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Abstract

Background and Objective: The complex ferroresonant behavior in power transformers can create overvoltages and overcurrents
resulting in damage to power system equipment and customer installations. It can also cause subharmonics and nonlinear harmonics
in power system. In this study, a new method was proposed to control and damp ferroresonant oscillations, which is based on a new
ferroresonance limiter (FL). Materials and Methods: In order to control ferroresonance oscillations, a saturating choke and damping
resistor was used to eliminate all the unwanted ferroresonant states. Since the ferroresonance phenomenon in transformer was described
by nonlinear dynamics, chaos theory was used to study this phenomenon. By using this theory, the changes in system parameters which
can cause chaotic ferroresonant oscillations, can be reviewed and analyzed in detail. Results: The behavior of the system during
ferroresonance occurrence, with and without using proposed ferroresonance limiter, are discussed in bifurcation and phase plane
diagrams. By using these diagrams, the behavioral changes of the system can be easily seen in two cases. Conclusion: The simulation
results strongly show the effectiveness of using the proposed FL for limiting ferroresonant oscillations and creating stable orbit in power
transformer terminals that energized by series capacitors or transmission lines compensated.
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INTRODUCTION

Ferroresonance is an electrical complex nonlinear
phenomenon, which can create thermal and insulation failures
intransmission and distribution systems. It may be initiated by
contingency switching operation, lightning, routine switching,
no load conditions, series compensation, load shedding or
capacitor banks connection to the secondary of the
transformer winding involving a high voltage transmission
and distribution lines'>.

This phenomenon consists of multiple modes with
different frequencies such as: Fundamental frequency, sub
harmonic, quasi-periodic and chaotic modes®®. The sudden
transition or jump from one steady state to another is
triggered by a disturbance, switching action or a gradual
changes in values of a parameter. The ferroresonance causes
overvoltage and over currents in power networks which not
only can damage transformers but also may cause severe
damages to network devices like series capacitors >4, Unlike
the resonance, which occurs in RLC circuits with linear
capacitances and inductances for a particular frequency, the
ferroresonance is occurred in a circuit with a nonlinear
inductance due to the core behavior of the transformer.
The magnetic core of the transformer can be considered as a
nonlinear inductance and composition of line to line, line to
earth capacitances, series capacitors and grading
capacitors of circuit breakers can be considered as a linear
capacitance' ',

The ferroresonant oscillations are dependent of not only
frequency but also other factors, such as system voltage
magnitude, initial magnetic flux condition of transformer iron
core, total core losses in the circuit and the switching
moment'’18,

The nonlinear nature of ferroresonance leads to these
systems are considered to be nonlinear dynamic systems and
linear methods cannot be used to analyze them. Analytical
approaches based on graphical solutions have been proposed
to show bifurcations in single-phase ferroresonance
circuits’?. In the ferroresonance, because of nonlinear
characteristics of circuit elements, the number of fixed points
is more than one. Thus by variation of system parameters, the
fixed points lose their stability.

The bifurcation theory is a useful method for identifying
system parameters lead to ferroresonance?'?2, It enables us to
describe and analyze qualitative properties of the solutions,
i.e., the fixed points, when system parameters change. The
researches based on bifurcation theory need relatively high
computational burden and are only valid for limited cases.
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Some of these methods are valid only in limited cases while
creating a bifurcation. However by using a continuation
method, they can be more systematic and save computational
muss?26,

There are several methods to limit and damp
ferroresonant oscillations, such as using a suitable RLC filter,
using damping reactors, using metal oxide arrester and
neutral pointresistance application in transformers. One of the
problems of arresters is that during ferroresonant oscillations
in distribution systems, they may burst?’-32,

Inthis study, for analyzing the ferroresonance, a nonlinear
model of core losses is considered. Neve is given an algorithm
for calculating core losses from no-load characteristics®,
Bifurcation diagrams, phase plans, Feigenbaum numbers
and Lyapunov exponents for analyzing route to chaos in
ferroresonant behavior of the voltage transformer are
used3*+3¢,

In order to obtain the eigen values, the method used is
the multiple scales method?’. Stability analysis by Lyapunov
exponents and bifurcation diagrams is applied.

In this study, a saturating choke and damping resistor is
used to control ferroresonance, transient and through fault
currents. A small scale nonlinear single phase ferroresonant
circuit was modeled with realistic/unit component values.

