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Abstract 

A magnetostrictive material elongates when it is subjected to a magnetic field. 
This effect can then be used to design powerful actuators. The department of 
electromagnetic engineering has been working with magnetostricitve material 
and their applications since the 1980s and is presently engaged in a project 
focusing on magnetostrictive transducer utilisation for the aeronautic field. 

The focus of the presented work has been to develop and improve methods and 
tools supporting the development of magnetostrictive actuators. 

The axial-radial model was previously developed at the department and is well 
suited for circular cross sections of magnetostrictive rods. It is, however, 
common to laminate the magnetostrictive rods resulting in rectangular cross 
sections. The use of Cauer circuits allows modelling of the shielding effect. This 
shielding effect results in non-homogenous magnetisation and stress in both 
rectangular and circular cross sections of the rod. A model based on Cauer 
circuits, including a hysteresis model based on experimental data, was 
developed during the project. Furthermore, it is demonstrated how figures of 
merit and the use of finite element methods can be used to find optimised 
designs in a systematic and computational efficient way. The modified 
generalised Fabry factor and the magnetisation inhomogeneity coefficient are 
two proposed new figures of merit. 

A Magnetostricitve material is characterised through an experimental procedure. 
Usually, magnetostrictive material exhibit large hysteresis. An important part of 
the material characterisation is the post-processing of the measurement data, 
including a de-hysterisation procedure. In the thesis, a de-hysterisation method 
which ensures energy consistent data is presented. Energy consistent material 
data is essential to achieve energy consistent simulations of magnetostrictive 
systems. 

It is also demonstrated how the knowledge at the department can be utilised in 
international projects. In an ongoing project, the department is engaged in two 
sub tasks. In one of these sub tasks a high torque actuator is to be developed for 
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the helicopter industry. The developed magnetostrictive models are used to 
perform system simulations of such actuator systems. In the other sub task a 
device for power harvesting from vibrations is analysed. It has now been shown 
how to adapt the load impedance in order to extract maximal electric power 
from the device. 
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Chapter 1  

Introduction 

1.1 Background 

When a magnetostrictive material is subjected to a magnetic field its dimension 
changes. This effect was first discovered by James Prescott Joule in 1842 [23]. 
Traditional magnetostrictive material such as iron, nickel, ferrite are of low 
magnetostriction. The elongation along the axis of magnetisation, is for such a 
material in the order of tens per million of the original length.  

In the sixties it was found that Terbium and Dysprosium are highly 
magnetostrictive, (100-10000 times of earlier materials). Unfortunately, these 
huge strains were only achieved at cryogenic temperatures [24]. In the seventies, 
A.E. Clark and his colleagues at US NAVY discovered that the rare earth 
element binary alloys, such as TbFe2 and DyFe2, have very high 
magnetostriction even at room temperature. However, these materials have a 
high anisotropy, which means that a very high magnetic field is needed to get 
large magnetostriction. This causes great difficulty in practical applications. 
Later on a useful compound was found. By adding the right amount of 
Dysprosium to TbFe , the anisotropy was minimised. The alloy was called 
Terfenol-D from TERbium, FErrum, Naval, Ordnance, Laboratory and 
Dysprosium. Since this material exhibits a magnetostriction of ten to several 
hundred times of the traditional magnetostrictive material, such a material is 
called “a giant magnetostrictive material”[1]. 

Giant magnetostrictive materials, such as Terfenol-D, can be used to design 
powerful actuators. The achievable force is substantial and the effective stress of 
such active material is typically in the range of 10-40 MPa in actuators. Typical 
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applications of magnetostrictive actuators are underwater sound transducers, 
ultrasonic cleaning and welding, linear and rotary motors, hydraulic pumps and 
valves etc [1]. 

When a magnetostrictive material is subjected to a compressive force, its 
magnetisation changes. This inverse magnetostrictive effect, called the Villary 
effect, can be utilised in sensors and generators [5]. 

This thesis was written in parallel with an ongoing EC-funded research program, 
Magnetoelastic Energy Systems for Even More electrical Aircraft (MESEMA) 
[19]. The MESEMA project is a technology oriented research program devoted 
to accomplish useful technologies in aeronautics by implementing innovative 
transducer systems based on piezoelectric and magnetostrictive materials. 
MESEMA is the last project in a suite of four European Commission funded 
projects. The first project started in 1994 and was called ECAMMA (European 
Concerted Action on Giant Magnetostrictive Material and Applications). The 
goal was to create an European expert team, regarding magnetostrictive 
technology, that should form the base for future technology development. The 
second was called MADAVIC (Magnetostrictive Actuators for Damage 
Analysis and Vibration Control). The focus of MADAVIC was actuator 
technology and during this project a light and a heavy generic magnetostrictive 
actuator was developed. The third project MESA (Magnetostrictive Equipmant 
and system for More Electric Aircraft) was much more “application oriented” 
than its precursor, with very challenging requirements of three main “end-users” 
in the aircraft industry. 

1.2 Aim 

The major goal of this work is to develop models and methods that can be used 
in simulations of magnetostrictive transducers in order to facilitate the 
development and the optimisation of new transducers. A secondary goal has 
been to modernise the magnetostrictive laboratory at the department. In the 
laboratory, magnetostrictive materials can be characterised such that they can be 
used in the developed simulation models of magnetostrictive actuator systems. 
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1.3 Outline 

Chapter 2 gives a description of several modelling approaches of 
magnetostrictive actuators. The linear model is described first. 
Furthermore, the axial and axial-radial models are presented. The 
influence of eddy currents are discussed and a hysteresis model is 
presented. Finally, a model based on Cauer circuits including the 
hysteresis model and experimental material data that was developed 
during the project is presented. 

Chapter 3 shows design approaches facilitating the development of new 
magnetostrictive actuators. Focus lies on different magnetisation 
approaches. It is demonstrated how figures-of-merits and the use of finite 
element methods can be used to find optimised designs in a systematic 
and computational efficient way [12]. The modified generalised Fabry 
factor and the magnetisation inhomogeneity coefficient are two new 
figures of merit that were proposed during the project [11]. 

Chapter 4 describes how magnetostrictive materials are characterised using the 
facilities in the laboratory at the department. An important issue, when 
characterising magnetostrictive material, is the post processing of the 
measurement data. A new de-hysterisation approach which ensures energy 
consistent data is presented [13]. This approach was established during the 
project. 

Chapter 5 describes how the hysteresis model, presented in chapter 2, was 
implemented in the simulation package Dymola and verified by 
experiments. 

Chapter 6 gives two examples of applications from the MESEMA [19] project. 
In the first example a high torque actuator to be used to replace the swash 
plate in helicopters is presented. The second application is the VIBEL, 
VIBrational ELectrical energy, which is a device for power harvesting 
from vibrations in vehicles. 
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Chapter 7 summarises obtained results and gives conclusions.  

Chapter 8 gives topics for future activities. 

1.4 List of publications 

Some of the results in this thesis have been published in the publications below. 

• M. Oscarsson G. Engdahl: “Key Numbers in Design of Magnetostrictive 
Actuators and Generators”. Actuator 2006, Bremen, Germany, June 14-16 
2006. 

• M. Oscarsson G. Engdahl: “An Approach to Optimising the Coil and 
Magnetic Circuit of Magnetostrictive Actuators”. The 2nd International 
Conference “From Scientific Computing to Computational Engineering” – 
IC-SCCE, Athens, Greece 5-8 July 2006. 

• M. Oscarsson G. Engdahl: “Energy Consistency in De-hysterisation of 
Magnetostrictive Material Strain and Magnetisation Data”. Accepted for 
publication at, III ECCOMAS thematic conference on smart structures and 
materials, Gdansk, Poland, July 9-11, 2007. 
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Chapter 2  

Modelling Approaches 

2.1 Introduction 

In the design and optimisation of magnetostrictive actuators it is of great 
importance to have powerful modelling tools. When designing a 
magnetostrictive transducer a common approach is to start with a linear model 
or to use some rule of thumb. As the design starts to take shape more and more 
advanced design tools are applied in order to optimise and verify the features of 
the design. The aim of this chapter is to review current state-of-the-art modelling 
approaches, that can facilitate magnetostrictive transducer development. 

In section 2.2 the linear small-signal model is reviewed [1]. An example is 
presented where the small signal model is represented by an electrical circuit 
and implemented in the simulation package Dymola. 

In section 2.3 the axial non-linear model previously developed at the 
department, is reviewed. 

In section 2.4 a hysteresis model, developed at the department, is thoroughly 
examined. 

In section 2.5 the effects of eddy currents are discussed. First, it is demonstrated 
is how eddy current effects can be taken into account for in linear models. Then, 
the axial-radial model is reviewed. Finally, the use of Cauer circuits are 
described. 
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2.2 The linear small-signal model 

A magnetostrictive rod of unity length and constant cross sectional area is 
placed in a magnetisation field, see Fig. 2.1. In a longitudinal mode operation, 
which is the most common, the state of the rod can be determined by four state 
variables: 

S, the mechanical strain 
 T, the mechanical stress 
H, the magnetisation field 
B, the flux density 

H B

S

T

Original size

X0

XΔ

0

XS
X
Δ

=

X
 

Fig. 2.1 A magnetostrictive rod in a homogenous magnetisation field subjected 
to a homogenous  stress. 

The equations below represents the small-signal linear description of 
magnetostriction, 

 ( )
( )

H

T

a S s T dH
b B dT Hμ

⎫= + ⎪
⎬

= + ⎪⎭
. (2.1) 
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The numerical values of the parameters 

Hs , the elastic compliance at constant H, 
Tμ , the permeability at constant T and 

d , the magnetostrictive cross-coupling coefficient 

have to be obtained by experimental work. How this can be done is shown in 
Chapter 4. The parameters are dependent on the mechanical prestress and 
magnetic bias i.e. the working point. The following assumptions are associated 
with Eq. (2.1): 

• Linear operation is assumed. 

• The magnetostrictive process is assumed to be reversible. 

• Stress and strain along the length, and stress over the cross-section of the 
rod, are assumed to be uniform. 

In the linear formulation the dependent and independent variables may be 
chosen arbitrarily. An alternative form of Eq. (2.1) can be obtained by 
eliminating H from the first equation and then eliminating T from the second 
equation, according to 

 

1( )

1( )

B

s

a T S B
s

b H S B

λ

λ
μ

⎫= − ⎪⎪
⎬
⎪= − +
⎪⎭

, (2.2) 

where  

  Bs  is the elastic compliance at constant B 
  sμ  is the permeability at constant S and 

  T B S H

d d
s s

λ
μ μ

= = . 

It can also easily be shown that 
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2

2

B H
T

S T
H

ds s

d
s

μ

μ μ

⎫
= − ⎪⎪

⎬
⎪= − ⎪⎭

. (2.3) 

One important magnetostrictive material property is the coupling factor k . 2k  
denotes the fraction of magnetic energy that can be converted into mechanical 
energy per cycle of operation. 2k  can thus be calculated by taking the difference 
between the maximal and minimal magnetic energy in the material and dividing 
it by the maximal magnetic energy in the material, 

 
2 2

2
2

2

1 1
2 2

1
2

T S

H T
T

H H dk
sH

μ μ

μμ

−
= = . (2.4) 

2.2.1 Equivalent circuit 
A common method to analyse magnetostrictive systems is to rewrite and 
interpret the variables and parameters as currents and voltages in an electric 
circuit consisting of discrete and well known components. A situation where this 
approach can be used is shown below, where a magnetostrictive rod loaded by a 
passive mechanical load is magnetised harmonically by a current in a 
magnetising coil, see Fig. 2.2. 
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I
U

M

R

CV

F

 

Fig. 2.2  A Magnetostrictive rod with a passive mechanical load. 

The active material in Fig. 2.2, which has a cross sectional area, rA , and a 
length, rl , is encircled by a coil with N turns. By considering harmonic 
excitations with angular frequency ω  and the definitions in Fig. 2.2, the state 
variables can be expressed as 

 r r

r r

v NIS H
j l l

F UT B
A j NA

ω

ω

⎫= = ⎪⎪
⎬
⎪= − =
⎪⎭

. (2.5) 

It is now possible to rewrite Eq. (2.1)(a) and Eq. (2.2)(b) by using the definitions 
in Eq. (2.5) and obtaining 

 

1 r
H H

r

S r
H

r

dA NF v I
j C s l

dA NU j L I v
s l

ω

ω

⎫= − + ⎪⎪
⎬
⎪= +
⎪⎭

, (2.6) 

where 

 
2

H H r

r
s

S r

r

lC s
A

N AL
l

μ

⎫= ⎪
⎪
⎬
⎪=
⎪⎭

. (2.7) 
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HC  can be seen as the inverse of the spring constant, i.e. the compliance, when 
the H-field is kept constant and SL  can be seen as the inductance of the coil 
when the strain of the active material is kept constant. In the same manner 

 
2

B B r

r
T

T r

r

lC s
A

N AL
l

μ

⎫= ⎪
⎪
⎬
⎪=
⎪⎭

 (2.8) 

can also be defined. BC  is the inverse of the spring constant when the induction 
field is constant and TL  is the induction of the coil when the stress of the active 
material is constant. 

