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Abstract – This paper studies the effect of MOV surge arrester on chaotic ferroresonance over 

voltages in potential transformer (PT) including nonlinear core losses effect. It is expected that 

MOV generally can cause ferroresonance ‘dropout'. Time-domain study has been carried out to 

study this effect. Simulation has been done on a potential transformer rated 100VA, 275 kV. The 

magnetization characteristic of the transformer is modeled by a single-value two-term 

polynomial with order seven. The core loss is modeled by nonlinear resistance. Simulation 

results reveal that connecting the MOV in parallel with the potential transformer, exhibits a 

great controlling effect on ferroresonance over voltages. 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 over voltages has been 

obtained and presented. Copyright © 2009 Praise worthy Prize S.r.l. - All rights reserved. 
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I. Introduction 

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 potential transformer. 

Also it can produce unpredictable over voltages 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]. One of the most 

possible cases which may happen is nonlinear iron core 

inductor that is fed by a series capacitor. These 

capacitances can be originated from several things, such 

as line-to-line capacitance, parallel lines, conductor to 

earth capacitance and circuit breaker grading 

capacitance [4]. Failure of electromagnetic potential 

transformer due to sustained overvoltage on 

switching*/an in-depth field investigation and analytical 

study has been given in [5]. Fundamental theory of 

nonlinear dynamics and chaos can be found in [6], [7]. 

Controlling ferroresonance in voltage transformer by 

considering circuit breaker shunt resistance including 

transformer nonlinear core losses effect has been studied 

in [8]; this paper studies the effect of circuit breaker 

shunt resistance on the controlling chaotic 

ferroresonance in a voltage transformer while the core 
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losses of the voltage transformer core are highly 

nonlinear. It is expected that this resistance generally 

can cause ferroresonance ‗dropout'. It has also been 

shown that chaotic ferroresonance states are not likely to 

occur under practical site conditions. C.B shunt 

resistance successfully can cause ferroresonance drop out 

and can control it, in the case of applying C.B shunt 

resistance system shows less sensitivity to initial 

condition and variation in system parameters. Tutorial 

Course on Digital Simulation of Transients in Power 

Systems has been given in [9]. The susceptibility of a 

ferroresonance circuit to a quasiperiodic and frequency 

locked oscillations are presented in [10], the effect of 

initial conditions is investigated in [11] in this reference, 

the solution of the nonlinear equation for a typical 

ferroresonant circuit containing a power transformer is 

shown to be dependent on the value of its initial 

conditions. It is also shown that a small change in initial 

conditions leads to a large difference in long-term 

behavior of the system, and this makes the future of the 

system unpredictable. Using a linear model, [12] has 

brought the Modeling and analysis guidelines for slow 

transients. Effect of circuit breaker grading capacitance 

on ferroresonance in PT is investigated in [13]. There 

are a number of documented cases of ferroresonance and 

a typical case is described in the references, for example 

in [14] Hopkinson performed system tests and 

simulations on the effect of different switching strategies 

on the initiation of ferroresonance in three phase 

systems. Frame [15] and others have developed 

piecewise-linear methods of modeling the nonlinearities 

in saturable inductances. Smith [16] categorized the 

modes of ferroresonance in one type of three phase 

distribution transformer based on the magnitude and 

appearance of the voltage waveforms. Arturi [17] and 

Mork [18] have demonstrated the use of duality 

transformations to obtain transformer equivalent 

circuits. In [19], the chaotic behavior of the simple 

power system is investigated for a range of loading 

conditions through computer simulations. The analysis 

of the severe over voltages 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 [20]. The implications of applying 

MOV arresters in the distribution environment are 

described in [21], [22]. Performances of metal oxide 

arresters exposed to ferroresonance conditions in pad 

mount transformers are analyzed in [23], it has been 

pointed out that the arresters have a mitigating effect on 

the chaotic ferroresonance. An improved algorithm for 

generating the bifurcation diagrams of steady-state 

solutions to analyses chaotic ferroresonance in the 

presence of multiple nonlinearities has been reported in 

[24] modeling iron core nonlinearities is given in [25]. 

Effect of a connected MOV arrester in parallel to the 

power transformer is illustrated in [26]. Evaluation of 

chaotic ferroresonance in power transformers including 

nonlinear core losses is investigated in [27]. Analysis of 

ferroresonance phenomena in power transformers 

including neutral resistance effect is investigated in [28]. 

