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Abstract

The main topic of this research is modelling and design of$pgled, largéorce and

long life-time electromagnetic actuators based on Magnetic Shape Memory (MSM)
alloys. These relatively new “smart” alloys that change shape in magnetic fietgspos
very promising properties such as large strain, considerable output stdegstantially

very long fatigue life. However, there is still lack of a consistentgaesiethodology

for MSM-based devices which can be implemented using techniques common for
engneering design. In order to bridge this gap, a modelling approach for MSM element
in actuators is developed in which the complete magnetic circuit of MSM actuator is
included into a single finite element (FE) model. This approach also allows &ccurat
representation of MSM permeability change during the shape change capturing its
effects on total reluctance of the magnetic circuit. Moreover, this approachs allow
studying the magnetic field distribution in the MSM element in single, two and-multi
variant stag¢s in magnetic fields of varying strength. The modelling results show striking
non-homogeneity of the magnetic field distribution, providing new insights on the
magnetemechanical behaviour of the MSM element. The modelling approach is
verified through comparing the calculated MSM permeability change with previously
reported results obtained by measurement.

Using this modelling approach, electromagnetic analysis is conductetef@en MSM
actuators. The actuators are designed and optimised for a jaartichmm strain
(displacement) and 10N force output for implementation in-&mting machines. The
conducted analysis also ensures robustness of the designs and stakbdlionltiycle
operation. The very long lifetime is achieved through carefulyaisaof the magnetic
circuit and the behaviour of the MSM element during operation.

Finally, thermal analysis is conducted for the designed actuators intorelesure their
thermal stability. In order to overcome challenges associated with a vegpé&rating
temperature limit of the MSM element in actuators, different available cooling
conditions are studied. Moreover, an eneefficient operation cycle is developed that
takes advantage of the shape memory effect of the MSM element also taking int
account the pressure change in the pneumatic valve of a sorting machine. The analysis
shows multiple regimes which allow thermal stability in a 300Hz pulsed excitation
cycle. Implementation of the developed operating cycle also leads to thderabt
increase in overall efficiency.
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Chapter 1. Introduction

1.1 Motivation for this study

The current state of technological progress demands all electrical equipmeat to b
efficient, reliable and robust. Electromagnetic actuators are used in a venangdeof
applications, from small low/high frequency devices for low force output such asl optica
mirrors and magnetic printing systems to huge valves and large force actuatoas suc
motors, relays and valves. Electromagnetic solenoid actuadwes provedhemselves
very effective in thesepplications. Nowadays, this area is very well studied and
inherent limiationsof the technology are knowmhich cannd be overcome by further
research.Therefore, a new technological solution should be found that can fit this
diverse area of applications increasing reliability, power savings arnighbfeA very
prospective candidate for this role Magnetic Shape Mmory (MSM) technology
which is based o the use of MSM alloys. These alloys provide enormous field
controlled strainand considerable output forcalso possessingery long fatigue life.
Moreover,common challengegelatedto mechanical fatigue life omoving parts in
solenoidactuatos can beovercomesince the motion ia resultnot of actual movement

but of shape change of one elemeHRbwever, conventional MSM alloys are rather
expensivemaking MSM actuatoreconomically uncompetitive. This research aims to
develop a comprehensive methampl for design and optirsation of MSM actuators

in order toshow prospectiveadvantagesf their application, which islso greatly
beneficialfor this research area. This will be done for lafgece long lifetime MSM
actuators, which also are fast aitbust. Along with decreased manufacturing costs, it
will allow bringing the prices to an acceptable level, opening a huge market for MSM

actuators.

MSM alloys arestill mainly ata research and development stage, which makes this task
simultaneously verghallengingand interesting. Properties of MSM alloys have been
improved significantly even durinthe last 5 years, and we expect more fascinating
results from material researchein upcoming years. It should be mentioned that

actuator design and performance is intertwined with propertigs MSM element For



that reasorit is very important to identifypropertieswhich havethe mostinfluence on

the overall performance of an actuator.

Nowadays, e most part of the research conducted in the scientific society is
concentratedn thematerial itselfand notMSM devices and their applications. Models
describing MSM behaviour proposed up to this dagmostly inapplicable to MSM
actuator design and performance evaluatibo overcome their limitations, finite
element(FE) modelling is chosen as the main tool for desigrastuators’magnetic
circuits. This allows not only to include theompletemagnetic circuit into a single
model, but also to see the actual field distribution taking saturation into account
simultaneouslhanalysng the behaviour of the MSM element. Data obtained from such
a solution also allows optimigg the magnetic circuit on a modelling step. This
approachis much more accurate when materialsich are not well studiedre dealt
with. Moreover, FEmodellingis proved to be a very good technigiog analysis of
electromagnetic devices where equations that describe underlying physicé ban

solved analyticail.

