
UPO. This method is very simple and has been
successfully applied to various systems [21], [22].
Power-electronics systems are rich in bifurcation and
nonlinear phenomena [23], [24], [25]. Control of chaos
in these systems has become one of the popular research
topics in power electronics as well as circuits and
systems communities [26], [27]. Recently, the TDFC
method has been applied successfully to stabilize the
UPOs in chaotic switching dc/dc converters [18]. As
many other practical power-electronics circuits also
exhibit bifurcation behaviour and chaos, there is a
strong motivation to study the control of the chaos in
these systems. In this brief, we attempt to apply the
TDFC method to stabilize the UPO in a Pulse Width
Modulation (PWM) current- mode buck converter.
Ferroresonance is a complex nonlinear electrical
phenomenon that can cause dielectric & thermal
problems to components power system. Electrical
systems exhibiting ferroresonant behaviour are
categorized as nonlinear dynamical systems. Therefore
conventional linear solutions cannot be applied to study
ferroresonance. The prediction of ferroresonance is
achieved by detailed modeling using a digital computer
transient analysis program [28]. Ferroresonance should
not be confused with linear resonance that occurs when
inductive and capacitive reactance of circuit is equal. In
linear resonance the current and voltage are linearly

related and are frequency dependent. In the case of
ferroresonance it is characterized by a sudden jump of
voltage or current from one stable operating state to
another one. The relationship between voltage and
current is dependent not only on frequency but also on
other factors such as system voltage magnitude, initial
magnetic flux condition of transformer iron core, total
loss in the ferroresonant circuit and moment of
switching [29].

Ferroresonance may be initiated by contingency
switching operation, routine switching, or load shedding
involving a high voltage transmission line. It can result
in Unpredictable over voltages and high currents. The
prerequisite for ferroresonance is a circuit containing
iron core inductance and a capacitance. Such a circuit is
characterized by simultaneous existence of several
steady-state solutions for a given set of circuit
parameters. The abrupt transition or jump from one
steady state to another is triggered by a disturbance,
switching action or a gradual change in values of a
parameter. Typical cases of ferroresonance are reported
in [28], [29], [30] and [31]. Theory of nonlinear
dynamics has been found to provide deeper insight into
the phenomenon. [32], [33], [34] and [35] are among
the early investigations in applying theory of bifurcation
and chaos to ferroresonance. The susceptibility of a
ferroresonant circuit to a quasi-periodic and frequency
locked oscillations are presented in [36], [37]. The
effect of initial conditions is also investigated. [38] is a
milestone contribution highlighting the effect of
transformer modeling on the predicted ferroresonance
oscillations. Using a linear model, authors of [39] have
indicated the effect of core loss in damping
ferroresonance oscillations. The importance of treating
core loss as a nonlinear function of voltage is
highlighted in [34]. An algorithm for calculating core
loss from no-load characteristics is given in [40].
Evaluation of chaos in voltage transformer, effect of
resistance of key on the chaotic behavior voltage
transformer and subharmonics that produced with
ferroresonance in  this type transformer and
quantification of the chaotic behavior of ferroresonant
voltage transformer circuits are studied in [36], [41] and
[42].

2 First Section: Buck Converter
2.1 Studying of Buck Converter Behaviour in
Current Control Mode

For studying the buck converter chaotic behaviour in
current control mode, the converter circuit in Fig. 1 is
analyzed. It is presumed that the converter performance
is in the continuous mode.

In the following circuit, we consider the inducer
current equations in continuous mode in a switching
period. The first interval refers to the time when the
switch is on. The timet, =nT to nT+ DT refers to the

time when inducer current increases. The second
interval is the time when the switch is off and the
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Fig. 1 Buck converter circuit.

inducer current decreases and is shown by t, = nT+ DT
to (n+1) T. The overall solution of inductance current in
a switching period is Eq. (1).
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2.2 The Current Feedback Equation Function

To solve Eq. (1), it is required to define variable D
in terms of currents. To this work, the duty cycle
amount (D) is obtained from the feedback equation.
Regarding this, the control algorithm causes an &,
difference between the reference I and the sampled load
current. This controller also includes a rectification
coefficient K that increases the error by the factor of K

and produces the control voltage U, .