Analysis of chaotic ferroresonance in transmission 

systems in the same right-of-way‘ has been done in [29]. 
A new method for partial discharge localization using 

multi-conductor transmission line model in transformer 

winding was given in [30]. Studies to utilize calculated 

condition information and measurements for transformer 

condition assessment have been investigated in [312]. 

Thermal capacitance calculation of top-oil temperature 

for power transformers was given in [32]. Sympathetic 

inrush phenomenon on power transformers and fault 

identification using artificial neural network is in [33]. 

Finally, effect of circuit breaker shunt resistance on 

chaotic ferroresonance in voltage transformer has shown 

in [34], in this work ferroresonance has been controlled 

by considering C.B resistance effect, C.B shunt 

resistance successfully can cause ferroresonance drop out 

and can control it, in the case of applying C.B shunt 

resistance system shows less sensitivity to initial 

condition and variation in system parameters. In all 

previous studies, the effect of MOV surge arrester on 

ferroresonance phenomena in potential transformer has 

been neglected. Current paper studies the effect of MOV 

on the global behavior of a PT ferroresonance circuit in 

potential transformer while its core losses have a 

nonlinear behavior.  

 

II. System Modeling Without MOV 

 
During Potential Transformer (PT) ferroresonance an 

oscillation occurs between the nonlinear iron core 

inductance of the PT and existing capacitances of 

network. In this case, energy is coupled to the nonlinear 

core of the potential transformer via the open circuit 

breaker grading capacitance or system capacitance to 

sustain the resonance. The result may be saturation in 

the PT core and very high voltage up to 4p.u can 

theoretically gained in worst case conditions. The 

magnetizing characteristic of a typical 100VA PTs can 

be presented by 7 order polynomial [34]. These PTs fed 

through circuit breaker grading capacitance, and studied 

using nonlinear dynamics analysis and packages such as 

Rung KUTTA FEHLBERG algorithm and MATLAB 

SIMULINK. Fig.1 shows the single line diagram of the 

most commonly encountered system arrangement that 

can give rise to PT ferroresonance [30]. Ferroresonance 

can occur upon opening of disconnector 3 with circuit 

breaker open and either disconnector 1 or 2 closed. 

Alternatively it can also occur upon closure of both 

disconnectors 1 or 2 with circuit breaker and 

disconnector 3 open [34]. 
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Fig.1.System one line diagram arrangement resulting to PT 

Ferroresonance 

 

The system arrangement shown in Fig. 1 can effectively 

be reduced to an equivalent circuit as shown in Fig. 2. 

e
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iCser
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iL
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Fig.2. Basic reduced equivalent ferroresonance circuit [8] 

 

In Fig. 2, E is the RMS supply phase voltage, Cseries is 

the circuit breaker grading capacitance and Cshunt is the 

total phase-to-earth capacitance of the arrangement. The 

resistor R represents a potential transformer core loss 

that has been found to be an important factor in the 

initiation of ferroresonance and has been considered as a 

nonlinear resistance in this paper. In the peak current 

range for steady-state operation, the flux-current linkage 

can be approximated by a linear characteristic such as 

aiL   where the coefficient of the linear term (a) 

corresponds closely to the reciprocal of the 

inductance )/1( La  . However, for very high currents 

the iron core might be driven into saturation and the 

flux-current characteristic becomes highly nonlinear, 

here the i characteristic of the potential transformer 

is modeled as in [34] by the polynomial  

(1) 
7 bai   

Where 41.0,14.3  ba  

 

The polynomial of order seven and the coefficient b of 

equation (1) are chosen for the best fit of the saturation 

region. fig (3) shows the comparison between different 

approximations of saturation region against the true 

magnetization characteristic that was obtained from field 

measurement by dick and Watson [3], using a 

polynomial of order less than eleven to present the 

magnetization curve might be adequate for small 

capacity transformers such as potential transformer, but 

it does not sharply enough at the knee point to satisfy the 

magnetization characteristic of modern highly capacity 

transformers. In [8], the effect of changing the exponent 

of the nonlinear term on the modes of behavior of the 

ferroresonance circuit was investigatedIt was found that 

for adequate representation of the saturation 

characteristics of a potential transformer core, the 

exponent q may acquire value 7 [8]. Fig (3) Shows these 

iron core characteristic for q=5, 7, 9 and 11. The basic 

potential transformer ferroresonance circuit of fig (2) 