MATERIALS AND METHODS

Ferroresonance circuit and modeling: The three-phase
diagram of the circuit studied by Al-Anbarri® is shown in
Fig. 1.

The ferroresonance occurs in phase A, when this phase is
switched off on the low-voltage side of the transformer,
phase Cis not connected to the transformer at that time. The
transformer is modeled by a T-equivalent circuit with all
impedances referred to the high voltage side. The
magnetization branch is modeled by a nonlinear inductance
in parallel with a nonlinear resistance, which represented by
nonlinear saturation characteristic (A-i,,) and nonlinear
hysteresis and eddy current characteristics (V-igm),
respectively. The hysteresis and eddy current characteristics
are calculated using the no-load characteristics and applying
the algorithm given by Davarpanah®.Theiron core saturation
characteristic is given by the following equation:

i = @AHOLS (M
where, A is eigen value, a and b: Coefficient for magnetizing
wave.
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Fig. 1(a-b): (a) Ferroresonance circuit in no load transformer and b) T-equivalent circuit

The dynamics of the equivalent circuit can be described
by the following nonlinear differential equation:

Lkl L B 1 aem)-

d R(C,+CL)dt  (C,+C.) o
C_ o

_C=® (v _cow

(€, 0y (V2VreCo0)

where, C,, is series linear capacitor, Cy, is shunt linear
capacitor.

The exponent g depends on the degree of saturation. For
three different values of q, Coefficients aand b are selected as
follows.

Prospective authors are:

forg=11 a=0.0067, b=0.0001
forg=7 a=0.0067, b=0.001
forq=5 a=0.0071, b=0.0034
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Using reference of Fig. 2, for g =11, flux linkage curve via
magnetization currentin saturation section has less slope than
what can be viewed for g = 5 and 7. Thus, ferroresonance
effects appear earlier. Furthermore, increasing g will increase
the number of stable and unstable points. Then changing in
control parameters such as source voltage magnitude, may
expose unstable points like saddle points and chaotic
attractors as well.

The core losses are modeled with a switched resistor,
which effectively reduced the core losses resistance by afactor
of four at the time of the ferroresonance occurrence. In this
study, the core losses model adopted is described by a third
order power series whose coefficients are fitted to match the
hysteresis and eddy current nonlinear characteristics as Eq. 3%:

i =—hy +hyv, —h,v2 +h, v2 (3)
where, g, is core loss current, v,, is terminal voltage of
transformer and h; are constant factors.
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Fig. 2: Nonlinear saturation characteristic for three values of g

The per unit value of i, for this case is determined
by Eq. 432

-0.000001+ 0.0047v,, —0.0073Vv2 +0.0039 Vv, (4)

IRm

The dynamic equation of the system is given by Eq. 5:

r (53]

h
(@ +br?) + —2 C (

@,
Yt

d* 1

@, 1

dt*  (Cy +Cq)
1

(Csh + Cw)

d(E,)
dt

‘ser

(Co+C,) (C,+Cy)

)

X, X5, € W and k are defined as the Eq. 6-10:

H= ©)

1
R
K =Cb0(V2V,y,) (10)

By substituting parameters X;, €, pand kin Eq. 5and 11
will be obtain:

X, +ep(aX, + bX¥) = KeCosh (1)
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State equations are given as Eq. 12 and 13:

Xz =—gp(aX,+ bX7) —euX,+ KeeCosh (13)

If the state equations are considered as Eq. 14:
X =AX +BU (14)

where, matrixes X and U are state variables matrixes, system

inputs and matrixes A and B represent matrix coefficients of
state variables and system inputs, thus:
: I
+

B bl R

where, U(t) = Cos wt. The fixed points or equilibrium points are
defined the vanishing of the vector field, that is:

0
Ke

0
—a

Xl
XZ

X{

¢ }um (15)

X =0 (16)

At the fixed points, since the right-hand term of Eq. 14
becomes zero, stability is dominated by the eigen values of
the jacobian, i.e.:
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evaluated at the fixed points. The multiple scales method can
be used as a simplification method for the stability and
bifurcation analysis*’. Using the multiple scales method, the
first order approximation is obtained for the solution of Eq. 11
as:
X, = hCos(ot-y)+O(e) (17)
The parameters {4, a and k are independent of e.
Furthermore, the frequency of system is as Eq. 18:
o = 1+ed (18)
where, §is named the external detuning. By using the multiple
scales method, the first order uniform expansion of Eq. 11 is
obtained in the form:

Xy (4 &) = X1o(To, T+eX 1 1(To, T+ (1 9)

where, T,=tand T1 = €T,

In the term of T, the time derivative becomes:

(20)

%: D, +&D, +&°D, +...

