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Abstract—This paper investigates and compares the impacts 

of two widely used types of the transformer core representation, 
i.e. piecewise linear magnetization characteristic and two-term 
polynomial-based saturation curve, on the ferroresonance 
behaviors of a power transformer. The polynomial-based 
saturation curve is implemented in the EMTP-RV environment, 
using Dynamic Link Library (DLL) programming feature. Such 
an implementation participates in the solution of the equation set 
of the system and results in true nonlinear solutions of the 
ferroresonance phenomenon. 

The simulation results indicate that the ferroresonance 
behaviors of the transformer under study, based on the piecewise 
linear and the polynomial saturation characteristics, are 
significantly different. The two-term polynomial has limited 
flexibility to represent the saturation characteristic of the 
transformer around the knee point and in both linear and 
saturation regions. Although ferroresonance behavior of a 
transformer highly depends on the characteristic of the core 
above the rated excitation level, an inaccurate representation of 
the characteristic in the linear part can result in erroneous 
ferroresonance conditions. 
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I.  INTRODUCTION 
ERRORESONANCE is a highly nonlinear phenomenon 
which is sensitive to the parameters and initial conditions 

of the transformer and the power system. The main element of 
a ferroresonance circuit is the nonlinear inductance of the 
transformer core, and the accuracy of a ferroresonance study 
depends on the accuracy of the transformer core 
representation.   

Majority of ferroresonance studies, including analytical 
methods, e.g. harmonic balanced method, and time domain 
methods are based on single-valued magnetization 
characteristics of the transformer core [1]-[10]. The core 
saturation curve is usually represented based on either a piece-
wise linear characteristic or a two-term polynomial function. 
The piece-wise linear characteristic is constructed based on 
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no-load test data of the transformer which are recorded at a 
few excitation levels. The available electromagnetic transient 
programs, e.g. the EMTP and the EMTP-RV [11],[12], 
usually provide a subroutine to convert the rms values of the 
transformer no-load test data to the corresponding peak values 
which are required for the construction of the magnetization 
characteristics. 

The two-term polynomial-based saturation curve is 
deduced based on a function with a linear term and a term 
with the order of n. The reported ferroresonance studies 
recommend lower order of the polynomial, e.g. 5th or 7th 
order, for the representation of voltage transformer (VT) core 
[1] and higher orders, e.g. 11th and 13th order, for the 
saturation curve of power transformers [3]. As an advantage, 
such a function represents a simple form of the asymptotic 
saturation curve. Another advantage is that in analytical 
ferroresonance studies, e.g. harmonic balanced method [2]-
[4], there is only one nonlinear term which appears in the 
differential equations of the system under study. Therefore, 
majority of the investigations of ferroresonance bifurcation 
and ferroresonance stability domains are based on the 
polynomial function [2]-[4], [6]-[10]. In addition, in the 
DCG/EPRI version of the EMTP, the Type-92 true nonlinear 
reactor is developed based on such a function [13]. 

Accordingly, this paper investigates and compares the 
impacts of the two representations of the saturation curves on 
the ferroresonance behavior of a power transformer. The study 
is carried out in the EMTP-RV program environment. The 
piece-wise linear model is available in the program. However, 
the polynomial model is not available and therefore is 
implemented as a user-defined model. Unlike the other 
existing electromagnetic transient programs, based on the 
DLL programming feature of the EMTP-RV, The core model 
participates in the iteration loop of the equation set of the 
whole system and represents true nonlinear solutions of the 
ferroresonance phenomenon. 

The simulation results indicate that the ferroresonance 
behaviors of the transformer under study, based on the piece-
wise linear and the polynomial saturation characteristics, are 
significantly different. This study highlights the significance 
of accurate representations of both linear and saturation the 
saturation curves for the ferroresonance analysis and the 
calculation of the stability domains of the ferroresonance 
modes in power transformers and systems. 
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II.  TIME DOMAIN IMPLEMENTATION OF THE POLYNOMIAL 
TRANSFORMER CORE MODEL  

 
Based on the polynomial-based representation of the 

transformer core, the magnetization characteristic is given by 
the polynomial function (1), 

 
                        n
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where im and λ are the magnetizing current and the core 
linkage flux, respectively. In addition, constant coefficients a 
and b respectively impact the linear and saturated regions of 
the core magnetization characteristic. The curvature of the 
characteristic in saturation region is mainly deduced based on 
constant exponent n.   

