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A B S T R A C T

Despite remarkable achievements in the field of Jiles–Atherton (JA) hysteresis theory, JA hysteresis modeling
remains challenging given that most commercial software still lacks a practical dynamic JA hysteresis reactor
model for electromagnetic transients. A novel voltage-driven dynamic flux linkage–current (ψ–i) JA hysteresis
reactor in Electromagnetic Transients Program–Alternative Transients Program (EMTP–ATP) is developed in this
study. The proposed model is based on flux linkage and current instead of magnetic flux density and magnetic
field. Voltage-driven dynamic losses are incorporated into the static ψ–i JA hysteresis model by using Type-94
element in EMTP–ATP. The two proposed models in this paper are validated using current tests under 50 and
150 Hz. The performance of the proposed dynamic Model 1 matches better with experiments than the dynamic
Model 2. Ferroresonance tests are carried out to validate the performance of the proposed reactor. The results
show that the proposed reactor has a broad application prospect in electromagnetic transient studies.

1. Introduction

Ferroresonance is one of the most common low-frequency electro-
magnetic transients (EMTs) [1–4]. The occurrence of ferroresonance
requires a nonlinear inductance (the saturable iron core of the trans-
former or the reactor), a capacitance, low power loss condition and a
voltage source [5–7]. Because of the modeling complexity and com-
putational burden associated with hysteresis nonlinearities, a simple
mathematical expression (e.g., piecewise-linear, exponential and poly-
nomial) is widely used to represent the nonlinear characteristic of the
transformer core in most ferroresonance studies [5,8–10]. With the
development of transformer design, the width of the transformer iron
core hysteresis loop has narrowed significantly. The hysteresis loop
approximates to the anhysteretic loop. Thus, the single-valued magne-
tization characteristics are acceptable for the steady-state power quality
studies such as harmonic power flow [11].

However, the anhysteretic approximation has been proven to be
inadequate for the study of dynamic, transient and nonsinusoidal power
system studies. The operating points of the system are significantly
affected by the dynamic excitation of a nonlinear hysteretic core. Thus,
the modeling of major and minor hysteresis loop trajectories becomes
very important in these studies. For ferroresonance study, the accurate
modeling of hysteresis loops is especially significant because the major

and minor loops can potentially generate more ferroresonant operating
points [6].

Another aspect of hysteresis phenomenon in the analysis of ferror-
esonance is the inadequate representation of core loss. In most of the
existing studies, the core loss is commonly described by a constant re-
sistance or nonlinear resistance [6]. However, the constant or nonlinear
resistance cannot accurately represent the core loss because the core
loss in the transformer should dynamically decrease as the core ex-
citation level increases [6]. Thus, ferroresonance simulation still re-
mains a challenge due to the accurate modeling of the hysteresis reactor
[12–17].

Among the existing literature of hysteresis models, the
Stoner–Wolhfarth model, the Jiles–Atherton (JA) model, the Globus
model, and the Preisach model are widely reported [18–20]. These
models use different theoretical assumptions, so their performance and
applicability are also different. The JA model is proved to be best suited
to the bulk material and medium ferrites [18]. Besides, the identifica-
tion of the parameters of JA model requires relatively fewer measure-
ments [19], and the accuracy of this model in EMT simulation has been
widely verified [21–27]. Therefore, in this paper, the JA hysteresis
model is used to ferroresonance simulation.

Mutual magnetic interaction and domain wall motion are con-
sidered in the JA hysteresis model, which also provides mathematical
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formulas to explain the hysteresis of magnetization M against magnetic
field H on the assumption of uniformly impeded domain wall motion
[21–23]. The original magnetic flux density and magnetic field (B–H)
expressions are used in the majority of the existing applications of the
JA model for EMT simulation [24–27].

Basically, the input and output of these models are flux density and
magnetic field, respectively. These B–H JA models are inconvenient for
EMT study because the input and output in most EMTP–type platforms
are node voltage and branch current, respectively. In addition, only a
few of the existing studies include eddy current loss and excess loss in
their JA models. Thus, their JA models cannot accurately be used to
describe the dynamic loss in the transformer core.

A dynamic voltage-driven ψ–i JA reactor is proposed in this paper.
The proposed reactor is implemented in EMTP–ATP using the Type-94
component and MODEL language. In the proposed reactor, the tradi-
tional JA hysteresis model represented by magnetic flux density and
magnetic field are converted to flux linkage and current. The main
features of the proposed reactor are:

(1) The JA hysteresis model in the proposed reactor is converted into
electrical quantities from magnetic quantities. This feature con-
tributes to the application of the JA hysteresis theory in widely-used
EMTP–type platform.

(2) Instead of flux density, the potential difference of the proposed
reactor is used to calculate the dynamic losses.

(3) The parameter estimation of the proposed hysteresis reactor de-
pends on the electrical quantities instead of B–H hysteresis loops.

(4) The asymmetric minor hysteresis loops can be obtained using the
proposed reactor in ferroresonance simulation.

The rest of this paper is organized as follows: Two types of classical
B–H JA hysteresis models are discussed in Section 2. The development
of the two static ψ–i JA models and their voltage-driven dynamic re-
presentation are discussed in Section 3. The implementation of the
proposed reactor using the ψ–i JA model in EMTP–ATP is discussed and
a simulation example is provided to show the dynamic losses in Section
4. The ring core current experiments are used to calculate the para-
meters and compare the two proposed models in Section 5. Ferror-
esonance is studied to validate that the proposed reactor can work
correctly in EMT simulation in Section 6. Lastly, the conclusion is
presented in Section 7.

2. Review of the B–H JA hysteresis model

The JA model was first proposed in 1986 [21]. Then, various ex-
pressions of the static JA model were presented in [22–28]. Among
these models, two types of JA hysteresis theory expressions were widely
used.

2.1. Classical B–H JA model

The anhysteretic magnetization curve (AMC) of the classical B–H JA
model is commonly represented by Langevin function as

= −M H M H a a H( ) [coth( / ) ( / )]an e s e e (1)

where Ms is the saturation magnetization, He=H+ αM is the effective
field, a is the anhysteretic form factor, and α is the interdomain cou-
pling coefficient.

Nevertheless, the main differential equation of JA hysteresis theory
was presented differently in [29,30] and even in the original publica-
tions of D.C. Jiles. For example, the differential equation in [21] is
given as
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where k is the coercive field magnitude, c is the magnetization

weighting factor, and δ is a directional parameter and takes the value
+1 for dH/dt > 0 and −1 for dH/dt < 0.

In [22], this differential equation is defined as
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However, in [23], the differential equation is given by
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Given the non-standardized representation of the main JA differ-
ential equation, it is briefly derived again in this study as follows:

The original energy balance equation is defined as
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By differentiating in terms of He on both sides of (6), (7) can be ob-
tained as follows:
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With = +dH dH αdMe and = +dB μ dH dM( )0 , (7) can be rewritten as
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Then, the following expressions are obtained:
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By substituting = +( )α1dM
dH
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in (9), the main differential
equation of static JA model can be obtained as
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2.2. Modified B–H JA model

To provide greater flexibility for obtaining a good overall shape of
the simulated hysteresis loop than the Langevin function [25,26], the
AMC is modified by
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(1) and (11) are both subjected to the following properties:
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Thus, (1) and (15) are both proper to represent anhysteretic magneti-
zation characteristics [21].

The main differential equations in [25,26] are modified as
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Therefore, among the existing B–H JA hysteresis models, (1) and (10)
are one type, and (11) and (13) are another type.
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