Substituting Eg. 19 and 20 into Eqg. 11 and equating
coefficient of power, €, Eq. 21 and 22 are obtained:

O(g,y):
Déxl,o =0

D2X,, +2D,DoX, , + uDoX, o + XY, = KCosw,t (22)
The solution of Eg. 21 can be expressed as:
X10=A(T)To+A, (23)

Using multiple scales method the frequency response
equations are yielded as Eq. 24:

1 1
252 L2 Ly
N 40(0 2

(24)

The stability of the fixed points depends on the
eigen values of the jacobian matrix, that is, the eigen
value of:
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1/2 ESinﬁ
A=l k i @5)
qusmﬁ —ECOSB
Determinant of |Al-A| yields eigen values:
K K K?
}\.2 + (?aCOSB)}\. —ECOSB—ES”]ZB =0 (26)

where, Lis eigen value. By substituting the polar form of Ainto
Eqg. 20 and substituting result into Eq. 21, it will be found that
the first approximation X; is given by Eq. 27:

X, = aCos (ot+p)+.... (27)
el af =—-ad

if K=0—>4 | 1 (28)
o = —Ea

For nontrivial solutions, a#0 and it follows from Eq. 28
that:

[3=—6T1+[30,T1=styis[3=—£6t+[30 (29)

Substituting Eq. 29 into Eq. 27, it is found that to the first
approximation, the free oscillations of Eqg. 11 are given by
Eq. 30:

X = aCos(wgt+Bg)+... (30)
where, a is given by Eq. 28, which has the normal form of a

supercritical pitchfork bifurcation. Eigen values can be
obtained by Eq. 31:

A +(1a0 71]
2 2

RESULTS AND DISCUSSION

- s-0
4

Circuit modeling without FL: The equivalent circuit of the
ferroresonance circuit of Fig. 1 shown in Fig. 3.

This circuit can be modeled as shown in Fig. 4, where Z,,
represents the Thevenin impedance.

In this section, initial value of circuit parameteris assumed
in Table 1.
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In this study subharmonic ferroresonance behavior in
transformer without FL is studied. The results obtained by the
two methods validate each other. The major analytical tools,
used in this paper, to study subharmonic ferroresonance are
phase plane and bifurcation diagrams.

The phase plane analysis is a graphical method, in which
the time behaviour of a system is represented by the
movement of state variables of the system in state space
coordinates. As time elapses, the states position move on a
trajectory. If the trajectory is a single closed line, then the
system s periodic. In a chaotic system, however, the trajectory
will never close on itself as the cycles are completed.
A bifurcation diagram is a plot that displays single or multiple
solutions (bifurcations) as the value of the control parameter
is increased.

Table 1: Initial value of circuit parameters

Viase Ls C R

11Kv 0.0188p.u. 0.07955 p.u. 0.0014 p.u.
V: Voltage, L,: Series inductance R: Resistance, C: Current

Rcore

556.68 p.u.

Phase plane diagram and magnetization curve and
voltage and flux waveforms are shown in Fig. 5-8 indicate the
ferroresonant behaviour of the system at vin = 1.35 p.u. and
g="7.According to these Fig. 5-8, period doubling bifurcation
has been occurred. These oscillations have an unwanted
effect on systeminsulation and may harmiit. The core current-
flux linkage curve includes both eddy current and hysteresis
losses.

The bifurcation diagram for q = 7 shown in Fig. 9, is the
best diagram for exhibition of dynamic behavior of
ferroresonance. Using this bifurcation diagram can analyze
complexity of trajectories behavior in transformer. Blue route
has main frequency of voltage source.

When V,, increases until V,, = 0.3125, voltage is stable.
Frequency of output voltage is 50 Hz. Then at point (1) the
voltage in terminal of transformer increases. The value of
jumping voltage is 1.44. This voltage jump causes that the
voltage amplitude reaches to 2.23 p.u. Fixed points remain
stable and trajectories continue single frequency from
path (A).

