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Effect of Metal Oxide Surge Arrester on Ferroresonance in
\oltage Transformer Including Nonlinear Core Losses

Hamid Radmanesh, Mehrdad Rostami, and Jafar Khalilpour

Abstract— This paper studies the effect of Metal Oxide Surge
Arrester (MOSA) on ferroresonance overvoltage transformer
(VT) considering nonlinear core losses effect. It is expected that
MOSA generally cause ferroresonance ‘dropout’. Time-domain
study has been done to study this effect. Simulation has been
done on a voltage transformer rated 100VA, 275 kV. The
magnetization characteristic of the transformer is modelled by
a single-value two-term polynomial with order seven. The core
loss is modelled by nonlinear resistance. The simulation results
reveal that connecting the MOSA in parallel to the VT exhibits
a great controlling effect on ferroresonance overvoltages. Phase
plane, voltage waveforms, along with bifurcation diagrams are
also derived. Significant effect on the onset of chaos, the range
of parameter values that may lead to chaos along with
ferroresonance overvoltages has been obtained and presented.

Index Terms—Metal oxide surge arrestor, nonlinear core
losses chaos, bifurcation, ferroresonance, voltage transformers

Ferroresonance occurs when a nonlinear inductor, usually
a transformer with a saturable magnetic core, is excited
through a linear capacitor from a sinusoidal source,
particularly in the presence of long lines or capacitive power
cables. It is usually initiated by a system disturbance of some
form, for example, the disconnection of transformer feeder
lines or the opening of a circuit breaker in series with a
voltage transformer. Also it can produce unpredictable
overvoltages and abnormal currents. The prerequisite for
ferroresonance is a circuit containing nonlinear iron core
inductance and some existed capacitance. The abrupt
transition or jump from one state to another is triggered by a
disturbance, switching action or a gradual change in values of
a parameter. The first analytical work was done by
Rudenberg in the 1940’s [1]. More exacting and detailed
work was done later by Hayashi in the 1950°s [2].
Subsequent research has been divided into two main areas:
improving the transformer models and studying
ferroresonance at the system level. Typical cases of
ferroresonance are reported in [3]. Effect of circuit breaker
grading capacitance on ferroresonance in VT is investigated
in [4]. There are a number of cases of ferroresonance and a
typical case is described in [5]. Frame [6] and others have
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developed piecewise-linear methods of modelling the
nonlinearities in saturable inductances. Hopkinson [5]
performed system tests and simulations on the effect of
different switching strategies on the initiation of
ferroresonance in three phase systems. Smith [7] categorized
the modes of ferroresonance in one type of three phase
distribution transformer based on the magnitude and
appearance of the voltage waveforms. Arturi [8] and Mork [9]
have demonstrated the use of duality transformations to
obtain transformer equivalent circuits. In [10], the chaotic
behaviour of the simple power system is investigated for a
range of loading conditions through computer simulations.
The analysis of the severe overvoltages caused by neutral
shift and ferroresonance due to the disconnection of one
phase of an ungrounded-ye delta transformer bank from the
source is presented in [11]. The implications of applying
MOSA in the distribution environment are described in [12],
[13]. In [14], the performances of MOSA exposed to
ferroresonance conditions in pad mount transformers are
analyzed. The effect of a connected MOSA in parallel to the
power transformer is illustrated in [15]. Evaluation of chaotic
ferroresonance in power transformers including nonlinear
core losses is investigated in [16]. Analysis of ferroresonance
puenomena in power transformers including neutral
resistance effect is investigated in [17]. Finally effect of
circuit breaker shunt resistance on chaotic ferroresonance in
voltage transformer has shown in [18], in this work
ferroresonance has been controlled by considering C.B
resistance effect. In all previous studies, the effect of MOSA
on ferroresonance puenomena in voltage transformer has
been neglected. Current paper studies the effect of MOSA on
the global behaviour of a VT ferroresonance circuit in
voltage transformer while its core losses have a nonlinear
behaviour.

