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Abstract 
 
This paper studies the effect of new suggested ferroresonance limiter on controlling ferroresonance oscilla-
tions in the power transformer. It is expected that this limiter generally can control the ferroresonance. For 
studying these phenomena, at first ferroresonance is introduced and a general modeling approach is given. A 
simple case of ferroresonance in a three phase transformer is used to illustrate these phenomena. Then, effect 
of new suggested ferroresonance limiter on the onset of chaotic ferroresonance and control of these oscilla-
tions in a power transformer including linear core losses is studied. Simulation is done on a three phase 
power transformer while one of its phases is opened, and effect of varying input voltage on occurring fer-
roresonance overvoltage is studied. Results show that connecting the ferroresonance limiter to the trans-
former exhibits a great controlling effect on the ferroresonance overvoltage. Phase plane diagram, FFT 
analysis along with bifurcation diagrams are also presented. Significant effect on occurring chaotic ferrore-
sonance, the range of parameter values that may lead to overvoltage and magnitude of ferroresonance over-
voltage is obtained, showed and tabulated. 
 
Keywords: Linear Core Losses, Chaos, Bifurcation, Ferroresonance Oscillation, Power Transformers,  

Ferroresonance Limiter 

1. Introduction 

The ferroresonance is typically initiated by saturable 
magnetizing inductance of a transformer and a capacitive 
distribution cable or transmission line connected to the 
transformer. In most practical situations, ferroresonance 
results in dominated currents, but in some operating 
“mode”, may cause significant high values distorted 
winding voltage waveform, which is typically referred to 
as ferroresonance. Although occurrences of the “reso-
nance” occurring does involves a capacitance and an 
inductance, but there is no definite resonant frequency 
ferroresonance occurrence for it. In this phenomenon, 
more than one response is possible for the same set of 
parameters, and drifts or transients may cause the re-
sponse to jump from one steady-state response to another 
one. Its occurrence is more likely to happen in the absence 
of adequate damping. Research on ferroresonance in 
transformers has been conducted over the last 80 years. 

The word ferroresonance first appeared in the literature in 
1920 [1], although papers on resonance in transformers 
appeared as early as 1907 [2]. Practical interests had been 
shown was in the 1930s, when it is shown that the use of 
series capacitors for voltage regulation could cause fer-
roresonance in distribution systems [3]. Ferroresonant 
behavior of a 275 kV potential transformer, fed from a 
sinusoidal supply via circuit breaker grading capacitance, 
is studied in [4]. The potential transformer ferroresonance 
from an energy transfer point of view has been presented 
in [5]. A systematical method for suppressing ferroreso-
nance at neutral-grounded substations has been studied in 
[6]. A sensitivity study on power transformer ferroreso-
nance of a 400 kV double circuit has been reviewed in [7]. 
A novel analytical solution to the fundamental ferrore-
sonance has been given in [8]. In that paper, the problem 
with the traditional excitation characteristic (TEC) of 
nonlinear inductors has been investigated. The TEC con-
tains harmonic voltages and/or currents. The Stability 
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domain calculations of the period-1 ferroresonance have 
been investigated in [9]. The application of the wavelet 
transform and MLP neural network for the ferroresonance 
identification is used in [10]. The impact of the trans-
former core hysteresis on the stability domain of fer-
roresonance modes has been studied in [11]. A 2-D fi-
nite-element electromagnetic analysis of an autotrans-
former experiencing ferroresonance is given in [12]. A 
new modeling of transformers enabling to simulate slow 
transients more accurate than the existing models in 
Simulink/MATLAB is presented in [13]. Controlling 
ferroresonance oscillations in potential transformer con-
sidering nonlinear core losses and the circuit breaker 
shunt resistance effect has been investigated in [14] and 
[15]. The effect of linear and nonlinear core losses on the 
onset of chaotic ferroresonance and duration of transient 
chaos in an autotransformer has been studied in [16]. In 
current paper, new suggested ferroresonance limiter is 
used as compact circuit including one resistor, power 
electronic switch and control circuit for limiting and sta-
bilizing of unstable and high amplitude ferroresonance 
oscillation. This resistance is connected to the grounding 
point of the power transformer and during ferroresonance 
occurrence; power electronic switch is connect the resis-
tor to the transformer via the controlling circuit. In this 
work, MATLAB program is used to simulate ferroreso-
nance and related phase plane and bifurcation diagrams. 
The result of the case study confirms that system states, 
lead to chaos and bifurcation occurs in proposed model. 
The presence of the ferroresonance limiter tends to clamp 
the ferroresonance overvoltage. The ferroresonance lim-
iter successfully, reduces the chaotic region for higher 
exponents. Simulation of system consists of two cases, at 
first, system modeling of power transformer without 
connecting ferroresonance limiter and second, power 
system contains ferroresonance limiter. Finally compare 
the result of these two cases. 