can be presented by a differential equation. Because of 

the nonlinear nature of the transformer magnetizing 

characteristics, the behavior of the system is extremely 

sensitive to change in system parameter and initial 

conditions. A small change in the value of system 

voltage, capacitance or losses may lead to dramatic 

change in the behavior of it. A more suitable 

mathematical language for studying ferroresonance and 

other nonlinear systems is provided by nonlinear 

dynamic methods. Mathematical tools that are used in 

this analysis are phase plan diagram, time domain 

simulation and bifurcation diagram.  
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Fig.3. Nonlinear characteristics of transformer core with different values 

of q [8]                     
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III. 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 [9]: 
3

3

2

210 mmmRm VhVhVhhi 
(2) 

 

Per unit value of )( Rmi is given in table (1)  

 
Table (1): parameters value of nonlinear core model [9] 

core losses‘ Parameters h0 h1 h2 h3 

Per unit values -0.000001 0.0047 -0.0073 0.0039 

 

Mathematical analysis of equivalent circuit by 

applying KVL and KCL laws   has been done and 

Equations of system can be presented as below: 
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Where ω is supply frequency, and E is the RMS 

supply phase voltage, Cseries is the circuit breaker grading 

capacitance and Cshunt 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[34].  

The state-space formulation  and v  as state variables 

is as 
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Parameters value that was considered for simulation 

of state space was given in table (2). 
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Table (2): parameters value of the system elements 

 

Parameter Actual value Per unit value 

E 275kv 1 p.u 

w 377 rad/sec 1 p.u 

Cseries 0.5 nf 39.959 p.u 

Cshunt 0.1nf  7.92 p.u 

α - 25 

k - 2.5101 
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          Fig.4. Nichols chart of the given parameters 

 

IV. Metal Oxide Surge Arrester Model 
 

Surge Arrester is highly nonlinear resistor used to 

protect power equipment against over voltages. MOV 

can be arranged by cascading several metal oxide discs 

inside the same porcelain housing due to required 

protecting voltage. Size of each disc is related to its 

power dissipation capacity. The nonlinear V-I 

characteristic of each column of the surge arrester is 

modeled by combination of the exponential functions of 

the form  

i
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                                             (22) 

 

Where: V represents resistive voltage drop, I 

represents arrester current and K is constant and is 

nonlinearity constant. This V-I characteristic is 

represented as follows: 
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Fig 5. V-I characteristic of MOV surge arrester 

 

The Surge Arrester block is modeled as a current 

source driven by the voltage appearing across its 

terminals. Therefore, it cannot be connected in series 

with an inductor or another current source. As the Surge 

Arrester block is highly nonlinear, a robust integrator 

algorithm must be used to simulate the circuit. 

MATLAB ode23t with default parameters usually gives 

the best simulation speed. For continuous simulation, in 

order to avoid an algebraic loop, the voltage applied to 

the nonlinear resistance is filtered by a first-order filter 

with a time constant of 0.01 microseconds. This fast 

time constant does not significantly affect the result 

accuracy. 

 

V. System Modeling With MOV 

Connecting MOV to the system in Fig.2, circuit can be 

driven in Fig 6.  
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Fig.6. Basic reduced equivalent ferroresonance circuit with MOV 

 

Linear approximation of the peak current of the 

magnetization reactance can be presented by equation 

(22): 

 

aiL                                                                  (23) 

However, for very high currents, the iron core might be 

saturated where the flux-current characteristic becomes 

highly nonlinear.  

