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PURPOSE: The purpose of thighesis was to meaee the fast displacement ofreagretic
shape memory(MSM) actuator and to demonstratine feedback control of th
displacement.

MATERIALS AND METHODS: Ni-Mn-Ga is a magnetic shape memory alloy, wh
can produce large strains in magnetic fidtd.an actuator coils are used to genertite
magnetic field and the strained MSM elenseatecompressetly a mechanical spring.he
fastdisplacement of the actuator was measured using a laser.s&r3i@ controller wag
implemerted with LabVIEW and used ifeedback control measurements. Plesformance
of the controller in rapid displacemts was tested and analyzedheTuning of the
controller was carried out experimentalidditionally, the hysteresis of the actuator v
measured and the current modiliat wasused for driving the actuateras documented.

RESULTS: The displacement and hysteresis of the actuator were measured. The c¢
was successfully used to control the displacement, but also its weaknesses were sHh
discussed. Theneasurements revealed problems in theilstalof the MSM elementin
actuator use. Accordinglyhe measuremenggoduced ideafor further deelopment of the
controller andor investigations of thenicrostructureof the MSM material

CONCLUSIONS: The hysteresis of the MSM matariand rapid dispcements madthe
control challengingbutall in all the performance of the PID controller was eitip@od or
satisfactorylmplementation and optimization of an adaptive controller would solve se
problems that arose duririge measurements. Howeyanproving therepeatabilityof the
behavior of the'SM elements in actuator useatoimportant in ordeto obtainaccurate
control.
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TYON TARKOITUS: Tyon tarkoituksena oli mitata magneettis muistimateriaali
aktuaattorin nopediiketta seka kehittatakaisinkytkentadn perustulikkkeen ohjaus

MATERIAALIT JA MENETELMAT:  Ni-Mn-Ga on magneettinen muistimetalli, jo
voi tuottaa liikettd magneettikentassa. Aktuaattorissa magneettikerdtiianaaikaan
keloilla, ja venynyt MSMmateriaalipalautetaan jousen avulla alkuperéiseen pituutes
Tydssa mitattiin aktuaattorin liikéaseranrilla. Liikkeen nopeusga hystereesi asettiv:
haasteitaohjauksessa, johon kéaytettiin LabVIE@hjelmalla tdeutettua PIBsaadinta)
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TULOKSET: Aktuaattorin nopea liike seka hystereesi mitattifkktuaattorin liiketta
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JOHTOPAATOKSET: Huolimatta hystereesin janopeiden liikkeiden saadoll
asettamista vaatimuksistaktuaattom nopean lkkeen ohjausPID-saatimella onnistu
hyvin tai tyydyttavastiAdaptiivisensaatimen optimointi ja kayttaminen saadossa ratkg
useat mittauksissa ilmenneet ongelmat. Taman lisdksi tarkan saadon toteutf
edellyttdd muistimateriaalin toi®ttavaa toimintaa aktuaattoriajossaoistettavuuder
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1 Introduction

Magnetic shape memorfMSM) materials have gained attention due to the large shape
changes that they can produce in moderate magnetiddigl@lly< 500 kA / n). Sincethe
discovery of te MSM effect in Ni,MnGa by Ullakko et al. (1996) this new class of
materials has been the target ofensive researciypically, MSM materials are single
crystalline netal alloys, which convert magnetic energy to mechangcedrgy After
straining in magnetic field th&®1SM element can be returned its initial shapewith a

mechanical spring or by turning thigection of themagnetic field by 90

The particularity ofNi-Mn-Ga ompared to other magnetic shape memory alloys is that in
this material it is possible to combine large shape changes at a rather high frequency at
ambient temperature in moderate magnetic field. Large strains of MSM alloys combined
with fast diplacemerd at hundreds of Hertz could be exploited in rapid magnetic actuators
and valves.On the other hand,he range of applications is mainly restricted by the
martensitic transformation temperature, above which the microstructure required for the
MSM effect no longer occurs. Therefore, currently the main focus of the crystal growth
development is the elevation of the transformation temperature as well as the

reproducibility ofmaterialproduction.

All the Ni-Mn-Ga MSM material and the actuator usedthis work were produced at
AdaptaMat Ltd. The aim of this workasto document the measurement setapasure the
displacement of 81SM actuator and demonstrate the feedback contritiedisplacement.
Fealback control is useth the control of magneticalves in order to compensate for the
nontlinearity and hysteresis typical of magnetic phenomén&hapter 2he theory of the
MSM effect and feedback contrare introduced. Rapter 3deals withthe measurement
system including the actuator, the currerddule and the realizatiaof the controller The

measurements and results are reported and discussed in chapters 4 and 5, respectively.