Il. SYSTEM MODELING WITHOUT MOSA

During VT ferroresonance an oscillation occurs between
the nonlinear iron core inductance of the VT and existing
capacitances of network. In this case, energy is coupled to the
nonlinear core of the voltage transformer via the open circuit
breaker grading capacitance or system capacitance to sustain
the resonance. The result may be saturation in the VT core
and very high voltage up to 4pu can theoretically gained in
worst case conditions. The magnetizing characteristic of a
typical 200VA VTs can be presented by 7 order polynomial
[18]. Fig. 1 shows the single line diagram of the most
commonly encountered system arrangement that can give
rise to VT ferroresonance [18]. Ferroresonance can occur
upon opening of disconnector 3 with circuit breaker open and
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either disconnector 7 or 2 closed. Alternatively it can also
occur upon closure of both disconnections 1 or 2 with circuit
breaker and disconnector 3 open [18].

Reserve Busbar Main Busbar

Disconnector1

/] /]

)Circuit Breaker

Disconnector2

Grading Capacitor —

Disconnector3

Fig. 1. System one line diagram arrangement resulting to VT
ferroresonance

The system arrangement shown in Fig. 1 can effectively be
reduced to an equivalent circuit as shown in Fig. 2.
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Fig. 2. Basic reduced equivalent ferroresonance circuit [30]
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In Fig. 2, E is the RMS supply phase voltage, Cgies IS the
circuit breaker grading capacitance and Cgy is the total
phase-to-earth capacitance of the arrangement. The resistor R
represents a voltage transformer core loss that has been found
to be an important factor in the initiation of ferroresonance.
In the peak current range for steady-state operation, the
flux-current linkage can be approximated by a linear

characteristic such as i, = a4 where the coefficient of the
linear term (a) corresponds closely to the reciprocal of the
inductance (a = 1/ L) . However, for very high currents the
iron core might be driven into saturation and the flux-current
characteristic becomes highly nonlinear, here the
A =1 characteristic of the voltage transformer is modeled as
in [8] by the polynomial

i=al+bA 1)
where, a =3.14, h=0.41

I1l. SYSTEM DYNAMIC AND EQUATION

In this paper, the core loss model adopted is described by a
third order power series which coefficients are fitted to match
the hysteresis and eddy current nonlinear characteristics
given in [19]:

iRm = hO + hl Vm + hZI/m2 + }%Vms (2)
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Per unit value of (7,,,) is given in (3)

i,, =—0.000001+0.00477, —0.0073V,* +0.0039V" °
®)
Mathematical analysis of equivalent circuit by applying

KVL and KCL has been done and equations of system can be
presented as below:

v
— RMS
/’i’peak - \/E W

(4)
dA
"
Q)
2
s d(e—vL):C s 4’2
ser dt ser dtz (6)
2
i=1i +i, +1, :%(\/ﬁEcosm):id j“ +
(Cser + Csh) @ dt
L (bt by, + iy, 4y fan b2 )
a)(Cser + Csh)

()
where, w is supply frequency, and E is the RMS supply phase
voltage, Ceeries iS the circuit breaker grading capacitance and
Cqunt IS the total phase-to-earth capacitance of the
arrangement and in (1) a=3.4 and b=0.41 are the seven order
polynomial sufficient [18].

IV. METAL OXIDE SURGE ARRESTER MODEL

Surge Arrester is highly nonlinear resistor used to protect
power equipment against overvoltages. The nonlinear V-I
characteristic of each column of the surge arrester is modeled
by combination of the exponential functions of the form:

1 ¢
L = Ki L (8)
Vref 1 ref

where, V represents resistive voltage drop, I represents
arrester current and K is constant and « is nonlinearity
constant. This V-I characteristic is graphically represented as
follows:
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Fig. 3. V-1 graphic characteristic of MOSA

log(VNref)

o3

log(/Iref)

L 4




International Journal of Computer and Electrical Engineering, Vol. 4, No. 5, October 2012
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Fig. 4. V-1 characteristic of MOSA, simulated diagram\

V. SYSTEM MODELING WITH MOSA

Connecting MOSA to the system in Fig. 2, circuit can be
driven in Fig. 5.
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Fig. 5. Basic reduced equivalent ferroresonance circuit with MOSA

The differential equation for the circuit in Fig. 5 can be
modified as follows:

2
ﬁ(ﬁEcosw):id f+ 1
(C + Csh) 2 dt w(Cser + Csh ) (9)

ser

1 (drY"
ho+hyv, +hv, 2 +hy, lad+bA )+ ——| =
( ° 1VL ZVL SVL ¢ ) Cxen'es (kdt)