Arrester can be expressed by the so-called‖alpha‖ 
equation:  
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KIV                                                               (24) 

 

The differential equation for the circuit in fig (6) can be 

modified as follows: 
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Where represents the power frequency and E is the 

peak value of the voltage source, shown in fig (2).The 

state-space formulation and v as state variables is as 
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For parameters value of table (2) plus MOV 

parameters, bode diagram has been simulated and has 

been shown in fig (7). 
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Fig.7. Bode diagram of the given parameters of table (2) 

 

 

VI. Simulation Results 

 Equations (12) and (25) contain a nonlinear term and 

do not have simple analytical solution. So the equations 

were solved numerically using an embedded RUNGE-

KUTTA FEHLBERG algorithm with adaptive step size 

control. Values of E and ω were fixed by 1 p.u., 
corresponding to AC supply voltage and frequency. 

seriesC is the CB grading capacitance and its value 

obviously depends on the type of circuit breaker which is 

used. In this analysis
seriesC is assumed 0.5nF and 

shuntC vary between 0.1nF to 3nF. Initial condition are 

0)(,2)(  ttV  at t=0, representing circuit 

breaker operation at maximum voltage. In this state, 

system for both cases, with and without MOV has been 

simulated for E=1, 4 p.u. The studied system has a 

periodic behavior for E=1 p.u and chaotic behavior for 

E=4 p.u while by applying MOV, system behavior 

remains periodic for E=1 p.u and E=4 p.u. 
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Fig.8. Time domain simulation for fundamental resonance motion without 

MOV surge arrester  
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Fig.9. Time domain simulation for period2 motion with MOV surge 

arrester 

Figs.8 and 9 show time domain simulation for these 

two cases that represented the fundamental resonance 

and sinusoidal voltage wave form with a frequency equal 

to the power system frequency, Figs.10 and 11 show the 

simulation result for E=4 p.u including MOV and 

without considering MOV surge arrester. By referring to 
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fig.11 and comparing with fig.10, it is shown the MOV 

surge arrester clamp the over voltages from 6p.u to 3p.u 

and after transient signal, its behavior reaches to the 

normal condition. 
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Fig.10. Time domain simulation for chaotic motion without MOV 

0 50 100 150 200 250 300
-4

-3

-2

-1

0

1

2

3

4
Time Domain Simulation of over voltage on Voltage Transformer with MOV

Time(perunit)

V
o
lt
a
g
e
 o

f 
T

ra
n
s
fo

rm
e
r

 
Fig.11.Time domain simulation for subharmonic resonance motion 

with MOV surge arrester 

 

Corresponding phase plan diagrams has been shown 

the effect of the MOV to damp the over voltages and it is 

shown in figs.12, 13 for E=1 p.u and figs.14 and 15 for 

E=4 p.u. it obviously shows that MOV clamp the 

ferroresonance overvoltage and keep it in E=2.5 p.u. 
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Fig.(12.a). Phase plan diagram for fundamental resonance motion without 

MOV surge arrester 
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Fig.(12.b).power spectrum of PT without MOV for fundamental 

resonance 

 

Corresponding phase plan diagrams has been shown 

apparent the MOV effect which is shown in figs. (13.a) 

and (13.b) for E=1p.u, and phase plan that has been 

shown in fig.14, when the overvoltage‘s reaches up to 6 
p.u by applying MOV in parallel, overvoltage‘s reaches 
to the 2.5 p.u according to the fig.15, also power 

spectrum of the corresponding phase plan diagrams 

clearly show magnitude of the existing resonance in the 

system. 
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Fig.(13.a). Phase plan diagram for period2 motion with MOV surge 

arrester 
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Fig.(13.b). Power spectrum of PT including MOV for period2 oscillation 

 

It is obviously shows that MOV clamp the 

ferroresonance overvoltage and keep it in E=2.5 p.u. 

System parameters are as below: 

 
Table (2). Parameters value that has been considered for simulation 

Parameter Actual value Per unit value 

E 275kv 1 p.u 

w 377 rad/sec 1 p.u 

Cseries 0.5 nf 39.959 p.u 

Cshunt 1.25nf  98p.u 
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Fig.(14.a). Phase plan diagram for chaotic motion without considering 

MOV surge arrester 
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Fig.(14.a). Power spectrum of PT without MOV for chaotic oscillation 
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Fig.(15.a). Corresponding phase plan diagram for period2 motion with 

applying MOV corresponding by fig.(14.a) 
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Fig.(15.a).  Power spectrum of PT without considering MOV surge 

arrester 

 

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 of 

the system on the ferroresonance overvoltage in the PT, 

and finally the effect of applying MOV on this 

overvoltage by the bifurcation diagrams. By using the 

bifurcation diagrams, fig (16) clearly shows the 

ferroresonance overvoltage in PT when voltage of 

system increase up to 4p.u. 
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Fig.16.Bifurcation diagram for voltage of transformer versus voltage of 

system, without considering MOV surge arrester 

System parameters are as follows: 

