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Hysteresis Modeling of Magnetic Components With
Generalized Distribution Function and Efficient
Parameter Identification Based on Preisach Model
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Abstract—Soft magnetic materials are widely used for magnetic
components in power electronic converters. Their hysteresis effect
leads to the nonlinear impedance characteristics of the magnetic
cores, which can cause loss increase, waveform distortion, and elec-
tromagnetic interference issues in the converter. Due to the nonlin-
ear behavior and the diversity of material characteristics, current
Preisach hysteresis modeling remains challenging in parameter
identification and probability distribution function (PDF) modeling
procedure. In parameter identification, the classical methods rely
on complex and restrictive double integration or repeated measure-
ments. In PDF modeling, conventional PDF forms are constrained
by a few degrees of freedom. To achieve high modeling precision,
PDF forms with higher degrees of freedom are required. It also
restricts the universality of the PDF, so different PDFs are needed
for different magnetic materials. To address these two issues, a
parameter identification approach based on the geometric inter-
pretation of integration is proposed, which requires only a single
B-H curve for ferrite. It avoids repeated testing and improves the
identification efficiency significantly. Moreover, a generalized PDF
form with more independent adjustable parameters is proposed.
It can encompass different PDFs and model different hysteresis
loop shapes of various magnetic materials. Experiments on dif-
ferent ferrites and silicon steels are conducted for verification.
Compared with the conventional method, the proposed approach
demonstrates significant improvements in accuracy, universality,
simplification, and rapidity across different materials and shapes
of magnetic cores.

Index Terms—Hysteresis effects, parameter identification,
Preisach model, probability distribution function (PDF), soft
material.
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I. INTRODUCTION

OFT magnetic materials are widely used in inductors and
S transformers for power converters [1]. These materials
exhibit significant power losses, which affect overall system
performance [2], [3]. Moreover, practical power electronics
requirements such as low cost, compact size, and high power
density drive magnetic components to operate near saturation
regions [4], [S], [6], [7]. In such nonlinear regions, neglecting
hysteresis and saturation effects can lead to significant errors
in modeling and control of converters. In [8], by considering
magnetic saturation in the inductor of a buck converter, the
calculation error of the inductor current decreases significantly
from 60.2% to 1.88%, and the error of the estimated capacitor
value is reduced from 79.5% to as low as 4.37%. Therefore,
accurate modeling of soft magnetic materials is essential for
both the design optimization and transient equivalent circuit
modeling of power electronic converters.

Currently, modeling methods for soft magnetic materials can
generally be categorized into four types: Steinmetz equation-
based models, loss separation models, neural network-based
models, and hysteresis models [9], [10], as is summarized
in Table 1. Steinmetz equation-based methods, due to its few
parameters and simple structure, are convenient for industrial
application [11], [12]. However, such empirical formulations
fail to capture the underlying loss mechanisms and their spatial
distribution within the magnetic core, and they tend to produce
significant errors under nonsinusoidal excitation conditions [9].
Bertotti divided the total core loss into hysteresis loss, eddy
current loss, and excess loss [13]. Nevertheless, in practical ap-
plications, excess loss is often treated merely as the discrepancy
between measured and calculated values, making its physical
origin ambiguous and thus depriving the model of clear physi-
cal interpretability. In recent years, data-driven neural network
models have gained popularity owing to their high prediction
accuracy [14], [15]. However, these approaches transform the
computation of core losses into a black-box process, lacking
physical interpretability and heavily dependent on large training
datasets. Hysteresis models are derived from the intrinsic prop-
erties of magnetic materials and their magnetization processes,
including the Jiles—Atherton (JA) model, Stoner—Wohlfarth
(SW) model, and Preisach model [16], [17], [18]. These mod-
els possess concise mathematical forms and clear physical
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TABLE I
CHARACTERISTICS OF DIFFERENT MAGNETIC MODELING MODELS

Accuracy of core loss Applicable to transient circuit

Magnetic modeling model Physical interpretability Complexity . .
modeling analysis
Steinmetz equation-based . L
Weak [19], [20] Simple [9], [10] High in narrow range [9] Low
method
Loss separation model Weak [19], [20] Simple [9], [10] High [9] Low

Neural network-based model Weak [19], [20]

Hysteresis model Strong [19], [20]

Very complex [10]

Moderate [9], [10]

Limited to PWM transient
excitation [21]

High (Preisach model) [22], [23]

Very high [10], [14]

High [9]

TABLE II
CHARACTERISTICS OF DIFFERENT HYSTERESIS MODELS

Computational

Hysteresis model complexity [25], [26]

Ability to capture minor loops
and path dependence [25], [26]

Applicable to transient circuit
analysis [25], [26]

Parameter identification
complexity [25], [26]

Jiles-Atherton model [16] Moderate Limited
Stoner-Wohlfarth model [17] Simple Limited
Preisach model [18] High Strong

Moderate Moderate
Simple Limited
Difficult High [22], [23]

Inaccurate constant value Hysteresis model

veerdir (¢ focused in this article
v () =Ry i () +HL 12( )
_— t
e .
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¢
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a H @O+ popy dt magnetic values
Fig. I. Transient simulation analysis of the analytical model in magnet chal-
lenge 2 [24].

meanings, yet their parameters are often difficult to identify
accurately.

Table I presents a comparison of the characteristics of existing
magnetic modeling approaches. The first three methods can only
provide scalar loss results with sinusoidal or limited waveforms.
Under transient excitation of different waveforms, they fail to
model nonlinear B-H behavior, and cannot be integrated into
circuit-level equivalent circuit modeling of power electronic
converters. As shown in Fig. 1, the analytical model in Mag-
net Challenge 2 essentially converts electrical components into
their magnetic counterparts [24]. In contrast, hysteresis models,
which are based on the intrinsic properties of magnetic mate-
rials and magnetic excitation, provide expressions of magnetic
characteristics such as instantaneous permeability that perfectly
correspond to the magnetic quantities required by the analytical
model. Therefore, they are widely used for core loss prediction,
nonlinear B-H curve modeling, and transient circuit analysis for
power electronic converters [22], [23].