Ea

vm

Fig. 3: Equivalent ferroresonance circuit

cB
Ls L, R, |
— I—S o— H | I — | 1

Rm

Lm

Ls: Series inductance, L,.Leakage inductance, R;: Leakage resistance, iz,: Loss current of magnetization branch, i,: Magnetization current, [L, R,, C,, C; ]: Load

parameters, [E, E,]: Voltage source, Eth: Voltage thevenin

L, R, C, L, R, L, R,
[| MY ANN, YN
| AV
+
Eth
AC i it
Co —— vm Rm Lm %

Fig. 4: Detailed model of ferroresonance circuit

L, Series inductance, L,: Leakage inductance, R;: Leakage resistance, iz,: Loss current of magnetization branch, i, ,: Magnetization current, [L, R,, C,, C]: Load
parameters, [E, E,]: Voltage source, Eth: Voltage thevenin, Z,: Impedance branch of load
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o

1000

Core current (p.u)

Fig. 5: Nonlinear transformer magnetization curve for nonlinear core losses model (V;, = 1.35 pu,q =7)

Voltage (p.u)

Flux A (p.u)

Fig. 6: Phase plane diagram of transformer for subharmonic ferroresonance mode atV,,=1.35 pu,q=7

At V,, = 0.5887 other path emerges in output voltage
which continues from path (B) (green path). When V,,
increases at V;, = 1.7325 other frequency emerges in output
voltage (path C). AtV,,=2.992 p.u. at points (3-A), (3-B) and
(3-C)ineach path PDB(1) occurs. This behavior continues until
at points (4-A), (4-B) and (4-C) in each path PDB(2) occurs.
This process continues until system at points (5-A), (5-B) and
(5-C) enters into chaotic regions. Border collision is shown in
Fig. 9. In the Border collision system becomes chaotic

suddenly.

Table 2: Eigen values for PDB

Path
PDB A B C
PDB(1) -2.32,-0.81 -3.19,-0.723 -1.84,-0.65
PDB(2) -1.76,-0.46 -2.11,-0.134 -1.46,-0.31

Eigen values for PDB(1) and PDB(2) as shown in Table 2.
The sequence of bifurcation parameters obeys a geometric
law with a Feigenbaum constant®. This constant is gained as
the following limit:
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Voltage (p.u)

Time (sec)

Fig. 7: Time-domain voltage waveform of transformer for subharmonic ferroresonance mode (V,, = 1.35 p.u, q=7)

Flux A (p.u)

Time (sec)

Fig. 8: Time-domain flux waveform of transformer for subharmonic ferroresonance mode (V;,=1.35p.u,, q=7)

aifl

§=lim__ {ai (32)

}z 4.6692016
ai+1 i

In practical applications the limit cannot be taken. An
estimate of the Feigenbaum constant can be gained from a
finite sequence.

In path (A):

PDB(’I)‘ aH = a1 = 1.7831
PDB(2): a;= a>=8.001
PDB(3): a,,, = a* = 9.3326
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8.001-1.7931

9.3326-8.001 (33)

&= Iim,%{ }z4.6694

Delay in occurrence of chaos is because of damping
section in core loss function. But it can be observed increasing
g causes chaos occur in lower value of V,, than pervious
bifurcation diagram. The nonlinear core loss model causes the
mitigation in chaotic ferroresonance behavior in voltage
transformer. Also presence of nonlinear term in core loss
function in dynamic equations causes that period doubling
logic in behavior of system becomes regular.
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Voltage interminal of transformer (p.u)

8

Input voltage amplitude (p.u)

Fig. 9: Bifurcation diagram for nonlinear core loss model for q = 7 (bifurcation parameter: V;,)
A, B and C are separate Chaotic Region, 1: Period one-two oscillations from A-B region, 2: Period one-two oscillations from B-C region, 3: Period one-two
oscillations in A, B, C regions, 4: Period Two-four oscillations in A, B, C regions, 5: Border collision and rout to chaos

Voltage in terminal of transformer (p.u)

60 70 80 90 100

Capacitance (p.u)

Fig. 10: Bifurcation diagram for nonlinear core loss model for g = 7 (bifurcation parameter: C,)

Also bifurcation diagram is shown in Fig. 10 When the C,,
is selected as bifurcation parameter. This figure has been
obtained for C,, ranging from 0-100 p.u. under the same
single-phase fault clearing condition. Figure 10 illustrates the
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existence of different types of bifurcation. For Cy, = 6 p.u,,
behavior of system is period-1 and fundamental mode and
ferroresonance has not occurred. For Cy 6-50 p.u,
ferroresonant oscillations have three different frequencies
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Voltage (p.u)

Flux

(p.u)

Fig. 11: Phase plane diagram of transformer for ferroresonance mode

Voltage (p.u)

Fig. 12: Time-domain voltage waveform of transformer for ferroresonance mode

which are shown with blue (main frequency), green and red
colour.For50<C<80 pu. This behaviour continues and voltage
jump occur. With increasing Cg, 5-period and 6-period
behaviour occurs, respectively and finally system becomes
chaotic. As can be seen, this two bifurcation diagram is
consistent with the two bifurcation diagram*.