2. Power System Modeling 

In this section, power transformer is assumed to be con-
nected 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 se-
ries capacitance of the distribution line [17]. Figure 1 
shows the reduced equivalent thevenin circuit of the 
power system. 

Linear approximation of the peak current of the mag-
netization reactance can be presented by (1): 

 

Figure 1. Reduce equivalent thevenin circuit of the power 
system. 
 

Li a                   (1) 

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

q
Li a b                  (2) 

where “q” is the index of nonlinearity of iron core. The 
differential equation for the circuit in Figure 1 is derived 
as follows: 

d

dlv
t


                    (3) 

d
,

d
c

c c l

v
i C v E v

t
               (4) 

c l Ri i i                    (5) 

 d d 1 d 1

d d d
qlv E

a b
t t RC t C

            (6) 

where d / dv t  and   represents the power fre-

quency and E is the peak value of the voltage source as 
shown in Figure 1. The state-space formulation   and 
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3. Simulation Results of the Power 
Transformer without Considering 
Ferroresonance Limiter Effect 

Ferroresonance in three phase systems can involve large 
power transformers, distribution transformers, or instru-
ment transformers (VT’s or CVT’s). The general re-
quirements for ferroresonance are an applied or induced 
source voltage, a saturable magnetizing inductance of a 
transformer, a capacitance, and little damping. The ca-
pacitance can be in the form of capacitance of under-
ground cables or long transmission lines, capacitor banks, 
coupling capacitances between double circuit lines or in 
a temporarily-ungrounded system, and voltage grading 
capacitors in HV circuit breakers. Other possibilities are 
generator surge capacitors and SVC’s in long transmis-
sion lines. Due to the multitude of transformer winding 
and core configurations, various sources of capacitance, 
and the nonlinearities involved, the scenarios under 
which ferroresonance oscillations can occur are com-
pletely different. System events that may initiate fer-
roresonance include single-phase switching or fusing, or 
loss of the system grounding. The ferroresonance circuit 
in all cases is an applied (or induced) voltage connected 
to a capacitance in series with a transformer’s magnetiz-
ing reactance. In this paper, time domain simulations 
were performed using fourth order Runge-Kutta method 
and validated against MATLAB SIMULINK. The initial 
conditions as calculated from steady-state solution of 
MATLAB are: 0,0; 1.44  pulv    

Simulation is done in two categories, first: power sys-
tem simulation including transformer linear core losses 
effect and second: power system simulation considering 
ferroresonance limiter resistance effect. Typical values 
for various system parameters considered for simulation 

without ferroresonance limiter are as given bellowed in 
Table 1. 

In the first step, nonlinear model of the transformer 
disconnected coil is considered with q = 7. Figure 2 
shows the power system overvoltage considering degree 
of nonlinearity index q = 7. This phase plan diagram 
clearly shows period II oscillation while some extra sub-
harmonic resonances are included in the behavior of the 
power system. Amplitude of the subharmonic oscilla-
tions is reached to 3 p.u, and power spectrum density is 
shown the existence frequencies in the power system. 
According to this plot, it is indicate two main frequen-
cies. 

Figure 3(a) shows the phase plan diagram of over-
voltage on the transformer with q = 11. It is shown when 
the degree of q is 11, amplitude of the overvoltage 
reaches to 4 p.u. Figure 3(b) shows the power spectrum 
when input voltage of the power system is 3 p.u. This 
plot shows the chaotic signal with some subharmonic 
resonances in it. By referring to this plot, it is shows the 
overvoltage on transformer is highly nonlinear and cha-
otic ferroresonance can cause transformer failure. Bifur-
cation diagram is the best tool for studying the nonlinear 
dynamic systems. By this tool system behavior can be 
analyzes in the best view. Figures 4 and 5 show the bi-
furcation diagram for q = 7 and 11while value of the 
input voltage is increased from 1 to 8 p.u. In the bifurca-
tion diagram as shown in Figure 4, in point (1) one jump 
is appeared in the system behavior, in point (2) period V 
is occurred and when input voltage is reached to 4.5 p.u 
as shown with point (3), chaotic ferroresonance is begun, 
and amplitude of these overvoltage is reached to 3 p.u.  