2.2.1.1 Equivalent electric circuit 
In the impedance representation of a mechanical system, forces correspond to 
voltages and velocities to currents. An inductor will then correspond to a mass, a 
capacitor to a compliance and a resistor to a velocity dependent damper. To 
obtain a correct impedance representation, in the actual case, a so-called gyrator, 
must be used for the coupling between electrical and mechanical branches. The 
gyrator has two ports and is constructed in such a way that a current on one port 
is proportional, by the proportional constant G , to the voltage at the other port 
opposite to a transformer, where the respective currents are proportional to each 
other. 

Eq. (2.6) can be rewritten as 

 
1

H

S

F v GI
j C

U j L I Gv
ω

ω

⎫= − + ⎪
⎬
⎪= + ⎭

 (2.9) 

and the gyrator concept can be directly applied where the gyrator ratio is 

 r
H

r

dA NG
s l

= . (2.10) 
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The equivalent circuit of the system, illustrated in Fig. 2.2 and described by Eq. 
(2.9), is shown below in Fig. 2.3. The leakage flux in the coil is omitted and the 
flux return path is of zero reluctance. Thus, all magnetic energy is placed in the 
active material. Furthermore, the coil has zero resistance. 

R

I Ls V

F
C

CH M

G:1

U

 

Fig. 2.3 Impedance representation of system in Fig. 2.2. 

 

2.2.2 Analysis of the circuit 
The electrical open circuit resonance frequency, ,r if , and the electrical short-
circuit resonance frequency or the electrical anti resonance frequency, ,a if , are 
defined as 

 
,

,

1 1
2
1 1

2

r i H

a i B

f
MC

f
MC

π

π

⎫
= ⎪⎪

⎬
⎪= ⎪⎭

, (2.11) 

where index i  denotes that an ideal circuit is considered [3]. At ,r if  the circuit, 
described by Fig. 2.3 shows maximum electric impedance and the rod gives 
maximum mechanical output if it is fed by a current source (assuming R small 
and C infinitely large). At ,a if  the circuit shows minimal electric impedance and 
gives maximal mechanical output if it is fed by a voltage source [3]. We observe 
that ,r if  and ,a if  are dependent of the load mass M. In order to estimate of in 
what range ,r if  and ,a if  lies we then must choose a mass M. 
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A spring, which is fixed in one end and free in the other, has approximately the 
resonance frequency, eigf  [10], 

 1 1
2 ( / 3)eig

c

f
M Cπ

≈ , (2.12) 

where C is the compliance and Mc the mass of the spring. 

To achieve an approximation of the magnetostrictive rod self resonance 
frequencies the loading mass M  then is chosen to a third of the mass of the rod 
itself. Then ,r if  and ,a if  will be 

 

,

,

1 1 1 1 1 3 1
2 2 2/ 3

1 1 1 1 1 3 1
2 2 2/ 3

r i H H
H r r

r r
r

a i B B
B r r

r r
r

f lMC l sl A s
A

f lMC l sl A s
A

π π π ρρ

π π π ρρ

⎫
= = = ⎪

⎪⋅
⎪
⎬
⎪= = = ⎪

⋅ ⎪
⎭

. (2.13) 

With 11 24 10 [ / ]Hs m N−= ⋅ , 11 21.76 10 [ / ]Bs m N−= ⋅  and 39230[ / ]kg mρ =  [2] ,r if  and 

,a if  are plotted as a function of the length of the rod varying from 0.01 to 0.1 
[m], see Fig. 2.4. 

Remark: The factors 1 1650[ / ]H m s
sρ

≈  and 1 2480[ / ]B m s
sρ

≈  in Eq. (2.13) are 

the speed of sound in the active material when the magnetisation field is 
constant and when the induction field is constant, respectively. 
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Fig. 2.4 Resonance and anti resonance frequency in longitudal mode for a rod 
of Terfenol-D, clamped in one end and free in the other. 

 

If the load mass is higher, the resonance frequencies would be lower. This 
means that the values in Fig. 2.4 represents the free end resonance frequencies 
for Terfenol-D rods. 

2.2.3 The linear model implementation in Dymola 
Dymola [25] is a multi-engineering simulation package, which means that its 
models can comprise components from many engineering domains. This feature 
allows models of composite systems as magnetostrictive actuator systems to be 
managed. Therefore, the created models were implemented in this program. A 
numerical example is taken from an magnetostrictive actuator built within the 
EC supported project MESEMA [19]. The circuit in Fig. 2.3, with parameter 
values from this example, is implemented in Dymola. In Table 2-1 the parameter 
values of this example are presented. 
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Table 2-1 Simulation parameters. 

Description Symbol Value Unit 

Length of active material rl 0.05  m  

Cross sectional area of active material rA 41.77 10−⋅  2m  

Number of turns of the coil N  116  - 

Permeability at constant T Tμ  08 μ⋅  /Vs Am  

Elastic compliance at constant H Hs  114 10−⋅  2 /m N  

Magnetostrictive constant d  915 10−⋅  /m A  

 

First simulations were performed when the rod is free in one end and fixed in 
the other. The simulations were performed for a voltage source and a current 
source in the circuit described in Fig. 2.3. The result is shown in Fig. 2.5 in 
which one can see that the mechanical output exhibit its maximum at 9 [kHz] for 
a voltage source and about 14 [kHz] for a current source. This is also predicted 
in Fig. 2.4. 
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Fig. 2.5 Mechanical output for a rod that is free in one end and fixed in the 
other. 

 

To continue the investigation, the mechanical output displacement of the 
actuator was studied at typical operation conditions, see Fig. 2.6. In the 
simulations the actuator is fed by a current source with an amplitude of 15 [A] 
and varying frequency. Furthermore, the rod is loaded by a mass, M, of 3 [kg], a 
damper, R, of 15 [kNs/m] and an external compliance equal to BC = 911.3 10−⋅  
[m/N]. 

In Fig. 2.6(a) the load compliance is varied around BC . As can be seen, the 
displacement decreases for decreasing compliance and the resonance frequency 
increases for decreasing compliance. 

In Fig. 2.6(b) where the load mass, M, is varied and one can see that the 
resonance frequency is lower if the actuator is loaded by a bigger mass. 

Fig. 2.7 shows that a higher damping lowers the displacement and the resonance 
frequency. 
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(a)                                                                      (b) 

Fig. 2.6 Effects of change of, (a) load compliance, (b) load mass. 

 

Fig. 2.7 Effects of change off load damper. 
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2.3 Nonlinear model 

In the previous chapters it has been assumed that the variation of the state 
variables are so small that a linear relationship between them can be assumed. In 
reality magnetostriction is nonlinear. S and B are nonlinear functions of T and H 
according to 

 ( ) ( , )
( ) ( , )
a S S T H
b B B T H

= ⎫
⎬= ⎭

. (2.14) 

The functions ( , )S T H  and ( , )B T H  have to be obtained by experimental work and 
how this is done is shown in chapter 5. It is common to separate the 
magnetisation of vacuum and the magnetisation of the active material according 
to 

 0( , ) ( , )B T H H M T Hμ= + . (2.15) 

2.3.1 The axial model 
The rod is modelled by dividing the magnetostrictive rod into a finite number, 
n , sections of equal lengths, sl . In each section the state variables T, H, B and S 
are assumed to be spatially constant and defines the section state. The mass of 
the rod is concentrated to point masses situated at the boundaries between the 
sections, see Fig. 2.8. 

u0 u1 u2 ui un

ls
Ti-1
Hi-1
Bi-1
Ii-1

Ti
Hi
Bi
Ii

 

Fig. 2.8 Rod divided into finite number of sections. 
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Two kinds of forces act on each mass. The first force equals i rT A  where rA  is the 
cross section area of the rod. The second is a damping force. The damping 
coefficient, cd  of a critical damped system comprising a mass, a damper, and a 
compliance is 

 2 2c H H

m Ald A
c ls A s

ρ ρ
= = = . (2.16) 

The damping of Terfenol-D is not exactly known. However, in this model it is 
often assigned as one tenth of the damping in a critically damped system, i.e. 

0.1η = , such that the damping coefficient equals 

 2 0.1 2 0.2c H H

m Ald A
c ls A s

ρ ρη= = ⋅ = . (2.17) 

By expressing the force equilibrium equation for each mass, a set of equations is 
obtained. The system of equations then can be written as 
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⎭

&& & & & &

. (2.18) 

The functions exp ( , )i i iB B T H=  and exp ( , )i i iS S T H=  are found by experimental 
characterisation of the active material and stored in a database. 

Two typical boundary conditions are:  

1) The left end of the rod in Fig. 2.8 is clamped 
i.e. 0 0u = .  
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2) The stress at the right end is given by the external load 
i.e. 1n loadT T+ = . 

Three typical initial conditions are: 

1) All elements are at rest i.e. 0iu =&  

2) The stress of all elements are equal to the external stress 
i.e. i loadT T=  

3) The magnistation field for all elements is given by the 
imposed magnetisation field i.e. i exH H= . 

 

2.4 Hysteresis 

Magneto-elastic materials are highly non-linear and exhibit large hysteresis. To 
achieve accurate simulation results, the computational tool then must include 
characterising data of the magnetoelastic material and a hysteresis model based 
on experimental data. 

There exists a wide variety of hysteresis models in the literature. The most 
common are the Jiles-Atherton model [31][32] and the Preisach model [33] that 
can be extended to several dimensions. Kuhnen has described the Prandtl-
Ishinskii-Operator model for piezoelectric applications [34]. This model was for 
example used in the MESEMA project [19]. 

However, the implemented hysteresis model in this work, originally proposed by 
Bergqvist [35] [36], is more easy to implement in a computer code and gives 
accurate results. 

This model uses the concept of Coulomb friction to describe the pinning of the 
magnetic domains. The magnetising field then corresponds to the horizontal 
force that can move an object subjected to friction on a flat surface. A real 



Chapter 2  Modelling Approaches  

 20

magnetic material can be regarded as a mixture of several objects with different 
threshold forces for initiating their motion. These different forces correspond to 
the different pinning magnetic fields of the corresponding volume fractions of 
the magnetic material. The volume fractions are designated pseudo particles and 
can be described by a density function ( )i iζ α , where iα  is a so-called friction 
multiplier which is proportional to the pinning field corresponding to particle i  
if we divide the material into a finite number, n , pseudo particles. 

Then in the actual two dimensional case, the magnetisation and strain for 
arbitrary variations of field and stress are calculated by Eqs. (2.19) and (2.20) 

 exp
1

( ( ), ( ))
n

i i i i i
i

M M H Tα α ζ
=

= ∑ % % , (2.19) 

 exp
1

( ( ), ( ))
n

i i i i i
i

S S H Tα α ζ
=

= ∑ % % . (2.20) 

iH%  and iT%  are so-called backfields and are calculated from past history of both 
H  and T . In order to calculate iH%  and iT%  the inequity, 
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is checked, where CH  [kOe] is the magnetic and CT  [MPa] is the mechanical 
coercive force. If the left hand side is bigger than the right hand side of Eq. 
(2.21) iH%  and iT%  are updated according to 
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, (2.22) 

such that the left hand side of Eq. (2.21) remains equal to 2
iα . Otherwise iH%  and 

iT%  are left unchanged. Here ,i newH%  and ,i newT%  are calculated in the current time step 
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of a simulation and ,i oldT%  and ,i oldH%  are saved values from the previous simulation 
time step. Eqs. (2.21) and (2.22) can also be described in terms of a play 
operator [37] with H  and T  as input arguments and iH%  and iT%  as output values 
i.e. ( , ) [ , ]

ii iH T P H Tα=% % . In order to illustrate the function of the play operator a small 
example with only two pseudo particles is presented. If equity holds in Eq. 
(2.21) and 1α = , then Eq. (2.21) is the equation of an ellipse in the ,H T  plane 
with the centre point in ,i iH T% %  and with major axis CH  and CT . 

Our example starts when all variables are equal to zero, see Fig. 2.9(a). When a 
small outer magnetisation field is applied, the pseudo particle with the smallest 
α  value, 1α , will be updated according to Eq. (2.22), see Fig. 2.9(b), where the 
centre of the ellipse “Back field 1” has been moved slightly to the left. 

 

 

  (a)   (b) 

Fig. 2.9 Two pseudo particles, Variables at zero(a), Small excitation by applied 
magnetisation field(b). 
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As the applied magnetisation field increases pseudo particle 2 also starts to be 
updated, see Fig. 2.10(a). Finally, in Fig. 2.10(b) a mechanical stress is also 
applied which will update the pseudo particles in both T and H direction. In 
order to calculate the magnetisation and strain in each instant Eqs. (2.19) and 
(2.20) are used. 

 

Fig. 2.10 Two pseodo particles. High magnetisaton field (a), High magnitisation 
and stress (b). 

 

The pseudo particle weight distribution, ( )ζ α , is a sum of a Gaussian and a 
Dirac delta function, 

 2( ) exp ( 1) ( )Aζ α α λδ α⎡ ⎤= − − +⎣ ⎦ , (2.23) 

where λ  is an adjustable parameter corresponding to the reversibility of the 
material and A  is given by the normalisation condition that in the discrete case 
looks like 
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1

( ) 1
n

i i
i

ζ α
=

=∑ . (2.24) 

As an example of how Eq. (2.24) is applied we consider a case where 5 pseudo 
particles are used and a reversibility of 0.65 is assumed. In Fig. 2.11 the 
corresponding density function is plotted for 2 3 4, ,α α α  and 5α . 