Phase plane diagram and voltage waveform of the system
are shown in Fig. 11 and 12 for C, .= 189 p.u., Vi, = 1 p.u,
g = 7. As can be seen in these figures, for this Cg,,., chaotic
ferroresonant oscillations in power system occurs.

Circuit modeling with FL (saturable choke and damping
resistor): Modelling with series compensated circuits have
shown what major problems ferrorcsonance and short circuit
currents can be. The fundamental approach to overcoming
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these problems has often been to use protection devices to
sense abnormal conditions of ferroresonance and short circuit
and then bypass the capacitor with a switch or circuit breaker
to protect the capacitor.

This approach requires expensive protection sensing
equipment, switches/circuit breakers and other related
equipment. During normal operation the circuit always
remains susceptible to ferroresonance and heavy short circuit
current. Itis only when abnormal conditions are sensed by the
protection that the circuit is altered to counteract the
problems.

New techniques that can address the ferroresonance and
short circuit issues with less protection equipment and
reduced hardware requirements offer great potential benefits
for the electricity supply industry.
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Damping resistor

Saturable choke

(i)

Fig. 13: Series compensated circuit with damping resistor and saturable choke
"A(i): Transformer flux, A.(i): Choke flux, [L,R]: Source parameters, Ry : Damper resistor, V,: Primary voltage, i: Current, V(t): Instantaneous value of the voltage,
V,: Instantaneous value of the inductance, Vg Instantaneous value of the resistance, V¢: Instantaneous value of capacitor, C: Capacitor

A series compensated circuit configuration with a
damping resistor and saturable choke is shown in Fig. 13.
The transformer has a saturable iron core. The power line
supplying the transformer is represented by a linear
inductance "L" and resistance "R". The circuit contains a series
capacitor to tune out the effects of the line inductance. The
capacitance will normally be chosen so as to tune out all or
most of the line inductance at the power frequency.

The use of a saturable choke in conjunction with the
damping resistor is the innovative aspect of the circuit.
Extensive modelling of this circuit shows that it has properties
that are well suited to series compensation of distribution
lines.

Theory of operation: The fundamental aspect of the series
compensation circuit is that all circuit elements of the series
compensator are permanently connected in the circuit. There
are no switches or circuit breakers and no protection relays.

Under emergency full load conditions the voltage across
the capacitor will typically reach 20% of the supply voltage.
The saturating choke is designed such that at full emergency
line loading, the knee point of the choke is sufficiently high so
as not to interfere with the normal operation of the capacitor.
Hence, under normal operating conditions the choke draws
only a small magnetizing current and the capacitor effectively
carries all the load current. This provides the line with the
desired compensation effect.

Under conditions of subhannonic ferroresonance the
capacitor voltage increases substantially above the knee
point driving the choke into saturation. During saturation the
choke looks like a short circuit which effectively places the
damping resistor in parallel with the capacitor. Careful
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selection of components can eliminate the undesirable
ferroresonant states. The low frequency components of the
subhannonic ferroresonance also assists with saturating the
choke.

Underfault short circuit conditions on the load side of the
series compensator the capacitor voltage rises substantially
above normal causing the choke to saturate. During the parts
of the cycle where choke is saturated the damping resistors
are effectively in parallel with the capacitor. This has the effect
of reducing the overall line fault current and substantially
reducing the fault current carried by the capacitor.

One of the significant circuit aspects of the saturable
choke is that it provides a path for D.C. current to be bypassed
around the capacitor. The location of the saturating choke
ensures that the series capacitor holds no steady state D.C.
component of voltage/charge. The circuit arrangement forces
any D.C. component of capacitor charge to be discharged via
the damping resistor and saturating choke. Trapped D.C.
capacitor charge causes power transformer saturation which
can lead to the onset of ferroresonance.