MSM materials are closely related to shape memory alloys (SMA), which undergo shape

changes up to several percahiring heatingand ©oling. Shape memory alloyalso



remembetheir initial shape. However, trehape changes induced thygrmal processes are
several orders of magnitude slower thraagnetiefield induced shape changes in MSM
alloys. Hence, the use of maggefield and MSM alloys enaldefast actuation in
applications.The dimensions of a sample can be changed with an external magnetic field
also by magnetostrictioof ferromagnetic materialglowever,generallythe strains arene

to two orcers of magnitudemaller than in thé1SM effect (Enkovaaraet al. 2004) The
piezoelectricmaterials show strains of orderl® and the magnetostrictive matesiabn
produce strains up ta2%, whereashe reversiblestrain of tle Ni-Mn-GaMSM alloysin
actuators about3.5%. Although both types of materials show strains in magnetic fieéd, t
phenomena of magnetostriction and magnetic shape rgesubstantially differ from each
other.In MSM the strain is tied to the crystalleghy hrough twin boundary motign
whereas in magnetostrictiostraining occursonly due to the change in magnetization
direction(Schwartz(ed.)2004 p. 936, 94%
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2  Theoretical background

Shape menmy alloys (SMA) are defined by the property to undergo martenghese
transformationduring cooling, whichinduces changes in the dimensioristtee sample.
Additionally, duringreverse transformation to the parent phase the sample reverts back to
its initial shape and so remembers its shijpegnetic shape memory alloys are a particular
subgroup of shape memory alloys. They exhibit the conventional shape memory effect
during heating and cooling, but apart from that skuglestalline magnetic shape memo
alloys can produce large shape changes in magnetic fisldgnetic field is used to
manipulate the microstructure imet martensite state. Accordinglin magnetic shape
memory effecno crystallographigphase transformations take plax®in the convaional

shape memory effectinstead, the MSM phenomenon involvesnteraction of the
microstructureand magneticdomainstructure of the sampl&lore precisely, e actuation

in magnetic field is based on the motion of twin boundaries, which causes geanent of

crystallographic regions in the materialkhachev et al2000)

The first sulchapter (2.1) elucidates the martensitic transformatiorand twinning
microstructue of a Ni-Mn-Ga MSM alloy. This is followedby the presentation of the
essential magnetic and mechanical propertésthe alloy in chapters 2.2 and 2.3

respectivelyChapter 2.4 deals with theversibility and requirements tiie MSM effect

2.1 Martensitic transformation and twinning in Ni-Mn-Ga

The martensitic transformation is required in order to prothueg@roper microstructure for
the MSM alloy. During slow cooling from 1000 Kordering ofNi-Mn-Ga alloy occurs. A
Curie temperatureTc (~100 C) the magnetic character of the alloy altersnfor
paramagnetic to ferromagnetitVhen the mirial is further cooled a structurghase
transformations observed. It is a latticekansformatiorfrom a higher symmetry structure,

austenite, to a structuref lower symmetry, martensitéEnkovaaraet al. 2004) The

11



martensitic transformation temperatufg can vary a lot for different alloys and is
stronglycompositiondependenfLanskaet al. 2004) The transformation involves shring
deformation and results from the shift of several atoms astarather than individual
atoms(Funakubcet al.1986) The three axes of a rectangular crystal lattice are denoted by
a, b andc. In Ni-Mn-Ga the crystal lattice structure is cubic in austenite state, but in
martensite state it oa be tetragonal approximately tetragonabr approximately
orthorhombic as shown inigure 1 The noncubic latice is an important property in order

to obtainlargemagnetiefield-induced strains.

- 1
martensite austenite '

ferromagnetic paramagnetic

approximately tetragonal: a, b >c¢

tetragonal: a=b,a<c a

[

L

b

a
approximately orthorhombic:
a#b#cab>c

v

Figure 1 The lattice structuresf the austenite and martensite statea Mi-Mn-Ga
MSM alloy. The martensitic transformation temperature is matked, and Curie
temperaturdy Tc.
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The formation of martensite lateé struture is diffusionless thermoelastic and
accompanied by shape changesvtoch the material canccommodate in different ways,
for instanceby generation of a twinning microstructur&nother possibility for strain
adaptation is théormationof slip microstructure involving dislocations. However, the slip
microstructure is not usable ftne magnetic shape memory effeathereaste winned
microstructure is crucial foa functionalMSM alloy (Funakubo 186). The twinning
microstructure dvelops in the martensitic phaseorder to minimize thénterfacial elastic
energy over the whole sampléO'Handley 2000 p. 259. Nevertheless, he twinning
process doesot change therystal structure of the martensitds depicted in Fure 2,
usually twotwin variantswith different crystallographic orientatiorf$ and 2)appear and
their regionsalternate in the materialhe crystallographic lattices of the two twiariants
are symmetrically related in terms ofr@rror plane or a rotation axitsula, K. (ed.)
1998 p. 18. The boundaries between different twin regions are even visible by eye on a
clea surface of a sample.

