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This paper presents a new phenomenological model for magnetic shape memory (MSM) alloy actuators. The model was implemented
as a lumped element for multi-domain network models using the Modelica language. These network models are rapidly computed
and are therefore well suited for MSM-based actuator design and optimization. The proposed MSM model accounts for the 2-D
hysteresis of the magnetic field-induced strain as a function of both the applied magnetic flux density and the compressive stress.
An extended Tellinen hysteresis formulation was utilized to compute the mechanical strain of the MSM material from measured
upper and lower limiting hysteresis surfaces. Two alternative approaches for the computation of the lumped element have been
implemented. The first method uses hyperbolic shape functions to approximate the limiting hysteresis surfaces and offers a good
balance of simulation accuracy, numerical stability, computational speed, and ease of parameter identification. The second method
uses 2-D lookup tables for direct interpolation of the measured limiting hysteresis surfaces, which leads to higher accuracy. Finally,
a test case having simultaneously varying compressive stress and magnetic flux density was utilized to experimentally validate both

methods. Sufficient agreement between the simulated and measured strain of the sample was observed.

Index Terms— Hysteresis, lumped network model, magnetic shape memory (MSM) alloy, multi-domain.

I. INTRODUCTION

AGNETIC shape memory (MSM) alloys are smart

materials, which exhibit large field-induced strain (typ-
ically ~6%) when exposed to a magnetic field of sufficient
strength. MSM materials have been under investigation as a
new class of active material actuators since the middle of the
1990s [1], [2]. The development, availability, and quality of
these materials has dramatically improved since the time of
these early studies.

Despite these advances, very few prototypes for the indus-
trial application of MSM-based actuators have been reported
[3]1, [4]. This dearth is partly due to the highly nonlinear
and complex magnetomechanical properties of the material,
which complicates MSM actuator design and optimization. In
this regard, fast computing and easy-to-use representations are
desirable for use in multi-domain network models. These types
of models are state-of-the-art for the design of conventional
actuator systems (e.g. electromagnetic actuators [5], [6]), and
couple multiple physical domains, including electronic cir-
cuits, control units, and mechanical loads. Network models are
typically implemented in object-oriented description languages
like Modelica or VHDL-AMS to support reusability.

In order to establish a network modeling approach for MSM
actuators, models are required which: 1) represent the material
behavior accurately enough for actuator design; 2) enable
straightforward parameter fitting to measurements; and 3) can
be readily integrated into multi-domain network models. In the
context of actuator design, the physical interpretation of the
model parameters and spatial distribution of the magnetic field,
strain, and stress in the interior of the MSM alloy are of
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secondary importance. Therefore, spatially concentrated 1-D
models are typically sufficient.

Several models of the 3-D hysteresis of the strain &(B, o)
of MSM alloys as a function of the mechanical stress ¢ and
strain ¢ along the load axis, and orthogonal magnetic flux
density B have been proposed. These models are typically
classified according to either a microscopic or macroscopic
approach [4]. Microscopic approaches primarily address the
properties and physics of these alloys and are intended to
enhance the fundamental understanding of the material [7], [8].

In contrast, macroscopic approaches are more appropriate
for system design. Sectionwise linear approximation of the
MSM hysteresis is described in [9] and [10]. This approach
results in significant deviations at the beginning and the
end of the twin boundary movement. Moreover, the non-
differentiability at the switchover points between the separate
approximation sections introduces numerical instabilities.

In an effort to improve the open- and closed-loop
control of MSM-based actuators, modified Preisach and
Prandtl-Ishlinsky hysteresis models have been applied in
[11] and [12]. The temperature dependence of the hysteresis
is accounted for by multiple parameter sets and interpolation
between them. However, this approach only captures hysteresis
of strain as a function of the applied currents. Mechani-
cal components of the actuator system (such as the bias
spring) are incorporated within these parameter sets. There-
fore, non linear or time-dependent mechanical loads cannot be
considered.