The area of applicatioconsideredn this research regards MSM valves for food sorting
machines. These machines distinguish optical properties of the food which is moved at
very high speed, products like rice, coffee, beans, etc. Thecamact sensor
technology used to identify unwanted product items is based on optical techniques such
as light transmittance, surface reflectance, and optical absorption. Mdstg sor
machines of this type rely mainly on colour differences betwaerept’ and ‘reject’
products and other physical properties that are detectable opticallgheme, colour).
Depending on the food products and the nature of contaminants they contain,
monochromatic, bichromatic and tricimnatic optical susystems areoften used for
simultaneous colour and shape discrimination. These are combined witbehigtive

linear detector arrays to obtain higheed and highesolution bulk sortingThe ejector

valve actuator reacts to the control stimuli activating the pagamsubsystem which
separates the unwanted units from the rest of the product.



Figure 1.11 shows the schematic diagram of an optical sorting machine showing the

optical and ejector sukystem.
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Figure 1.11. Schematic diagram of an opticalrting machine

The MSM valve actuator essentially works in on/off regime andahesther simple
construction consisting of a coil wound around a magnetic core which conducts flux t
MSM element capable of both elongation and contraction. Such application requires
valves toprovide aconsiderable output force of about 10N, being also fast and reliable
to guarantee high quality of food sortinihe requiredactuatoroutput displacemerfor
activating the pneumatic valvies 0.1mm, which is relatively lowTypically, an
individual actuator fits into an array of 32, 64, 96 or 128 ejectors. This results in an
additional constraint on width of individual actuator which is desired to be as small as
possible. In order to address thisis work aims to desigactatorswhich magnetic
circuit width does not exceed 10mm. This additional parameter constraint has

significant effects on actuator designs discussedhapter 5.



1.2 Aim and Objectives

The reasoning above sets academic and industrial context and determines bteps t
undertaken to design devices and investigate properties of MSM actuators using
mathematical modellingdbjectivesof this study are as follows.

(@) To analyse the work done $ar in field of material study in order identify
which properties of MSM alloys are the most important for actuators
performance what they depend on and how their variations can affect the
overall output of the device.

(b) To developa methodology for design and modelling of MSM actuators. On the
first step, magnetic circuit of an actuator which includes the MSM element is to
be considered. The whole magnetic circuit will be included in a single 3D FE
model. Approaches that allow taking varying MSM praigserinto account will
also be developed. The magnetic problem solution will be used for evaluating
the overall displacemenind force output of a complete actuator.

(c) Electromagneticransientanalysis will also be conducted order to study the
time-dependenprocesses inside the device. This also will helgdt@rmine the
most effective energy source and appropriate control parameters toergffi
fast and reliable actuator operating

(d) Thermal analysis of the designed actuators will be conductedlan to ensure
their thermal stability. Properties of existing MSM alloys are known to be very
sensitive to temperature change which poses an additional design challenge

when coupled with considerable power loss accompanying actuator operating.
Fulfilling objectives(a)-(d) will result inachievng the main aimfahis project

To design robust, largeforce long life-time MSM actuat®s which satisfy
current requirements of 0.1mm strain, 10N output force and fatigue life of more
than 6 billion cyclesat a300Hzfrequency The designed actuatovéll also be

very compact meeting th#0mm constraih on size typical for food sorting
applications.



1.3 Plan of the Thesis

In addition to this Introductory Chapterjgfihesis consists of two overview Chapters,
three Chapterpresenting the main outcomes of this work and the Conclusions Chapter.
Chapter 2 provides an overview of MSM alloys and their properties, and discusses
different aspects of their magnettechanicabehaviour. It also includes a particularly
important Section that discusses fatigue beha of different MSM crystalswhichis
followed by the overview of potential applications of MSM alloys in electrontagne
devices. Chapter 3 @ludes mathematicalofmulation of the electromagnetic and
thermalanalysesassociated with the MSM actuator design also providing an overview
of the FE method with its application tohe abovementionednalyses Chapter 4
discusses FE modelling of MSM actuator magnetic dinwith a particularemphasion

the developmenof an accurateMSM elementmodelling approachit also includes a
study on the magnetic field distribution in the MSM elemetibived by adiscussion

