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ABSTRACT

If there is one actuator technology that is almestlusively
linked to a single application, that is the magsgtotive
actuator, the application is active structural atton control
(AVC). Almost all the applications described in titerature on
magnetostrictive actuators are related in one wagnother to
vibration suppression mechanisms.

Magnetostrictive actuators (MA) deliver high-outgatces and
relatively high displacements (compared to othererging
actuator technologies) and can be driven at highuencies.
These characteristics make them suitable for aetyardf
vibration control applications.

The use of this technology, however, requires aourate
knowledge of the dynamics of such actuators. Thpepa
introduces a linear model of magnetostrictive acttisahold in a
range of frequencies below 2 kHz useful in reaktiapplication
as AVC. The hypotesis supporting the linearity lné systems
are discussed and the theoretical model is presehieally the
model is validated by testing two different modets
magnetostrictive actuators and comparing experiahaeisults
with the theoretical ones.

1. MAGNETOSTRICTIVE ACTUATORS

The magnetostrictive effect

The term magnetostriction is a synonym for magadtic
induced deformation and refers to the capacityt thast of
ferromagnetic materials have, to change theirsizen the level

of magnetization of the material itself changes. eTh
magnetization variation is a result of a re-oriéintaof magnetic
domains within the material. This change of dimttican be
obtained by subjecting the material to changesagmstic field,
stress or temperature.

Although most of ferromagnetic materials having
magnetostrictive properties, only those that conteiements
known asrare earths are able to develop these properties
significantly. Such materials are called Giant Metgstrictive
Material. This effect is made possible by a higheleof
magnetomechanical coupling due to reorientation toé
magnetic domains within the material itself.

When a magnetic field is applied to a magnetostgctaterial,
the magnetic domains rotate in the direction of mhagnetic
field producing a deformation in the material stame and a
deformation of the material itself. The so-calledsitive
magnetostriction produces an elongation and a piofclthe
material, conversely, the negative magneto-strictidas
characterized by a shortening of the material
corresponding increase in section (Fig.1).

The change in the state of magnetization can bersile or
irreversible. Reversible changes are energy coateevand are
observable with small variations in the magneitdfi
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Figure 1: Positive (a) and negative (b) magnatdgin

Under these conditions, when the magnetic fieldrret to its
initial value, the material returns to the originatate of
magnetization. Conversely, when applied magnetid$i are too
high, changes in the state of magnetization aesénsible [1-2].

Functioning principle

In practice the functioning of a M.A. can be ddsed with
reference to the scheme in Fig.2: a bar of magtrittge
material is placed inside a coil and it is subjddie a magnetic
field generated by permanent magnets positionesidauthe coil
itself. Feeding the solenoid, a variation of thectic field that
passes through the magnetostrictive material peslacchange
in the opposite magnetic field with the subsequadignment of
magnetic domains. This phenomenon leads to a abittator
and to the generation of a very high force.
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Figure 2: Layout of a M.A.

2. THEMODEL

The use of this technology, however, requires anurate
knowledge of the dynamics of such actuators.
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The paper introduces a linear model of magnetdisteic
actuators hold in a range of frequencies below 2 kkeful in
real time application as (AVC).

Linear congtitutive equations
The behaviour of magnetostrictive materials is clempbut,
under appropriate conditions, it can be approaélsetinear [10-
14]. Main hypothesis consists in:

» low working frequencies,

* reversible processes of magnetostriction (no power

losses),
» stress and strain uniform in all the sections & th
magnetostrictive rod..
Under these conditions the coupling between thehardcal
strain and the magnetization of the material isesgnted by the
linear magnetomechanical coupling equations [10]:

S=s"T+dH (1)
B=dT+4"H (2)

with strain S, stress T, mechanical complian'éeas constant
applied magnetic-field strength H, linear piezometgn cross-
coupling coefficients d and d*, magnetic permeapilat a
constant stresgt’, and magnetic-flux density B within the
material. B, H, § and u" all have a static bias and a time-
varying term ! (for example, T(t) = F+Te!?!), which are not
to be displayed here. If the magnetostrictive psede assumed
to be reversible, then d*=d. This would be normatue for
low-level driving forces or fields, but for highvel driving they
may be different.

Main features on magnetostrictive material Terfebare [10]:

mechanical compliance s'=3.313* m?IN
linear piezomagnetic cross “d= 2116 mA
coupling coefficients -

magnetic permeability 1P =12

Thesystem
Referring to the model reported in Fig.3, two dinzahequation
can be written, respectively related to:

mechanics:
MX + X = Fg 3)
electrics:
do
V =Ryl +n— 4
Rl +n— 4)
The force exerted by the magnetostrictive actuator
Frag = TA
is a function of T as in eq. (1):
T= _ST-ldH )
S

The applied magnetic-field strength H is:
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Figure 3 — System model

where n is the number of the winding turns, | is lgngth of the
magnetostrictive bar, L is the length of the baewti=H, and
T=To, | is the current flowing in the winding and is a
coefficient to take into account the effective lgngf field lines
along which perform the circulatio ¢ 2).