In [13]-[15], the Preisach model was extended to two inputs
to model the strain hysteresis of magnetostrictive materials and
has been utilized for compensation and control of two-input
hysteresis systems. The results are promising, but the complex
implementation of the dual-input Preisach model as well as
the laborious parameterization, for which a large number of
first-order reversal curve measurements and their analysis is
needed, restricts the application potential for the desired task.
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Fig. 1. Upper By(H) and lower By (H) branches of the hysteresis envelope
curve, with corresponding slope functions Syg(H) and Spyg(H) about an
operating point O.

A purely phenomenological hysteresis model has been
reported in [16]. Exponential functions represent the ¢(B) hys-
teresis, however, hysteresis due to mechanical loading effects
is not considered. This approach formed the basis of a dynamic
simulation and design optimization of an MSM-based tripping
unit for low-voltage switch gear. Drawbacks inherent to the
reported approach were attributed to neglecting the mechanical
hysteresis, resulting in inaccuracies for inner hysteresis loops
under partial strain. The approach is also computationally
expensive for non-constant loads (typical operating conditions)
since the approximation functions of the hysteresis behavior
must be recomputed in every time step.

In summary, no sufficient models for MSM elements are
known to exist that are capable of supporting the design
of MSM actuators using a network model approach. In this
investigation, we introduce a solution based on an extended
Tellinen hysteresis model (Section II), which is subsequently
implemented in Modelica and validated for an Adaptamat
MSM sample (Section IV). The experimental setup, methods,
and results are described in Section III.

II. MODELING APPROACH
A. Tellinen Hysteresis Model

The Tellinen hysteresis model was first introduced as a
simple phenomenological description of ferromagnetic hys-
teresis behavior [17]. It enables the computation of arbitrary
hysteresis curves, including outer and inner loops based only
on the hysteresis envelope curve. The model is completely
configured with the upper By(H) and lower By (H) branch
of the limiting hysteresis loop of a certain ferromagnetic
material (Fig. 1). The corresponding slope functions Syn(H)
and Spy(H) can directly be derived from By(H) and By (H)

dBy(H) 0BL(H)
Sun(H) = ————, Stu(H)= —. 1
un(H) oH LH(H) oH (1)
The Tellinen model requires
dB % dH\ dH @)
dae ~ \"ar ) ar

to be fulfilled at any time during transient simulation of
a magnetic material with hysteresis. Equation (2) defines
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Fig. 2. Typical arrangement of the MSM sample and used quantities.

ku(B,dH/dt) as the ratio between the slope dB/d¢ and the
time derivative d H/dt of the magnetic field strength at the
operating point O(H, B). A linear scaling of the slope
function by the instantaneous position of the operating point
O(H, B) is assumed at any operating point within the
hysteresis envelope. The factor ky is separately defined for
rising and falling magnetic field strengths

Bu(H) — B .
———————— - Stu(H) for &= >0
Kt — Bu(H) — BL(H) Ln(H) - for g > (3)
. _B-BuH) - Sun(H) for 42 <0
Bu(H) — BL(H) "~ =T

B. Extension of Tellinen Model to Two Dimensions

The model presented here is purely phenomenological
and based on measurement data. It describes the scalar and
quasi-static field-induced uniaxial strain of a MSM sample
according to the typical arrangement of a MSM element
within an actuator as shown in Fig. 2. It assumes a uniform
magnetic flux density through the sample perpendicular to
the axis of strain and stress. In addition, in accordance
with the typical arrangement, only compressive stresses
(o = 0) are supported, although the model would be capable
of considering tensile stresses as well. The relative strain
is related to the length of the fully reset and tension-free
sample.

The standard Tellinen model describes the hysteresis behav-
ior of B with regard to a single input H. To adequately model
the mechanical strain ¢ of an MSM element in electromag-
netomechanical system models, at least two inputs must be
considered: the magnetic flux density B through the sample
and the applied compressive stress o.