Circuitdescribed earlierin this paper was used as the base
circuit on which to model the series compensator technique.
Figure 13 shows the series compensated circuit that was
modeled with component values of below:

L=0.02H,R=1.55Q,C=507 yF, Ry =6.28, transformer:
11KV/400V rated at 3 MVA

The transformer was modelled with no load by Eq. 34
shown in Fig. 14:

i =0.1A+0.892)° (34)
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Fig. 14: Transformer magnetizing curve
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Fig. 15: Choke magnetizing curve

The saturable choke was designed with a 50 Hz knee
point voltage sufficiently high to permit emergency full load
operation yet low enough to provide effective damping. The
saturating choke could be modelled by Eq. 35. Details of the
modelled saturating choke results are shown in Fig. 15:

i.(A.)=0.8x, +.284210° (35)

The circuit was modelled to determine the optimum
damping resistor value to eliminate the unwanted
ferroresonant states. Modelling showed thatif the ohmic value
was too high or too low the ferroresonant states would be
modified but not eliminated. A damping resistor value of
6.28 Q was selected.

Insertion of the damping resistor and saturable choke was
completely effective in eliminating the ferroresonant states.
The 3rd subhannonic ferroresonant state and the 2nd
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ferroresonant state both have been eliminated. The original
3rd subhannonic ferroresonant and the 2nd ferroresonant
states can be clearly seen in the results of the uncompensated
circuit.

The choke and damping resistor prevented the
establishment of ferroresonance following every switching
transient attempt to excite the circuit into a ferroresonant
state.

The modelling results have shown how the saturable
choke can eliminate the steady state 3rd subhannonic and
2nd subhannonic ferroresonant modes. The effectiveness of
the saturable choke can be demonstrated by examining
switch on transients that would normally lead to
ferroresonance.

When energising transformers, a zero voltage switch on
angle is the most severe starting condition with respect to
transformer saturation and inrush currents. For a series
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Fig. 16(a-b): Response of current and flux of (a) Circuit "B" without FL and (b) Circuit "B" with FL

compensated circuit at rest (i.e., no stored energy), a switch on
at voltage zero is the condition most likely to initiate
ferroresonance because of the transformer saturation and
inrush current effects.

Figure 16a shows the simulated response to a zero
voltage switch on without the saturable choke in place. The
figure shows that after a brief transient of approximately five
cycles, astable 3rd subhannonic ferroresonance is established
and continues indefinitely.

Figure 16b shows the simulation of the same series
compensated circuit with the saturable choke and damping
resistor added. The saturable choke and damping
resistor have the effect of damping out the switch on
transient in a way that does not permit the establishment
of steady state ferroresonance. At 0.012s, choke current
peak reaches at 4.1 pu and then returns permanently
to near zero perunit after two cycles. It is the ability of
the choke to provide a D.C. current path that makes
the scheme so effective. Comparison of the two switch
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on transients show clearly the effectiveness of the
saturable choke and damping resistor in eliminating
ferroresonance.

Of course the impact of FL in circuit does not limited
current and almost it can improve all characteristics.
Figure 17-20 show simulation results for a sinusoidal voltage
source 1.4 pu for circuit B with and without FL that are
confirmer effect of FL on state variables and characteristics of
the circuit.

According to the Fig. 17a and b can be seen when there
is not FL in circuit, voltage peak of capacitor is approximately
0.9 pu and with the arrival of the FL, voltage peak of capacitor
is reduced to 0.04 pu that furthur elimination of
ferroresonance, reduces heat and stress in the capacitor
dielectric and increases its longevity.

AsinFig. 18a and b is observed, after a short transient, FL
causes remove of ferroresonance and regular loops is formed.
With the elimination of the transient state from Fig.18band 19
is obtained.
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Fig. 17(a-b): Response of capacitor and transformer voltage of (a) Circuit "B" without FL and (b) Circuit "B" with FL

Also Fig. 20a, b show state plane trajectories of circuit
considerate time in simulation result that is useful for
understanding of performance of FL.

Selection of component values: On first inspection the
selection of component values appears to be difficult
requiring extensive modelling of each individual situation.
Modelling and analysis of a number of circuit configurations
has shown that selection of component values can be
relatively straightforward by the use of the following rules.

Capacitor pF selection: To achieve full compensation the
capacitor value "C" should be selected to give the same
reactive impedance as the line inductance at the power
frequency, i.e., for full compensation:
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where, w is frequency of voltage source, L is inductance.