Then, substituting eq.(6) in eq.(5), one gets:

S nd | _xI nd | _x/ nd |

T=-"-—""-+— =+ — AR T,
SH SHE(H_xj SH sHm H A
™

The force exerted by the magnetostrictive actuator

L ndA |
Fmag =TA= —kSX + S_HI (8)
where:
A
= )
sHL

is the mechanical stiffness of the magnetostridbiae
As reported in Fig.3 force transmitted to the duie, and then
the force available to control and suppress vibrais:

Fr = Frgg — X (10)
Fr = mx (11)

Transfer functions

Let's suppose to control the device supplying evikm current |.
It allows to disregard the electromagnetical dyraand taking
into account just the mechanical behaviour of retesn.
Comparing eq. (3), (11) the transfer function bemdorce
exerted by the device and the force transmittethéostructure
(ground) is:

G == 12)

Frag  MX+rX

and through Laplace's transformation:

2
Gy(9) A __ s (13)
Frag 24" ¢
m



Let's derive with respect to time eq.(1) with trendition kl+x.
Substituting the result in eq.(3) one gets:

CrsP L am I i e I A (19
a a

And then the transfer function:
Fmag _ s? +(r /m)s
[ s?+(r/m)s+(k/m)

Gy(9) = (15)

where:
ndA

C= (16)
sta

Combining egs. (14), (16) the transfer functiog(sp between
the current | supplied to the actuator and thegdtctransmitted
to the vibrating structure is:

S2

s% +(r/m)s+(k/m)

Ga(9) = li = Gy(91G,(8) =C (17)

3. EXPERIMENTAL TESTS

Magnetostrictive actuatorstested

To validate the model, two different magnetostvietactuators
are tested (Fig.4) whose most significant mechéarfeatures
are:

M.A. E75W

A= 9¢° [ Area of a bar section

L = 64 [mm] Bar lenght

n = 1550 no. of winding turns

m= 2 [Ifg] inertial mass

kS :T = 42%6
s'L

[N/m] mechanical stiffness (eq.(9))

M.A. E30W

A= 9¢® [m] Area of a bar section
L = 43 [mm] Bar lenght

n = 1550 no. of winding turns
m= 0.74 kg] inertial mass

ks =—7— = 634°
ML

[(N/m] mechanical stiffness (eq.(9))

Figure 4 — Magnetostrictive actuators E75W and E30W

Theoretical transfer functions ;&) described in eq.(17) are
depicted in Fig.5 for both the magnetostrictiveuatbrs tested.
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Figure 5 — Theoretical tranfer functions of M.Asted
(magnitude and phase)

Work bench

The work-bench used for dynamical tests is shawhi@.6 and
Fig.7. The MA are placed on a load cell, fixed e ground, in
order to have their inertial mass free and theyfadewith a
known current | that varies over time.

During the tests, signals of voltage (V) and supplgrent (1) are
acquired, as the acceleration of the bagegad the one of the
inertial mass (@ (via uniaxial piezoelectric accelerometers).
The force transmitted to the groundXfs acquired through a

load cell.
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Figure 6 — Measure system layout

Figure 7 — Test : load cell (a) and unidirectional
accelerometers (b)



Experimental results

Experimental transfer function y(3) between supplied current
and transmitted force are obtained for both theaots tested.
Devices are excited first with an harmonic inputrent (from
10Hz to 2000Hz), secondly with a sweep sine exoitain the
same range of frequencies. tests are repeatedffmedt current
gains.

Fig.8 and Fig.9 respectively show the experimenrahsfer
function obtained for the E.30W magnetostrictivetuator,
while Fig.10 and Fig.11 are related to the mod@bR/.

All the graphs show amplitude and phase of thesfa
function and the coherence between the input aedotitput
signal.

Let's remember coeherence is defined as:

,  |ske()

= 0<yig <1

/R S (1) Sea (1) Vhe

where Qa(f)$ and 3(f) are the auto-spectrums respectively of
the input and output signals, whilessS (f) is their cross-
spectrum. The coherence function is a scalar ardstmes a
unit value only in case of perfect correlation betw the two
signals. In other words, it identifies the preseacabsence of a
“cause-and-effect” relationship between the inpigna and
output, at different frequencies.

For this reason the experimental transfer functman be
acceptable only in the range of frequencies whetemence is
near the unit value and has to be neglected elsewhe

S : : n
10f [Hz] 10

coharance (G)

10° [Hz] 10

Figure 8 — E.30W MA. Experimental transfer function
Gs(s)=F/I obtained with harmonic excitation for differerdlue
of current.
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Figure 9 - E.30W MA. Experimental transfer function
Gs(s)=F/I obtained with sweep-sine excitation for differen
value of current.
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Figure 10 — E.75W MA. Experimental transfer funotio

Gs(s)=F/I obtained with harmonic excitation for differerdglue

of current.
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Figure 11 - E.75W MA. Experimental transfer funatio

Gs(s)=F/I obtained with sweep-sine excitation for differen

value of current.