Among the hysteresis modeling approaches, the Preisach
model has been widely applied due to its superior accuracy and

ability to capture path dependence compared with the other JA
model and SW model, as shown in Table II. Specifically, the JA
model explains hysteresis phenomena based on the movement
of domain walls. For highly nonlinear operation regions and
high-frequency applications, the JA model struggles to describe
complex hysteresis behavior. The SW model is simple and easy
to use, but it cannot reflect the historical effects of magnetization
or path dependence. In contrast, the Preisach model offers higher
accuracy, which can describe complex hysteresis loops and their
path dependence precisely. Hence, the Preisach model is widely
used in hysteresis modeling [25], [26], and is the focus of our
study.

In recent years, numerous studies have been devoted to im-
proving the Preisach model. Current research on the Preisach
model mainly focuses on its application in circuit-level system
simulations under different scenarios. In [23], Luo et al. im-
plement the Preisach model in circuit-level system simulations
through a permeance—capacitance analogy. In [22] and [27], Luo
et al. further introduce frequency-dependent loss characteristics.
In [28], Djekanovic et al. explore a time-domain Preisach model
considering temperature variations. Nevertheless, for frequency-
independent hysteresis modeling, the accuracy and efficiency
of the Preisach model are still largely constrained by two key
challenges, i.e., its parameter identification procedure and the
probability distribution function (PDF) [29]. However, none of
the above studies have specifically addressed these two issues,
which will be analyzed in detail below.

Parameter identification is the key procedure in Preisach
modeling, which requires both accuracy and computational effi-
ciency. The conventional continuous Preisach model employs
time-consuming double integration of the PDF in parameter
identification. It focuses on the characteristic points of the B-H
curve, which leads to poor modeling accuracy [30]. Moreover,
double integration requires integrating the PDF analytically,
which restricts the form of the PDF. Therefore, the discrete
Preisach model is employed to convert the double integration
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into discrete numerical addition and subtraction operations. It
focuses on the overall B-H curve rather than several charac-
teristic points, thereby significantly improving the accuracy
in parameter identification. Various approaches have been de-
veloped for the discrete Preisach model. In [31], a genetic
algorithm-based parameter identification method is proposed,
but it needs 15 minute convergence time and is inefficient. In
[32], an analytical discretization-based parameter identification
method using the Everett function is proposed. However, it
has a poor fit of inner loops. In [33] and [34], the (U, V)
plane is uniformly discretized, requiring a large number of
measured hysteresis loops with different field amplitudes to
achieve acceptable resolution. Although this method can capture
the hysteresis behavior of a wide range of magnetic materials, it
requires many repeated measurements to maintain an accuracy
level. Moreover, the numerically constructed PDF lacks physical
meaning. In conclusion, a general, efficient, and precise param-
eter identification method is still missing for the Preisach model.

The PDF is essential to model the shape of B-H curves, and
many efforts have been made to explore suitable PDF forms
of different materials to improve modeling accuracy. Azzerboni
et al. [35] use the Lorentz PDF with three degrees of freedom
as the distribution function for nonoriented steels. However,
for ferrite materials, Lorentz PDF results in significant errors
on the equivalent magnetic permeability and per-cycle energy
loss. In [36], Szabé and Fiizi proposed the Cosh PDF with three
degrees of freedom for ferromagnetic cores, using the extreme
values of concentric hysteresis loops to express the magnetic flux
density in a closed form. However, the Cosh PDF leads to poor
fitting of the inner loops. To compensate for the accuracy loss,
additional complex computations are required. Luo etal. [23] use
the logistic PDF, which also has three degrees of freedom, butitis
limited to ferrite materials. To conclude, current PDFs are only
for specific materials, with limited three degrees of freedom,
and cannot balance between the accuracy and computational
burdens. A generic PDF is needed to capture the materials’
nonlinearity and enhance the flexibility in handling different
complex hysteresis loops.

To overcome the aforementioned two challenges, this article
proposes a novel parameter identification method based on the
discrete Preisach model and the geometric interpretation of
integration. It simplifies the computation process and provides a
general approach applicable to any PDF, which avoids restrictive
double integration and repeated B-H curve measurements in
the classical approach. Moreover, a generalized distribution
function is proposed for complex hysteresis modeling. It is
applicable to various soft magnetic materials, thanks to the
novel implementation method that enhances the adaptability and
accuracy of the Preisach model.

The rest of this article is organized as follows. Section II
reviews the classical Preisach model, its discretization ap-
proach, and the related issues. In Section III, an efficient and
generic parameter identification method is proposed based on the
Levenberg—Marquardt (LM) algorithm. The proposed PDF and
its sensitivity analysis are in Section I'V. Section V evaluates the
proposed implementation method on various soft magnetic ma-
terials and compares the results with two conventional Preisach
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Fig. 2. (a) Single hysteresis operators (U, V) of the Preisach Model.
(b) Variable integration region of the classical Preisach model.

models. The proposed method’s simplification and accuracy, as
well as its extensibility and potential future research directions,
are discussed in Section VI. Finally, Section VII concludes this
article.

II. CLASSICAL PREISACH MODEL AND ITS ISSUES
A. Brief Review of Classical Preisach Model

The classical Preisach model assumes that soft magnetic
materials consist of numerous dipoles, which are abstracted as
hysteresis operators v(U, V) [25]. In Fig. 2(a), U and V are the
upper and lower switching threshold values, respectively, which
determine the transition of each square-loop (U, V) between
—1 and + 1. The switching positions of these hysteresis op-
erators follow a specific distribution law as the PDF. The flux
density B is expressed as the weighted summation of all hys-
teresis using a PDF, and the two-dimensional PDF p(U, V) can
be expressed as the product of two one-dimensional PDFs, i.e.,

ps(U) and Ps('V)

B ://p(a V) - y(U, V)dUdV
~ [[n)-p-v) @ vay.

In Fig. 2(b), the integral region is a triangular area with U =
V as its boundary, the integral region dynamically adjusts the
positive and negative integration areas based on the input signal
as the dividing line. S + and S— denote the integrals over positive
and negative regions. In “S +” region, v = + 1, while in “S—"
region, v = —1. The flux density B is calculated as

B=2 / /S PU) (V)Y

_ //S ps(U) - ps(—V)dUAV 2)

where S is the integral over the entire region.