Block diagram of current controller is shown in Fig.
2. Its equation is:
u, =K(I-i,) ()
Duty cycle (D) is defined in terms of difference
voltage as follow:
D, =0.5+sat(u,)/2 3)
Combining this equation and the map current
equation, the overall current Eq. (4) is obtained.
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Fig. 2 Block diagram of current controller.

Concerning the feedback function behaviour; this
map is defined as a three part function that consists of
two saturated regions and a linear region of saturated
function.

in+l = (5)
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2.3 Base Simulation
Setting the parameters of Table 1 in the discrete
dynamic equations of the converter, different output
signal behaviour is obtained for different values. Fig. 3
and Fig. 4 show the time discrete signals for the
converter function periods at different feedback gains.

fori“)I+L
K

Table 1 Buck converter parameters.

Parameter Value
E(v) 20
L(H) 0116
R(QY) 10
T(s) .0005

By selecting the basic condition for the converter
current that performs in the continuous mode, time
behaviour of the signal is obtained.

It is observed that although the input improves as the
negative feedback increases, the converter leaves single
frequency and moves toward chaos.

Figure 5 demonstrates the state in which the system
undergoes a strange attractor set and chaos.

Concerning the time and fuzzy signal behaviour of
the current, it seems that the system underwent chaos
based on local bifurcation logic. The converter
bifurcation diagram is shown in terms of gain feedback
of current control in Fig. 6. It is obvious that the
converter undergoes chaos for gains higher than eight.

2.4 TDFC Method
We apply the TDFC method to the system that has

been shown in Fig. 7. A term n(i(t)—i(t—t)) is
added to the original control signal, where t is the
period of the target UPO and m is an adjustable
parameter related to the coupling strength.
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Fig. 7 Circuit of Buck Converter with Time Delay Feedback
Controller.

We can easily observe that when i(t) = i(t— r) , the

extra term vanishes and i(t) travels on the target UPO. It
is well known that in a chaotic system, there are many
UPOs with different periods. Since system is
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nonautonomous with a switching period T, naturally an
UPO with period T, i.e. t=T as the target UPO in
simulation is selected. This target UPO is not unique
because power-electronics circuits can have multiple
attractors [25], e.g., a T -periodic orbit and a higher
periodic orbit can coexist in a same set of circuit
parameters.

Control function is added to the feedback control of
the buck current. The new equations may be represented
as the followings.

f(in ) = T](in - in—l) (6)
d, =05+0.5sat(K (1, —i,)+n(i, -i,.)) ™)

With a suitable selection of 1 in mT periodic state
or chaos can be stabilized into a T periodic state. One of
the restrictions of the TDFC method is that the target
orbit can only have a period that is an integer factor of T
(i.e. nT, where n is an integer). Also, it is not possible
for the controlled system to converge to an orbit of

period T/2 (or T/m, where m is an integer).
The circuit equation with stabilizer is:
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Bifurcation of the chaotic behaviour of the circuit
for different values of n can be observed in Fig. 8 and

Fig. 9 and Fig. 10. As n increases, up to the determined

value of 2.7 the chaotic behaviour will be suppressed.
As it can be seen in Fig. 11, the chaotic behaviour
grows dramatically at 3.7.

3 Second Section: Power Transformer
3.1 System Modeling

Transformer is assumed to be connected to the
Power System while one of the three switches are open
and only two phases of it are energized, which produce
induced voltage in the open phase. This voltage, back
feeds the distribution line. Ferroresonance will occur if
the distribution line has high capacitive. System
involves the nonlinear magnetizing reactance of the
transformer’s open phase and resulted shunt and series
capacitance of the distribution line.
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Base system model is adopted from [34] with the
MOV arrester connected across the transformer winding
which that is shown in Fig. 12 Linear approximation of
the peak current of the magnetization reactance can be
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presented by Eq. (9):
i, = ah ©)

However, for very high currents, the iron core might
be saturated where the flux-current characteristic
becomes highly nonlinear. The A—1i, characteristic of

the transformer can be demonstrated in Eq. (10):

i, =al+br (10)
Arrester can be expressed by the Eq. (11):
V=KI" an

where V is resistive voltage drop, I represents arrester
current and K is constant and o is nonlinearity
constant. The differential equation for the circuit in Fig.
1 can be derived as following:

A 1
oE cosot = p2x+p—+[—)(ak+b7ﬁ‘)
C

(e

where p = ((];I_Cto represents the power frequency and E is

(12)