It is also shown when degree of q is increased to 11; 
nonlinear phenomena in the transformer are begun in the 
low value of the input voltage. It was found that the cha-
otic behavior begins at a value of ( 5 p.u)E   for q = 7  
 
Table 1. Power system parameters and per unit value with- 
out ferroresonance limiter resistance effect. 

Q 7 11 

Coefficient (a) 0.0067 0.0028 

Coefficient (b) 0.001 0.0072 

  377 rad/sec 
1 p.u 

377 rad/sec 
1 p.u 

E 
110/44 kv 

1 p.u 
110/44 kv 

1 p.u 

C 
777 nf 

0.82 p.u 
777 nf 

0.82 p.u 

S 25 MVA 25 MVA 

Initial Condition 0, 1.41 p.u 0, 1.41 p.u 

Rcore 
750 Ω 

0.15 p.u 
750 Ω 

0.15 p.u 
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(b) 

Figure 2. (a) Phase plan diagram for q = 7 without consid-
ering ferroresonance limiter effect. (b) Single-sided ampli-
tude spectrum without considering ferroresonance limiter 
effect. Note: in the power spectrum plots, horizontal axis is 
based on the normalized frequency. It means each 60 Hz is 
one unit, so when spectrum shows the 3 units, its actual 
value is 300 Hz. 
 
and ( 3  p.u)E   for q = 11 where represents the ampli-
tude of the input voltage of the power system source. 
Transient chaos settling down to the source frequency 
and periodic solution was observed for some values of 
the input voltage as shown in Figure 4. 

In Figure 5, input voltage is increased to 8 p.u and 
overvoltage on the transformer is analyzed according to 
the variation of the input voltage. In point (1) one jump 
is appeared in the system behavior. In point (2) chaotic 
ferroresonance is appeared. In point (3) chaotic oscilla-
tions are changed to the periodic behavior with period III 
oscillation. Finally, in point (4) system behavior is gone 
to the chaotic oscillation with period doubling logic. 
Tendency to chaos exhibited by the system voltage in-
creases while q increases too. Table 2 shows different 
values of E, considered for analyzing the circuit in ab-
sence of ferroresonance limiter. 

4. Power System Modeling Considering 
Ferroresonance Limiter 

The primary purpose of inserting ferroresonance limiter 
impedance between the star point of a transformer and 
earth is to limit earth fault current. The value of impedance 
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Figure 3. (a) Phase plan diagram for q = 11 without consid-
ering ferroresonance limiter effect. (b) Single-sided ampli-
tude spectrum without considering ferroresonance limiter 
effect. 
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Figure 4. Bifurcation diagram with q = 7, without connect-
ing ferroresonance limiter. 
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Figure 5. Bifurcation diagram with q = 11 without consid-
ering ferroresonance limiter effect. 
 
required is easily calculated to a reasonable approxima-
tion by dividing the rated phase voltage by the rated 
phase current of the transformer. Ferroresonance limiter 
impedance is conventionally achieved using resistors 
rather than inductors, so as to limit the tendency for the 
fault arc to persist due to inductive energy storage. These 
resistors will dissipate considerable heat when earth fault 
current flows and are usually only short term rated, so as 
to achieve an economic design. Due to the explanation 
above, In Figure 6, RFLR is the ferroresonance limiter 
resistance. Typical values for various system parameters 
is considered for simulation were kept the same by the 
case 1, while ferroresonance limiter impedance is added 
to the power system configuration and its value is given 
below: 

50 KΩFLRR   

Typical values for various system parameters consid-
ered for simulation with ferroresonance limiter are as 
given in the Table 3. 

The differential equations of the equivalent circuit as 
shown in Figure 6 are given as bellowed: 

FLRc l RE v v v                  (15) 

1 d
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where,   is flux linkage and vl is the voltage of the 
power transformer. 

5. Simulation Results of the Power 
Transformer Considering Ferroresonance 
Limiter Effect 

Figures 7(a) and (b) show the phase plan diagram, and  

 

Figure 6. Equivalent circuit of the power system connecting 
ferroresonance limiter impedance. 

 
Table 2. Simulation results without considering ferroreso-
nance limiter. 

q/E 1 2 3 4 5 6 7 8 

7 P1 P3 P5 chaos chaos chaos chaos chaos

11 P1 P1 chaos chaos P3 P3 chaos chaos

P: period. 
 

Table 3. Power system parameters and per unit values. 