Thus, the limiting hysteresis curves of the Tellinen model
develop to limiting hysteresis surfaces of ¢ over the B-o plane.

Since MSM samples respond with the same strain under
positive and negative flux densities (limiting hysteresis sur-
faces are symmetric mirrored at the ¢-o plane), it is sufficient
to describe the surfaces only for B > 0 and to use Bx =|B|
as the model input. Fig. 3(a) shows exemplarily the upper and
lower limiting hysteresis surfaces ey(B*,0) and &L (B*,0),
respectively. Based on ey(B*,0) and ¢ (B*,0), four slope
functions Syg(B*,0), SLs(B*,0), Sus (B*,0), and S.,(B*,0)
can be derived as the partial derivatives

deu(B*, o) deL(B*, 0)
Sup(B*,0)= ——2—, Sig(B*,o0)=——212~ (4
uB(B*,0) o Sw(B0) T (C))
oey(B*, oeL(B*,
SUJ(B*,J)ZM, and SLU(B*,O')ZM.
oo oo

)
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Sus(B*,0)

Fig. 3. (a) and (b) Example limiting upper ey(B*,0) and lower ep (B*,0)
hysteresis surfaces over the B-o plane and the corresponding slope function
Sue (B*, o).

A typical Sy, (B*,0) slope function is shown in Fig. 3(b).

By extending (2), the time derivative of ¢ is the sum of
two terms depending on the time derivatives of B* and o,
respectively, and using the factors kg and k,

de dB* dB* do do
—:kB(B*ao-, 7) dt +ko-(B*,O', _)_ (6)

dt dt dt
In analogy to the Tellinen model, kg and k, are defined as

euy(B*,0) —¢

. Sip(B*,0) f 0
o | B o) —amey S T Eae
°T ¢ éL(Bo - Sup(B*, o) for 4" <0
o
¢cu(B*,0) —er(B,o) " ‘i
@)
and
e —e¢eL(B*, 0)
. Suo (B*, f 0
ke = EU(B* g_SL(B* bo(B,0)  for it >
- SLo (B* for 42 < 0.
eU(B*,a)-—eL(B*, y Suo(BLo) for gy <
®)

The model is of quasi-static nature. In (6), ¢ has only
an implicit time dependence from B* and o. The slope
functions (7) and (8) involve directional derivatives, and
only the signs of time derivatives are used to determine
the direction of both stress and field change. However,
a quasi-static material model covers most typical actuator
configurations of MSM alloys in which the change rates
of both stress and magnetic field are limited by the inertia
of the load and the inductivity of the magnetic excitation
circuit, respectively. This also applies to the test case in
Section IV-B.

C. Hysteresis Envelope Surface Approximation
Using Trial Functions

An analytical description of the e (B*,0) and ey(B*,0)
surfaces and their slope functions Syp(B*,0), SLg(B*,0),
Sus (B*,0), and S, (B*,0) is advantageous for fast computing
and numerically stable lumped network elements. For this
reason, simple hyperbolic trial functions have been developed
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to describe the hysteresis surfaces analytically
1
eL(B*,0) = 2 £ {1 +tanh[M(c — o2)]}
. {1 — tanh[M3B*(n; + Mza)]} 9)

fu(B",0) = S - (1~ anh(My (o — o)1)
: (1 - % {1 + tanh[M4 (0 — 53)]}

. {1 + tanh[ M3 B*(n» +M20)]}). (10)

The parameters o] to o3, nj to ny, and M; to My are shift
and slope parameters, respectively, and are used to tune the
surfaces in accordance with measured hysteresis characteris-
tics. The symbol E denotes the maximum relative strain .
The partial derivatives of (9) and (10) are the corresponding
analytic slope functions.

Measurements, parameter identification, and plot of the
adapted trial functions are provided in Section III for an MSM
element manufactured by Adaptamat Ltd. (Finland).