] sign(ph)

the peak value of the voltage source, shown in Fig. 12.
Presenting in the form of state space equations, A
and pA will be state variables as following:

7‘=pr7\'=xz (13)

X 1
px, = oEcoswt— Réj —(Ej(axl + bxlq)

_(éj(%] sign(x,) (14)

Series capacitor

- IN

Voltage source  Core loss model

Core induction mode| Metal oxide
arrester

L

Fig. 12 Circuit of system.
3.2 Simulation Results

Typical values for various system parameters
considered for simulation are as following [32]:

{b =0.0005
q=5->

a=0
-7 b=0.001
4= a=0
b=0.0072;
q=11->
a=0.0028

o=1pu,R=100pu.,C=0.047p.u.
E=0-6pu,K=2.5010=25.

Initial conditions:

A(0)=0,pA(0) =1.44p.u.

Table 2 shows different values of E, are considered
for analyzing the circuit in absence of surge arrester.

Table 3 includes the set of cases which are
considered for analyzing the circuit including arrester:

Time domain simulations were performed using the
MATLAB programs which are similar to EMTP
simulation [30]. In cases including arrester, it can be
seen that ferroresonant drop out will be occurred.

Figure 13 shows the phase plane plot of system
states without arrester for E=1 p.u.

Figure 14 shows the phase plane plot and time
domain simulation of system states without arrester for
E=4 p.u. which depicts chaotic behavior and Fig. 15
shows the corresponding time domain waveform.

Table 2 (a) behavior of system without MOV for E= 1, 2, 3
(b) behaviour of system without MOV for E=4, 5, 6.

(@)
E 1 2 3
q
Priodic Priodic Priodic
7 | Priodic Priodic Chaotic
11 | Priodic Priodic Chaotic
(b)
E 4 5 6
q
Chaotic Chaotic Chaotic
7 | Chaotic Chaotic Chaotic
11 | Chaotic Chaotic Chaotic
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Table 3 (a) behaviour of system with MOV for E= 1, 2, 3
(b) behaviour of system with MOV for E=4, 5, 6.

(@
E 1 2 3
q
5 | Priodic Priodic Priodic
7 | Priodic Priodic Priodic
11 | Priodic Chaotic Priodic
(b)
E 4 5 6
q
Priodic Priodic Priodic
7 | Priodic Priodic Chaotic
11 | Chaotic Chaotic Chaotic

Also figures 16-18 show the bifurcation diagram of
chaotic behaviours for three of values of q. The system
shows a greater tendency for chaos for saturation
characteristics with lower knee points, which
corresponds to higher values of exponent q.

Figures 19 - 21 show that chaotic region mitigates
by applying MOV surge arrester. Tendency to chaos
exhibited by the system increases when q increases.
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Fig. 13 Phase plane diagram for E=1, qg=11 without MOV.
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Fig. 14 Phase plane diagram for E=4, q=11 without MOV.
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Fig. 15 time domain chaotic wave form for E=4, g=11 without
MOV.

It can be observed in Figs. 19, 20 and 21 MOV
makes a mitigation in ferroresonance chaotic behavior
in transformer that in down value of q the chaotic region
are removed and the behavior will be periodic, for
greater values of q for example for =11 independent
chaotic regions which can be created under MOV
nominal voltage have decreased and chaotic behavior is
eliminated.
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Fig. 16 Bifurcation diagram for g=without MOV.
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Fig. 17 Bifurcation diagram for =7 without MOV.
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6 Conclusion

In case of buck converter, the TDFC method is an
effective method to stabilize UPOs in this converter
chaotic behaviour. This method is proposed for
stabilizing UPOs in the PWM current-mode buck
converter operating in higher-periodic state and chaos.
Using the discrete-time map, we have shown that the
original unstable equilibrium point becomes a stable
equilibrium point after the TDFC method is applied.
The stable operation range of the buck converter is
widened. The TDFC method can be used to control the
UPOs in other power-electronics circuits when they
exhibit bifurcation behaviour and chaos.

In case of unloaded power transformer, the presence
of the arrester results clamping the Ferroresonant over
voltages in studied system. The arrester successfully
suppresses and eliminates the chaotic behaviour of
proposed model. Consequently, the system shows less
sensitivity to initial conditions in the presence of the
arrester.
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