B. Conventional Parameter Identification Issues

In parameter identification, the classical continuous and dis-
crete form modeling are challenging in terms of accuracy and
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Fig. 3. Classical continuous Preisach model issues. The blue components

represent the classical method, while the red components correspond to the
proposed one. Under the same choice of PDF, . and v, represent the parameters
obtained from two different parameter identification processes, resulting in a
significant performance difference.

computational complexity, respectively. First, in the continuous
Preisach model, the conventional double integral method is
typically solved analytically and can only handle simple PDFs.
When the function becomes more complex, it cannot be solved
analytically. Moreover, as shown in Fig. 3, we define the one with
the largest field strength amplitude H, (e.g., 100 A/m), which
makes the flux density approach saturation, as the “limiting
loop.” The conventional continuous Preisach model performs
parameter identification based on a limited set of characteristic
points from the limiting and minor hysteresis loops, such as the
peak magnetic field strength (By,,.x ), remanent flux density (B,.),
and permeability on the ascending branch (u"). The classical ap-
proach may easily become trapped in a local optimum, resulting
in poor accuracy across the rest of the hysteresis loop. In contrast,
the implementation proposed in this article considers every
sampled experimental data point along the ascending branch,
enabling global optimization of the complete hysteresis behav-
ior. The detailed procedure will be presented in Section III. In
[23], alogistic PDF-based Preisach model is used to describe the
hysteresis behavior of 3F3 ferrite under a magnetic field strength
of 100 A/m, yielding a per-cycle energy loss error of 10.9%. The
original approach exhibits significant deviation when capturing
the large curvature of the 3F3 hysteresis loop. In comparison,
when the proposed parameter identification method is adopted,
the corresponding error reduces to 1.5%, as illustrated in the
lower part of Fig. 3.

Second, the classical discrete Preisach model is of high
complexity. On the right side of Stage II in Fig. 5, a bounded
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Fig.4. Classical discrete Preisach model issues. The classical method requires
repeated measurements for N sets of experiments, whereas the proposed method
requires only one measurement of the limiting hysteresis loop.

triangular Preisach model is illustrated, where the Preisach plane
is discretized with a level N = 10. Within the Preisach plane,
the PDF p(U, V) for each square region is concentrated at the
lower-left corner of the square. For the classical Preisach model,
a discrete expression is required [37], [38]

Ny
B= Z W, H; (3)
1=1

where W, denotes the weight, H; is the output of a relay operator,
and N, is the total number of hysteresis operators. During the
numerical discretization of the Preisach model, the weight W is
assigned based on the number of discrete grid divisions, which
requires N sets of B—H curve measurements to construct the dis-
cretized PDF. To achieve acceptable accuracy, the discretization
level of N = 10 used in this example is far from sufficient, and a
significantly larger number of repeated measurements would be
required. This is impractical from an engineering perspective,
as illustrated in Fig. 4.

To conclude, neither the discrete nor the continuous Preisach
mode can achieve a balance between model accuracy and com-
putational complexity. Therefore, a more generalized, accurate,
and effective parameter identification method is required, as
introduced in Section III.

C. Conventional PDF Issues

The hysteresis loops of soft magnetic materials typically ex-
hibit “S” shaped curves. Based on this characteristic, the Logistic
and Lorentz functions are proposed as the PDFs in (1)

Logistic ei(wiHO)a
A (1+ e (@—Ho)o)? @
1
| orentz ) = A- . 5
P (x) T (o) )

However, these PDFs only have three degrees of freedom:
A (scaling), Hy (location), and o (shape), which limit their
fitting accuracy. The Lorentz PDF features a long tail but lacks
flexibility to adjust skewness or kurtosis, resulting in a rigid
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Fig. 5.

shape. The Logistic PDF is symmetric and unimodal, but it
struggles to capture complex distribution characteristics such
as sharp peaks, heavy tails, and local asymmetries. With the
increasingly complex hysteresis of emerging magnetic materi-
als, these low-degree-of-freedom PDFs have gradually revealed
their inherent limitations.

Furthermore, different soft magnetic materials require differ-
ent PDFs for their respective hysteresis loops, which signifi-
cantly reduces the adaptability of the model. Hence, a general-
ized PDF with a high-degree-of-freedom and enhanced repre-
sentational capacity is proposed in Section I'V.

III. GENERAL METHOD FOR PARAMETER IDENTIFICATION OF
DISTRIBUTION FUNCTIONS

In this section, a parameter identification method applicable
to arbitrary PDFs is proposed, which requires only a single
set of experimental data for ferrite. This method integrates
numerical integration with the LM fitting algorithm. It is an
optimization procedure aimed at fitting the B-H curve as closely
as possible to the given data. This is achieved by globally
optimizing the parameters of the PDF to minimize the curve
fitting error, without the need to solve the double integral
analytically.

The parameter identification and hysteresis modeling proce-
dure include three parts, i.e., acquiring B-H curve data, grid
partitioning for obtaining the objective function, and parameter
identification via LM algorithm, which is introduced in detail
below.

Measured Irreversible (Preisach) Reversible (arctangent)
1000 00 a0 : a0 :
750 300 0 300
. =50 i Z10 )
: Pre-modelling Eo E o 0 E o
=250 =100 =100 =100
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- _
~
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:
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4 a Predict B-H curve

Parameter identification and hysteresis modeling based on the discrete Preisach model.

A. Stage I: Acquiring B-H Curve Data Including Reversible
and Irreversible Components

As shown in Fig. 5, the B-H curves of different soft magnetic
materials are measured before model training. The detailed
measurement procedure is described in Section V. In [39], the
B-H curve can be decomposed into reversible and irreversible
components. The irreversible component is characterized by the
Preisach model, while the reversible component essentially rep-
resents a single-lined B-H characteristic, which can be expressed
using an arctangent function. The measured data are then input
into the pretrained model for further analysis.

B. Stage II: Grid Partitioning for Obtaining the Objective
Function

In Stage II, the variable integration ranges from —H, to H,
is divided into N equal parts, resulting in a discretized lower
triangular region in Fig. 5. Subsequently, an N x N lower
triangular unit matrix A% is constructed as follows:

0 0 01

0 011

: o1

1 111
We define the step size after dividing the interval, i.e., step =
% After discretizing the variable integration region, the in-

tegral can be transformed into the summation and subtraction
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of integrals over each discrete grid cell. Each grid integral can
be regarded as the volume of a rectangular prism, where H; in
(3) corresponds to the base area, a square region with an area of
step?, and W; in (3) represents the height, defined as the product
of two one-dimensional PDFs. This equivalence originates from
(1) and carries clear physical significance.