The polynomial magnetization characteristic is not available 
in the existing electromagnetic transient programs. In this 
study, the polynomial model is created in the EMTP-RV 
environment as a user-defined model based on the DLL 
programming feature of the EMTP-RV. The model is 
represented based on a constant core loss resistance and a 
nonlinear inductance with the characteristic (1). In general, the 
characteristic of a nonlinear inductance is a relationship 
between the flux and the magnetizing current of the 
inductance given by, 
 
                        )( mif=λ .                         (2) 
Based on the trapezoidal integration method, the 
representation of the inductance in time-domain is represented 
by  
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where VL is the inductor voltage and ih is a history term which 
is deduced based  on  the  inductance  current  and  voltage 
values at previous time step of the simulation. For the 
nonlinear inductance, L is the inductance at time t and defined 
as the slope of the magnetization characteristic (2). 

Fig. 1 shows the flowchart of the model implementation in 
a time-domain program, e.g. the EMTP-RV.  The model is 
initialized by setting initial conditions and remnant flux, and 
(2) is constructed based on the known remnant flux. An initial 
guess im should be made and equation (2) is solved based on 
Newton-Raphson iterations. When the solution converges, 
parameters L and ih are calculated and inserted in the equation 
set of the system under study. The system equations are solved 
and   if   the convergence is met, the program proceeds to the 
next time step. Otherwise, (2) is reconstructed based on the 
new calculated flux value. To represent the flowchart of Fig. 
1, a FORTRAN program was developed and converted to a 
DLL file. The DLL file is used in the simulations described in 
the next section. 

 
Fig. 1. Implementation flowchart of a nonlinear core model 
 

III.  STUDIED SYSTEM AND SIMULATION RESULTS 
 

In this study, the ferroresonance behavior of a 50MVA, 
230kV/66kV power transformer is investigated, based on the 
piecewise linear and the polynomial magnetization 
characteristics. The transformer model consists of three 
single-phase transformers. The saturation characteristic of the 
studied transformer is selected based on the per unit value of 
the core saturation flux and the per unit value of the core no-
load magnetizing current. The saturation flux of large power 
transformers are usually in the range of 1.1pu-1.3pu. In 
addition, in modern power transformers, the no-load current is 
in the range of 0.5%-2% [14]. Accordingly, the saturation flux 
density 1.2pu and the no-load current 1% are assumed for the 
transformer under study. Based on a=0.001, b=0.01, and 
n=25, Fig. 2 depicts the polynomial magnetization 
characteristic of the transformer. The piecewise linear 
characteristic with the point data of Table I is constructed 
based on the polynomial saturation curve of Fig. 2. Fig. 3 
illustrates the polynomial characteristic and the corresponding 
piecewise linear saturation curve. The short circuit impedance 
and the no-load power loss of the transformer are 10% and 
50kW,  respectively.   The   ferroresonance   behavior   of   the  
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Fig. 2. Magnetization characteristic of the transformer under study 

 
transformer is investigated in the following two case studies. 
 

A.  Case Study 1: transformer energized through 
grading capacitance of circuit breakers 

Fig. 4 depicts the single-line diagram of the three-phase 
system under study. The power system is represented by a 
230kV-60Hz voltage source and impedance Zs=0.2+j5Ω. The 
power transformer is connected to the system through a circuit 
breaker with grading capacitance Cg. At high voltage levels, 
circuit breakers are usually equipped with more than one 
interrupter per phase. To equally divide the transient voltage 
among the interrupters, the grading capacitors are used in 
parallel with the interrupters. The equivalent grading 
capacitance per each pole of a circuit breaker is usually less 
than 2nF. However, in a high voltage substation with multiple 
incoming and outgoing feeders and depending on the busbar 
configuration, the equivalent grading capacitance can reach a 
few nFs. In this study, the equivalent grading capacitance is 
Cg=8nF. In addition, the stray capacitance Cs of the 
conductor and busbar, between the circuit breaker and the 
transformer, is assumed to be 1nF. 

When the system of Fig. 4 operates in a steady-state no-
load condition, a temporary three-phase short circuit fault with 
the amplitude of 1.8kA-rms occurs on the secondary side and 
close to the transformer at t=0.06s, Fig. 5. The fault is cleared 
by opening the circuit breaker CB after five cycles at 
t=0.146s, Fig. 5. Figs. 6 and 7 depict the transformer Phase A 
voltage when the magnetization characteristic of the 
transformer is represented based on the piecewise linear and 
the polynomial characteristics, respectively. Subsequent to the 
opening of the circuit breaker, the transformer is fed through 
the equivalent grading capacitance Cg. Based on the piecewise 
linear magnetization characteristic, Fig. 6 depicts a normal 
operating condition for the transformer. However, based on 
the polynomial saturation curve, subsequent to the opening of 
the circuit breaker, the transient of the transformer voltage is 
followed by a fundamental mode ferroresonance oscillation  
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Fig. 3. Polynomial and piecewise linear magnetization characteristics 