There are stability advantages in designing for less than
full compensation. Depending on the actual design situation,
engineers may elect to less than fully compensate for the
inductive reactance of the line.

Dampingresistorohmicselection: Modelling and simulation
has shown that the damping resistor ohmic value is critical to
the effective performance of the system. If the ohmic value is
too high then little current flows through the choke/resistor
resulting in ineffective damping under ferroresonant and fault
conditions. If the ohmic value is too low heavy currents flow
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Fig. 18(a-b): State plane trajectories of (a) Circuit "B" without FL and (b) Circuit "B" with FL

through the damping resistor under ferroresonant and fault
conditions but the I2R loss is too small to provide effective
damping.

Analysis and modeling on the series compensation
scheme has shown damping resistor ohmic value should be
selected to approximately equal the reactiveimpedance of the
capacitor at the power frequency, i.e., suggested:

where, Ry is damper resistor.

The reason for this selection is as follows. Circuit damping
is provided by saturating the choke and generating IR losses
in the damping resistor. Under conditions of choke saturation
the choke can be thought of as a short circuit. Under these
conditions the capacitor discharges directly into the resistor
with a time constant of RyC. At the suggested value of Ry this
time constant is 1/w or 1/2x of a period. Under conditions of
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ferroresonance in the power line circuits the time period of
high capacitor voltage is typically half to one period or
3.5-7 R4C time constants. This is generally sufficient time for
the damping resistor to sufficiently discharge the capacitor
and prevent the onset of ferroresonance.

If Ry is too large the Capacitor damping resistor time
constant is too long to allow effective damping. If Ry is too
small the leakage reactance of the saturating choke becomes
significant limiting the circulating current and hence the IR
effect of the damping resistor. After selection of a damping
resistor value Ry it is important to model and simulate the
series compensation scheme to check that all ferroresonant
states have been eliminated.

Saturable choke: The knee point of the saturable choke must
be sufficiently high to permit normal and emergency loads
without any saturation effects. However for currents in excess
of the emergency load plus a safety margin the choke must go
heavily into saturation.
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Fig. 19: State plane trajectories of circuit "B" with FL and elimination of the transient state
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The leakage inductance is the marginal inductance of the
choke when it is in full saturation. The leakage inductance
must be sufficiently small so as not to interfere with the
discharge of the capacitor into the damping resistor. The ideal
value would be zero henries.

To achieve the desired effect the natural frequency of the
capacitor in combination with the leakage reactance of the
choke () must be much greater than the power frequency, i.e.
suggested:

<

1
o=, <<—
¢ oo’

(38)

In the current study a chaotic fluctuation damper device
was used to reduce the ferroresonace of the power
transformer. The presence of a damping resistor along with a
fault current limiter reactor results in stable behavior and the
removal of 2nd and 3rd order harmonics with high amplitude
due to ferroresonance oscillations. In this method, the reactor
eliminates the high amplitude of the energy generated in the
transformer saturation range, while at the same time, the
resistor with the removal of these unwanted nonlinear
harmonics creates a stable behavior in the system. Using this
method, it is faster than research before it uses chaos
control to remove oscillations®®®. Also, the nonlinear
order and complexity of the system will be less than recent
research and in this case, the overall system analysis will be
easier'1921,

CONCLUSION

In this study, overvoltage and overcurrent due to
ferroresonance investigated. Chaos theory is used to analyze
this phenomenon. The modelling presented has highlighted
the damaging ferroresonant overvoltages and overcurrents
that can be created by series capacitors interacting with
transformers. A thoroughly understanding of the possible
ferroresonant modes of behaviour is essential when
considering series compensation of distribution and
subtransmission lines. A method of eliminating
ferroresonance in series compensated lines has been
proposed, the modelling presented has highlighted how
ferroresonant overvoltages and overcurrents can be
eliminated by the use of a saturable choke and damping
resistor. As was observed, FL could have remove
ferroresonant oscillations and causes mitigation
subharmonic regions.

in
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SIGNIFICANCE STATEMENTS

This study is useful in analyzing and controlling the
chaotic ferroresonance behavior created in the power system,
which is caused by compensations by the presence of series
capacitors or the effect of high transmission lines in
equipment such as transformers. Chaotic harmonic over
voltages are identified by using chaotic analysis tools and
are limited and as far as possible eliminated by restricting
the fault current limiter, reactors and damper resistances.
Using this study, a better analysis of the system stability limits
will be available in presence of reactive power control
resources.
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