 
Table (4): Parameter value that has been considered for simulation 

Parameter Actual value Per unit value 

E 275kv 1 p.u 

ω 377 rad/sec 1 p.u 

Cseries 0.5 nf 39.959 p.u 

Cshunt 0.1nf  7.92 p.u 

Rcore Nonlinear model Nonlinear model 

 

 

In fig.17 when E=0.25 p.u, voltage of PT has a 

chaotic behavior, in E=2.2p.u, period1 appears and in 

E=3p.u period3 has been begun, after that remains in the 

linear manner. Corresponding bifurcation diagram by 

fig.16 with the same parameter while MOV parameters 

have been added to the simulation has been shown in 

this figure.17. 
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Fig.17. Bifurcation diagram for voltage of transformer versus voltage 

of system with applying MOV 

 

It is shown that by applying MOV, system behaviors 

coming out from chaotic region and MOV clamp the 

overvoltage from8 p.u to2.2 p.u. 
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Fig.18. Bifurcation diagram for voltage of transformer versus voltage 

of system, without considering MOV surge arrester 

 

It is shown that system behavior has period doubling 

bifurcation logic and there are many resonances in the 

system behavior. Bifurcation diagram with the same 

parameter in the case of MOV to the PT is shown in 

fig.19 
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Fig.19. Bifurcation diagram for voltage of transformer versus voltage of 

system, corresponded by fig.15 with applying MOV 
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Fig.20. Bifurcation diagram for initial condition, with applying MOV 

Bifurcation diagram of fig.(20) clearly shows effect of 

changing initial condition on the global behavior of the 

potential transformer ferroresonance by increasing 

initial condition value from 0 to 3.5p.u, ferroresonance 

over voltages has been increased and one jump has been 

occurred in the trajectory of the system, suddenly value 

of over voltage  jumps from 1.4p.u to 2.1p.u, this 

changing in the value of over voltages have been 

increased if MOV surge arrester has not been considered 

in parallel with potential transformer.  

 
Table (5): Parameter value for simulation of figs. 18, 19 

Parameter Actual value Per unit value 

E 275kv 1 p.u 

w 377 rad/sec 1 p.u 

Cseries 0.5 nf 39.959 p.u 

Cshunt 0.19nf  15.042 p.u 

α - 25 

k - 2.5101 

 

 

According to the parameters, it is shown that by 

changing the Cseries from 0.1nf to 0.19nf, ferroresonance 

overvoltage greatly changes and plot of fig.18 is 

completely different by fig.16. In this figure when 

trajectory of system is in E=1 p.u, its behavior begin the 

period1, in E=1.8 p.u, suddenly resonance take place 

and system goes to chaotic region and when input 

voltage reached to 3.5 p.u, the system behavior coming 

out from chaos. By applying MOV in this case, it is 

shown that MOV has great effect on this overvoltage 

and successfully cause ferroresonance drop out. In the 

real systems, maximum overvoltage that PT can 

withstand is 4p.u, and if over voltages cross it, PT 

failure follows.  

 

VII. Conclusions 
 

Chaotic ferroresonance cannot be ruled out in a de 

energized line in the same right-of-way as a parallel 

energized line for normal distances and operating 

procedures. Transformer -core saturation plays a 

decisive role in determining the type of ferroresonance 

oscillation. Potential Transformers 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 over voltages. It has also been shown that 

chaotic ferroresonance are not likely to occur under 

practical conditions but if it occurs, MOV successfully 

can cause ferroresonance drop out. In the case of 

applying MOV, system shows less sensitivity to initial 

conditions and variation in system parameters. The 

presence of the arrester tends to clamp the 

ferroresonance. The system shows a greater tendency for 

chaos saturation characteristics with lower knee point, 

which corresponds to higher values of exponent q. the 

arrester successfully eliminates chaos for exponent q=7. 

Different system capacitances and resistances has been 

studied but not shown in this paper. Variation of the 

system capacitance reveals that quasiperiodic 

oscillations (route to chaos) occurred rather than period 

doubling bifurcation. To continue this study, one may 

include nonlinear core model and enhance extracted 

results. 
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