twin variant 2
[ /] ] Sy
martensitic '
lransformahon/ / / / / twwnnmg \2 '\_
-42'(

e ),...\/

twin variant 1

twin boundary

Figure 2 The lattice @formation due to martensitic transformation and subsequent
selfaccommodation of deformation shear by twinning. In the twinning part of the
figure there are twice as many layers of lattices as in the p#ney in order to depict
the stacking of the structure. The arraave parallel tahe direction of theshort axisc

of the tetragonal lattice.
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The differenttwin variants can have magnetic domains of different orientatlorerder to
simultaneously nmimize the elastic and magnetic interaction energies the martensitic twin
orientation domains and the magnetic domains evolve spegafterns(Jin 2009) The
magnetic shape memory ettt involves growth of the varably oriented magnetic domains
inside a specific twin variant as well as growth of this particular twin variant at the expense

of the other variants.

TheNi-Mn-Ga used in this work hagpproximatelytetragonal lattice in the martensite state
with lattice parametera = 0.596 nm, b = 0.594 andc = 0.560 nm and thetransformation
temperature § = 45 C. For this martensite structure< a, and the maximum theoretical
strain isapproximatelyé %. This tetragonal lattice structureeferred to ad0OM and5 M in
the literaturg¢ has only three possible twin variants instead of the six var@intbe
orthorhombic structureréferred to asl4M and 7M in the literaturg (Enkovaaraet al.
2004) The 10M designates a specifattice modulation in the materidh the 1M alloy it

is possible to combine large magnetic anisotropy and small twinning, sivegsh are
favorable properties for the MSM effedtSozinov et al. 2002Straka 207, p. 28. In
addition, the simple variant structure ig benefitin terms ofits controllability. From now
on the term NiMn-Gaalloy in this thesigefers to thelOM- structured alloy used also in
the measurementeported in chapter.4

After martengic transformation NiMn-Ga alloy usually has a muNariant structure By
applying stress (8 MPa) or a magnetic field-(500 kA / m) during the transformation the
generation of single variasamplescan be facilitated. As a result, the variant tugpears

is the one with the short axis of the crystal lattice along with the strain or the magnetic field
(Straka 2007p. 2022). The martenitic transformatiorcan be oberved by calorimetrgs

the released oabsorbed energy or alternatively by measuring thengds in magnetic
susceptibility(Suorsa 2005p. 22.

14



2.2 Magnetic properties

The magnetic properties together with the proper crgstattureand microstructue of an
MSM alloy enable thenagnetiefield induced strainingThe magnetizatioM of a material

is defined as

M = y,H (1)

whereay is the magnetic susceptibility amtithe magnetic field strengtfihe austenite to
marensite transformation iNi-Mn-Ga can be observed as a significantrease in
magnetic anisotropgf the materialSuorsa 2005p.22. The magnetic flux densitB, in
turn, is related t&/1 andH as follows

B = po(H + M) )

wherespi s t he permeabi |l i t'yhentyfm)THueB isttemagoetic ( 4 -
flux densitythat comprises both ¢hexternal field as well as the field resulting from the
magnetization of the materi@D'Handley 2000) The MSM effect involves interaction of
the twin domains and the magnetic domains in the altoyhis respect, lie property that
lies behind the large strains obtainable in magnetic field is thgnatecrystalline
anisotropy of a twinned MSM alloyLikhachev,2000)

A material is magnetically anisotropid its magnetization depends on the directiom
which thefield is applied to the material. There are several different material properties that
can cause magnetic anisotropy, but here we focus on the anisotropy catlsedrigtal

structureThe physical origi of magnetecrystalline anisotropy derives from the preference
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for certain orientations of molecular orbitals or bonding electron charge distribui®ias.
consequence of magnetic anisotrofpygke crystalNi-Mn-Ga in martensite statbas an
easy and adrd axis of magnetizatiolfhis means that the saturation field strength in the
easy direction is snflar than in the hard directio©O'Handley 2000ch § Straka et al.
2002). In the material used in this wothe easy axis of magnetization is along with the
short crystallographic axis and the hard axis along with the agi®r b. The schematic

magnetization curvess a function of the applied fiesde shown in igure3.

easy axis

Relative magnetization

‘¢° IEEEEEND hardax|s

Applied field (KA / m)

Figure 3 Schematic illustratiorf typical NiMn-Ga alloy magnetization curves with
field direction along with the easy and hard axis of magnetizaifibe. saturation
magnetization and magnetic field strength are markeippnd Hs (~ 500 kA/m),
respectivelyModified after(Suorsa 2005p. 17.
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The area between the magnetization curves in different crystallographic directions
represents the magnetic anisotropy energy def@tyandley 2000ch 6). In a single
variant sample thenagnetizatiorprocessaused by a magnetic field along witie easy or

hard axis idifferent. Applying a field transverse to the easy direction results in rotation of
the magnetization vector, but when the field is parédighe easy direction magnetization

Is caused by themagnetic domain wall motiof©'Handley 19980'Handley 2000p.313.