of its permeability change during the shape change and its effects on the actuator
performance evaluatioilChapter 5 discusses the designs of compact-farge MSM
actuators including their optimisation on basis of electromagnetic analigde@ds to
eleven final designs for which various output charasties arecalculated Chapters

also introduces an energfficient operating cycle that takes advantage of the holding
force associated with the MSM eleme@hapter 6 summarises the results of the
thermal analysis conducted for the designed actuators studying the effediferent
cooling conditions and operating regimes using the cycle designed in the previous
Chapter. Finally, Chapter 7 concludes the work showing ttt&tam and objectives
discussedn Section 1.2 have been successfalthievedand discussepossible routes

for further development



Chapter 2. Magnetic Shape Memory alloys

2.1 Introduction to MSM alloys and their properties

Magnetic shape memory (MSM)r ferromagnetic shape memory (FSMAmart”
alloys form a new class of shepnemory materials which respond to magnetic fields
[1]. MSM alloys can also be controlled mechanically, and both magnetically and
mechanically induced stresses are coup®dNi-Mn-Ga alloys are the most studied
MSM alloys which exhibit enormous-B% magnetic field induced strain (change in
shape) depending on specimen microstructure [3],Méfeover, the theoreticaitrain

limit goes g t020% for MSM crystalsvith non-modulateanicrostructurg5], which is

yet to be observed experimentall§]. These greatly exceed strains produced by
piezoelectric and giant magnetosrictive materials (GMM) and are of the saereaerd
strains produced by conventional shape memory alloys (SMA) activated by heat.
However, MSM alloys’ shape changedoes not necessarily involve phase
transformation which is essentiaffor long fatigue life of MSM crystalsand allows
designing long lifetime actuatofg]. MSM alloys arealsovery promising for use in
sensors and other electrical dms in a frequency range up to several kHz. MSM
actuators are higherformancefast,compact, energy efficient and reliabdowadays,

the most important drawbacks of MSM crystals are low marteasgeenite
transformation temperaturghich determines their upper operating temperature limit,
and a considerable magnetwchanical hysteresislowever,properties of MSM alloys

keep constantly improving.

MSM elements used in actuators are commonly produced as-siggtals which have
tetragonal lattican low-temperature martensite phase. The shape change in magnetic
fields occurs due to inequality in lattice parameters coupigdmagnetic anisotropy of

the crystal[8]. A short crystallographic axis which is also “easy” magnetisation axis
tends to align with the applied magnetic fieldhis canlead tolocal reorientation othe
crystal [9]. Since “hard” magnetisatiorm and b axes are longer thao axis, local
reorientation ofthe crystal results in werall elongation or contraction aghe MSM
element. Therefore, these crystals possess a “hard” plane and an “easybfaxis

magnetisationHowever, onlythe behaviour ofa-c plane is commonlpf interestsince



reorientatiorhappens in this pland@he maximum changie shape (strain) is related to
the ratio of crystallographic parameterseag=1-c/a. However,the overall change in
shapeis a consequence t¢dcal effects MSM microstructure is formedby multiple
areas with different orientation afystallographicc axes called twin variants in any
intermediate state when not fully contracted or elongated (see2BRkf). Variants
which have their “easy” axes aligned with the applied magnetic field are cdgnmon
referred to as “easy’ variants, whereas “easy” axes are traadwveiise bias field in
“hard” variants. As intensity of the applied magnetic field increasesy*eariants
grow at expense of “hard” variants until a single variant of one type is p[8sehhe
magnetic field is usually applied transverse to the longest side of a tetrdgBNa
element in order to produce output strairMSM actuators (seleig. 2.1-1(a)). Output
strain and stress production is possible as long as “hard” variants existvéipa
magnetic field applied along the length of the element results in its contragsion
shown in Fig.2.1-1 (b). This phenomenon is a direct consequence of the magnetic
anisotropy of MSM twin variants since variants favoured by transversely applied
magnetic field are not favourable for longitudinal fields. It should be noted thatloaly
abovementionedanacroscopic “hard” and “easy” twin variants are considered in this
study. Further characterisation of MSM microstructure up to rscalelevel was a
subject of numerous studies e[d.0]-[13]. However, only macrawin behaviour is

needed to be takento account when designimgectromagnetic actuators.

a i a
ant | (@ : (b)
«Hard» variant | «Easy» variant |1

an | 1 1 a,
C | C
[ b

Appliedfield
. Applied field

Magnetic stress Magnetic stress

Figure 2.1-1 Orientation of crystallographic axes in twin variants of MSM element

(a) transversally and (b) longdinally applied magnetic fields



MSM behaviour isknown to occur only ira few alloys which composition should be
carefully monitoredThesealloys experienceaustenitemartensitephase transformation
during cooling in manufacturing process. Because the transformation is diffgsionle
large stresses have to be accommodated in the martghage In order to mininse
this energy, the microstructure orgaes itself into a number of crystallographic
domainscalledvariants which are separated by twioundaries [14]Lattice of MSM
alloy gets distortedeadingto a different magnetic orientation of different parts of the

whole volume of the alloy.