 

Fig. 2.11 Density function. The stars correspond to selected discrete points. 

 

Table 2-2 illustrates Eq. (2.23) after normalisation by Eq. (2.24). 
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Table 2-2 The discrete density function. 

Particle number, 
i   

Friction multiplier, 
iα  

Volume fraction, 
iζ  

1 0 0.65 

2 0.5 0.093 

3 1 0.12 

4 1.5 0.093 

5 2 0.044 

 1iα = 1iζ =∑

 

The presented hysteresis model has only three independent model parameters, 
CH , CT  and λ  which can be estimated relatively easy by experimental data. How 

this is done is shown in chapter 5. 

It is possible to show that the instant hysteresis power loss, 3[ / ]Wq W m& , for an 
arbitrary process can be calculated according to [35] 

 ( ) ( )Wq H H m T T s= − + −% %& & & , (2.25) 

which is a suitable expression for implementation in a computer code. 
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2.5 Eddy currents 

During dynamic magnetisation of a ferromagnetic material, ohmic losses occur 
due to circulating currents in the material, so-called eddy currents. The inner 
currents give rise to a magnetic field which opposes the externally applied field. 
This phenomena is called eddy current shielding [16]. The result is that the 
material is not homogenously magnetised for high frequencies. 

2.5.1 Analytical methods 

2.5.1.1 Eddy current factor 
In Fig. 2.12 the eddy currents are illustrated in a magnetostrictive rod during 
dynamic magnetisation. 

d

Eddy currents

Magnetostrictive rod

Magnetic flux

 

Fig. 2.12 Eddy currents in a rod. 

The H-field inside of the rod along the radius, r , will depend on the radius of 

the rod 1 / 2r d=  and 
S

k ωμ
ρ

=  according to [2]: 
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1 1

( ) ( )( )
( ) ( )ex

ber kr jbei krH r H
ber kr jbei kr

+
=

+
, (2.26) 

where ber  and bei  are the real and imaginary part of the of the Bessel function 
of the first kind and zero order. The eddy current shielding effect is illustrated in 
Fig. 2.13 where 1kr  is altered. 

 
Fig. 2.13 Magnetic field in the rod for kr1=1, 2, 3, 5, 10, 50. 

 
The effects of eddy currents can be taken into account in the linear model by 
means of the eddy current factor, χ . An effective internal magnetic field, effH , is 
defined as the geometric mean of the magnetic field in the cross section of the 
rod and is calculated according to 

 ( )eff ex r i exH H j Hχ χ χ= = − , (2.27) 

where 
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1 1 1 1
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1 1 1

1 1 1 1
2 2

1 1 1
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( ) ( ) ( ) ( )2
( ) ( )

r

i
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χ

χ

′ ′− ⎫= ⎪+ ⎪
⎬′ ′− ⎪=
⎪+ ⎭

. (2.28) 

Furthermore, if 

 1 Sr
f
ρ

π μ
< , (2.29) 

it is considered that full field penetration is achieved and it is then possible to 
estimate the losses per unite volume active material [14] according to 

 
1

2 2 2
1

ˆ(2 )
16r
f B rP π

ρ
= . (2.30) 

2.5.1.2 Rectangular cross section area 
It can often be assumed that the eddy currents have small effect on the externally 
applied magnetitizing field, i.e. there is full field penetration. In order to achieve 
full field penetration and to reduce the eddy current losses, it is common to 
laminate the magnetostrictive rod as shown in Fig. 2.14. 



Chapter 2  Modelling Approaches  

 28

Magnetic flux

d

Eddy currents

Magnetostrictive rod

Electrically insulating layer

t

 

Fig. 2.14 Magnetostrictive rod with 4 laminates. 

 

In such a case, for a lamination thickness, t , and a sinusoidal B -field and 
assuming linearity, the eddy current power losses, tP , per unit volume are 
[16][9] 

 
2 2 2ˆ(2 )

24t
f B tP π

ρ
= , (2.31) 

where ρ  is the resistivity of Terfenol-D. This is usually considered to be a valid 
approximation if 

 St
f
ρ

π μ
< . (2.32) 
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The maximal lamination thickness for full field penetration is plotted as a 
function of frequency for Terfenol-D ( Sμ =7 0μ  and 858 10 [ ]mρ −= ⋅ Ω , [28]) in Fig. 
2.15 and for Galfenol ( Sμ =250 0μ  and 847.5 10 [ ]mρ −= ⋅ Ω , [38]) in Fig. 2.16. 

 

Fig. 2.15 Maximal lamination thickness for full field penetration of Terfenol-D. 
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Fig. 2.16 Maximal lamination thickness for full field penetration of Galfenol. 

As in the case of a circular cross section it is possible to analytically calculate 
the eddy current shielding effect of a rectangular cross section, as described by 

Eq. (2.33), for the lamination thickness t and 
Sfπ μγ

ρ
=  [9] 

 cosh 2 cos 2( )
cos cos

x xH x
t t

γ γ
γ γ

+
=

+
, (2.33) 

where 1/ 2x =  corresponds to half of the thickness of the laminate. The eddy 
current shielding effect in long rectangular laminates is illustrated in Fig. 2.17.  
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Fig. 2.17 Magnetic field in a rectangular laminate for γ t=1, 2, 3, 5, 10, 50. 

 

2.5.2 The axial radial model 
As shown in the previous chapters, the magnetisation field varies with the radius 
of a magnetostrictive rod. The previously described axial model is not capable 
of resolving radial variations of e.g. mechanical stress and field. To handle this 
variation the axial model is extended by dividing each axial element in radial 
sections, as shown in Fig. 2.18. For each element in Fig. 2.18 it is possible to 
define the states variables 

,i jT the mechanical stress in section ,i j  

,i jB the flux density in section ,i j  

,i jH the magnetisation field in section ,i j  

x
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,i jS the mechanical strain in section ,i j  

,i ju  the displacement of the section boundary in element ,i j . 

The constitutive equation for the field distribution, inside of the rod when it is 
exposed to a longitudinal external field, is [1]. 

 
2

2

1H H dB
r r r dt

σ∂ ∂
+ =

∂ ∂
. (2.34) 
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Fig. 2.18 A magnetostrictive rod sectionised in axial and radial directions. 

Then, by combining the discretised Newtons’s law and Eq. (2.34) with 
magnetostrictive and magnetisation experimental data, one can set up the 
following differential algebraic equations for each section [1]. 
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Two typical boundary conditions are:  

1) the displacement of the left rod end in Fig. 2.18 is clamped 
i.e. 0, 0[ 1.. ]ju j m= = . 

2) the stress at the right rod end is given by the external load i.e. 

1,
1 m

n j load
j

T T
m + =∑ . 

Two typical initial conditions are: 

1) All elements are at rest i.e. , 0 [1.. ], [1.. ]i ju i n j m= = =&  

2) The magnistation field for all elements is given by the imposed 
magnetisation field i.e. , [1.. ], [1.. ]i j exH H i n j m= = = . 

In the 1990s the presented model was originally developed at ABB and 
implemented in the simulation package Sandys [41] and further developed at the 
department. 
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2.5.2.1 Simulation of a laminated rod using an axial-radial model 
In the implemented axial-radial model, the cross section is circular. It is, 
however, desirable to be able to use the implemented axial radial model even if 
the rod is laminated. In such a case a scaling factor must be applied in order to 
achieve a correct representation of the eddy current effects. First of all, full field 

penetration must be assumed, i.e. St
f
ρ

π μ
< . In this case, the analytical 

expressions for the volumetric eddy current losses for a circular Eq.(2.30) and a 
rectangular cross section Eq. (2.31) can be applied respectively. The radius of 
the rod to be implemented in the simulation tool, 1r , must then be chosen so that 
the equality 

 
2 2 2 2 2 2

1
ˆ ˆ(2 ) (2 )

16 24e
f B r f B tP π π

ρ ρ
= = , (2.36) 

is valid. It is now found that 

 2
1

16 0.816
24

r t t= = ⋅ , (2.37) 

which is illustrated in Fig. 2.19. 

t
r1

 

Fig. 2.19 Equivalent radius of a rod corresponding to a laminate with the same 
field penetration. 

 



Modelling Approaches  Chapter 2  

 35

2.5.3 Cauer Circuits 
An eddy current modelling technique is Cauer circuits [45]. This technique is for 
example used in [29], [39], [42] and [40]. Here follows a resume of the use of 
this approach for magnetostrictive material. The governing idea is to divide the 
cross-section into a finite number of sections, where every section carries the 
average field and stress over that section. If the sections are chosen sufficiently 
small, the field inside of them is approximately uniformly distributed and so are 
the magnetisation and the stress. This technique is often called “lumping”. 

First, consider the cross sectional area of a magnetostrictive rod, see Fig. 2.20. 

D

d

d

lekv

 

Fig. 2.20 Laminated magnetostrictive rod. 

 

The laminates are added together to a long rectangle. The equivalent length, ekvl , 
of the rectangle is calculated such that the cross sectional area remains. Then, 
the rectangle is divided into smaller sections, see Fig. 2.21 
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Fig. 2.21 A magnetostrictive cross section divided into smaller sections. 
Typically, the width is much larger than the thickness ( ekvl d>> ). Note that the 

coordinate axis parallel to the laminate thickness is inflated considerably. 

 

One can see that every section comprises eddy currents surrounding each other. 
As for the fields, the eddy currents are represented by lumping them in every 
part of the cross-section. Moreover, the eddy currents will create counter fields 
in the enclosed sections. For the modeling approach we suppose that the eddy 
currents in a section do not effect the magnetic flux in the same section. 
Additionally, the flux in a section does not create eddy currents in the same 
section. Therefore, no current is flowing in the innermost section. 

The total flux in the material is 

 1 2 ...tot nφ φ φ φ= + + + . (2.38) 

This can be represented as a circuit that is illustrated in Fig. 2.22, where iℜ  
denotes the reluctance of section i of the magnetostrictive material. The 
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reluctance, iℜ , is a non-linear component which is dependent both on the 
magnetisation field and the stress. We have 

 exp ( , )i i i i i i iB H T Aθ φ= ℜ = ℜ ,  (2.39) 

 i i iH lθ = , (2.40) 

 exp ( , )i i i i i iH l B H T A= ℜ . (2.41) 

Here iθ  is the applied magnetomotive force and il  is the magnetic path length 
over which iH  is applied. This finally gives 

 
( , )

i i
i

i i i

H l
B H T A

ℜ = . (2.42) 

 

 

1φ 2φ 3φ nφ

totφ

1ℜ 2ℜ 3ℜ nℜ

 

Fig. 2.22 Reluctances for different sections. 

The circuit shown in Fig. 2.22 represents the lumping of the magnetic fluxes in 
the different sections of the equivalent laminate. However, we also have to 
represent the eddy currents. This can be done by using a so-called winding 
component, see Fig. 2.23. 
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Fig. 2.23 Winding component with magnetic and electric terminals. 

The winding component realizes the relation between the magnetic flux in a 
material and the currents surrounding the flux, e.g., in a winding or, as in this 
case, a surrounding material section. In the magnetic part of the winding 
component a flux flows and a MMF (magneto motive force) is induced. In the 
electric part an EMF (electro motive force) is induced and a current flows 
through the resistance, R. 

In Fig. 2.24 the eddy current loops are added to the circuit in Fig. 2.22. 
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Fig. 2.24 Cauer circuit including reluctances and eddy currents. 

 

2.5.3.1 Implementation in Dymola 
In Eq. (2.42) we see that the reluctance iℜ  is dependent also on the mechanical 
stress. It is therefore natural to extend the reluctance component with 
mechanical terminals, see Fig. 2.25. The magneto mechanical coupling is 
typically described by the non-linear Eqs. (2.14)(a) and (2.14)(b). However, to 
get a more accurate representation the hysteresis model, described in chapter 
2.4, is also included in each reluctance component. 
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Fig. 2.25 Reluctance component with magnetic and mechanical terminals. 

The governing equations for the magneto mechanical reluctance component then 
are 
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, (2.43) 

where A is the cross sectional area of the component, l is the original length of 
the active material, S the actual length of the material and F is the force, 
respectively. An example of a Cauer circuit implementation in Dymola 
comprising 4 sections is shown Fig. 2.26. 
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Fig. 2.26 Cauer circuit implementation in Dymola. 

 

In Fig. 2.27 the magnetisation fields are plotted as a function of time for the 4 
sections indicated in Fig. 2.26. The circuit is exited by a sinusoidal MMF source 
and a constant prestress. The inner sections are, as expected, subjected to a 
lower magnetisation field due to the eddy currents. Furthermore, the 
magnetisation fields are lagging for the inner sections. 
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Fig. 2.27 Magnetisation fields for a Cauer circuit comprising 4 elements. 
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Chapter 3  

Design approaches 

3.1 Introduction 

When designing a magnetostrictive transducer many engineering disciplines 
must be mastered. The designer must simultaneously consider magnetic, 
electric, mechanic and thermal aspects of the design. Basic mechanical 
demands, e.g. force, stroke, and frequency response, must be fulfilled while at 
the same time electrical constrains, for example current and voltage limits, can 
not be exceeded. Furthermore, the power losses resulting in heating of critical 
parts and overall efficiency must be acceptable. Monetary constrains can also be 
significant in many development projects. The following aspects are critical. 