D. Hysteresis Envelope Surfaces Based on
Interpolated Measurements

Measurements on MSM samples from different suppliers
have revealed that the proposed trial functions are not suit-
able for providing a single universal material representation
with sufficient accuracy. On the contrary, finding and fitting
adequate trial functions for each material is a laborious task.

For this reason, an alternative approach was developed,
which directly interpolates hysteresis surfaces from measure-
ment data. This method is both elegant and versatile, provided
that the necessary measurement data are available in sufficient
quality for each material under consideration.

To obtain accurate hysteresis surfaces, the strain behavior of
the MSM sample is scanned in sufficient intervals throughout a
section of interest in the B-o plane (Section III). The measured
hysteresis surfaces are slightly smoothed and mapped onto
an equidistant grid via MATLAB script. Linear interpolation
between the grid points is later applied in the model
implementation (Section IV-A). This allows a continuous
computation of the lower and upper hysteresis surface values
at the current operating point. Computing these values for
two additional points, which have a small B and ¢ offset,
respectively, permits the determination of the local partial
derivatives.

E. Magnetic Characteristics Model

The proposed ¢(B,s) model is independent of magnetic
characteristics of the MSM sample. However, since the sample
is placed in an air gap of a magnetic circuit, its magnetization
considerably influences the magnetic resistance of that circuit,
and hence the magnetic system behavior. Thus, for the prac-
tical use of the &(B,o) model, the magnetic characteristics of
the MSM sample needs to be considered as well.

The magnetization of the MSM sample depends on both,
the applied magnetic field strength H and strain & of the
sample [18]. We derived a magnetic characteristics model
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Fig. 4. Implemented simplified model of the H- and e-dependent magnetic

polarization of the MSM sample.

from published magnetization curves of NiMnGa [18], [19].
It is assumed that the magnetic easy and hard axis corre-
spond to a fully extended (¢ = 6%) and compressed sample
(¢ = 0%), respectively. The magnetization curves can be
linearized in a good approximation. Furthermore, a linear
relationship between the samples strain and slope of the
magnetization curves is assumed as shown in Fig. 4. With
respect to the saturation field strength, the material shows only
weak hysteresis [19, Fig. 3]. This has only slight influence
on system behavior in potential actuator applications and is
therefore neglected.

F. Model Limitations

In addition to the model limitations described in
Section II-B (stress and strain axis in parallel, magnetic flux
axis perpendicular, compressive stresses only), the Tellinen
hysteresis model is also subject to some limitations. Due
to the lack of a real memory of the quasi-static Tellinen
hysteresis model, ¢ is solely determined by the hysteresis
envelope surfaces, the actual operating point (B, o, ¢), and
the change in B and ¢. Thus, this model does not fulfill
the congruency or the path independence property, which
were specified for the Preisach hysteresis model with two
inputs [13].

Under certain conditions, small periodic input variations
lead to unphysical model behavior. Exemplarily, Fig. 5 shows
the model reaction to a small periodic variation in B. In par-
ticular, this behavior occurs if the starting point is located
near the hysteresis envelope surface at a point with high
slope.

This behavior restricts the application of the proposed
model in, e.g. vibration control. Most actuator applications,
however, exploit large strokes and remain unaffected from
this restriction. In contrast to these limitations, the decisive
advantages of the generalized Tellinen model are the easy
implementation, and the low effort in material characterization
and model parameterization. This is even more important
because the available materials show remarkable variance in
their characteristics and therefore a large number of samples
need to be modeled to validate an actuator design.
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Fig. 5. Non-physical model behavior starting near the limiting hysteresis
surface due to small input variations.

III. EXPERIMENTAL INVESTIGATIONS
A. Measurement Setup

The test apparatus is conceptually illustrated in Fig. 6.
It is based on the setup presented in [20] with additional
improvements to facilitate the accurate characterization of the
hysteresis envelope surfaces of MSM samples. The primary
components consist of a magnetic circuit for generating the
excitation field, a mechanical assembly for load application,
control and measurement, and sensors for strain measurement
and data acquisition.