2.3 Mechanical properties

The experimental straiflof the NiMn-Ga alloy usedn this work was typically 3 %t is
defined as

LU=l ©

wherelp is the initial length of the MSM element amhds the length after deformation
(Straka et al2003) The strain depends not only on the sample length, but also on twinning
stress, which is discussed more closely in the following chapter (2.34¢.

crystallographic limit for the theoretical maximum strain is expressed as

Emax = E -1 (4)

It is set by the difference between the lengths of the crystal lattice paramatets.

17



2.3.1 Twinning stress

The blocking forces for twin boundary motidne to material propertiege referred to as

the twinning stressy, . A schematic figuref the stressstrain relationship and one way to

determine the twinning stress of the materialsfr@wvn in kgure4.

Stress (MPa)

Strain (%)

Figure 4 Schematic stresstrain curve of a MSM alloy and the determination of
twinning stress as the stress value at 3 % strain of a centened

For a material with anearlyflat plateau of the twinning stress curve the twinning stress
value can be approximated to be constant during deformetwept for theextremes othe

curve. Twinning stress causes hysteredis the staining behawr and redices the

18



magnetiefield-induced stress in the material. In actuator use this implies less force output
and efficiency as well as challenging controllability due to hysterdsisrefore low
twinning stress is an important property of a good MSMyaHowever,simultaneously

the twinning stress helps the material to keep its shape and thus increases stability in
positioning actuator applicatiorfdaltio 2006) Twinning stress iglsostrongly dependent

on crysal structureandtemperatur€Sozinov et al. 2003;anskaet al. 2004)Additionally,
twinning stresslepend on the purity of the material, crgdtquality as well as the thermal,
mechanical ananagnetic history of thalloy. For example, impurities and defects in the
crystal structure tend to increagee twinning stress of the materigbtraka 2007 p. 27).

Usual twinning stress values for-Nin-Ga MSM alloys vary between @ and 07 MPa.

2.4 Magnetic shape memory effeic

The magnetic shape memory effastassociated withvtin boundary motion between
regions that differ ireasymagnetization directiofO'Handley 2000p.259. The important
material parameters in order to obtaire MSM effect in an alloy are large magnetic
anisotropy, small lattice distortion and small twinnsigess(Straka 2007p.27). All these
parameters depend dime crystal structurand tempeature (Sozinovet al. 2002 Sozinov
et al.2003;Heczko et al2003) The lattice distortion is defined as

E=1—— 5)

wherec is thelength of the short aralis the length of the long crystallographic ax@sall
lattice distortion means smaller maximum strain, but on the btret biglattice distetion
reducesthe magneticstressilimag Which is needed for the MSM effecin addition the

magnetic anisotropthat influences the MSM effedepends othelattice distortion.
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2.4.1 Twin boundary motion

Rearangement of twin variants cdme induced by stress or magnetic field. The twin
boundary mtion caused by mechanical stréssgs doout large plastidike deformations
by growing the amount of one variant at the expense of andteexr result, the proportion
of the variant with the shortest crystallographic axign the direction of the applied
compressivestress growsRespectively the twin boundary motion can be initiated by
magnetic field if the martensitic phase has sufficientstrong magnetarystalline
anisotropy. In that casevhen the magnetic field is applied thafavorablyoriented twin
variants cannot rotate to the efition of the field. Due to the magnetic anisotropy the
energy equilibrium is more easilytained by twin boundary motighat is by growth of
the variant with the easy axis of nmgization along with the fieldO'Handley 2000
p.269. Figure 5 shows a usual twtwin-variant structure in a MSM alloyn a small
magneticfield below the saturation field strength of the easy axis of magnetiz¢figare

3). The easy axis of magnetization of the variants isafalr to thedim arrows, which

denote the direction of magnetization of each magnetic domain inside the variants.

20



variant 2

variant 1

magnetic domain

&x N \ boundaries

f-k twin

boundaries

Figure 5 Typical two-twin-variant and magnetic domain microstructure in a/MiGa
MSM alloy in a field H below the saturation field stigth of the easy axis of
magnetization The dim arrows show the direction of magnetizatiothefmagnetic
domains. The small dark arrows depict the movement of magnetic doamartwin
boundaries in an applied fiekdl

The applied magnetic field inigure 5 is parallel to thalirection of the easy axis of the
variant 1. Hence, thBISM effect proceeds by the growth of the magndomainsof this
variant, which are orienteith the direction of thdield. This is shown by the solid arrows
perpendicular d the magnetic domain boundaries. In addititme proportion of the
favorably oriented crystallographic variabhtgrows at the expense of variant 2 by twin

boundary motionThe solid arrowsshow the direction of thenagnetic domain wall and
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twin boundarymovement.The proportion of the variant 1 is growing along with growing
field strength andcorrespondingly in a bigger fraction of the sample the short @xis
orientates along with the field and the loagis a perpendicular to it. As a resulthe

sample contracts in its dimension parallel to the fiedthd straining is obtained in a

dimension perpendicular to the field

According to a modetreated byLikhachevet al. (2000)the magnetic driving forcgh)
appliedto twin boundaries equals tkidference in thenagnetization free energies between
the twin variantsThe direction of the force is along the normal of the tiadnindary The

equivalentmagnetic stres8magis proportional to the driving force amdn be expressed as