• Mechanical impedance matching. The mechanical properties of the load 
should be investigated so that the mechanical impedance of the actuator 
can be adopted properly. 

• Electrical impedance matching. The actuator coil must be designed in 
such manner that the electrical source can supply the needed currents and 
voltages. The number of turns and the cross sectional area of the coil are 
adopted to the assigned coil volume. 

• Thermal design. The heat caused by the actuator losses must be managed 
by passive or active means. 
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• Magnetic design. The magnetic circuit of the design has to give 
appropriate magnetisation of the magnetostrictve material. 

In the current work focus lies on the magnetic design. 

3.2 Bias magnetisation techniques 

The heart of a magnetostrictive transducer comprises the magnetoelastic 
material and a surrounding coil. A current in the coil will produce a magnetic 
field in the magnetoelastic material. The magnetoelastic energy is then 
transformed to mechanical work. The strain of the magnetostrictive material is 
independent of the sign of the applied longitudinal magnetisation field. An input 
current of alternating sign will therefore result in a strain with a doubled 
frequency compared to the input current frequency. This can be avoided by 
applying a bias magnetisation, Hbias, such that a more linear relation is 
established between the applied coil current and the strain, see Fig. 3.1. 

S

H

S

H

Hbias  

(a) (b) 

Fig. 3.1 Magnetostriction (a) without and (b) with a bias magnetic field. 
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The bias magnetisation of the material can be supplied by a superposed DC 
magnetisation current or by a permanent magnet arrangement. In Fig. 3.2, an 
example of a magnetostrictive transducer adopting the DC current magnetisation 
approach is illustrated. The magnetic circuit comprises the Terfenol rod, the coil 
and the magnetic coupler, which can be built up of e.g. a transformer sheet metal 
or Permedyn [8][43]. Permedyn is a soft magnetic material with high saturation 
magnetisation and low electrical conductivity. The low conductivity will keep 
down eddy current losses in the magnetic coupler. 

 

Aluminium housing

Steel (force reciver)

Flexible material

Magnetic coupler

Coil

Coil bobbin
Magnetic coupler

Magnetostrictive rod

Magnetic coupler

 

Fig. 3.2 Magnetostrictive transducer using DC-current bias magnetisation. 

There are two principal approaches for transducers, supplied with permanent 
magnets, to achieve a bias magnetisation - series and parallel magnetisation. 
There are also examples of designs when these two principles have been mixed 
[4], but those will not be treated here. In the series magnetisation approach, 
permanent magnets are added in axial direction in series with the 
magnetostrictive material, see Fig. 3.3, where permanent magnets are placed on 
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both ends of the magnetostrictive rod. It is, however, also common to divide the 
rod into smaller rods and place permanent magnets between each piece. The 
magnetisation will then be more homogenous and the magnet utilisation will 
increase. The following “rules of thumb” have previously been worked out for 
disk shaped permanent magnets in series with Terfenol rod sections [3]: 

1. The radius of the permanent magnets should be 1.2-2 times the radius of 
the magnetostrictive rod (ideally 1.25 times). 

2. The length of each section should be 1.5-3 times its radius. 

3. To achieve 1 kOe bias magnetisation, the length of the magnetostrictive 
rods should be 6 times the length of the permanent magnets, if NdFeB 
permanent magnets [44] with remanence, rB = 1.2 [T] and coercivity  

CH =- 950 [kA/m], are used. 

Aluminium housing

Steel (force reciver)

Flexible material

Permanent  magnets

Coil

Magnetostrictive rod

Coil bobbin

Magnetic coupler

Magnetic coupler

Magnetic coupler

 
 

Fig. 3.3 Magnetostrictive transducer using serial bias magnetisation. 
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In the parallel permanent magnet bias magnetisation approach the MMF sources 
are essentially connected in parallel, as done in the design according to Fig. 3.4. 

Aluminium housing

Steel (force reciver)

Flexible material

Permanent  magnets

Coil

Coil bobbin

Magnetic coupler
End piece

Magnetostrictive rod

 

Fig. 3.4 Magnetostrictive transducer using parallel bias magnetisation. 

In this type of configuration the magnetic circuit is not closed by high 
permeability material since that would short-circuit the permanent magnets. 
There is, however, a comparatively big high permeability end piece on each side 
of the Terfenol rod in order to guide magnetic flux from the permanent magnets 
to and through the Terfenol rod and to achieve a homogenous field in the active 
material. 

3.3 Reluctance circuits 

The flux distribution, inside and in the vicinity of magnetostrictive transducer, is 
described by Maxwell’s equations and are commonly investigated using finite 
element methods. However, the high computational effort of such methods 
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restricts their use in most cases to stationary field calculations. It is not feasible, 
with reasonable computational efforts, to perform a dynamic simulation of the 
feeding electronics and the mechanical load of a complete system that 
incorporates a detailed model of the magnetic field. 

To overcome these difficulties an alternative modelling approach is applied 
where the exact position of the modelled objects are disregarded. By lumping 
together characterising quantities in form of state variables, that can be related to 
a relatively smaller number of points in the geometry, this can be done. Then, 
the absolute geometric positions do not need to be specified. It is only necessary 
to know how the elements are connected together. 

In Fig. 3.5, the topology of the magnetic circuit of the DC-current bias 
magnetised magnetostrictive transducer is shown. The wires of the model 
represent the high permeability magnetic coupler. 

Electrical connection

bℜterfℜ cℜ

PMℜ

CoilΘ

PMΘ

Winding component EMF source

MMF source

 

Fig. 3.5 Lumped element circuit of the DC-current bias transducer. 
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The winding component at the top was previously presented in section 2.5.3. In 
this situation it models the MMF generated by the coil. terfℜ , which is the 
reluctance of the magnetostrictive rod, can be calculated according to 

 2
0 0

terf
r terf r r

l l
A rμ μ μ μ π

ℜ = = , (3.1) 

where rμ  is the relative permeability and rr  is the radius of the Terfenol rod, 
respectively. The arrow on the reluctance symbol, terfℜ , indicate that this 
reluctance can be altered. Such changes occur when the Terfenol rod is 
subjected to mechanical stress variations. bℜ  is the reluctance of the area 
between the coil and the Terfenol rod and is calculated according to 
 2 2

0 0 ( )b
b i r

l l
A r rμ μ π

ℜ = =
−

, (3.2) 

where ir  is the inner radius of the coil and cℜ  represents the linked leakage flux 
in the coil. The leakage inductance of a coil is calculated according to [2][6] 

 
2

4 4 3 2 20
2 ( 3 8 6 )

6 ( )l o i i o i o
o i

NL r r r r r r
l r r
πμ

= − + −
−

, (3.3) 

where or  is the outer radius of the coil and N the number of turns of the coil. 
Since the inductance of a coil is 2L N= ℜ , the corresponding leakage reluctance 
can be identified as 

 
2

0
4 4 3 2 2

0 0

6 ( )
( 3 8 6 )

i
c

o i i i o
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r r r r r rμ π

−
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Furthermore, the equivalent leakage area is identified as 

 
4 4 3 2 2

2
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6( )

o i i o i o
c
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π − + −
=

−
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In Fig. 3.6, the permanent magnet reluctance, PMℜ , and the permanent magnet 
MMF, PMΘ , have been connected in series to the previously described reluctance 
components. 

Electrical connection

bℜterfℜ cℜ

PMℜ

CoilΘ

PMΘ

 

Fig. 3.6 Lumped element circuit diagram of the series permanent magnet bias 
transducer. 

The magnetic flux flowing through the coil then also has to flow through the 
magnets. PMℜ  is calculated according to 

 0PM mag mag magl Aμ μℜ = , (3.6) 

where magA  and magl  is the effective cross sectional area and the effective length 
of the permanent magnets respectively. The permanent magnet MMF is 
calculated according to 
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 PM C magH lΘ = ⋅ , (3.7) 

where CH  is the coercive force and magl  is the effective length along the flux path 
of the magnets. 

In Fig. 3.7, where parallel magnetisation is used, the permanent magnets are 
moved to the left side of the winding component, since flux in the permanent 
magnets in this configuration is not linked to the coil. Furthermore, a reluctance 
symbol, mℜ , has been connected. This reluctance component represents the flux 
between the end pieces which is unlinked to the coil.  

Electrical connection

terfℜ bℜ cℜ
PMℜ mℜ

CoilΘ

PMΘ

 

Fig. 3.7 Lumped element circuit diagram of a parallel permanent magnet biased 
transducer. 

There is no readily available closed form of the expression of mℜ . This value 
can, however, be estimated by using finite element methods. mℜ  is composed of 
an outer flux path reluctance, ,m oℜ , and an inner flux path reluctance ,m iℜ . ,m iℜ  
can be calculated analytically as 
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 ,
0 ,

m i
m i

l
Aμ

ℜ = , (3.8) 

where ,m i p terf b c magA A A A A A= − − − −  and 2
p pA rπ=  is the cross sectional area of the 

high permeability end piece and pr  its radius. By finite element calculations we 
can estimate the total fringing flux, 

f

f
A

BdA∫ , flowing outside the transducer, see 

Fig. 3.8, where fA  is a disc which ranges from pr  to infinity. ,m oℜ  can now be 
calculated since 

 ,

f

m o f
l A

Hdl BdAℜ = ∫ ∫ , (3.9) 

where 
l

Hdl∫  is the magnetic potential difference between the two high 

permeability end pieces. Finally mℜ  can be calculated according to  

 , ,m m i m oℜ = ℜ ℜ . (3.10) 

In Fig. 3.8, the flux lines of a parallel magnetised transducer obtained by finite 
element calculations is shown. 



Design approaches  Chapter 3  

 53

End piece Terfenol rod

Coil

Permanent magnets

Fringing field

fA

l

pr

 

Fig. 3.8 Magnetic flux lines of a transducer using a parallel magnet bias 
magnetisation approach. 

 
In chapter 2.5.3, Cauer circuits were presented. Such circuits can easily be 
combined with the described reluctance circuits. Such an example is shown in 
Fig. 3.9. 
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Electrical connection

bℜ
,1terfℜ cℜ

CoilΘ

,2terfℜ,3terfℜ,terf nℜ

R2 R1

Cauer  circuit representation of a magnetostrictive rod.  

Fig. 3.9 Lumped element circuit of a DC-current biased transducer, where the 
Terfenol rod is modelled by using a Cauer circuit comprising characterising 

data and a hysteresis model. 

 

3.4 Figure of merits 

In order to compare and judge magnetostrictive actuator designs with different 
design parameters, a number of novel figures-of-merit are presented. The use of 
the suggested key numbers is demonstrated regarding the assessment of the 
three different bias magnetisation approaches. 
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A current in the coil of an actuator corresponds to magnetic energy. It is 
desirable that as much as possible of this energy is located in the Terfenol rod. 
The ratio of the useful magnetic energy located in the rod, rE , divided by the 
total magnetic energy, tE , is designated the magnetic coupling factor [1] 

 2 r
M

t

Ek
E

= . (3.11) 

Furthermore, the coil current will generate resistive losses, coil lossesW − , and it is 
obviously desirable to minimise these while reaching a required magnetic 
energy in the rod. It would, therefore, be natural to define a figure of merit 
simply as r coil lossesE W − . Such a figure of merit will, however, not be independent 
of the resistance of the coil. This problem has previously been solved. The 
dimensionless figure of merit called the Fabry factor, even called the Geometric 
factor, G , is valid for coils when magnetic material is not present [46]. The 
definition is 

 
2

2 i

coil losses

rHG
W

ρ
λ−

⋅
= , (3.12) 

where, ρ  is the resistivity of the coil wire, ir  is the inner radius of the coil, λ  is 
the coil fill factor and H  is the magnetisation field in the centre of the coil. 
Claeyssen introduced the generalised Fabry factor [4], which is valid when 
magnetic material is present. The magnetic energy in the rod will then be rE  if 
H  designates the average field in the magnetostrictive rod volume V .  

 2
0r rE V Hμ μ=  (3.13) 

0 rμ μ  is the permeability of the rod. By solving for 2H  in Eq. (3.13) and inserting 
in Eq. (3.12) the following redefinition of G  is made: 

 2

0

ir

coil losses r

rEG
W V

ρ
λμ μ−

⋅
= . (3.14) 

A shortage of generality results from that fact that for designs employing a 
permanent magnet bias approach, the entire coil current is utilised for active 
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work, whereas in a DC magnetisation current bias approach a portion of the 
current is utilised biasing the Terfenol rod. In order to address this issue the 
novel modified generalised Fabry factor is defined as 

 2

0( )
ir

m
b r

rEG
W W V

ρ
λμ μ

⋅
=

+
, (3.15) 

where W  is ohmic losses in the coil corresponding to the AC part of the current 
and bW  is ohmic losses in the coil corresponding to the bias magnetisation 
current. 