 
TABLE I 

PIECEWISE LINEAR CHARACTERISTIC DATA 
Magnetizing current [A] Core flux [V.s] 

0 0 
1.95 498.14 
6.2 523.047 

19.427 547.95 
58.635 572.86 
169.54 597.77 
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Fig. 4. System of Case Study 1, the transformer is energized through the 
grading capacitance of the circuit breaker 
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Fig. 5. Short circuit fault current on the secondary side of transformer T1 of 
Fig. 4. 
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Fig. 6. Case Study 1, Transformer terminal voltage based on the piecewise 
linear magnetization characteristic 
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Fig. 7. Case Study 1, Transformer terminal voltage based on the polynomial 
saturation curve 

 
shown in Fig. 7. The amplitude of the ferroresonance voltage 
is slightly higher that 1pu. Although both the polynomial and 
the piecewise linear characteristics conceptually represent the 
same core nonlinearity, the corresponding results for Case 
Study 1 are significantly different.  
   

B.  Case Study 2: transformer connected to a double 
circuit transmission line 

Fig. 8 depicts the system of this case study. The power 
system voltage and impedance, and the power transformer 
under study are the same as those of Case Study 1. In this 
case, the transformer is connected to the end of a three-phase 
circuit of a double-circuit transmission line. When the line 
which corresponds to the transformer is disconnected from the 
source side, the transformer is still fed through the capacitive 
coupling Cc between the two circuits of the transmission 
system, Fig. 8. It is well documented that such a configuration 
is favorable to ferroresonance [15],[16]. 

When the system of Fig. 8 with the no-load transformer T1 
are in the normal steady-state operating conditions, circuit 
breaker CB is opened at t=0.146s. In this case, the value of Cc 
is 1µF which is a typical value for a double-circuit high 
voltage transmission line with an average length. Figs. 9 and 
10 respectively illustrate the transformer terminal voltage 
based on the piecewise linear and the polynomial 
magnetization characteristics. Unlike Case Study 1, the 
piecewise linear characteristic results in dangerous 
ferroresonance overvoltages with the peak values of 
860kV(4.58pu) while the polynomial saturation curve does not 
show any significant overvoltage.  
 

IV.  DISCUSSION AND CONCLUSIONS 
 

Based on two widely used magnetization characteristics, 
i.e. the piecewise linear and the polynomial magnetization 
characteristics, the ferroresonance behaviors of a 230kV/66kV 
power transformer are studied in this paper. The piecewise 
linear characteristic is available in most electromagnetic 
transient programs, e.g. the EMTP. However, the polynomial 
magnetization  characteristic  is  not  usually  available  in  the  

 
 
Fig. 8. System of Case Study 2, the transformer is connected at the end of a 
disconnected line of a double circuit transmission line 
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Fig. 9. Case Study 2, Transformer terminal voltage based on the piecewise 
linear magnetization characteristic 
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Fig. 10. Case Study 2, Transformer terminal voltage based on the polynomial 
saturation curve 
 
programs and is developed in this study based on the DLL 
user defined modeling feature of the EMTP-RV program. 

Under ferroresonance conditions, the core flux exceeds the 
rated core flux. Therefore, for the ferroresonance analysis, the 
magnetization characteristic shape around the knee point and 
in the saturation region is of great importance and discussed in 
the technical literature. However, this study indicates that if 
the linear part of the saturation curve, which is less discussed 
in the ferroresonance studies, is not accurately represented, it 
can result in significant errors. 

The simulation results indicate that the ferroresonance 
behaviors of the transformer under study, based on the 
piecewise linear and the polynomial saturation characteristics, 
are significantly different. Although both the characteristics 
can fairly represent the same core nonlinearity at and above 
the rated excitation level, Fig. 3, they do not provide the same 
characteristic in the linear part. The piecewise linear 
characteristic represents an inductance of 255.45H, below and 
up to the rated excitation level. However, the inductance of 
the linear part deduced from the polynomial curve has a 
significantly larger value of 2806H. The polynomial function 
has only three parameters and therefore, limited flexibility to 



accurately represent the core nonlinearity in the linear part, 
around the knee point, and in the saturation region. An 
inaccurate representation of each part of the magnetization 
characteristic can result in erroneous ferroresonance 
conditions. Consequently, such a function provides limited 
accuracy for ferroresonance analysis and investigation of 
ferroresonance stability domains. 
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