VI. SIMULATION RESULTS

Values of E and o were fixed by 1 pu, corresponding to
AC supply voltage and frequency. Ceries is the CB grading
capacitance and its value obviously depends on the type of
circuit breaker which is used. In this analysis Cgeies IS
assumed 0.5nF and Cgp,ny vary between 0.1nF to 3nF. Initial
condition are V' (¢) = V2, A(t) =0 at t=0, representing
circuit breaker operation at maximum voltage. In this state,
system for both cases, with and without MOSA has been
simulated for E=4 pu. The studied system has a periodic
behavior for E=1 pu and chaotic behavior for E=4 pu, while
by applying MOSA, system behavior remain periodic for
E=1 pu and E=4 pu. Figs. 6 and 7 show the simulation result
for E=4 pu including of MOSA. By referring to Fig. 7 and
comparing with Fig. 6, it is shown the MOSA clamps the
overvoltages and after transient signal, its behavior reaches to
the normal condition.

Time Domain Simulation of over wltage on Voltage Transformer without MOV
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Fig. 6. Time domain simulation for chaotic motion without MOSA effect

Time Domain Simulation of over woltage on Voltage Transformer with MOV
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Fig. 7. Time domain simulation for chaotic motion considering MOSA
effect

Corresponding phase plan diagrams has been shown the
effect of the MOSA to damp the overvoltages and it is shown
Figs. 8 and 9 for E=4 pu. It obviously shows that MOSA
clamps the ferroresonance overvoltage and keep it in E=2.5
pu. In phase plan which has been shown in Fig. 8, when the
overvoltage’s reaches up to 6pu, by connecting MOSA,
overvoltage’s reaches to the 2.5 pu according to the Fig. 9. It
is obviously shows that MOSA clamps the ferroresonance
overvoltage and keeps it in E=2.5 pu.

Phase Plan Diagram of Over Voltage on Voltage Transformer without MOV
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Fig. 8. Phase plan diagram for chaotic motion without MOSA effect

Phase Plan Diagram of Over Voltage on Voltage Transformer with MOV
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Fig. 9. Corresponding phase plan diagram considering MOSA effect
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Another tool that was used for solving the nonlinear
equation of studied system is bifurcation diagram. In this
paper, it is shown the effect of variation in the voltage and
capacitance of the system on the ferroresonance overvoltage
in the VT, and finally the effect of applying MOSA on this
overvoltage by the bifurcation diagrams. By using the
bifurcation diagrams, Fig. 10 clearly shows the
ferroresonance overvoltage in VT when voltage of system
increases up to 3pu.

Bifurcation Diagram of Over Voltage on Voltage Transformer without MOV
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Fig. 10. Bifurcation diagram for voltage of transformer versus voltage of
system, without MOSA effect

System parameters are listed in Table I.

TABLE I: PARAMETER VALUE FOR SIMULATION

Parameter Actual value Per unit value
E 275k 1 pu

w 377 rad/sec 1 pu

Ceries 0.5 nf 39.959 pu
Cohunt 0.1nf 7.92 pu

In Fig. 10 when E=0.25 pu, voltage of VT has a period-1
behavior, in E=1 pu, period-3 appears and until E=2.5 pu
remains in the linear manner. Corresponding bifurcation
diagram with the same parameter in the case of applying
MOSA clearly has been shown in Fig. 11.

Bifurcation Diagram of Over Voltage on Voltage Transformer with MOV
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Fig. 11. Bifurcation diagram for voltage of transformer versus voltage of
system considering MOSA effect

It is shown that by applying MOSA, system behaviors
coming out from chaotic region and MOSA clamps the
overvoltage from 8 pu to 2.2 pu. The system behavior has
period doubling bifurcation logic and there are many
resonances in the system behavior. In the real systems,
maximum overvoltage that VT can withstand is 4pu, and if

751

over voltages cross it, VT failure follows.

VII.

VTs fed through circuit breaker grading capacitance have
been shown exhibiting fundamental frequency and chaotic
ferroresonance conditions similar to high capacity power
transformers fed via capacitive coupling from nearby sources
like parallel transmission lines. Simulations have shown that
a change in the value of the equivalent line to ground
capacitance, may originate different types of ferroresonance
overvoltages. It has also been shown that chaotic
ferroresonance are not likely to occur under practical
conditions but if it occurs, MOSA successfully can cause
ferroresonance drop out. In the case of applying MOSA,
system shows less sensitivity to initial conditions and
variation in system parameters. The presence of the arrester
tends to clamp the ferroresonance.

CONCLUSION
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