The magnetic circuit consists of a laminated iron core with
an air gap for the MSM sample and excitation coils driven by
a bipolar power amplifier (KEPCO BOP 72-6M). A maximum
flux density of 1.5 T is achieved.

The mechanical load assembly consists of a load cell,
weak tension spring, and stepper motor-driven linear bear-
ing arranged in series. This arrangement enables automated
load control during the measurement, which is necessary for
the measurements of the hysteresis envelopes. Applied loads
ranging from 0.25-15 N are possible.

A high-precision laser triangulator (Keyence LK-G82) and
magnetic Gauss meter (Magnet-Physik FH 55) are used to
measure the sample strain and flux density, respectively.
Furthermore, a specialized sample holder was designed to
minimize friction and inertial effects.

The data acquisition system (Data Translation DT9806)
simultaneously captures B, o, ¢, and the current I during the
measurement process. The current / and the stress ¢ can be
controlled independently. This facilitates versatile and fully
automated measurement sequences.

B. Measurement Methods and Results

The aforementioned measurement setup facilitates the quasi-
static characterization of MSM samples. The magnetic charac-
teristics of the MSM sample causes a minor inhomogeneity of
the flux density within the air gap and sample. The flux density
is slightly increased near the upper and lower end face of the
sample. Thus, the flux density measured directly in between
the magnetic core and middle of the MSM sample differs
from MSM sample’s mean flux density. Using the magnetic
characteristics of Fig. 4, this difference was estimated by
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Fig. 6. Measurement setup for MSM sample characterization with low
moving mass, low friction guidance, high accuracy load cell, and optical
displacement sensor.
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Fig. 7. (a) Method 1 for the measurement of the hysteresis envelope
surfaces in B-direction. (b) Measured hysteresis cycles under three different
compressive stresses of 0.2, 0.9, and 2.2 MPa.

means of a finite element model of the magnetic circuit.
Depending on H and &, the mean flux density in the sample
was found to be 8%—16% higher than in the hall probe. Based
on these investigations, the measured flux density can be easily
corrected to relate the measurements to the sample’s flux
density. Nevertheless, the following figures are related to the
measured flux density.

Two different measurement methods have been developed
for the fully automated scanning of the upper and lower
hysteresis envelope surfaces. The methods differ in the manner
in which the resulting sample strain ¢ is scanned over the
B-o plane. Method 1 continuously varies the magnetic flux
density B under constant compressive stress . In successive
cycles, o is increased by Ac. In contrast, Method 2 varies
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B,o full sample extension

(b) o (MPa)

Fig. 8. (a) Method 2 for the measurement of the hysteresis envelope surfaces
in o -direction. (b) Measured hysteresis cycles for three different flux densities
of 0.26, 0.50, and 1.08 MPa.

o continuously at constant B, and B is increased between
successive cycles by AB.

To effectively measure the hysteresis envelope surfaces (and
exclude any inner surfaces), the MSM sample must be com-
pletely reset and extended at the beginning and middle of each
cycle, respectively. Thus, for Method 1 at the beginning of
each B cycle when B = 0 T, o is momentarily set to maximum
to ensure a complete reset (i.e., complete strain recovery).
During the subsequent increase of B, the observed strain
propagates along the lower limiting hysteresis surface ef.
At maximum B, ¢ is momentarily reduced to 0 MPa again to
allow a full expansion of the sample. During the subsequent
reduction of B, a strain curve on the upper limiting hysteresis
surface ¢y is observed. Fig. 7 schematically depicts measure-
ment Method 1 and associated cycles under three different
loads. These measurements have been conducted using an
MSM sample (20 mm x 2 mm X 1.4 mm) manufactured by
Adaptamat Ltd. in 2007. The 20 and 1.4 mm directions define
the axis of extension and of the magnetic flux, respectively.

