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In this paper, a dynamic model for the description and design of hysteresis in magnetostrictive

devices is presented. The model is based on Preisach theory and its dynamic extension. A

procedure for determining the Preisach distribution function is given. This procedure is based on

neural networks. The model is able to reconstruct both the magnetization relation and the field-

strain relation. The model is validated through comparison and prediction of data collected from a

typical Terfenol-D sample and a novel experimental technique dedicated to the validation of

dynamic models is proposed. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868708]

I. INTRODUCTION AND MOTIVATION

Recently, magnetostrictive materials have been pro-

posed as active materials to be used in several energy har-

vesting technology.1 In this kind of application, the

mechanical stress applied by an external source (that could

be cars, walking or running persons, vibrations induced on a

structure, etc.) is the primary energy source that could be

transformed in electrical energy. Because of the fact that an

energy source of this type is inherently stochastic, the work-

ing condition of the material is highly dynamic and nonlin-

ear. As a result, in this kind of condition, static models of

magnetostrictive materials are usually not very accurate and

may be unreliable to develop a sufficiently accurate design

of the energy harvesting devices. Moreover, the presence of

hysteresis in both the mechanical and magnetic characteris-

tics requires accurate mathematical modeling in order to cor-

rectly foresee the behaviour of real materials used in control

systems or in electrical machines, to simplify the design of

such controllers as well as to predict with acceptable accu-

racy electromagnetic fields in such devices.2

Therefore, the motivation of the work here reported is to

propose a mathematical model able to predict the dynamic

behaviour of magnetostrictive materials used in energy

applications. Several authors have already proposed mathe-

matical models of magnetostrictive materials;3–6 however,

most of the proposed approaches are based on static models.

This paper presents a mathematical model of hysteresis in

magnetostrictive materials based on the use of Dynamic

Preisach hysteresis model (DPM) which is able to model the

dynamic conditions of the system. A model identification

procedure based on a previous developed approach7–9 is

given. The model is tested by using some published data on

Terfenol D. Furthermore, a novel experimental technique

based on acoustic emission is proposed to test model.

The paper presents in Sec. II the dynamic Preisach

Model used to model the magnetostrictive behaviour, in Sec.

III the identification procedure is proposed, in Sec. IV the

experimental setup and the experimental results are dis-

cussed, and in Sec. V some results are drawn.

II. HYSTERESIS IN MAGNETOSTRICTIVE MATERIALS

It is known that in most ferromagnetic materials mag-

netic properties and mechanical properties are tightly interre-

lated. Generally speaking, an alteration of the magnetization

level of a ferromagnetic sample is usually linked to a varia-

tion in both shape and dimension and vice versa. Materials,

where this effect is large, are called magnetostrictive materi-

als. This effect is usually exploited in sensors. More recently,

the fact that mechanical stress induces a change in the level

of magnetization of a sample and therefore this change in

magnetization induces an electromotive force (emf) has been

proposed as a tool to convert environmental vibration into

electric energy. This kind of application faces a highly sto-

chastic and nonlinear environment and is based on the cou-

pling of the mechanical and magnetic behaviour.

As a result, in order to model such a behaviour, a simpli-

fied version of DPM has been used. DPM is a modification

of Classical Preisach Model (CPM) introduced to describe

dynamic features of magnetic systems.

Our model can be described as follows:

(1) The magnetization of the material is obtained by using

DPM;

(2) The magnetization of the material is the input of the

Preisach model which describes the strain k of the

material.

A complete description of the DPM can be found in Ref.

10. Below, we will give only the mathematical detail needed

for the comprehension of this paper. In DPM, the magnetiza-

tion M(t) depends on time t and varies accordingly to the fol-

lowing equation:

M tð Þ ¼ Ms

ð1

0

dhc

ðbðhcÞ

�1

p hc; hmð Þ � uðhc; hm; tÞdhm; (1)

where M(t) is the magnetization, Ms is the saturation mag-

netization (i.e., the maximum value achievable by
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magnetization), p(hc,hm) is the Preisach Density Function

(PDF), and hc and hm are the parameters that describe the

values of the switching fields of each hysteron. u(hc,hm,t)

describes the state of each elementary Preisach Model loop

at the time t and introduces a dependence of the maximum

value of each hysteron on time, u(hc,hm,t) varies according

to the following equation:

@u hm;hc; tð Þ
@t

¼
k � H tð Þ � ðhm þ hcÞ
� �

; if HðtÞiðhm þ hcÞ
k � H tð Þ � ðhm � hcÞ
� �

; if HðtÞhðhm � hcÞ
0 elsewhere;

8>><
>>:

(2)

where k is an unknown to be determined parameter that must

be chosen so to optimize the description of the material

whose hysteresis description is sought. DPM becomes equiv-

alent to CPM if the parameter k becomes infinite, because, in

this case, the function u(hc,hm,t) can assume only the values

�1 and þ1. The parameter k quantifies the finite rate of the

switching of the hysterons of DPM.

From what said above, it can be deducted that the total

number of parameters needed in order to identify a generic

material in DPM is equal to the sum of the number of param-

eters of PDF and k.

The magnetization computed in Eq. (1) is the input for

the calculation of the strain of the material, which can be

computed as follows:

k M tð Þð Þ ¼ krev M tð Þð Þ

þ 1

2

ðþMs

�Ms

dhc

ðhc

�Ms

q hc; hmð Þ � uðhc; hmÞdhm; (3)

where k is the strain, krev is the reversible part of magneto-

striction, and q is the PDF for the model of strain.