_f®

&o

(6)

Omag

Thus Umag is also dependent on the lattice parameters thrdattjoe distortion(y. Along
with growing magnetic fieldtrengththe magnetic driving foes approaches its saturation
value, which is equal t&,, the constant of uniaxial magnetic anisotropinally, the

maximum equivalent magnetic stress can be written as

()

Omag,max =

& | &

(Likhachev200Q Likhachev et al. 2006
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2.4.1 MSM effectin actuator

The MSM effect isusuallyexploitedin actuator application$SM alloys can be used in
different types of actuator configurations dependingttmapplication. Yet mostly the
movement gnerated by the actuators is cyclkor example, magnetic field igsed to
elongate the MSM element and when the field is switched offrikehanical force of a

load and a spring isused to returrthe element to its initial length. Alternatively, a
combiration of the mechanical force and a force generated by a transverse magnetic field

can be used to restore the MSM element.

In a MSM actuator with a spring as tbaly restoring elementhe magnetic fielgpulse is

only used to elongate the sampléhe sprilg is conpressed during elongation and in order

to fully compress thesample it has to applysiressley greaterthanthe twinning stresshy

of the material. When the sample is fully compressed a magnetic field pulse is given again

to elongate the sampl€hus, the limiting case for reversible MSM behavior is

Oext = Otw (8)

On the other &nd,in orderto elongate the sample atadfully reorient its twin structue the
magnetic stresgenerated by the fieldas to exceed the twinning stress and the external

stress of the springonsequently, from equatiahit follows

u
— > Otw + Oext (9)
€o
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Thereby, for fully reversile MSM behavioin actuatothe equations 8 anddive

K,
— > 204y (10)

Equation 9 shows that having MSM material with low twinning stress is a requirement for
applications, becausgew twinning stress decreases the magnetic stress and respectively the
magnetic field strength required for strain respo(iskhachev200Q Likhachev et al.
2006.

2.5 Control theory

Feedback loop control and papionatintegratderivative (PID) controllers are widely

used inindustrial control applicationsThe yet simple, but powerful idea of feedback can
makea system to follow commands and reduce the effect of disturbances as the real output
of the system igontinuously compared tits desired valueThe first PID controllers date

back to the control of steam engines and windmills and their development has proceeded
through many shifts in technology. TR¢D controllerstill offersa good solution to many
prectical control problem# small as well as large distributed systeMainly PID or Pl
controllers are usedor instancein motor, process and motion contriol the industry
(Astréom 2006)

2.5.1 Feedback loop control

In feedback control the controller esror driven. It receives continuously in its input a
measurement of the errerbetween the desired behavior and the actual behavior of the
system. The output of the controller is a function of this eRaactically the controller is
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taking correctiveaction until the error is reduced to z¢t@igh 2004 ch 3). The principle
of feedback cotrol is illustrated in Fgure § where the required response or set point is

marked byysp, the output of the system to bentrolled byy and the error between these
two bye.

controller

A u 3 system y >

D

-1 — -~

feedback control )

[N loop S/
N e

————

Figure 6 Basic principle of feedback loop control.

The transfer functions of the controller (C) and the system to be controlled (D) represent

the relation between their inmand outpus, respectrely. From the flow chart in igure 6
the following can be obtained

y =CDe (11)
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y=CD(ysp —Y)

CDysp

Y= +cD)

Finally, thetransfer function of the feedback control system can be written as

y CD 12
ysp  (1+CD) (12)

2.5.2 PID controller

The ProportionalntegrativeDerivative (PD) controller has, as its name indicates, three

modes of control. Thgeneral mathematical representation of the PID controller is

u(®) = Kye(t) + K, f e(r)dr + K, dz(tt) (13)
0

whereK; is the proportional control parametar proportional gainK; is the integrabain
and Ky is the derivativegain The three terms of the equation t8rrespond to the

proportional, integrative and derivative modes of control respectiVbb/ integral gain and
derivative gain may be also egsseds
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Kp

and

Kd == KpTd (15)

where T; and Ty are integral time and derivative time in seconds, respectivelym
equations 135 it is clear that the proportional control param&jgis a factor in each term
of the RD controller equationA block diagram representation of theDPtontroller is
illustrated in kgure 7. This diagram correspals to the controller block inigure 6.