Express this equivalence in matrix form, define U as the row
vector obtained by dividing the interval [—H, H;], and V can be
defined as the transpose of U. Thus, the volume of each square
grid region can be calculated as

Bij = [ps(U) - ps(=V) - step?] - A} (7)

where B; represents the integration region of the Preisach model
as a lower triangular matrix. The PDF is concentrated at the
lower-left corner of the discrete grid squares.

In the Preisach model, the hysteresis loop is symmetric, so
it is sufficient to fit either the ascending or descending branch.
In Fig. 5, the ascending branch is taken as an example. The
grey region represents the positive integral, and the white region
represents the negative integral. This is one possible scenario
during the variation of H.

Then, by summing the values of grid by column, the accumu-
lated value B; is obtained as follows:

B; = BJ,C ®)
ct=[11 - 1] )

In different cases, the first term in (2) is represented as BJSJr

Zb’“

where H; is the magnetic field strength of the jth data point
among N input data. b? is the kth row element of B;.

The second term in (2) is the sum of all the elements in the
lower triangular matrix, which can be represented as B jS

BS+ (10)

=CTByC. (11)

Therefore, in the discrete Preisach model, for the ascending
curve, (2) can be represented as Bys.(H))

B (Hj) = 2B — B (12)

There is also reversible magnetization in soft magnetic materi-
als, which cannot be captured by the irreversible Preisach model.
Therefore, the modeling should also consist of a reversible
component modeled by the arctangent function

By (H;) = K, - arctan (K - Hj) (13)

where K| and K, are parameters to be determined. Taking the
experimental data Bey, as the target dataset, and denoting « as
the unknown parameters in the PDF and reversible component
parameters, the mean squared error (MSE) used as the loss
function can be expressed as

N Z exp

MSE B (H]) - Brev(Hj)]2
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Fig. 6. Flowchart of parameter identification using the LM algorithm.

Basef (Hj, a)]? (14)

1 N
= NZ [Bexp (.7)

where By, (j) is the jth measured value of the magnetic flux
density, By is the final ascending curve with the reversible
component.

C. Stage III: Proposed Parameter Identification Via LM
Algorithm

Fig. 6 illustrates the proposed parameter identification
flowchart based on the LM algorithm, which is an improved
Gauss-Newton method to solve nonlinear matrices. Compared
with other fitting algorithms, this algorithm achieves a balance
between the fast convergence of the gradient descent method and
the robustness of the Newton method, allowing it to converge
even with poor initial values [40]. The optimal parameter vector
is obtained by solving the minimization problem of the loss
function MSE(«), aiming to achieve the best possible fit to
the experimental data. The objective function of LM can be
expressed as follows:

min S (o) = min MSE(«)
1N
=min =3 [Bexp wef (Hj, )] (15)
j=1
where parameter vector o = [a, g, ..., & ml?, (H, Bexp) 1s

a vector set of data pairs that contains N elements, and By is
a series of approximation functions. The objective function can
be rewritten as follows:

& = argmin S(«) = arg min ||7"(0l)||§ (16)

r(a) = [rl(a),rg(a),...,rN(a)]T (17)
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where () is residual vector. The Gauss-Newton iterative equa-
tion is expressed as follows:

ap1 = ag + Aoy »
Aoy =— [J(k)TJ(k)] J(k)Tr (o)

Aay = [0k41,0 — W1, - -

(18)
O 1, M — Qg M)

where o and o, 4 1 are the input vectors at the kth and (k 4 1)th
iterations, respectively, and Aqy, denotes the change from the
kth iteration to the (k 4 1)th iteration. v, ,, is the pth parameter
of vector ai(1 < p < M).

However, the Gauss—Newton method suffers from poor ro-
bustness and is sensitive to the choice of the initial point, which
may lead to convergence failure in certain cases. To improve the
performance of the algorithm, adjustment factor 6 is introduced.
The LM iterative equation can be expressed as follows:

gyl = ap + Aay, .
Aay, = — [J(k:)TJ(k) + o<k>l]7 T (k) r(a) 4

where [ is the unit matrix. J(k) is the Jacobian matrix of r(ay)
and is calculated as follows:

Ori(ax)  Ori(ow) Ori(ak)

dag,1 a2 dag,

aTg(l)ék) 87“2(&1‘-,) (’)Tz(ak)

J(k) = 87“(0[].3) . Oag, 1 dag 2 ok, M
( ) 8ak

aTN(O(k) aTN(OLk) a’l“N(Oék)

a1 PETR PETRY:

(20)

In LM algorithm, 6 is adjusted adaptively to ensure the pa-

rameters can be converged to exact solutions quickly. To avoid

error-prone caused by an arbitrary selection, the adjustment

factor 6 is updated by p, which can be expressed as follows
[41]:

(2D
pk) — glk—1) 2,p<0

_ S(ow) = S(on1)
P Li_1(A ag—1) — Lr-1(0)

kal(A Ozkfl) = S(ak,l) =+ 2’1"(04]@,1)TJ(/€ — 1) A Qg1

{g(k) — gk=1) » max{%,l —(2p— 1)3} ,p>0

(22)

+ (A ap_)) Tk =1)TT(k=1) A agp_y. (23)

For each updated parameter vector ay;, p is computed accord-
ing to (22), (23), and the adjustment factor € is subsequently
modified based on (21). The parameter p, defined as the ratio of
actual improvement to predicted improvement, serves as a metric
for evaluating the degree of model refinement. If p is greater than
zero, it indicates that the iteration has yielded improvement, and
a smooth adaptive strategy is employed to appropriately adjust 6
to enhance optimization precision. Conversely, if p is less than or
equal to zero, suggesting a degradation in iterative performance,
0 is increased to facilitate broader exploration of the parameter
space. The optimization process continues until the objective
function falls below a predefined error threshold.

After the iterative process converges, the globally optimized
parameter vector « is used as inputs, and the Preisach model
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Fig. 7. Impact of function parameters on the hysteresis loops. By adjusting
the four degrees of freedom, the hysteresis model of the core can be modeled.

becomes well-trained, as illustrated in Stage I1I of Fig. 5. At this
point, all the unknown parameters in (12) and (13) have been
determined, enabling accurate prediction of the B-H curve at
arbitrary excitation amplitudes.