Q 7 11 

Coefficient (a) 0 0.0028 

Coefficient (b) 0.001 0.0072 

  377 rad/sec 
1 p.u 

377 rad/sec 
1 p.u 

E 
110/44 kv 

1 p.u 
110/44 kv 

1 p.u 

C 
777 nf 

0.82 p.u 
777 nf 

0.82 p.u 

S 25 MVA 25 MVA 

RFLR 
50 KΩ 
10 p.u 

50 KΩ 
10 p.u 

 
FFT of the power system behavior. It is shown that cha-
otic region is controlled by applying ferroresonance lim-
iter, and tendency to the chaos behavior also decreased. 

By comparing these plots with Figures 4(a) and (b), it 
can be concluded that considering ferroresonance limiter 
effect can cause ferroresonance drop out. By increasing 
the degree of q, there is no significant change in the sys-
tem behavior. Figure 8(a) shows the system overvoltage 
in the case of q = 11. 

Phase plan diagram that is shown in Figure 8(a) indi-
cate the fundamental resonance of the power system with 
period II oscillation. This case of the simulation is shown 
effect of considering ferroresonance limiter on controlling 
nonlinear phenomena in the power transformer. Ampli-
tude of the oscillations is 2.2 p.u, and chaotic ferroreso-
nance of the previous case is changed to the periodic  
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Figure 7. (a) Phase plan diagram with q = 7 considering 
ferroresonance limiter effect. (b) Single-sided amplitude 
spectrum considering ferroresonance limiter effect. 
 
resonance by connecting ferroresonance limiter resistance 
to the transformer. 

Figure 9 is shown the period I oscillation, and ampli-
tude of these oscillations is decreased to 1.8 p.u, while in 
the previous case, bifurcation diagram was shown chaotic 
oscillation with high amplitude of the ferroresonance 
overvoltage. By considering ferroresonance limiter, fer-
roresonance oscillations are successfully controlled, and 
changed to the periodic behavior as shown in Figure 9. 

Figure 10 shows the power system overvoltage when 
degree of core index “q” is 11. According to this plot, in 
point (1), period III appears and in point (2) one jump is 
occurred, and trajectory of the power system is suddenly 
changed, and is gone to the 1.2 p.u value of the ferrore-
sonance overvoltage. After this point, oscillation is re-
mained with period one behavior, and in point (3) period 2 
is appeared. Also, amplitude of the ferroresonance over-
voltage is decreased successfully and reached to 1.4 p.u. 
By comparing the bifurcation diagram in Figures 9 and 
10 by Figures 4 and 5, it is concluded that considering 
ferroresonance limiter can control the overvoltage. Table 
4 includes the set of cases which are considered for ana-
lyzing the power system circuit including ferroresonance 
limiter resistance. 
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Figure 8. (a). Phase plan diagram with q = 11 considering 
ferroresonance limiter effect. (b) Single-sided amplitude 
spectrum considering ferroresonance limiter effect. 
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Figure 9. Bifurcation diagram with q = 7 considering fer-
roresonance limiter effect. 

6. Conclusions 

In this paper, dynamic behavior of the power transformer 
is studied. Power transformer is modeled with linear core 
losses, and dynamical study clearly shows that chaotic 
ferroresonance can occur due to the abnormal switching 
action. Amplitude of these overvoltages is reached to 4 
p.u. These nonlinear phenomena are very dangerous for  



H. RADMANESH  ET  AL. 
 

Copyright © 2011 SciRes.                                                                                  EPE 

489

0 1 2 3 4 5 6 7 8
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Input voltage(perunit)

V
ol

ta
ge

 o
f 

T
ra

ns
fo

rm
er

(p
er

un
it)

Bifurcation Diagram of Power Transformer with q=11 considering ferroresonance limiter effect

(1)

(2) (3)

 

Figure 10. Bifurcation diagram with q = 11 considering fer- 
roresonance limiter effect. 
 
Table 4. Simulation results considering ferroresonance lim-
iter effect. 

q/E 1 2 3 4 5 6 7 8 

7 P1 P1 P1 P1 P1 P1 P1 P1 

11 P3 P1 P1 P2 P2 P2 P2 P2 

P: period. 

 
the power system equipment’s, and specially can cause 
transformer failure. Also chaotic ferroresonance is con-
trolled by considering ferroresonance limiter. Linear core 
losses are the most important factor for occurring fer-
roresonance. By considering ferroresonance limiter ef-
fect, ferroresonance overvoltage is ignored and even if 
unwanted phenomena are appeared, transformer can 
works in the safe operation region and there is no dan-
gerous condition in the power system. 
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