For permanent magnet designs bW  will be 0 and mG  will be equal to G . For 
designs employing the DC current magnetisation approach bW  is proportional to 
the square of the bias magnetisation current bI  [A]. The amplitude of the active 
current, Î , can not be higher than the bias current since the magnetic 
polarisation of the Terfenol rod then would be lost i.e. ˆ

biasI I≤  . The highest 
possible mG  value, for designs employing the DC magnetisation current 
approach, is thus obtained, assuming a sinusoidal active current when 

 
2

2
,max

0 0( 2 ) 3 3
i ir r

m
r r

r rE E GG
W W V W V

ρ ρ
λμ μ λμ μ

⋅ ⋅
= = =

+ ⋅
, (3.16) 

since the root mean square of the active current is at most / 2biasI . 

The building factor is a figure of merit that ought to be low. It describes how 
much of the dedicated volume that is used by the coil and how much is used by 
the Terfenol rod and is defined as 

 coil terfenol
f

terfenol

V V
B

V
+

= . (3.17) 

An other important design objective is to obtain a homogenous field in the 
Terfenol rod. Three magnetisation inhomogeneity coefficients, 0ι , kι−  and kι+ , 
that should be low, are proposed. The first coefficient is calculated when the coil 
is out of current and is defined as 
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 max min
0

avg

H H
H

ι −
= , (3.18) 

where maxH  is the highest magnetisation field on a fictive cylindrical shell that 
axially divides the magnetostrictive rod into two parts of equal volume, see Fig. 
3.10. 

 

Terfenol rod

Fictive cylindrical shell

 

Fig. 3.10 A fictive cylindrical shell in a Terfenol rod. 

 

minH  and avgH  are the lowest and the average magnetisation field on the same 
shell respectively. 

This shell is chosen as a control surface because large variations of the 
magnetisation field on this shell could harm the function of the actuator. Two 
alternative control domains could be the entire rod or the central axis of the rod. 
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If the entire rod is chosen as control domain, a large magnetisation variation on 
a peripheral part of the Terfenol rod might not harm the function of the actuator, 
but give large ι -values anyway. The field on the central axis of the Terfenol rod 
is usually relatively homogenously magnetised which means that the ι -values 
might be low, but the magnetisation could be non-homogenous in a considerable 
part of the active material. 

The above described H  values are preferably calculated using the finite element 
method. The second and third magnetisation inhomogeneity coefficients are 
calculated when the coil produces a field that opposes, kι− , and contributes, kι+  to 
the field of the permanent magnets respectively. k  denotes the current density 
[A/mm2] in the coil. 

For permanent magnet circuits it is desirable to place as much as possible of the 
total magnetic energy, ,PM tE , of the permanent magnets into the Terfenol rod, 

,PM rE . How well this objective is obtained is described by the permanent magnet 
magnetic coupling factor defined as 

 ,2
,

,

PM r
PM M

PM t

E
k

E
= . (3.19) 

The volume fraction of Magnetostrictive material in relation to the volume of 
the permanent magnets is described by the permanent magnet volume ratio 
defined as 

 terf
PMVR

mag

V
V

κ = . (3.20) 

We will apply the defined figures of merit of the three designs in Fig. 3.2, Fig. 
3.3, and Fig. 3.4, representing the different bias magnetisation approaches. All 
these designs have the same coil (length = 50 mm, inner radius = 8.1 mm and 
outer radius = 15 mm ) and active material (length = 50 mm and radius = 7.5 
mm). The coercivity and the relative permeability of the permanent magnets are 
900 [kA/m] and 1.1 respectively. The effective coil current densities are k = 5, -5 
[A/mm2], which represent reasonable values in a real application. In Table 3-1, 
the presented figures of merit are shown for the studied design examples. 
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Table 3-1 Figures of the studied design examples. 

 DC-current bias 
magnetisation 

Serial bias 
magnetisation 

Parallel bias 
magnetisation 

Mk  0.92 0.90 0.86 

G  0.088 0.085 0.077 

mG  0.051 0.085 0.077 

fB  3.42 3.42 3.42 

,PM Mk  - 0.90 0.078 

PMVRκ  - 9.1 0.39 

0ι  - 1.29 0.16 

5ι−  0.001 2.03 0.34 

5ι+  0.001 0.59 0.1 

 

As can be seen in Table 3-1 the magnetic coupling coefficients are roughly the 
same for the different designs. It is also clear that the modified generalised 
Fabry factor is poor for the approach employing DC magnetisation bias current, 
which predicts low efficiency. Furthermore, the series permanent magnet 
magnetisation approach utilises the permanent magnets quite efficiently. On the 
other hand, the magnetisation of the active material is then strongly 
inhomogeneous. This strong inhomogeneity will lead to bad control properties 
and low efficiency. This drawback can be handled by dividing the active 
material into shorter parts interleaved by permanent magnets, as discussed in 
chapter 3.2. 

3.5 Optimisation procedure 

The design of the magnetic circuit for the DC-current and the series permanent 
magnet biased transducers, has previously been thoroughly investigated [3][4]. 
Therefore, we will here focus on designs employing the parallel permanent 
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magnet bias approach, see Fig. 3.4. The transducer investigated in chapter 2.2.3, 
Table 2-1, will be used here as a starting point for evaluating tentative designs. 
Supplementary design data are given in Table 3-2. 

Table 3-2 Geometrical data of studied design. 

or  Coil outer radius 15 [mm] 

ir  Coil inner radius 8.1 [mm] 

rr  Radius of Terfenol rod 7.5 [mm] 

pr  Radius of high permeability end piece. 22 [mm] 

magA  Cross sectional area of permanent magnets 45.2 [mm2] 

d  Thickness of end piece 4 [mm] 

terfμ  Relative permeability of Terfenol 5 and 7 

magμ  Relative permeability of permanent magnets. 1.1 

l  Length of active material 50 [mm] 

 
Two important figures of merit regarding the efficiency of the transducer are the 
magnetic coupling factor and the generalised Fabry factor. Our goal is to find 
designs where these two figures of merit, simultaneously, are as high as possible 
in a systematic and computationally effective way. We have previously showed 
how the reluctance values of the lumped element circuit of the parallel 
permanent magnet bias transducer were calculated. In the corresponding lumped 
element circuit diagram, see Fig. 3.11(a), there are closed form expressions for 
all reluctance components except mℜ . 
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Electrical connection

terfℜ bℜ cℜ
PMℜ mℜ

CoilΘ

PMΘ

    

End piece Terfenol rod

Coil

Permanent magnets

Fringing field

fA

l

pr

 

(a) (b) 

Fig. 3.11 Parallel permanent magnet transducer, (a) lumped element circuit, (b) 
flux lines of transducer. 

 

However, by performing a number of FE calculations, see Fig. 3.11(b), for 
different end piece distances, l , we can fit a polynomial describing the 
reluctance values obtained from the FE calculations and hereby obtain a closed 
form expression for mℜ , see Fig. 3.12, in which the thickness and the radius of 
the end piece are constant and equal to 4 and 22 mm respectively. 
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Fig. 3.12 Results from FE calculations. 

 

The fraction of the MMF drop over terfℜ , relative the total MMF drop 
originating from the coil MMF in Fig. 3.11(a), is designated a , 

 ( )
( ) ( )

terf b c

terf b c PM m

a
ℜ ℜ ℜ

=
ℜ ℜ ℜ + ℜ ℜ

. (3.21) 

Since the magnetic energy stored in a reluctance component is 
2

2
Θ
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 [Ws], the 

square of the magnetic coupling coefficient 2
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It is also straightforward to calculate the generalised Fabry factor. The power 
developed in the coil is 2 2 2 2( )coil o iW V k l r r kρ π ρ= = − . The coil MMF is 

( )coil o ik r r lΘ = − , the energy stored in the rod is 
2 2( ) ( ( ) )

2 2
coil o i

r
terf terf

a ak r r lE ⋅Θ −
= =

⋅ℜ ⋅ℜ
 and 

consequently 

 
2 2

2
2 2

0

( )
2 ( )

i o i ir

r o i

r a r r rEG
W V l r r

ρ
λμ μ πλ

⋅ −
= =

−
. (3.23) 

It is now possible to evaluate Mk  and G  for numerous configurations in a 
computationally efficient way. In order to systematise, the relative thickness of 
the coil is described by o ir rα =  and its relative length by 2 il rβ = , see Fig. 3.13. 

rr
ir

or

l

Coil Magnetostrictive rod

/
/(2 )

o i

i

r r
l r

α
β

=⎧
⎨ =⎩

 

Fig. 3.13 Drive coil geometry. 

 

The influence of α  and β  on the design is shown in, Fig. 3.14. For the five 
illustrated designs, the coil inner radius, ir , is kept constant. 
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Fig. 3.14 Geometries for designs with differentα  and β  values. 

 

In Fig. 3.15 and Fig. 3.16 the, isolines of Mk  and G  are plotted when α  and β  is 
altered. λ  is here assumed to be 1. In this case, the difference between the coil 
inner radius and the Terfenol rod is 0.6 mm in all evaluated designs. 
Furthermore, the assigned permanent magnet cross sectional area is fixed as well 
as the outer coil radius. Preferred designs are those with simultaneously high Mk  
and G  values. 



Design approaches  Chapter 3  

 65

Mk

G

Studied design
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0.072
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Fig. 3.15 Isolines for Mk  and G  for 7terfμ = . 
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Studied design

 

Fig. 3.16 Isolines for Mk  and G  for 5terfμ = . 

 

As can be observed in Fig. 3.15 and Fig. 3.16, the mean permeability of the 
Terfenol rod, influences to some extent which configuration is preferred. It is 
also clear that for a certain Mk , there is a configuration of α  and β  that will 
maximise G  and vice versa. 

In sensors it is desirable to have a high Mk  which means that Mk  is more 
important than G ; this requires lower α  and higher β - values (a thin and long 
transducer). For actuators where space is not important, high α  and low β - 
values are preferable, resulting in high G -values (a thick and short trancucer). 
Simultaneously low α  and β -values gives a transducer with low G  and Mk -
values. The transducer will then exhibit low efficiency but will be rather small. 
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A modest simultaneously increase of both α  and β  will not effect the G  and 
Mk -values very much. However, a large increase of both α  and β  will worsen 

the G  and Mk -values. The studied design seems to be a reasonable compromise. 
Application related demands will give the significance of G  and Mk  respectively 
in an actual application. One additional remark is that the G  varies more (about 
60%) than Mk  (about 7%) in the studied ,α β  region.  

An other design issue is that the building factor, 

 
2 2
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( )coil terfenol o i i
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V V r r l r lB
V r l

π π
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π
+ − +

= ≈ = , (3.24) 

should be as low as possible in order to fill the dedicated actuator volume with 
as much active material as possible. In this sense it is preferable to use a coil 
with as low α -value as possible. 
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Chapter 4  

Material Characterisation 

The models described in this work are all dependent on material data. Static 
measurements are thus needed to create the needed material databases. During 
the project the experimental equipment at the department was updated with a 
dSPACE data acquisition system [47]. Furthermore, a novel method to de-
hysterise measurement data, describing the strain ( , )anS H T  and induction field 

( , )anB H T , of magnetostrictive materials is proposed [13]. The proposed method 
ensures that the strain and the induction field databases are energy consistent i.e. 

( , ) ( , )an an

T H

S H T B H T
H T

∂ ∂
=

∂ ∂
. 

4.1 The experimental setup 

The heart of the equipment is the sample holder, see Fig. 4.1, which is specially 
designed to give a homogeneous axial magnetic field, as well as a homogeneous 
compressive mechanical stress in the test sample. Typically, two stain gauges 
are glued on the specimen, one in axial and one in transversal direction. This is 
done in order to achieve a temperature compensation of the strain 
measurements. A pick-up coil is wound around the sample in order to be able to 
measure the flux density in the rod. A Hall probe is inserted closely to the rod 
enabling measurement of the magnetisation field. Additionally, the hydraulic 
pressure is measured by a piezo resistive pressure transducer. 
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Hydraulic pressure, (T)

Sample rod

Hydraulic pressure, (T)

Pick-up coil, (B)Strain guage,  (S)

Hall probe, (H)

Plunger

Plunger

 

Fig. 4.1 Sample holder for magnetostrictive rods, diameter up to 30 [mm] and 
length 25 [mm]. 

The sample holder is inserted in the pole gap of an electromagnet, see Fig. 4.2. It 
is then possible to control the magnetisation field and the compressive stress in 
the sample independently. A list of the used instrumentation is shown in Table 
4-1. 

Table 4-1 Equipment list. 

Data acquisition system dSPACE, CP1104 

Electro magnet LDJ, model 9006 

Gaussmeter Sypris, model 6010 

Integrating voltmeter LDJ, model 702 

Strain gauge bridge HBM, model KWS 3082 A 

Pressure transducer Endevco, model 8511-5k 

Current amplifier LDJ, model 9300/CC-900 

Hydraulic system Eksjö hydraulik AB, Custom made 
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Fig. 4.2 Overview of the laboratory set-up for characterisation of 
magnetostrictive materials. 
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4.2 The characterisation procedure 

Fig. 4.3 shows the material characterisation procedure. A detailed description of 
the work procedure is found in reference [48]. 