IV. A GENERIC PDF FOR DIFFERENT MAGNETIC MATERIALS

To further improve the accuracy and efficiency in applying
different PDFs for different magnetic materials, it is necessary
to construct a generalized distribution function used in Stage II.
This section introduces a generalized PDF capable of encom-
passing the majority of existing PDFs. Moreover, the influence of
its parameters on the shape and characteristics of the hysteresis
loop is analyzed in detail.

A. Proposed Preisach Distribution Function

The generalized hyperparameter (GH) PDF is a highly ex-
tensible distribution model used in the fields of statistics and
machine learning. It is adopted in this work to model hysteresis
for different materials. Compared to conventional PDFs, the GH
PDF significantly enhances the capability of modeling complex
data patterns by incorporating a higher number of degrees of
freedom. The core concept of the function is to increase the num-
ber of parameters or to introduce additional control variables
to achieve superior fitting performance in complex real-world
applications. Hence, the function f{x) is used as the new PDF in

ey

(€~ 5"
VR 05K, (03— )

A
82 + (z —u)®
« ;xu) « K, [5\/52—}—(m—u)2]. (24)

Below are the parameter descriptions, as illustrated in Fig. 7.

(fla—u)

flz) =
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TABLE III
EFFECT OF PARAMETERS ON CHARACTERISTICS OF HYSTERESIS CURVE

Parameters B, H, Bax
21 ! - !
¢t ! ! |
81 1 1 —
51 ! — !

1) A, shape parameter: It determines the overall shape of the
distribution, especially the behavior of the tails. A larger
value of X typically results in a distribution that closely
approximates the normal distribution, whereas smaller or
negative values of A tend to produce heavier tails, thereby
increasing the likelihood of extreme values.

2) (,scale parameter: It controls the scale of the distribution,
affecting the peak sharpness and thickness of the tails. A
larger ¢ leads to a more pronounced peak and thinner tails,
making it resemble the shape of a normal distribution.
In contrast, a smaller ( increases the thickness of the
distribution tails.

3) B, skewness parameter: It controls the asymmetry of the
distribution, that is, the degree of skewness. A positive
value of 3 results in a right-skewed distribution, while a
negative (3 causes left skewness. Skewness implies that the
distribution has a longer tail on one side.

4) 0, extent parameter: It controls the extent of the distri-
bution. As ¢ increases, the distribution becomes more
spread out and flatter, whereas a smaller § results in a
more concentrated and peaked distribution.

5) u, location parameter: It affects the central position.

6) K, the modified Bessel function of the third kind.

B. Influence of Model Parameters on the Hysteresis Loop

It is reasonable to consider a symmetrical nature for the
PDF of the classical Preisach model. Therefore, the location
parameter u is set as 0, and the PDF is symmetrical about the
vertical axis. To investigate the influence of individual model
parameters on the shape of the hysteresis loop, the initial values
of the PDF parameters are set as follows: 1 = 3.1, ¢ = 0.06,
8 =0,6 =2.3,and u = 0. The numerical integration approach
described in Section Il is employed to determine the irreversible
component of the hysteresis loop. By analyzing the sensitivity
of the hysteresis characteristics to each parameter, the optimal
parameter set of the Preisach model can be determined. The
effects of different parameters on the hysteresis loop shape are
illustrated in Fig. 7.

To facilitate comparative analysis of how model parameters
influence the shape of the hysteresis loop, three characteris-
tic quantities are selected: remanence B, coercivity H., and
maximum magnetic flux density By,.x. The influence of each
model parameter on these quantities is summarized in Table III,
where “1”” denotes an increase, ““|”” denotes a decrease, and “—"
indicates negligible or no noticeable change.
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Fig. 8. Schematic of the hysteresis loop measurement platform.

As shown in Fig. 7(a) and (d), the parameters A and ¢ signifi-
cantly affect both B,- and B,,,,«, with the impact exhibiting a neg-
ative correlation. Fig. 7(b) indicates that ( has a notable effect on
all three characteristic quantities. Meanwhile, Fig. 7(c) reveals
that 8 primarily influences B, and H., and both parameters are
positively correlated with these features.

Applying GH with the proposed parameter identification
method, different hysteresis shapes are realized by defining dif-
ferent parameters. Thus, with two additional degrees of freedom,
a more accurate hysteresis fitting is achieved, and only one PDF
is needed for different materials.

V. SIMULATION AND EXPERIMENTAL VALIDATION
A. Experimental Setup and Evaluation Criteria

To validate the proposed implementation method and PDF of
the Preisach model, a test platform based on the two-winding
method is established to measure the hysteresis loops of the core
materials, as shown in Fig. 8.

The measurement process is carried out according to the
guidelines in [42]. Two types of magnetic cores, including
toroidal ferrite and rectangular silicon steel, are selected. The
excitation voltage is obtained using a power amplifier (Aigtek
ATA-3040C), taking the signal from a function generator
(RIGOL DG1012). A current probe (CYBERTEK HCP8030)
is employed for primary side /, which is further converted into
field strength H
I-N;

l
where / is the effective magnetic path length of the core sample,
and N is the turn number of the primary winding. The second
winding is open and the voltage is measured using a voltage
probe (PVP2350). The flux density B is obtained by integrating
the measured voltage, as follows:

1
B=—— dt
Sa'NQ/U

where S, is the effective cross-sectional area of the core sample,
and N, turns the number of the secondary winding.

As this article focuses on frequency-independent hysteresis
modeling, the eddy current and residual effects shall be ignored.

H= (25)

(26)
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Bertotti, through an in-depth analysis of the magnetic domain
structure and domain wall motion in ferromagnetic materials
combined with statistical theory, proposed a complete loss
separation model. The total core loss consists of three main
components: hysteresis loss, eddy current loss, and excess loss
[13], as expressed by

P = P(hyst) +P(eddy) + P(exc)

= kjthxznax + kefQBrQnax + +kexf1A5Br%ﬂ‘2x (27)

where P denotes hysteresis loss, P9y represents eddy current
loss, and P¥*¢ corresponds to excess loss. The coefficients ky,
ke, and ko, are the hysteresis, eddy current, and excess loss
coefficients, respectively, where ke is strongly influenced by
material thickness, cross-sectional area, and conductivity. f is
the excitation frequency.

