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Abstract
We study the effect of a parallel metal oxide surge arrester on the ferroresonance oscillations of transformers.
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 is studied. The simulation results reveal that connecting the arrester to transformers 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
is obtained, shown and tabulated.
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1. Introduction
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
[1]. 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 depends 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 [2].
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
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iron core inductance and a capacitance. Such a circuit is
characterized by simultaneous existence of several steadystate 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 [1-4]. Theory of nonlinear
dynamics has been found to provide deeper insight into
the phenomenon. [5-8] 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 [9,10]. The effect of initial conditions is also
investigated. The effect of transformer modeling on the
predicted ferroresonance oscillations is studied in [11].
Using a linear model, authors of [12] 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 [7]. An algorithm for
calculating core loss from no-load characteristics is given
in [13]. 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 [9,14,15].
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Presenting in the form of state space Equations, 
and p will be state variables as follows:

2. 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 produces induced
voltage in the open phase. This voltage, back feeds the
distribution line. Ferroresonance will occur if the distribution line is highly capacitive. System involves the
nonlinear magnetizing reactance of the transformer’s
open phase and resulted shunt and series capacitance of
the distribution line.
Base system model is adopted from [3] with the MOV
arrester connected across the transformer winding which
is showed in Figure 1 Linear approximation of the peak
current of the magnetization reactance can be presented
by Equation (1):
il  a

  x1 , p  x2

x2   E cos t 

V represents resistive voltage drop, I represents arrester current and K is constant and  is nonlinearity
constant. The differential Equation for the circuit in Figure 1 can be derived as follows:
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RC  C 





 1   p 
 
 sign  p 
 C  K 


(4)

d
and  represents the power frequency
dt
and E is the peak value of the voltage source, shown in
Figure 1.

where p 




(7)

3. Simulation Results
Typical values for various system parameters considered
for simulation are as given below [5]:

b  0.0005
q 5
a  0
b  0.001
q7
a  0
b  0.0072
q  11  
a  0.0028;

  1 p.u., R  100 p.u., C  0.047 p.u.
E  0 - 6 p.u., K  2.501,   25.

Arrester can be expressed by the Equation (3):
(3)

1
   ax1  bx1q
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    2  sign  x2 
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il  a  b q

(5)

x1  x2

However, for very high currents, the iron core might
be saturated where the flux-current characteristic becomes highly nonlinear. The   il characteristic of the
transformer can be demonstrated by the polynomial in
Equation (2):

 E cos t  p 2  
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Initial conditions:

  0   0, p  0   1.44 p.u.
Table 1 shows different values of E, considered for
analyzing the circuit in absence of surge arrester.
Table 2 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 [3]. For cases including arrester, it can be seen that
Table 1. (a) Behaviour of system without MOV for E = 1, 2,
3. (b) Behaviour of system without MOV for E = 4, 5, 6.
(a)
E

1

2

3

5

Priodic

Priodic

Priodic

7

Priodic

Priodic

Chaotic

11

Priodic

Priodic

Chaotic

4

5

6

5

Chaotic

Chaotic

Chaotic

7

Chaotic

Chaotic

Chaotic

11

Chaotic

Chaotic

Chaotic

q

(b)
E
q

Figure 1. Circuit of system.
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Table 2. (a) Behaviour of system with MOV for E = 1, 2, 3.
(b) Behaviour of system with MOV for E = 4, 5, 6.
(a)
E

1

2

3

5

Priodic

Priodic

Priodic

7

Priodic

Priodic

Priodic

11

Priodic

Chaotic

Priodic

q

Figure 4. Time domain chaotic wave form for E = 4, q = 11
without MOV.

(b)
E

4

5

6

5

Priodic

Priodic

Priodic

7

Priodic

Priodic

Chaotic

11

Chaotic

Chaotic

Chaotic

q

ferroresonant drop out will be occurred.
Figure 2 show the phase plane plot of system states
without arrester for E = 1 p.u.
Figure 3 shows the phase plane plot and time domain
simulation of system states without arrester for E = 4 p.u.
which depicts chaotic behavior and Figure 4 shows the
corresponding time domain wave form.
Also Figures 5-7 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.

Figure 5. Bifurcation diagram for q = without MOV.

Figure 6. Bifurcation diagram for q = 7 without MOV.

Figure 2. Phase plane diagram for E = 1, q = 11 without
MOV.

Figure 7. Bifurcation diagram for q = 11 without MOV.

Figure 3. Phase plane diagram for E = 4, q = 11 without
MOV.
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Figures 8-10 show that chaotic region mitigates by
applying MOV surge arrester. Tendency to chaos exhibited by the system increases while q increases too.
With consideration to Figures 8-10 MOV makes a
mitigation in ferroresonance chaotic behavior in transformer that in down value of q the chaotic region are
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System stability increased with decreasing q and chaotic
regions are eliminiated. It is found when q = 11 at vin = 4
p.u. beahavior of system is chaotic while for q = 7 in the
same value of vin system is in subharmonic mode and its
stability is more than case that q = 11.
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Figure 8. Bifurcation diagram for q = 5 with MOV.

Figure 9. Bifurcation diagram for q = 7 with MOV.

Figure 10. Bifurcation diagram for q = 11 with MOV.

removed and the behavior will be periodic, for greater
value of q for example for q = 11 independent chaotic
regions which can be created under MOV nominal voltage have survived so chaotic behavior has been eliminated.

4. Conclusions
The presence of the arrester results in clamping the Ferroresonant over voltages in the studied system. The arrester successfully suppresses or eliminates the chaotic
behaviour of proposed model. Consequently, the system
shows less sensitivity to initial conditions in the presence
of the arrester. It is seen from the bifurcation diagram
that chaotic ferroresonant behavior depends on parameter
q. 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.
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