The complete dynamic model of a magnetostrictive ma-

terial is given by Eqs. (1)–(3). In order to identify, the model

one must identify the Preisach density functions p and q used

in Eqs. (1) and (3), this means that the parameters of the

functions p and q must be explicitly given. The identification

of PDFs can be performed in several ways2 and generally

speaking a numerical description of PDFs is obtained. Such

an expression of PDFs can be computationally heavy and

difficult to be used for describing and designing a harvesting

device. As a result, it is preferable to use analytical expres-

sion of PDFs and adapt them to experimental curve. In this

paper, two Gaussian PDFs have been used. This approach

leads to the identification procedure below sketched.

III. IDENTIFICATION PROCEDURE

The fundamental idea of the identification procedure is

to train a neural network with some a priori built hysteresis

curves (whose parameters are known) and to use this trained

network to find the best parameters that describe some

unknown hysteresis curve (Fig. 1). The identification proce-

dure consists of four steps: (A) network training; (B)

submission of test set; (C) output of the results; (D) experi-

mental verification.

A. Network training

The neural network that has been chosen is a three layer

neural network: the first layer consists of 5 linear neurons,

the second layer of 25 neurons with hyperbolic tangent sig-

moid function, and the output layer consists of 5 linear neu-

rons. The input is made up of 100 units which describe the

magnetic and strain hysteresis curve numerically computed

by using some known parameters and five other units which

are the parameters used to compute the hysteresis curves.

The first layer makes a linear reduction from the high dimen-

sion input space to the lower 5-dimension space: the output

of the first layer is therefore the feature vector that sums up

the most relevant characteristics of the input space and is

strictly connected to five relevant properties of the hysteresis

loop: remanence, coercive field, and slopes in correspon-

dence of some points of the loop. The 25 neurons of the sec-

ond layer allow to store a number of parametric curves at

least equal to 500. The output layer is made up of five neu-

rons which are the free parameters of the PDFs of the model

that most suitably permit to produce the inputs.

The training set consists of one hundred vectors. Each

input vector consists of 100 coordinates and 5 target vectors.

The first one hundred coordinates are the ordinates of mag-

netic and strain hysteresis curve. The excitation amplitude is

the same in all cases. The last five coordinates are the target

vectors.

B. Submission of the test set

The first test is made up of the ordinates of two numeri-

cal hysteresis loops, which were obtained by making the pa-

rameters of the Preisach function different from those of the

training set.

A second test set was created by using a real hysteresis

loop.

In both cases, the abscissa field is equal to the one used

in the training phase.

C. Output of the results

The output of the network consists, as said above, of

five parameters. They represent the parameters of the two

Gaussian distribution functions which are associated to the

presented loops and the dynamic parameter k.

FIG. 1. Conceptual scheme of the identification procedure.
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IV. NUMERICAL AND EXPERIMENTAL VERIFICATION

In order to verify the ability of the trained neural net-

work to obtain the exact parameters of the submitted curves

two tests were performed: in the first one the magnetic hys-

teresis curve of TERFENOL was submitted to the network

and in the second one the magneto-mechanical curve of

TERFENOL was derived in terms of the parameters given

by the network,

In order to evaluate the quality of the obtained recon-

struction, the index defined in Ref. 7 was used.

Terfenol magnetic and strain hysteresis reconstruction

The first test consisted in submitting TERFENOL mag-

netic hysteresis and verifying the ability of the network to find

parameters useful for reconstructing terfenol hysteresis curve.

The curve was obtained by using a Gaussian PDF for the

magnetization in static condition. The error between the experi-

mental curve and the reconstructed curve is in the range of 10%.

Finally, in Fig. 2, the strain hysteresis curve is shown. It

can be seen how the model is able to reconstruct the strain

curve within a precision of 15%.

In order to verify the capability of the developed

approach to give information on the dynamic features of the

material, we have developed the following procedure:

(1) the strain response to an external sinusoidal magnetic

field was computed by using Eqs. (1)–(3);

(2) the harmonic content of the response was computed by

performing a fast Fourier transform on the obtained strain;

(3) the harmonic contents was detected in terms of noise

emissions.

A simple experimental test was performed, which con-

sisted in applying a sinusoidal field to a rod shaped sample

and detecting the acoustic emissions of this sample. In

Fig. 3, it is shown how the model was able to predict the first

three odd harmonics (the fundamental harmonic and the third

and fifth harmonic) of the acoustic emission of the sample.

Unfortunately, the model predicted also the presence of two

even harmonics that were not detected. This fact was caused

by the fact the mathematical model shows some minor loops

whose symmetry is described in terms of even harmonics.

This type of minor loops was not experimentally detected.

V. CONCLUSION

This paper presents a method based on neural networks

for the identification of the parameters of DPM able to recon-

struct the behaviour of terfenol. The fundamental idea of this

method is to identify the parameters of a material by using a

neural network trained by a collection of hysteresis curves,

whose Preisach model is known. The numerical results show

that the method can reconstruct and find the parameters of

hysteresis curves that were not used in the training phase.

Finally, an experimental procedure based on the detection of

acoustic emissions to check the validity of the dynamic

model was introduced and partially validated.
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