According to the loss separation model, hysteresis loss Pt
is linearly proportional to the excitation frequency f, while eddy
current loss P9 grows quadratically with f2, and excess loss
P typically exhibits a mixed dependence on both f and f2.
Since the focus of this study is frequency-independent hysteresis
modeling, both P44y and Pex¢ should be minimized under the
designed experimental conditions. Specifically, when By, is
kept constant, if the measured total core loss exhibits a linear
relationship with frequency within the low tested range, this
provides strong evidence that P*/% and P are negligible, and
the total loss is dominated by P"st,

To determine the appropriate excitation frequency, the peak
magnetic flux density for the three materials is fixed at 0.1T,
while the excitation voltage is scaled proportionally with fre-
quency. For loss measurements under high-frequency condi-
tions, the two-winding method is highly sensitive to phase
deviation. A small phase difference can lead to significant loss
errors. Therefore, a coaxial shunt (T&M Research W—0-1STUD)
with high bandwidth and purely resistive characteristics is used
for high-frequency current measurement [19].

Fig. 9(a) illustrates the relationship between core loss per unit
volume Py (kW/m?) and frequency for the ferrite material 3F3.
Within the 1-100 kHz frequency range, the core loss exhibits
an approximately linear dependence on frequency, with the
orange curve representing the linear fitting result (correlation
coefficient result R? of 99.9%). As the frequency increases, the
measured losses gradually deviate from the linear trend, which
can be attributed to the combined effects of eddy current losses
and residual losses, leading to a faster-than-linear growth of
the total loss. Fig. 10(a) shows the frequency-dependent loss
characteristics of the ferrite core N87, which displays a similar
trend to that of 3F3. Therefore, for both ferrite materials, the
core loss demonstrates an approximately linear dependence on
frequency in the range of 1-100 kHz (correlation coefficient
result R of 99.9%).

Fig. 11(a) presents the relationship between Py, and frequency
for the silicon steel M330/35. The primary voltage is supplied
for silicon steel by the programmable ac power supply IT7627.
Within the 1-150 Hz frequency range, the transformer loss ex-
hibits a linear dependence on frequency (correlation coefficient
result R? of 99.9%). As the frequency increases, the proportion
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Fig. 10. (a) Relationship between Py and frequency for N87. (b) Error in

linear fit and measure loss at different frequencies for N87.

of eddy current losses becomes significantly higher compared
to ferrite materials. Moreover, as reported in [43], magnetic
hysteresis characteristics should ideally be measured at ultralow
frequencies (e.g., 0.01 Hz) where eddy-current effects can be
completely neglected. However, such measurements are difficult
in practice due to the low signal-to-noise ratio. By contrast,
performing hysteresis loop measurements at 20 Hz allows us
to effectively ignore eddy-current effects while still ensuring
adequate signal levels for accurate measurements.

Hence, the excitation voltage is set as 500 Hz for ferrite and
20 Hz for silicon steel. The influence of parasitic parameters
in the test circuit is minimal below 500 Hz, so the resulting
phase errors can be neglected [22], [44]. Furthermore, the size
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in linear fit and measure loss at different frequencies for M330/35. At 10 Hz, the
measured loss is 0.05 W, while the predicted value is 0.046 W, resulting in an
absolute error of 0.004 W. Although the absolute deviation is small, the relative
error appears relatively large due to the small magnitude of the actual loss.

of measured ferrite cores is relatively small, resulting in limited
turns on both primary and secondary windings. Simultaneously,
the working magnetic density value is relatively low. To avoid
measurement and reading errors caused by low applied voltage,
excessively low excitation frequencies are not suitable. There-
fore, the chosen frequency and test setup ensure that the measure-
ment conditions are consistent with the frequency-independent
hysteresis modeling.
Two criteria are defined to evaluate the proposed methods
from two perspectives.
1) Physical aspect: The per-cycle energy loss is quantified
by the area enclosed by the hysteresis loop on B—H plane.
2) Fitting aspect: The fitting accuracy is quantified by the
sum of squared errors (SSE = MSE X N).

B. Case 1: Ferrite Ring Core From Ferroxcube 3F3

The first validation case uses Ferroxcube 3F3 ferrite material
TX36/23/15. The primary and secondary windings are both six
turns. The parameter identification process requires only one set
of hysteresis loop data. Therefore, the limiting hysteresis loop
with a field strength amplitude Hipo% = 100 A/m is measured
for fitting, while minor loops under 80%, 60%, 40%, and 20%
of Higoy, are used for validation. The PDF parameters remain
the same in the following other validation cases, as shown in
Table IV. In Fig. 12, the simulated hysteresis loops of the 3F3
under different field strengths are compared with experimental
measurements. The peak points of the simulated loops closely
overlap with the measured ones, ensuring high accuracy in the
prediction of the equivalent magnetic permeability.

In Fig. 13, the simulation errors of per-cycle energy loss using
different PDFs are compared with experimental measurements.
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TABLE IV
MODEL PARAMETER VALUES IDENTIFIED FROM THE LIMITING HYSTERESIS
Loop FOR 3F3

PDF Irreversible component Reversible
(Preisach model) component
A ’ s ) K, K,
GH
6.6376 0.0992 0.0014 1.5264  0.1056 0.0321
) A H(] (2 Kl KZ
Logistic
0.0308 1.9574 0.0444 0.1056  0.0321
A H() o K] Kz
Lorentz
0.0085 0.8059 0.0009 0.1056  0.0321
400
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200
100
=
E o
Q %
-100 4
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Fig. 12.  Comparison between measurement and simulation of 3F3 at different

field strength amplitudes using the GH PDF.
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Fig. 13.  Percentage error of the simulated per-cycle energy loss of 3F3.

For the GH PDEF, the maximum error is 2.36% at Hogy, =
20 A/m, whereas the maximum errors for the Logistic and
Lorentz PDFs are 6.32% and 16.86%, respectively.

Fig. 14 compares the hysteresis loops obtained using GH
and Lorentz PDFs. The Lorentz PDF has a higher per-cycle
energy loss compared to the GH PDF. The main reason lies
in the insufficient accuracy in modeling the loop curvature and
higher permeability “100% on the ascending branch when using
the Lorentz PDF, which results in a larger enclosed area on the
B—H plane. The permeability /‘ioo% on the descending branch
is determined by the reversible component.
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Fig. 14.  Comparison of hysteresis loop for 3F3 using GH and Lorentz PDFs.