In the second method, B is set to maximum at the start
of each cycle (¢ = 0 MPa) to assure a full sample exten-
sion. The subsequent linear increase of ¢ corresponds to ey.
At maximum o, B is set to 0 T for a short time to fully reset
the sample. In the subsequent decrease of o, the strain of the
sample moves along ¢1.. Fig. 8 illustrates Method 2 and shows
measured hysteresis cycles at three different flux densities.

The apparatus measures the hysteresis envelope surfaces
over the B-o plane in the range of 0 T < B < 1.2 T and
0 MPa < ¢ < 4.2 MPa. Due to the high degree of automa-
tion, high repeatability and dense scanning is achievable. The
B-o plane scanning with Method 1 uses a load increment Ao
of 0.05 MPa, whereas Method 2 used a flux density increment
A B of 0.02 T. Figs. 9 and 10 show a subset (one quarter) of the
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Fig. 9. Measured curves of the lower hysteresis surface e (B,o) of the
Adaptamat MSM sample according to measurement Methods 1 and 2.
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Fig. 10. Measured curves of the upper hysteresis surface ey (B,o) of the

Adaptamat MSM sample according to measurement Methods 1 and 2.

measured curves using both methods to determine the lower
and upper hysteresis envelope surface, respectively.

As indicated in Figs. 6 and 7, the measurements according
to Methods 1 and 2 are in very good agreement for both sur-
faces. This observation indicates that the proposed modeling
approach for the limiting hysteresis surfaces is justified and
permissible.

C. Parameter Identification

Based on the measured hysteresis surfaces, the trial func-
tions (9) and (10) presented in Section II-C have been defined.
The MATLAB fit-function contained in the curve fitting
toolbox was used to fit the functions to the measurement
data. As the proposed functions are well-conditioned and not
overly complex, parameter identification can also be performed
manually. Fig. 11 illustrates the fitted surfaces together with an
extraction of the Method 1 measurement data. It can be seen
that these functions fit the surfaces of the sample very well.
The corresponding identified parameters are listed in Table I.
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Fig. 11.
hysteresis curves and corresponding fitted limiting hysteresis surfaces (thinner
grid lines).

Measured lower (black lines) and upper (white lines) limiting

TABLE I
IDENTIFIED PARAMETERS OF MSM SAMPLE
FROM ADAPTAMAT LTD

Parameter Value Unit
E 6.25 %
M, 4.00e-6 1/Pa
M, 0.25e-6 1/Pa
M 10 1/T
M, 10e-6 1/Pa
o1 2.20e6 Pa
o, 3.50e6 Pa
03 0.80e6 Pa
n 0.32 -
ny 0 -

IV. MODEL VALIDATION

A. Model Implementation

The multi-domain modeling language Modelica was used to
implement the MSM element model described in Section II.
All simulations have been performed in Dymola 2013. The
measurement setup provided in Section III has been modeled
using the developed MSM element in order to compare simu-
lation and measurement results. Fig. 12 depicts the schematic
view of the simulated model. Like the measurement setup,
the simulated model consists of a power supply, an excitation
winding, a magnetic core, the MSM element, and a bias
spring with controllable position. The lumped MSM element
has additional connectors to the magnetic domain (air gap)
and mechanical domain (mechanical output of the sample).
Thus, it can be directly inserted within the magnetic circuit
subsystem and connected to the mechanical load subsystem
of the network model.
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Fig. 12.

according to Fig. 6, including the electrical excitation, magnetic circuit, and
mechanically loaded MSM sample within the air gap.

—Measurement
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Fig. 13.
strain exposed to simultaneously varying flux density and compressive stress.

Comparison of measurements and simulation results of the MSM

B. Comparison of Simulation Results to Measurements

A test case was utilized to directly compare simulation
results to measurement data. The MSM sample was loaded
with simultaneously varying flux density B and compressive
stress o. A sinusoidal current with a frequency of 0.5 Hz is
prescribed, which yields a nearly sinusoidal flux density in the
air gap with an amplitude of ~1.1 T. In parallel, the spring
is linearly elongated resulting in a ramped compressive stress
increasing from 0 to 3 MPa.