The experimental transfer functions are well definfor

frequency higher than 40 Hz, where the force erehy the 0
actuator is so small that the transducer can'temge it. This
effect is evident looking the coherence betweenitipeit and
output acquired signals reported in graphs. Tegts larmonic
excitation allow to reach a better result, esphciah low
frequencies operating field.

4. THEORETICAL AND EXPERIMENTAL Tl
COMPARISON

The comparison between the theoretical transfestiom and the
experimental ones are shown in figures 12-15.

For each actuator tested, both the functions ufyqdentify the
resonant frequency of the system and properly esats
dynamical behaviour in the range of frequency dériest. A ;
small shift-effect in experimental transfer functois associated 0 . 0
to current gain. This effect can't be evaluatethexmodel but it

is really negligible.

Figure 14 — E.75W Magnetostrictive actuator: coriguar
Lol between experimental and theoretical transfer fancs=F/I
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Figure 12 — E.30W Magnetostrictive actuator: coriguer 10’ L. :
between experimental and theoretical transfer fand;=F+/I| ) o )
(Amplitude) Figure 15 — E.75W Magnetostrictive actuator: coriguar
between experimental and theoretical transfer fandg;=F;/I
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5. CONCLUSIONS

Magnetostrictive actuators are a promising techmlo active
vibrations control field. The paper investigatee tipportunity
of modelize such devices with a linear model torecty
describe their mechanical behaviour. A transfer ctiom
between the supplied current and the force usefutiontroll a
vibrating system has been introduced. The model been
validated testing two different actuators in a eo§frequencies
between 10-2000Hz. The comparison between theatetic
transfer function and experimental ones confirmgbedness of
the proposed model.

i i REFERENCES
_To' 1;2 “‘,3
e [1] G. Engdahl, “Handbook of Giant Magnetostrictive
Figure 13 — E.30W Magnetostrictive actuator: corigar Materials”, Academic press, 2000 _
between experimental and theoretical transfer fands;=F/I [2] J.L. Pons, “Emerging Actuator Technologies: A
(Phase) Micromechatronic Approach”, John Wiley & Sons Ltd,

2005



[8] S.J. Moon, C.W. Lim, B.H. Kim, Y Park, “Strwral
Vibration Control Using Linear Magnetostrictive
actuators”,Journal of Sound and Vibration, Vol.302,
2007, pp.875-891.

[4] J.S. Kumar, N. Ganesan, S. Swarnamani, C. Badbhan,
“Active Control of Cylindrical Shell with Magnetasttive
Layer”, Journal of Sound and Vibration, Vol.262, 2003,
pp.577-589.

[5] T. Zzhang, C. Jang, H. Zhang, H. Xu, “Giant
Magnetostrictive Actuators for Active Vibration Coal”,
Smart Material and Structures, Vol.13, 2004, pp.473-
477.

[6] P.A.Bartlet, S.J. Eaton, J. Gore, W.J. Methgham, A.G.

Jenner, “High-power, low frequency magnetostrictive

actuation for anti-vibration application”Sensors and
Actuators A, Vol.91, 2001, pp.133-136

[7] C. Li, J. Mao, “Active Vibration Control undéhe actuator
with magnetic Hysteresis LoopProceedings of 2005
International Conference on Control and Automation
ICCA2005, Budapest, Hungary

[8] C. May, K, Kuhnen, P. Pagliaruolo, H. Janocha,

“Magnetostrictive Dynamic Vibration Absorber (DVA)r
Passive and Active DampingProceedings of Euronoise
2003, Naples, Italy

[9] T.S. Koko, U.O. Akpan, A. Berry, P. Masson, Besslin, J.
Szabo, N. Sponagle, “Vibration control in ship stoues”,
Encyclopedia of Smart Materials, Voll.1,2, John Wiley &
Sons Ltd, 2002

[10] A.E. Clark, H.T. Savage, M.L. Spano, “Effeft Stress on
Magnetostriction and Magnetization of Single Crisié
Thy;Dy;sFe”, |IEEE Transactions on magnetics, Vol.
MAG-20, No.5, 1984, pp.1443-1445.

[11] M.J. Dapino R.C. Smith, L.E. Faidley, A.B.Ha, “A
Coupled Structural-Magnetic Strain and Stress Mddel
Magnetostrictive Transducers”Journal of Intelligent
Material Systems and Structures, Vol.11, 2000, pp.135-
151.

[12] X. Zhao, D.G. Lord, “Application of the Villareffect to
electric power harvesting"Journal of Applied physics,
Vol.99, 2006, pp.135-151.

[13] M.J. Dapino, “Magnetostrictive MaterialsEncyclopedia
of Smart Materials, Voll.1,2, John Wiley & Sons Ltd,
2002

[14] O. Thomas, S. Mahon, S. C. Busbridge, andRAPiercy,
“Variation of the Magnetoelastic Properties of EBerdl-D
with  Sample Thickness”, IEEE Transactions on
magnetics, Vol.37, No.4, 2001, pp.2687-2689.