TABLE V
MODEL PARAMETER VALUES IDENTIFIED FROM THE LIMITING HYSTERESIS
LoOP FOR N87

PDF Irreversible component Reversible
(Preisach model) component
A ¢ B 0 K K,
0.6683 0.0498 0.0001  23.9996 0.0868 0.0149
A Ho (2 Kl KZ
Logistic
0.0410 0.3008 0.0532 0.0868  0.0149
A H() o K] KZ
Lorentz
0.0117 0.7182 0.0017 0.0868  0.0149
400
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- - Simulation
200
100
=
E o0
Q
-100
-200
-300
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-100 -50 0 50 100
H[A/m)]
Fig. 15. Comparison between measurement and simulation of N87 at different

field strength amplitudes using the GH PDFE.

C. Case 2: Ferrite Ring Core From TDK N87

Case 2 uses TDK N87 material, and the shape is R41.8 x
26.2 x 12.5, both primary and secondary are six turns. The
parameters are identified based on the limiting hysteresis loop
with Hygpz = 100 A/m as shown in Table V. The parameters
of the model remain the same in the other verification cases.
In Fig. 15, the model has good agreement with experimental
measurements. The maximum per-cycle energy loss error using
the GH PDF is 4.52% at Haq 9, with all other loops exhibiting
errors below 2.5%. In contrast, the maximum errors for the
Logistic and Lorentz PDFs reach 8% and 11.65%, respectively,
as shown in Fig. 16. This discrepancy can be attributed to
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the limited ability to accurately model the permeability on the
ascending branch.

D. Case 3: Silicon Steel Rectangle Core From TKS

In case 3, 75 pieces of silicon steel laminates M330/35
are pressed together, creating the rectangular core sample for
verification. The transformer with 30 turns on both the primary
and secondary is shown in Fig. 17. The primary voltage is
supplied for silicon steel by the programmable ac power supply
IT7627. Furthermore, for materials with relatively wide hys-
teresis loops, the magnetic permeability depends not only on
the magnetic field strength but also on the limiting flux density.
In such cases, irreversible components require the use of the
Product Preisach model [45]. Therefore, in this article, hysteresis
loops under different field strengths are individually validated
to demonstrate the effectiveness of the proposed parameter
identification method and PDF. The parameter values at different
peak field strengths are illustrated in Table VI.

In Fig. 18, the experimental comparison under different mag-
netic field strengths is presented. Compared to the previous two
ferrite materials, silicon steel has a significantly wider hysteresis
loop. Nevertheless, the proposed implementation approach pro-
vides good modeling compared with the measurement results.
In Fig. 19, benefiting from the GH PDF, the maximum error in
per-cycle energy loss is only 1.8%, whereas the maximum errors
for the Logistic and Lorentz PDFs reach 13.27% and 3.18%,
respectively.

Fig. 20 compares the hysteresis loops fitted using the GH and
the Logistic PDFs. Compared with the GH PDF, the Logistic
PDF exhibits higher per-cycle energy loss. The main reason is
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TABLE VI

MODEL PARAMETER VALUES IDENTIFIED AT DIFFERENT MAGNETIC FIELD STRENGTHS FOR SILICON STEEL

Irreversible component

Reversible component
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Peak field strength/[A/m] PDF . .
(Preisach model) (arctangent function)
2 ¢ B ) K, K>
20 2.1397 0.1002 0.0751 2.4082 0.1649 0.0128
40 - 0.5976 0.3418 0.2840 24.2863 0.1940 0.0190
60 0.7164 0.6901 0.5639 24.6449 0.2261 0.0241
80 0.7392 0.7951 0.7011 20.7512 0.2503 0.0277
100 0.8929 1.7166 1.6461 11.6644 0.2686 0.0303
A Hy o K K
20 0.0234 44.8927 0.0001 0.1601 0.0097
40 0.0774 46.3255 0.0596 0.1600 0.0099
Logistic
60 0.0617 35.1524 -0.0755 0.1600 0.0100
80 0.0569 38.4095 -0.0647 0.1600 0.0100
100 0.0518 40.3135 -0.0560 0.1600 0.0100
A Hy o K, K
20 0.4787 39.9269 0.1076 0.1659 0.0131
40 0.0191 27.9950 0.0076 0.1640 0.0125
Lorentz
60 0.0183 34.9833 0.0038 0.1921 0.0094
80 0.0166 39.9883 0.0026 0.1684 0.0138
100 0.0158 45.1323 0.0024 0.1976 0.0196
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-100 -50 0 50 100 Fig. 20.  Comparison of hysteresis loop for silicon steel using GH and logistic
H[A/m] PDFs.

Comparison between measurement and simulation of silicon steel at
different field strength amplitudes using the GH PDF.
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that the Logistic PDF fails to accurately capture the curvature
characteristics around the remanence region during modeling,
resulting in an enlarged enclosed area in the B—H plane. This
occurs because the tails of the Logistic PDF decay too rapidly,
concentrating the distribution weight near the central region.
Consequently, the number of hysteresis operators with extreme
threshold values is underestimated, leading to an overestimation
of the loop area around remanence and thus larger deviations.
In contrast, the GH PDF, with its greater flexibility, can more
accurately reproduce the hysteretic characteristics of silicon
steel sheets.

Furthermore, per-cycle energy loss alone is not sufficient
for evaluating the performance of a hysteresis model. For
instance, the model may underestimate losses in the rema-
nence region while overestimating the permeability near the
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Fig. 21.  SSE box chart for GH, Logistic, and Lorentz of different materials.

A smaller SSE indicates a higher degree of accuracy.

peak of the ascending branch, leading to amplified local
energy dissipation. These opposing errors may cancel each
other out in the total energy loss calculation, resulting in a
small discrepancy. Hence, such compensation can mask the
model’s deficiencies in modeling hysteresis behavior. There-
fore, it is necessary to evaluate the model from a fitting per-
spective by comparing the SSE for a more comprehensive
assessment.

In Fig. 21, the SSE of two classical PDFs and the proposed
GH PDF across three different soft magnetic materials under dif-
ferent magnetic field strengths are compared. Generally, the GH
PDF exhibits the lowest SSE values and a narrower interquartile
range.

In the modeling of ferrite materials such as 3F3 and N87,
both GH and Logistic PDFs outperform the Lorentz PDF, GH
and Logistic PDFs achieve lower SSEs of 0.009 and 0.011,
respectively, in contrast to the higher SSE of 0.031 observed
with the Lorentz PDF.