WV
A
/)

SP +
> 2G-S K -

Figure 7 Block diagram of the PID controllefhe proportional control parametg
isalsoa factor in the itegral and derivative terms
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With only the proportional mode in use the controller output is proportional to the eflu
the error atits input.fiusi t doesndt make wuse of any hi st
the rate ofchange of this value. The most usual problena gfroportional controller is

steadystateoffset between the set point and the system oytput

The integral control modshifts the controller output upward, if the control loop error is
positive and downerd in case the error is negative. The integrator output stays stationary,
only if the error is zeroln this way the integral action eliminates the stesidye offset.

The effect of the integral mode cantoeedby adjusting thevalue of the parametdi and

Ko. The derivativeaction isbased upon thproduct ofKq and therate change of therror.

Tp is the tuning parameter arlde derivative mode is generally usedly in combination
with P and | modes. 't may i npatingptheeeffectofnt r o
load changes and it is often utilized in loops with low néésel and fairly slow response

(Wade 2004)
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3 Materials and methods

Two different setups were used in the measurements of thls woe for measuringhe
displacement of the actuatand anothefor thefeedback control of the displacemeBath

setups are presented in this chapter (3.1 and 3.4) as well as the operation of the actuator
(3.2). When the actuator is drivencairrent nodule is used to generate the current pulses
that are fed to the actuator. The current module is described in chapter 3.3, and finally the
chapter 3.5 deals with the implementation of the controller used in feedback measurements.

3.1 Setup for measuringactuatord displacement

The MSM elements produce motion afwdce in magnetic field. The coils of an actuator

are used to generate the field and a current control module is needed to drive the actuator.
In a basic experiment the current control modaledices current pulses thahduce a
momentarymagneticfield in the actuator. Consequently, the MSM elements that are in
their compressed state elongatehe field and move theod of the actuator. In order to
measure the movement of the MSM elements a lseesor is placed above tha. The
measurement setup is depicted iigure 8. A voltage signal from the function generator is

fed into the current module. Generally, a positikectangularwave signal withan
amplitudeof 3 V is usedThe response of éhcurrent module is mearlyrectangulacurrent

pulse of currentwhich induces the magnetic field in the coils of the actuator. The peak

value of the current pulse is 3 A.
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Oscilloscope

Function generator
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Laser sensor

Reference voltage signal 1
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Electronic module of
the laser sensor

Current module

Actuator current0- 10 A
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Vin Iout

Actuator

Current probe

Figure 8 A Setup for measuringcat uat or 6 s indaipslgatingamagnmtifieidt
with a laser sensoilhe actuator current, laser sensor output and reference voltage
from the furction generator are monitored weh oscilloscope.

The laser detects thdisplacement of the actuator rod as the MSM elements elongate in
magnetic ield. Theoutput voltage of the laser sensor is proportional to the displacement of
the actuator rodThe input voltage and outpaurrent of the currenhodule as well as the

laser output voltage are monitored on an oscilloscope.

The laser sensor that waused in the measurements is a triangulation sensor, which
incorporates a semiconductor laser #meldetection optics. The measurement principle of

triangulation is based on the alteration of the angle of reflection from the actuator rod when
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the distane of the rod from the laser chang&he Ni-Mn-Ga MSMelements had been cut
by electrical discharge machining (EDM), grinded and polished electrolyticalg
dimensions of the elements were 1.0 x 2.5 X028m and theirwinning stress varied
between 0.2 and 040 MPa. In the actuator 18 mm of the longest dimension of the
elements is between tlails in the magnetic field anithe elongation i®btainedin this

dimension.

3.2 MSM Actuator

An actuator retaining two MSM elements was used for the measuien®scribed in this
work. The actuatoand the elements are shown igwe 9. The main parts of the actuator
includea bottom plateframe, coils and deakith a pipe and ahovingrod. The frame part
lies on tle bottom plate and is made oR(nm thick ron pltes that are adheréagether.
This structurereduces eddy currents as well as¢besequeniieating of the material and is
commory usedin transformer core constructioApart from the frame, other parts of the
actuator are made of ngnagneticmaterials. The bottom plate and the dexk @uminum
and the moving rods made of titaniumThe temperature inside the actuator can be

monitored with a thermocouple during measurements.
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Figure 9 The MSMactuator and two MSM elementstime front. The coils are inside
the frame part and the pipe part houses the restoring spring.

Two coils are placed inside the frame part and there is a gioetveeen thenfor the
elementsThe operatiorof the actuator is depicted ingare 10.Whena magnetic fieldis

applied the elements elongate in the groove pushingpthepwards. The inner surfaces of

the groove are teflonized in order to decrease friction of the movefieatpipe part
houses a spring, whicacts as a restoring force. When the MSM elemenggltes the

spring is compressed, subsequently recovering and enforcing the element to shrink when
the magnetic field is removed.
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Figure 10 Operation of the MSM elemenh an actuatorThe insets indicate the
orientation of the most prevaletwin variant in each situatioriThe sizes of the air
gaps and elements are exaggerated.