Create control signals:
Run Matlab, script1

Execute test sequence: 
Run Simulink, Testplant under 

ControlDesk

Post processing:
Run Matlab, script2 Sandys file

Dymola file

Measurement sequance

Raw data

Reference values, (H,T)

Data acquisation, (B,S) 

Measurement specification, 
definition of the studied area 

in the (H,T) plane 

Physical measurement system

Simulation enviroment

 

Fig. 4.3 The material characterising procedure. 

 

The computer in the laboratory is equipped with Matlab, Simulink and a data 
acquisition equipment managed by dSPACE. Before the measurement takes 
place the pressure levels, 1[ ... ]mT T T= , and magnetisation levels, 1[ .. ]nH H H= , for 
which the strain, ( , )S H T , and induction field, ( , )B H T , are to be measured must 
be determined. In the Matlab script script1 these values are entered. This script 
then generates 2 vectors for the pressure levels and 2 vectors for magnetisation 
levels. These vectors are to be used by the Simulink block “Repeating 
sequence”. Each “Repeting sequence” block requires two vectors where one of 
these contains time values and the other contains the corresponding output 
values. These 4 vectors then define the measurement sequence. Usually, the 
stress is held constant while the magnetisation field is altered to obtain a major 
loop comprising a lower and upper branch. The constant stress is then altered 
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and the corresponding major loop is obtained. The different stress levels range 
from a minimal stress level up to a maximal stress level in intervals. 

When the 4 vectors that defines the measurement sequence are created it is 
possible to run the prepared Simulink model, “Testplant”. The Simulink model 
comprises 2 PI-regulators, one for controlling the hydraulic pressure and one for 
controlling the magnetisation field. The execution of the Simulink model is 
controlled by a program called “ControlDesk”. After the test sequence is 
finished the sampled raw data is saved on a file. This data file is then opened by 
the Matlab script script2, which filters, de-hysterises and saves the 
characterising data on an appropriate file format. It is then possible to achieve 
file formats matching the magnetostrictive models implemented in Sandys and 
Dymola. 

Examples of raw data for two different materials are shown in Fig. 4.4, Fig. 4.5, 
Fig. 4.6 and Fig. 4.7. 
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Fig. 4.4 Upper and lower branches of major strain loops at mechanical stresses: 
1, 5 ,10, 15, 20, 25, 30 ,35, 40, 45, 50, 55, 60, 65, 70 [MPa]. Material 1. 

 

Fig. 4.5 Upper and lower branches of major induction field loops at mechanical 
stresses: 1, 5 ,10, 15, 20, 25, 30 ,35, 40, 45, 50, 55, 60, 65, 70 [MPa]. Material 
1. 
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Fig. 4.6 Upper and lower branches of major strain loops at mechanical stresses: 
1, 5 ,10, 15, 20, 25, 30 ,35, 40, 45, 50, 55, 60, 65, 70 [MPa]. Material 2. 

 

Fig. 4.7 Upper and lower branches of major induction field loops at mechanical 
stresses: 1, 5 ,10, 15, 20, 25, 30 ,35, 40, 45, 50, 55, 60, 65, 70 [MPa]. Material 
2. (In this case there was a small drift of the integrating voltmeter.)  
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Below follows a check list which should be executed in the shown order. 

Check list 
Step1: Run matlab script 1 in order to create a test sequence. 

Step2: Mount the sample and check all connections. Turn the oil valve 
enabling the oil to reach the sample holder. 

Step3: Insert the Hall probe. 

Step4: In order to achieve temperature stabilisation, the power supply for 
the Gaussmeter, the integrating voltmeter, the pressure transducer 
and the strain gauge bridge should be turned on some hours before 
measurements start. 

Step5: The Gaussmeter should be in the 0-300 [mT] range.  

Step6: Tune the integrating voltmeter for minimal drift and reset the 
counter. 

Step7: Switch on the hydraulics. The valves of the hydraulic system must 
be active. This is done my supplying the valves with 24 Volts. 

Step8: Turn on the cooling water circulation. (It is also important to 
remember to turn it off after the test procedure.) 

Step9: Switch on the amplifiers for the electromagnet (LDJ, model 
9300/CC-900). 

Step10: Start the measurement sequence from Controldesk. 

Step11: When the measurement sequence is finished, save the data. Turn of 
the amplifier and after that the rest of the equipment. 

Step12: Run matlab script2 in order to generate material database files. 



Material Characterisation  Chapter 4  

 77

4.3 Energy consistent De-hysterisation 

The old de-hysterisation algorithm [30] is described by Eq. (4.1). 

 
1( , ) ( ( , ) ( , ))
2

1( , ) ( ( , ) ( , ))
2

an C C

an C C

M H T M T H H M T H H

S H T S T H H S T H H

⎫= ↑ + + ↓ − ⎪⎪
⎬
⎪= ↑ + + ↓ −
⎪⎭

 (4.1) 

( , )M T H↑  and ( , )S T H↑  are the upper branches of the magnetisation and the 
strain major loops, ( , )M T H↓  and ( , )S T H↓  are the lower branches of the 
magnetisation and the strain major loops and CH  is the corresponding coercive 
force. 

A change of state of a magneto-elastic material comprises an irreversible 
component. This is preferably modelled using a hysteresis model. In order to 
achieve an energy consistent model of magnetostriction, the irreversibility 
should appear as energy dissipation in the hysteresis model only. This means 
that an additional demand must be fulfilled, namely that 

 ( , ) ( , )an an

T H

S H T B H T
H T

∂ ∂
=

∂ ∂
 (4.2) 

for each pair of H  and T . If this is not the case, the input power in the 
magnetostrictive model could differ from the output power including losses i.e. 
the model would then not be energy consistent. 

The suggested new de-hysterisation approach uses (4.1) to achieve start values 
of ( , )anS H T  and ( , )anB H T . Then, the linear piezomagnetic cross-coupling 
coefficients [38] d  and *d  are estimated for each pair of H  and T , 

 
*

( , )( , )

( , )( , )

an

T

an

H

S H Td H T
H

B H Td H T
T

⎫∂
= ⎪∂ ⎪

⎬
∂ ⎪= ⎪∂ ⎭

. (4.3) 
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For each pair of H  and T  the average of ( , )d H T  and *( , )d H T  are calculated. 
These average values are then used to create the functions , ( , )an consistentS H T  and 

, ( , )an consistentB H T  which allows energy consistency. Since we are working with 
sampled data the variables are only calculated in discrete points and are defined 
as follows: 

iH   the :i th  component of the vector H  of length n . iH  is monotonically 
increasing with increasing index 

jT  the :j th  component of vector T  of length m . jT  is monotonically 
increasing with increasing index 

,i jd  the piezomagnetic cross-coupling coefficient at constant stress for a 
magnetisation field of iH  and a mechanical stress of jT  

*
,i jd  the piezomagnetic cross-coupling coefficient at constant 

magnetisation for a magnetisation field of iH  and a mechanical stress 
of jT  

, ,an i jS  the original de-hysterised strain for a magnetisation field of iH  and a 
mechanical stress of jT  

, ,an i jB  the original de-hysterised induction field for a magnetisation field of 
iH  and a mechanical stress of jT  

, , ,an consistent i jS  the energy consistent strain for a magnetisation field of iH  and a 
mechanical stress of jT  

, , ,an consistent i jB   the energy consistent induction field for a magnetisation field of iH  
and a mechanical stress of jT  

For each element jT  an element 
0i

H  is chosen with a corresponding strain 
0, ,an i jS . 

These chosen points, 
0 0

( , ( , ) : 1.. )i an i jH S H T j m= , will work as reference points when 
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the values of , , ,an consistent i jS  are calculated and are preferably chosen to correspond to 
the bias magnetisation of an studied application. The suggested de-hysterisation 
algorithm for the strain then is given by Eq. (4.4) 

 
0

0 0

0 0 0

*
, ,

, , , , , 1
0
( ) [ 1.. , 1.. ]

2

i i
i p j i p j

an consistent i j an i j i p i p
p

d d
S S H H j m i n

−
+ +

+ + +
=

+
= + − ⋅ = =∑  (4.4) 

Note that p  gets negative in Eq. (4.4) when i  is smaller than 0i  which 
corresponds to a point of less magnetisation than in the reference point. In the 
same manner, for each element iH  an element 

0j
T  is chosen with a corresponding 

induction field 
0, ,an i jB . These points, 

0
( , ( , ) : 1.. )i an i jH B H T i n= , will work as reference 

points when the values of , , ,an consistent i jB  are calculated. These values are preferably 
chosen such that they correspond to the prestress of the studied application. The 
suggested de-hysterisation algorithm for the induction field then is given by Eq. 
(4.5) 

 
0

0 0

0 0 0

*
, ,

, , , , , 1
0
( ) [ 1.. , 1.. ]

2

j j
i j p i j p

an consistent i j an i j j p j p
p

d d
B B T T j m i n

−
+ +

+ + +
=

+
= + − ⋅ = =∑  (4.5) 

Fig. 4.8, Fig. 4.9, Fig. 4.10 and Fig. 4.11 shows examples of energy consistent 
data for Material 1 and 2. The reference points for the energy consistent strain 
curves were chosen at 0.9 [kOe] for each strain curve i.e. (0.9, (0.9, )) : 1..an jS T j m=  in 
the ,H S  plane. It is shown in Fig. 4.8 and Fig. 4.10 that the tangential points of 
the original and the energy consistent curves appears at 0.9 [kOe]. The reference 
points for the energy consistent induction field curves were chosen to 40 [MPa] 
for each magnetisation level i.e. ( , ( ,40)) : 1..i an iH B H i n=  in the ,H B  plane. The 
reference points at 0.9 [kOe] and 40 [MPa] were chosen because these 
correspond to feasible bias-magnetisation and prestress levels in a real 
application. 
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Fig. 4.8. Energy consistent strain curves are plotted using solid lines. The 
original curves are plotted with dashed lines. Material 1 

 

Fig. 4.9 Energy consistent induction field curves are plotted using solid lines. 
The original curves are plotted with dashed lines. Material 1. 
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Fig. 4.10 Energy consistent strain curves are plotted using solid lines. The 
original curves are plotted with dashed lines. (This material is very linear such 

that the two de-hysterasion approaches give similar results.) Material 2. 

 

Fig. 4.11 Energy consistent induction field curves are plotted using solid lines. 
The original curves are plotted with dashed lines. (In this case the original and 

the energy consistent curves overlap each other.) Material 2. 
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4.4 Hysteresis model parameter determination 

The previously presented hysteresis model has only three independent scalar 
model parameters CH , CT  and λ , which can be estimated relatively easy by 
experimental data, see chapter 2.4. In order to determine CT  a major strain loop 
as a function of stress is investigated, see Fig. 4.12(a). This loop should 
represent a typical loop in a studied application. In this case we use a bias 
magnetisation of 0.7 [kOe] and a stress variation in the range between 1 and 48 
[MPa]. CT , which is the central half width of the loop, is here found to be 1.85 
[MPa]. In the same manner, to find CH , a major ( , )B H  loop is investigated. Here 
we use a prestress of 25 [MPa] and a magnetisation range between –2.7 [kOe] 
and 2.7 [kOe]. CH  is found to be 0.035 [kOe]. The reversibility ratio, λ , can be 
obtained by calculating the differential susceptibility, diff ( , )H Tχ , as the slope of 
the ascending branch of a major ( , )B H  loop at constant stress and by calculating 
the incremental susceptibility, inc ( , )H Tχ , as the slope of a small minor loop 
excursion from such major loop [36]. It is then possible to calculate λ  by use of 

 inc diff( , ) ( , )H T H Tλ χ χ= . (4.6) 

This operation is performed and indicated in Fig. 4.12(b) where λ  is found to be 
0.65. 
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  (a)   (b) 

Fig. 4.12 Determination of hysteresis parameters. 1.85[ ]CT MPa=  in (a).  
0.035[ ]CH kOe=  and 0.65λ =  in (b). Material 1. 
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Chapter 5  

Experimental verifications 

The hysteresis model described in section 2.4 was implemented in Dymola 
together with the material database of “Material 1” from the previous Chapter 4. 
The implemented model is then verified by experiments. 

5.1 Verification of the hysteresis model 

In Fig. 5.1(a) the magnetic component of a pseudo particle implemented in 
Dymola is illustrated. The box “Playoperator” to the left contains the Eqs. (2.21) 
and (2.22) i.e. ( , ) [ , ]

ii iH T P H Tα=% % . The box “B_lockup_table” contains , ( , )an consistentB H T  
and the box “Losspower_Hdm” contains the first term of the right hand side of 
Eq. (2.25). Fig. 5.1(b) shows the strain component of a pseudo particle and 
works in analogy with the magnetic component just described. 
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H

H% B

      

T

T% S

 

 (a)    (b) 

Fig. 5.1 Implementation of magnetic component (a) and strain component (b) of 
a pseudo particle in Dymola. 