Dynamic mechanical and electromagnetic effects in the
sample, such as inertia and eddy currents, can be neglected
in the frequency range applied here. Estimates reveal stress
from accelerating forces at least two orders of magnitude
lower than static stress. Taking into account the electrical
conductivity, maximum permeability and sample dimensions,
the cutoff frequency is >500 Hz. This is consistent with results
from publications, which describe the MSM effect to be quasi-
static up to the kilohertz range [21].
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Fig. 14. Butterfly loops of the mechanical strain versus magnetic flux density
corresponding to Fig. 13.

Fig. 13 indicates the measurements of B, ¢, and ¢ together
with simulation results from both MSM models: 1) one using
adapted hyperbolic trial functions and 2) the other using
interpolation of measured hysteresis surfaces. Fig. 14 shows
the corresponding butterfly loops of the strain ¢ over the flux
density B.

The test case reveals a reasonable agreement between the
measurements and simulated model behavior. Higher devia-
tions observed at certain points are attributed to the steep
slope of the hysteresis surfaces at these points. In these
locations, small variations in measurement conditions between
the measurement of the hysteresis surfaces and measurement
of the test case can already lead to significant differences.
We also note that the measurement conditions are influenced
by slightly varying sample positions after assembling, friction,
and temperature for which the lumped scalar MSM model does
not account for.

The modeling method using interpolated hysteresis surfaces
is slightly more accurate than the approach using trial func-
tions. It is anticipated that these differences will be more sig-
nificant for MSM samples whose hysteresis envelope surfaces
cannot be captured as well as those of the example included
herein.

In general, the good agreement between the simulated
and measured mechanical strain indicates that this extended
Tellinen approach can be successfully applied for the phenom-
enological modeling of the 2-D hysteresis behavior of MSM
elements if the mentioned restrictions are taken into account.

V. CONCLUSION

This paper described an extended Tellinen hysteresis model
for the 2-D hysteresis behavior ¢(B,o0) of the strain of
MSM materials. Two variants of the model have been
implemented as lumped network elements in Modelica.
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The first variant used trial functions for an analytical
approximation of the measured hysteresis envelope surfaces.
The second variant interpolated these surfaces directly from a
grid of experimentally measured sampling points and numer-
ically computed their partial derivatives.

The first variant was reported to be numerically more stable
and faster, whereas the second variant presents a more elegant
and accurate method for capturing specific material behavior.

The models reproduce the typical arrangement of MSM
materials in actuator applications having a homogeneous mag-
netic field perpendicular to the stroke axis, and compressive
stress acting as both load and mechanical reset. The models
are capable of simulating arbitrary outer and inner hysteresis
trajectories. Their application was successfully demonstrated
by means of a multi-domain network model using Dymola.

A dedicated testing apparatus and automated test methods
for the measurement of the hysteresis envelope surfaces have
been developed. These methods were employed for the char-
acterization of a commercially available MSM sample.

A validation case with simultaneously varying magnetic
flux and load revealed good agreement between measurements
and simulation results for both modeling approaches. The
availability of additional trial functions could improve the
accuracy of future simulations as new MSM materials are
made available. The models developed herein are particularly
well suited for system simulation in the development and
optimization process of MSM-based actuators due to their low
computational expense.

A principal weakness of the Tellinen model is the limited
capturing of the inner loop hysteresis behavior. To partially
overcome this deficiency and increase the accuracy of inner
loop behavior, the linear factors kg and k, could be replaced
by more sophisticated formulations. Moreover, future investi-
gations will consider temperature and material aging effects.
Finally, it is also conceivable to apply the extended Tellinen
model to other solid-state actuators such as thermal shape
memory actuators or other phase change materials.
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