On the other hand, for silicon steel, the GH and Lorentz
PDFs demonstrate comparable performance, whereas the Logis-
tic PDF produces a significantly larger SSE of 0.106, as shown
on the right side of Fig. 21. Therefore, the proposed method
demonstrates consistent modeling capability for different mag-
netic materials.

VI. DISCUSSION

In this section, the first two parts compare the proposed
method with conventional approaches from the perspectives of
simplification and accuracy, providing a macroscopic justifica-
tion for the proposed approach’s superiority. Furthermore, to
enhance the model’s robustness, the method is extended to en-
able higher accuracy within specific operating regions. Finally,
the potential limitations of the present work are analyzed, and
future research directions are outlined.

A. Simplification of the Proposed Method

In the continuous Preisach model, different PDFs must be
adopted as p(U, V) to accommodate different materials. The
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conventional discrete Preisach model assumes p(U, V) to be con-
stant within each grid cell and identifies parameters by stacking a
large number of measured hysteresis loops, which is excessively
complex and computationally inefficient. In contrast, the pro-
posed parameter identification approach requires only a single
measurement of the limiting hysteresis loop and introduces the
GH PDF as a unified form of p(U, V) for various materials.
Moreover, the proposed approach eliminates the complex double
integration in continuous Preisach formulations, thereby greatly
simplifying the modeling process while maintaining high accu-
racy.

B. Accuracy of the Proposed Method

The traditional continuous Preisach model extracts PDF pa-
rameters only from several characteristic points of the limiting
and minor hysteresis loops, resulting in low data utilization and
fitting distortion at noncharacteristic regions of the curve. In
this study, a higher-dimensional and more flexible GH PDF is
introduced to enhance the capability of capturing the detailed
features of hysteresis loops. By employing the LM algorithm
for global optimization using the entire set of data points from a
single measured hysteresis loop, the proposed method achieves
globally optimal PDF parameters and further improves the over-
all modeling accuracy.

C. Approach Extension

In the proposed method, for ferrite materials, only one limiting
hysteresis loop (H19o% = 100 A/m) needs to be experimentally
measured as input, and the model is parameterized to approx-
imate this loop. Due to the inherent physical characteristics of
the Preisach model, the hysteresis loops under different exci-
tation amplitudes can be automatically reproduced without any
additional input, maintaining high accuracy.

However, in certain cases where high precision under specific
conditions (e.g., Hooy = 20 A/m) is required, we further extend
this work to discuss its approach expandability and precision
tradeoff, aiming to develop the proposed approach into a “white-
box model for high-fidelity modeling,” capable of enhancing
accuracy near specific operating points.

When an application scenario demands high accuracy for
the hysteresis behavior at a particular amplitude, the proposed
method can be flexibly extended by adding the experimental data
corresponding to that amplitude into the objective function (15)
during the parameter identification stage, as follows:

min Sex (@)
= min [MSE; (a) + MSE3(«) + ... + MSE,, ()]

= min
«@

N . 2
wi - N%Zjllzl [Bexp1(j1) — Bases1(Hjy, )]

N. . 2
+ws - 75 25,1 [Bexp2(j2) = Basep2(Hjy, @)
+...

+W7L ) ]\}n ZjNﬂnzl [Bexpn (jn) -

(28)

2
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where, wy, wo, . . ., w, represent the weighting coefficients, and
the subscripts 1, 2, ..., n correspond to Higpy and the specific
amplitudes of interest, respectively. The measured data at the
desired amplitudes are combined with the limiting hysteresis
loop data and jointly fitted through global optimization, where
the weights can be flexibly assigned according to requirements.

Taking Hopy, = 20 A/m as a case requiring high-accuracy
modeling, for 3F3, with both weights set to 0.5, the SSE at Hy,
decreases from 0.0173 to 0.0095, while the SSE values at the
other four amplitudes increase accordingly; for N87, with the
same weight setting (0.5 for each), the SSE at Hygy, decreases
from 0.021 to 0.0186, and except for Hypo%, the SSE values at
other amplitudes also decrease slightly, though the improvement
is not substantial. In this case, the model no longer relies solely
on the information inferred from the limiting hysteresis loop but
incorporates local magnetization characteristics from the minor
loop, thereby achieving accuracy enhancement in that specific
region.

In summary, using only the limiting hysteresis loop as input
already yields sufficiently high predictive accuracy. Moreover,
the proposed method exhibits strong scalability and adaptability.
For scenarios requiring enhanced precision within a specific
operating range, multiloop data can be incorporated to realize
adaptive optimization. This demonstrates that the proposed im-
plementation is both efficient and robust, while simultaneously
ensuring controllable local accuracy.

D. Limitations and Future Work

The proposed implementation of the Preisach model demon-
strates significant advantages in terms of modeling simplicity
and prediction accuracy. However, these benefits are accompa-
nied by increased computational costs for parameter identifica-
tion, arising from the enhanced flexibility of the proposed PDF.
In contrast to conventional forms such as Lorentz and Logistic
PDFs, the GH PDF involves a higher-dimensional structure,
which necessitates numerical optimization techniques such as
the LM algorithm for parameter identification. This demand be-
comes important when dealing with large-scale datasets, where
computational efficiency issues are more pronounced. In this
sense, the additional computational burden for computers can be
regarded as the inevitable trade-off for achieving both modeling
simplicity for users and prediction accuracy for the result.

With the rapid advancement of artificial intelligence tech-
niques, the development of more efficient optimization algo-
rithms or approximate inference schemes tailored to the GH
PDF could be a promising direction to reduce computational
costs and broaden the scope of applications.

VII. CONCLUSION

This article proposes an improved implementation method
of the Preisach model for the hysteresis model of soft mag-
netic materials. It uses a novel parameter identification method
that avoids restrictive double integration and repeated measure-
ments, while developing the GH PDF for the irreversible mag-
netization of the Preisach model. Referring to the experimental
results concerning different materials, shapes, and hysteresis
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characteristics, the proposed method, which utilizes only a single
measurement, achieves high precision in predicting energy loss
and hysteresis behavior across the studied cases. It achieves
better performance compared with two conventional modeling
methods in terms of accuracy, universality, simplification, and
rapidity. In summary, the proposed implementation approach
can be used for accurate magnetic hysteresis modeling and is
easily implementable in power electronics circuit modeling and
simulation.
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