A spring with a spring constant ofSON / mm was usedlhe space for the spring can be
shortened and the sprimyestressed bydjustinga screw in the pipe parthe coilsare

wired in parallel

3.3 Current module

In order to drivethe actuator the curregbntrol module is used to generatarrent pulse

according to theeference signal of the function generator. For instance, when quadratic
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voltage pulses are used asreference signal the current control module outpetly
quadratic current pulses to the coils of the actudioe. current control module comprises a
DC brush servo amplifier circuit, mich is modified to give a curremf 1 A per 1 V of

reference vahge.Thecircuit diagram of the current modukeshown inappendix I.

First the reference voltageom the function generatas sensed by a differential amplifier
with a gainG; = 1 and then preamplified b§, = - 0.3. At the output of the voltage
follower the voltage becomes the demagdsignal whichcontrols the pulse width
modulation (PWM) stageThe design of the circuitletermines that the demasignal
produces 20 An the outputof the PWMfor 6 V in the output of the voltage follower.
Thus, thedemand ratio i20 A/ 6 V =3.3 A/V and it is the samér the aitput current
senseThe gain G of the preamplifier multipliedvith the demand ratio give the final ratio
of 1 A output current for 1 V reference voltagde current error amplifiecompaes the
current reference with the output current monitor and adjusts the output vatizaeing

to the current demaed The PWM stage actthenas a current source and converts the

current demand into a current in the actuator.

In order toreduce the wrrent ripple at the switching frequency of the PVEige(f = 25

kHz) aLC filter was introduced in the output of the amplifier circuit. The rippieates
excess eddy currents in the actuatbus heating it and elevatirtige ambient temperature

of theelemens. As the MSM effect isemperaturalependen{Heczko2003 Strakaet al.

2006) all additional heating should be avoid&kcause currents up to 4 A aegularly

used to dwe the actuator, inductors with adequate current rating had to be chosen for the
filter. On the other hand, theigher the inductanceshe more they degrade the transient
response of the current module outgut_C filter circuit with Ls = 100 mH and €= 1eF

was uged and is shown in appendix |
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3.4 Feedback control setup

In feedback control measuremerasPID controllerwas used to regulate the reference
voltage of the current module. The tah system is shown ifrigure 11. The set point

signal ys, represents the position to which the actuator rod is wanted to midwe.
controller input signal is the errag between the set point signg, of the function
generator and the laser sigyaBoth of them are voltage signals and the aim is to control
the dsplacement of the actuator so tltabllows the set pointThe controller regulates its
output voltagan order to keep the err@as small as possibl@he output voltage of the
controller is fedinto the reference input of the current module, whigmegates the
corresponding current. This way the current fed to the actuator is adjusted according to the

setpointknd t he previous measurement of the ac

function
generator

 — current —>| actuator

controller
module

laser €

Figure 11 Block diagram of the feedback control setup.
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The P, | and D coeffients of the controller equation were experimentally adjusted for each
measurementDue to the testing character of the work experimental tuning was chosen
instead of system modeling application of specific tuning rule&inally, the derivative
mode wa not observed to bring any advantagéhim measurementndonly the P and |

terms of the controller were uséejuation 12)

3.5 Implementation of the controller

The controller was realidewith LabVIEW program running on National Irstruments
CompatRIO hardwareThis platform was chosen due to the possibility to realize simple
PID loops with over 100 kHz loop update rate and due to tiee taodifiability of the

system

3.5.1 Controller hardware

The cRIG9074 integrated hardware platforincludeda 400 MHz reatime processor, a

2M Gate FPGA (Field Programmable Gate Array) and two I/O modules: an doalog
digital (A/D) voltage input (9215) ana digitatto-analog (D/A) voltage output (9263)
module with16-bit resolution.The device was connecteal the host computer viaetwork
cable.The FPGA part of the hardware consists of a matrix of reconfigurable gate array
logic circuitry. Configuration of the FPGA creates a hardware implementation of the
software application by usingrogrammable interconneswitchesbetween the logic gates.
The operations oa FPGA are truly parallel, because they are directly implemented on
hardware and they don ésburcésalan operatingcsystiéige t e
Application Note 2006)

The hardware platform containing tHePGA chip was chosen due to the requirement of
high closed loop update rai&.high update rate naturally improves the performance of the
controller, since it enables the controller eact quicky to abrupt changes in the error
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Because the FPGA chip is directly connected to tipeits and outputs of the hardware
platform, the highest loop update rate and fastest execution of the PID algorithm were
obtained when the PID controller was realize@diy on the FPGA.

3.5.2 Controller software

The prgram consisted of three parts: GAVvi (virtual instrument)the reattime RT.vi
and host.vi. The host.vi is executed on the processor of the host computer, whereas the
RT.vi executes on the refiime processor of the cRIO hardware platfoiithe purpose of

the RT.vi was to mediate information between FPGA.vi and host.vi.