 

For each pseudo particle separate magnetic and strain component models are set 
up that are then weighted together to constitute the entire model of an element of 
a magnetostrictive material. In Fig. 5.2, such an element constitutes a whole 
magnetostrictive rod. The central box, “Magnetostrictive_rod_2”, contains the 
magntostrictive model and in this particular case it consists of 5 pseudo 
particles. The connections at the left side of the box carries magnetic quantities 
and the connections at the right side carries mechanical quantities. However, in 
general, it is feasible to divide magnetostrictive rods in a number of sub sections 
e.g. axial or axial-radial sections, as described in Chapter 2. 
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Mechanical connectionsMagnetic connections

 

Fig. 5.2 Top level magnetostrictive model implemented in Dymola. 

In Fig. 5.3 and Fig. 5.4 hysteresis loops from the implemented Dymola model 
can be compared with hysteresis loops obtained experimentally. It is shown that 
a good agreement between measurements and simulation results was 
achieved. 
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Fig. 5.3 Strain vs magnetic field for constant pre stress values T=20, 40 and 60 
[MPa]. Solid lines refer to experiments, dashed lines refer to Dymola 

simulations. 

 

Fig. 5.4 Flux density vs magnetic field for constant pre stress values T=60, 40 
and 60 [MPa]. Solid lines refer to experiments, dashed lines refer to Dymola 

simulations. 
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Chapter 6  

Application examples 

6.1 Introduction 

The electromagnetic engineering group, at the school of electrical engineering at 
KTH, has experience since the 1980s of designs using giant magnetostrictive 
materials. The main asset, apart from the personal experience of the responsible 
professor, is our computer models of magnetostriction. These models can be 
used in plant models of complete systems. Such system models can then in turn 
be used in magnetostrictive actuator feasibility studies. Furthermore, the group 
possesses unique test equipment which is used to obtain material data from 
samples, as described in chapter 4. The group is, thus, qualified to take part in 
international projects on an expert level. 

This thesis was written in parallel with an ongoing EC-funded research program, 
Magnetoelastic Energy Systems for Even More electrical Aircraft (MESEMA) 
[19]. The aim of the MESEMA project is to discover new ways of utilising 
magnetostrictive materials. The project is divided into several work packages 
(WP) with different tasks. KTH and the electromagnetic engineering group are 
engaged in two different WP:s — in WP4 regarding a high torque actuator and 
in WP5 regarding a device for power harvesting from vibrations in vehicles. 
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6.2 High Torque Actuation for Rotor Blade Root 
Control 

In the aircraft industry the “More Electric Aircraft”, MEA, is widely seen as a 
worthwhile approach to improve the performance and efficiency of aircraft [22]. 
Additionally, there is a trend towards fly-by-wire. The term fly-by-wire refers to 
the new electrical controlling systems that will replace the current hydraulic 
systems. The objective is to achieve actuator systems that exhibit simpler 
typology, offering less wiredrawing and reduced weight. 

One part in implementing the fly-by-wire concept in helicopters is to replace the 
swash plate, see Fig. 6.1, by a blade root actuator. The swash plate is a machine 
element that is used to control the pitch of the rotor blades and thereby making it 
possible for the pilot to control and fly the helicopter. Several advantages could 
be gained if one could control the pitch of the rotor blades without the use of a 
swash plate. The present system is heavy, requires periodic maintenance, causes 
drag and consists of a complex lever mechanism. Additionally, individual blade 
control is not integrated. By controlling the blades individually and by using 
control means not including a swash plate it might be possible to accomplish, 
less vibration, less noise, higher efficiency and less drag [49]. Also, this could 
enable full advantage to be taken by the fly-by-wire concept. 

The proposed concept intends to integrate electrical actuators for each blade in 
the rotor hub and hence to move the energy source close to the energy sink and 
to avoid complicated mechanical links and transmission losses along the 
conventional control path. To realise this feature additional actuators have to be 
mounted in the rotating frame. 
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Fig. 6.1 Replacement of swashplate to high torque actuators, by courtesy of ZF 
Luftfahrtechnik Gmbh. 

 

6.2.1 The system study 
ZF Luftfahrtechnik Gmbh (ZFL), a German company which, among other 
things, manufactures gearboxes for helicopters, is responsible of WP4. In the 
beginning of the project ZFL provided a specification of the new actuator, the 
High Torque Actuator Specification (HTAS), to the partners of WP 4 [50]. 

The analysis of the HTAS identified the most challenging demands [51]. The 
torque and the control ability demands of the actuator are especially hard to 
fulfil while not exceeding the weight limit. 

At an early stage of the project concept generation and concept assessment was 
the main activity. In order to categorise different actuator systems the actuator 
system was divided in the following functional parts: 

1. Power source 

2. Transmission means 

3. Control means 
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4. Cabling, computer, electrical supply etc. 

The power source in the present actuator system is of pure mechanical nature, it 
originates from the rotating shaft itself. Therefore, since the raw strength of the 
actuator is of pure mechanical nature, we say that the current system has a 
mechanical power source or that it is a mechanical system. The approach is then 
to use the power source of the different actuator concepts as the overall grouping 
property. In other systems the source of the raw power could, for example, 
originate from a magnetostrictive material, an electrical motor or a hydraulic 
cylinder. 

The transmission device in the present actuator system is the swash plate. The 
swash plate is a machine element which transfers the energy from the fuselage 
to the rotating hub where the helicopter blades are mounted. An other possible 
means of transferring energy from the fuselage to the rotating hub could for 
example be electrical slip rings. 

The control means of the present actuator system is the means that control the 
orientation of the swash plate, which controls the pitch of the rotor blades and 
thereby makes it possible for the pilot to fly the helicopter. In the studied 
helicopter, the orientation of the swash plate is controlled by a hydraulic system. 
Other lighter helicopters have links connected to the pilot’s levers to control the 
swash plate directly. It might even be possible to use electrical motors to control 
the swash plate. 

The control means of the present helicopter is the complete hydraulic system 
that controls the swash plate. This hydraulic system is in its turn controlled by 
valves which controls the swash plate actuators and herby control the orientation 
of the swash plate. In an other actuator system the control means could for 
example be just a hydraulic valve that controls the flow to a hydraulic cylinder 
that controls the pitch of the blade directly. In a electrical motor actuator system 
the control means would be the current amplifier that controls the current to the 
electrical motor. 

The focus is here, the power source, the transmission means and the control 
means. The control computer and the cabling etc. are not of the same conceptual 
relevance. 

In Fig. 6.2, the present system is illustrated in a schematic diagram. 
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Fig. 6.2 General view, present system. 

 

The different partners presented their suggested systems. The systems were then 
categorised in the same manner as the present system in Fig. 6.2. This activity 
facilitated the communication between the project partners. During this process 
4 concepts were found to be more promising than others: 

Concept1: A piezoelectric piston pump with passive valves and a directional 
valve. 
In this concept the piston in a piston pump is operated by a piezoelectric 
actuator. The stroke of the piston will typically be tens of micrometers. When 
the cavity volume increases, the inlet check valves opens by the pressure 
difference and oil fills the cavity. Then, when the cavity volume decreases the 
inlet valves closes and the outlet valves open and oil is pumped through the 
outlet valves [18]. The output flow is then directed by a directional valve to 
control a hydraulic cylinder which controls the pitch of one of the rotor blades. 
At least one pump is needed per rotor blade. The function is illustrated in Fig. 
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6.3. The pump and the cylinder motor is located in the rotating frame and 
electrical slip rings are used to feed the pumps. 

Fload
(Shaft for controlling the pitch of the 

rotor blade) 

Piezoelectric actuator

Pump cavity

Outlet check valve Inlet check valve

Directional valve

Pump piston with oscillating movement

 

Fig. 6.3 Functional principle of Concept1. 

 

Concept2: A magnetostrictive piston pump with active piezoelectric valves.  
This concept is similar to the concept described above. The piston is in this case 
operated by a magnetostrictive actuator and the inlet and outlet valve is 
controlled actively by piezoelectric actuators [20]. By controlling the opening 
and closing timing of the active valves oil can be pumped in arbitrary direction 
to a hydraulic cylinder, see Fig. 6.4. No directional valve is thus needed. 
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Fload
(Shaft for controlling the pitch of the 

rotor blade) 

Magnetostrictiv actuator

Pump cavity
Pump piston with oscillating movement

Piezoelectric on/off valvePiezoelectric on/off valve

 

Fig. 6.4 Functional principle of Concept2. 

 

Concept3: A magnetostricitve “fluidistor” valve for controlling a hydraulic 
motor. 
In this concept a conventional hydraulic pump is connected to the main rotor 
axis. This pump will feed a hydraulic system which will be located in the 
rotating frame. High performance directional valves, based on the fluidistor 
principle [21], are then used to control the flow to hydraulic motors that control 
the pitch of the rotor blades directly. The fluidistor principle is illustrated in Fig. 
6.5 and the concept is shown in Fig. 6.6. 
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Sealing

Terfenol rodTerfenol rodTerfenol rod

 

Fig. 6.5 Fluidistor principle. 

 

Fload
(Shaft for controlling the pitch of the 

rotor blade) 

Directional valve based on 
”fluidistor princple”

Conventional hydraulic pump, 
driven from the main rotor shaft

 

Fig. 6.6 Concept4. 
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Concept4: A magnetostrictive actuator with repetitive operation mode. 
This kind of actuator comprises at least two rods of magnetostrictive material 
which are mounted in parallel, see Fig. 6.7. 

LOAD
Terfenol rods

Support mechanism

 

Fig. 6.7 Function principle of Concept4, by courtesy of TACT. 

 

While one of the rods perform a stroke, the other rod is lifted and a supporting 
mechanism is gradually activated to give support to the inactive rod, see Fig. 
6.8(b). When the active rod has performed its full stroke the other rod is 
activated and now the former inactive rod lifts the former active rod, which is 
now supported by the above mentioned support mechanism Fig. 6.8(c). The 
procedure then repeats and a continuous linear motion of the actuator is 
obtained. 
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LOAD
LOAD

LOAD

Activated Activated  

 (a)  (b)   (c) 

Fig. 6.8 Operation procedure of Concept4. 

Of these 4 concepts it was decided to build prototypes according to Concept1 
and Concept2. 

6.2.2 The evaluated concept 
In the development process KTH performed system simulations of Concept1 
[52] which, after build-up and prototype assessment, seemed most promising. 
The reason is that in Concept2 three actuators have to work synchronously 
which constitutes an inherently complex design, resulting in a high vulnerability 
and reduced reliability. 

The goal of the performed simulation activities was to identify weak points in 
the construction and to suggest design improvements. The physical test setup of 
concept1 is illustrated in Fig. 6.9. 
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Piezoelectric actuator

Fload
(Shaft for controlling the pitch of the 

rotor blade)  

Fig. 6.9 Hydraulic circuit of Concept1, by courtesy of EADS. 

The dashed line to the left shows where the hydraulic displacement unit (motor 
or cylinder) is connected. The 4/3 proportional directional valve manufactured 
by Textron has a high dynamic performance with a bandwidth of approximately 
200 Hz. At the right, the piston cavity and the check valves are illustrated. Three 
inlet and three outlet valves are simultaneously used. It is observed that the 
hydraulic system is closed [27]. A Micro filter and an accumulator filled with 
nitrogen, are also included in the hydraulic circuit. The dimensions of the 
hydraulic pipes are also given in the figure. 

A model of the proposed system was implemented in Dymola using the add on 
hydraulic library “HyLib” [26]. An example of such a simulation model is 
shown in Fig. 6.10. The model includes e.g. valve dynamics, hydraulic 
inductances, piezoelectric data and a closed loop controller [27].  
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Fig. 6.10 Example of a simulation model in Dymola-HyLib of  the  experimental 
set-up. 

 

A simulation was performed where the function of the pump was assessed. The 
simulation time is 100 [ms]. After 10 [ms] a 5 [mm] input step of the reference 
cylinder position is applied, see Fig. 6.11. In Fig. 6.12 the flow through one inlet 
valve and one outlet valve can then be observed. 
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Fig. 6.11 Step response. 

 

Outlet valve

Inlet valve

 

Fig. 6.12 Flow through check valves. 
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In Fig. 6.13 the pump cavity pressure is plotted as a function of the pump piston 
position for the complete simulation. During the period when the load moves at 
a constant speed, the pressure varies from about 18 to about 85 bars while the 
distance from the piston to the cylinder head varies from about 227 mμ  to 285 

mμ . When the cylinder approaches its setting point, the pressure amplitude goes 
down and the pressure in the chamber approaches the pressure of the 
accumulator, which is 40 bars. 

 

Fig. 6.13 Cavity pressure as a function of piston position. 

A phenomena that can be devastating for a hydraulic system is cavitations. If the 
pressure gets too low, bubbles can appear in the hydraulic fluid and the function 
of the actuator can be harmed. As an example, in the results from the simulation 
activities, we especially searched for locations where the risk for cavitations was 
high. Such a location was found close to the inlet valves, see Fig. 6.14. 
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Fig. 6.14 Experimental setup. 

Here, the pressure can be as low as less then 5 bars in the beginning of the 
operation, see Fig. 6.15. 

Risk for cavitation 
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  (a)   (b) 

Fig. 6.15 Pressure at the hydraulic inductance next to the inlet valves, (a) for 
the whole simulation time and (b) for simulation time 10 to 16 ms. 

In order to reduce the risk of cavitations at this location, the hydraulic pipe 
should be made wider and shorter to decrease its hydraulic inductance. 
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6.3 Vibration Energy Conversion 

In all vehicle systems, a part of the produced energy is transformed into 
mechanical vibration energy losses. In WP5, a magnetostrictive transducer for 
power harvesting of these vibrations are to be developed. This device would 
make use of the inverse magnetostrictive effect, the so-called Villary effect. This 
means that when a magnetostrictive material is subjected to a compressive force, 
its magnetisation changes. Since this effect can be used to generate power, it 
would be possible to reduce vibrations and at the same time charge power 
supplies for different devices on board. The working name for the power 
harvesting device is VIBEL (VIBrational ELectric energy). 

Such a transducer prototype was built, tested and analysed during the project. 

6.3.1 Design analysis of VIBEL prototype 
The VIBEL prototype uses a parallel magnetisation approach and is constructed, 
as the actuator in Fig. 3.4, with physical configuration according to Table 3-2. 

The first activity in the analysis of the prototype was to perform finite element 
analysis of the flux distribution in order to calculate reluctance values of a 
lumped element circuit, describing the flux paths around and in the interior of 
the VIBEL, according to the approach described in reference [53]. 

In the subsequent study, the different loss mechanisms were analysed, using the 
previously determined reluctance values [54]. Eddy current losses were 
investigated using Cauer circuits, analytic expressions and the axial-radial model 
implemented in Sandys [15]. The hysteresis losses in the magnetic couplers 
were obtained by finite element analysis and data sheets of the actual material 
[43]. Furthermore, hysteresis losses in the Terfenol rod was found by Sandys 
simulations. In one of the studied examples the VIBEL was exited by a prestress 
of 25 [MPa] and an oscillating stress of 20 [MPa] at 1000 [Hz]. The coil 
terminal was connected to a load resistor of 1 [Ohm]. Under these conditions 55 
[W] was developed in the load resistor. The theoretical efficiency was 46%. 
Eddy currents and hysteresis losses in the Terfenol rod was the major loss 
mechanisms. The coil current losses was 9 % and hysteresis losses in the 
Permedyn washes was 4% of the total losses. 
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Finally, in the last study, it was investigated how to adapt the electrical load 
impedance, ZL, in order to extract as much power as possible from the device, 
see Fig. 6.16 [55]. The VIBEL was here modelled as an ideal voltage source, 
EMF, and a self impedance ZV. 

U

ZV

ZL

I

Electric model of VIBEL

Load impedance

Ideal voltage source

Self impedance

 

Fig. 6.16 Electric model of the VIBEL. 

ZL and ZV are considered to comprise a real and imaginary part according to 

 V V V

L L L

Z R jX
Z R jX

= + ⎫
⎬= + ⎭

. (6.1) 

The current in the circuit then will be 

 
V V L L

UI
R jX R jX

=
+ + +

 (6.2) 

and the active power developed in the load impedance will be 

 
2

2
2 2( ) ( )

L
L L

V L V L

U RP I R
R R X X

⋅
= ⋅ =

+ + +
. (6.3) 
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For L VX X= −  and L VR R=  maximum power will be dissipated in ZL. In order to 
determine ZL we thus need to estimate ZV. To do this two simulations are 
needed. First, an open circuit simulation is performed in Sandys and the voltage 
is recorded, see Fig. 6.17. 
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Fig. 6.17 Voltage in open circuit simulation. (a) 8 ms, (b) the last period. 

By Fourier analysis, the spectrum of the voltage can be found, see Fig. 6.18. The 
fundamental voltage component was found to be 4.43 28.35U i= + .  
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Fig. 6.18 Spectrogram of induced voltage. 

Then, a short circuit simulation is performed and the short circuit current is 
recorded, see Fig. 6.19. 
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Fig. 6.19 Current in short circuit simulation. (a) 8 mS, (b) the last period. 

The spectrum of the current is shown in Fig. 6.20. It is clear that the current 
contains a very small portion of harmonics. The fundamental component of the 
current is 12.4 0.03I i= + . 
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Fig. 6.20  Spectrogram of short circuit current. 
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It is now possible to calculate the fundamental self impedance of the VIBEL 

 4.43 28.35 0.36 2.28
12.4 0.03V

U iZ i
I i

+
= = = +

+
. (6.4) 

The load impedance should thus be chosen to 0.36 2.28LZ i= − , in order to extract 
maximal active power. This impedance comprises a resistor 0.36[ ]LR = Ω  and a 
series connected capacitor with the capacitance 

 1 1 70 [ ]
2 2 1000 2.28L

L

C F
f X

μ
π π

= = =
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

. (6.5) 

In Fig. 6.21, the induction field as a function of the magnetisation field in the 
active material for two simulations are shown. In one of these simulations a pure 
resistive load of 1 [Ohm] is used. In the other, an adapted impedance, 
comprising a resistor of 0.36 [Ohm] and a series connected capacitor of 70 [ ]Fμ , 
is used. The energy converted in each cycle is HdB∫  and, as shown, the 
circumscribed area is much larger for the adapted load impedance than for the 
pure resistive load. The simulations show that the power output can be increased 
by more than 350 %, if an adapted impedance is used. 
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Fig. 6.21 Magnetisation field vs induction field. 
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Chapter 7  

Summary of results and conclusions 

The focus of the work behind this thesis has been to develop and improve 
methods and tools supporting the development of magnetostrictive transducers. 
A general goal has been to strive to gain a higher level of understanding 
regarding magnetostrictive technology. 

During the work a magnetostrictive model based on Cauer circuits, including a 
hysteresis model based on experimental material data, was developed. Using 
Cauer circuits allows modelling of the shielding effect, resulting in non-
homogenous magnetisation and stress of a magnetostrictive rod cross section. 

Additionally, it is demonstrated how figures of merit and finite element methods 
can be used to find optimised designs in a systematic and computational 
efficient way. The modified generalised Fabry factor and the magnetisation 
inhomogeneity coefficient are two new proposed figures of merit. 

It is described how magnetostrictive materials are characterised using 
experimental facilities. An important issue when characterising magnetostrictive 
material is the post processing of the measurement data. A new de-hysterisation 
approach which ensures energy consistent data is also introduced. 

Characterising data and a hysteresis model were implemented in a simulation 
package and shows good agreement between model and experimental data. 

Furthermore, it is demonstrated how the knowledge and the experimental 
equipment at the department can be used in international projects (MESEMA) 
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and how a magntostrictive and engineering knowledge from different disciplines 
can be utilised to model and assess composite and complex systems. 

 



Future work  Chapter 8  

 115

Chapter 8  

Future work 

There is a possibility to create custom made magnetostrictive simulation tools 
for applications in various fields. The gained knowledge can be used in 
international projects and qualifies the department as an active partner. 

Dynamic verifications of the implemented models would give stronger 
verification of the models. The unique dynamic test rig at the department would 
make such activities possible [7]. Additionally, the design tool library should be 
updated regarding documentation and user friendliness. 

Terfenol-D is a brittle material that is hard to machine. The newly developed 
Magnetostrictive material Galfenol (FeGa alloys) can, however, easily be 
machined, which creates new possibilities. Furthermore, the permeability of 
Galfenol is much higher (about 20 times) than of Terfenol-D which will effect 
the magnetic circuit design. Further investigations of Galfenol, regarding 
actuator transducer technology, is thus a possible and interesting field for future 
research. 
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List of Symbols 

Symbol Quantity Unit 
α  Relative thickness of coil [-] 
α i  Friction multiplier [-] 
β  Relative length of coil [-] 
η  Relative damping [-] 

PMVRκ  Permanent magnet volume ratio [-] 
μterf  Relative permeability of terfenol [-] 
μmag  Relative permeability of permanent magnets [-] 
μT  Permeability at constant stress [H/m] 
μ S  Permeability at constant strain  [H/m] 
λ  Reversibility [-] 
λ  Classic magnetostrictive constant [N/T] 
φ   Flux [Wb] 
χ   Eddy current factor [-] 
χdiff   Differentia susceptibility [Vs/Am] 
χinc  Incremental susceptibility [Vs/Am] 
ω  Angular frequency [rad/s] 
ρ   Specific weight [kg/m3] 
ρ  Resistivity [Ohm m] 
σ  Conductivity [S/m] 
Θ  Magneto Motive Force [A] 

PMΘ  Permanent magnet magneto motive force [A] 
ζ  Density function [-] 
ℜ  Reluctance [A/Vs] 

terfℜ  Reluctance of Terfenol rod [A/Vs] 

bℜ  Reluctance of area between coil and Terfenol rod [A/Vs] 
cℜ  Reluctance of leakage area in coil  [A/Vs] 
mℜ  Short circuit reluctance  [A/Vs] 
PMℜ  Permanent magnet reluctance  [A/Vs] 

a Relative MMF drop [-] 
rA  Cross sectional area of rod [m2] 
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magA  Cross sectional area of permanent magnets [m2] 
B Flux density [T] 

anB  Anhysteretic induction field [T] 
rB  Remanence [T] 

Bf Building factor [-] 
C Compliance component [m/N] 
CL Load Capacitance [F] 

HC  Compliance at constant magnetisation field [m2/N] 
BC  Compliance at constant flux density [m2/N] 

D Diameter of magnetostrictive rod [m] 
d Piezomagnetic cross coupling coefficient [m/A] 
d* Piezomagnetic cross coupling coefficient [m/A] 
d Thickness of end piece [m] 
F Force [N] 
fr,i Electric open circuit resonance frequency [Hz] 
fa,i Electric short circuit resonance frequency [Hz] 
G Generalised Fabry factor [-] 
GM Modified generalised Fabry factor [-] 
G Gyrator ratio [N/A] 
H Magnetisation field [A/m] 
H Magnetisation field  [kOe] 
Hext External magnetisation field [A/m] 
Heff Effective magnetisation field [A/m] 
HC Coercivity force [kOe] 
H%  Backfield of magnetisation field [A/m] 
I Current [A] 
k Material coupling coefficient [-] 
k Eddy current parameter [m] 
kM Magnetic coupling coefficient [-] 
kPM,M Permanent magnet coupling factor [-] 
lekv Equivalent length of laminate [m] 
lr Length of rod [m] 
LT Inductance at constant stress [H] 
LS Inductance at constant strain [H] 
Ll Coil leakage inductance [H] 
M Mass [kg] 
M Magnetisation [A/m] 
N Number of turns [-] 

,iPα  Play operator [-] 
Pe Eddy current losses [W/m3] 
Pr1 Eddy current losses in for circular section [W/m3] 
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Pt Eddy current losses for a rectangular section [W/m3] 
PL Dissipated power in load resistance [W] 
R Resistance [Ohm] 
RL Load resistance [Ohm] 
RV Self resistance [Ohm] 
ri Coil inner radius [m] 
ro Coil outer radius [m] 
rr Radius of Terfenol rod [m] 
rp Radius of high permeability end piece [m] 
sH Compliance at constant magnetisation field [m2/N] 
sB Compliance at constant magnetisation field [m2/N] 
S Strain [mm/m] 
San Anhysteretic strain [mm/m] 
T Stress [MPa] 
T%  Backfield of stress [MPa] 
TC Mechanical coercivity force [MPa] 
t Thickness of laminate [m] 
U Voltage [U] 
V Velocity [m/s] 

wq&  Instant Hysteresis loss power [W/m3] 
XL Load reactance [Ohm] 
XV Self reactance [Ohm] 
ZL Load impedance [Ohm] 
ZV Self impedance [Ohm] 
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List of acronyms 

AC Alternating Current 
A/D Analog to Digital conversion 
D/A Digital to Analog conversion 
DC Direct Current 
EC European Community 
ECAMMA European Concerted Action on Giant Magnetostrictive Material and 

Applications 
EMF Electro Motive Force 
EME Electrical Machines and Power Electronics 
FE Finite Element 
FEM Finite Element Methods 
HTAS High Torque Actuator Specification  
MMF Magneto Motive Force 
MADAVIC Magnetostrictive Actuators for Damage Analysis and Vibration 

Control 
MEA More Electrical Aircraft 
MESA  Magnetostrictive Equipmant and System for more electric Aircraft 
MESEMA Magnetoelastic Energy Systems for Even More electrical Aircraft 
VIBEL VIBrational ELectrical energy 
WP Work Package 
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Index 

A 
Actuator, 1, 2, 3, 5, 13, 15, 43, 54, 

55, 57, 66, 67, 89, 90, 91, 92, 93, 
94, 97, 98, 102, 105, 115, 118, 
121 

Anhysteretic, 124, 125 

B 
Boundary condition, 18, 33 
Building factor, 56, 67 

C 
Cauer circiut, 3, 5, 35, 39, 40, 41, 

53, 54, 105, 113 
Coercivity, 46, 58, 125 
Coercivity force, 124, 125 
Compliance, 7, 10, 12, 14, 15, 16, 

18, 124, 125 
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D 
Damping, 15, 18, 123 
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Hall probe, 69, 76 
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