In the FPGA.viinput voltage values were read, the output of the PID algoritras
calculated and written to the output of thetagk module. These riations were xecuted
in a loop with loop timeof 6 €s. The FPGA.vi was constructed in LabVIEU¢velopment
system and translated into VHDL (Very-high-speed integrated circuit Hardware
Description Languagd)eforethe transfer andgxecutionon the cRIO hardwardn order to
ensure as fast execution as pdssihe FPGA.vi programhad to be kept simplelhe

programsof all the three vidal instruments arehown in appendicds-VIl .

The host.vi includeshe user interface of the program, where the user can change the
control parameters, initialize and sty tcontroller The programs waitingfor front panel
activity from the user before it executes further and mediates the specific command to the
RT.vi. Then the RT.vi reads the variables that were updatebebliost and passes the new

PID parameter valuesr the initialization command to the FPGA.vi.
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4 Measurements and results

In the first chapters the measurements of the displacement (4.1) and hysteresis (4.2) of the
actuator are presentethese measurements were made in order to docuhegotopertes

of the actuatorThe following chapter (4.3) considers the feedback control measurements.
The aim of the control measurements was to test the performance of thePHasic
controller in MSM actuator contras well as to demonstrate the feedback corafah

MSM actuatod s d i s p In éhis wonketimetterm rise time is used for the time that
rampsignal needs to rise from its zero level (OFF) to its final (ON) |eMe fall time is

defined likewise, but from the maximum (ON) level to the zero (QE¥I. The dead

time, in turn, isdeterminedas the delay time between two signalsd duty cycle (in
percents) refers to thfeactionof the period during which pulsing signal is on.

4.1 Measuring the displacement of the actuator

The displacement ofhe actuator was measuredth the setup shown irFigure 8 A
periodicrectangulamwave pulse 08.0 volts at the frequency of 3DHz and duty cycle of
10 % wadfed into the current moduldhus the pulsewith a period of 38 mswason for
3.3 ms and offor 30.0 msduring each cyclerigure 13depicts thaesponse of the current

module and the displacement of the actuator.
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Displacement of 20 mm MSM elements
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Figure 13T he current

mm in 21 ms.

The response of the cent module corresponds to the83ns reference voltage pulse that
was usedThe pulse is nearly rectangular in shape \aitlittle roundingof two edges.The

rise time of the curréenmodule is 0/ ms and the actuator has reached its maximum
displacement 2 ms later. The falling edge of the current pulse rounds up towards the end
and the fall timeof the a&tuator is again.2 ms. The deatime between the current pulse
and the displacement signal isS50ms at the risingrad 03 ms at the falling edgd=ven
faster displacements, like70mm in 1 ms, are possible, bilen the inertial forceften

causes a peak of overshoot at the end of the rising displacement. The peak is due to the high

pul s e dusingad fast displacanteot off.s
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acceleration that the elements and the actuator rod,&atainthe rodends to continués
movementafter theMSM elements have stopped straining. Thwershoot peak can be
diminished by setting the restoring spring tighter, but this also increases the stress that the
elements have to overcome before they start straihmgigure 13 the higtspring pre
stressprevents the displacement from overshooting, but on the other hand it increases the
current value at which the straining starts 2.7 A). Therefore the spring pigress

influences also the delay between the disptea# and the current.

The rise tine of the current modulsets the upper limit of usable pulse frequency when
driving the actuator. When the frequency is too highcther r e nt modulse 1 sn.
its output fast enough and the current pslare ndongerrectangulain shape Lowering

the duty cycle of the reference voltage signal t@d@eceases the time that the pulseis

and consequently reduchkeating of the actuator due to eddy currémtthe frame parand

the resistance of theoils. Hence, generally a duty cycle of 19 was used in althe

measurements.

4.2 Hysteresis of theMSM actuator

Hysteresiof strain in pulsing magnetic fieid an inherent property of MSM matals due
to their twinning stresA hysteresis curve afurrent \ersus displacemenf the actuatoris

shown in kgure 14.The curvewas measured with the setup igure 8.
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800 mA

0.1 mm

Figure 14 Currentdisplacement hysteresis cusveneasured witlpositive sinusoid
signal as the awent. The amplitude of the signal wa® A and the frequenc$.0 Hz.
One loop corresponds to a periodiud sinusoidsignal.

The curve was measured usingpasitive sinusoid signal with 3.0 A amplitudeat a
frequency of 10 Hz. The loop corresponds to one period of the sine sigria. arrows
indicate the direction of the hysteresis loop starting from thdnéett lower corner of the
curve in kgure 14.As the current starts increasitige displacement first stays at zero, but
thenincreases as welkimilar behavior is observed at the maximdisplacement when the
current decreaseThis results to the different paths of displacementha current grows
and dereases
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