The c/a ratio is one of the most important parameters of the M&Mdys sincelattice
distortion & determines maximum possible strainvidtrieseven forNi-Mn-Ga dloys

with different micrstructures. Foinstance the most studied fivlayered modulated
(5M) Ni-Mn-Ga alloys have c/a = 0.94leading t06% maximum theoretical stra[B].

This resulthas beerverified many times by different researchers ¢1%], [16]. In
alloys with severayered modulated7M) microstructurec<a and c/a=0.9, while in
those with normodulated M or T) microstructurec>a andc/a=1.2[5]. The ability of

a twin boundary to movander external force is characterised by twinning stiféss.
instance, only 12% of theoretical 20% strain has been observed in NM crystals due to
very high twinning strespt]. Only alloys with5M microstructure havdeen proposed

for application in actuators and sensdige to the lowest twinning stressd high
mobility of twin boundaries. Nowadays, alloys with less than 0.1 MPa twinning stress
canbe manufactured whichre very efficient antlavevery narrow hysteresis logh7],

[18]. Such alloys may seem the best possible choice for EM devices.

Ferromagnetianaterials change their shapemagnetic fielé due to magnetostriction.
Therefore, it seems important to be able to distinguish MSM variant reoriergaagm

from magnetostriction. However, it has been shown that magnetostriction plays
negligible rolein straining of MSMalloys and thus can baeglected19]. The MSM
shape changean beconsidered resultonly of thevariant reorientation. As mentioned
above, twin variants start to reoriemt fields exceeding certairthreshold. This
threshold is usually characterised by tiadue of an external streegeded to overcome



thetwinning stres®f a crystal Due to magnetonechanical coupling, twinning stress is
also related to the minimum magnetic field required to it&iaeorientation, called
switching field It hasalso been shown that twin boundary nucleation twinning stress
differs from the twin boundarpropagation twinning streq20]. This is grticularly

important for MSM alloys used in actuators.

“hard” axis

“easy” axis

[
o

Magnetisation M

Magnetic field intensity # ~°

Figure 2.1-2Typical magnesation curves of NMn-Ga alloys

Variant ieorientation angrowthis always accompanied by magmation changén the
material alsoknown asVillari effect [21]. Magnetsation curves are usually included in
papers related tthe materialstudy, but they are not useful for design and modelling
purposesFigure 2.1-2showstypical magnesation curve associated witiiSM alloys.
MsandHs are saturation magnetisation and field intensitigich areroughly 0.7T and
400kA/m for modern crystalsThese curvescorrespond to théwo extreme cases:
curves for “hard” and “easy” axeseasired on singlevariant MSM specimerA “real
curve changes from “hard” to “easy” during elongatif2®]. This effectis fundamental
for designing MSM sensors and ssnsing actuators. However, magnetisation change
during straining is also important for pemnmance evaluation of conventional MSM
actuators. Different researchs report different values of “easy” axieelative

permeability, unlike “hard” axis relative permeabilitywhich is consistently reported

? It should be mentioned that this statement is based on a simplistic view of Bt&Mability change. A
more strict and correct representation of the phenomenon is discueapier 4.
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equal to2. Reported value$or “easy” axisrelative permeability variegonsiderably
from 40 [22] to 210 [23]. In this study,it is assumedto be equal to 50 which
corresponds to properties of currently avagadrlystals manufactured by ETMagnetic
[24].

However, permeability does not just change from “hard” to “easy” in any obvious or
simple way.lIt has beenproposedthat a number of soalled effective magnetisation
curves can be measured for each strain value of intarestused afterward for
modelling the behaviour adhe MSM element22], [25]. These effective curves would

lie between magnetisation curveseasurd for “hard” and “easy” axesThe MSM
element can be represented by a single “black box” element in a model. However, such
an approach has several important drawbacks. The one having thesigmifstant
impact on MSM element representation in actuatormafg circuit isrelated tdocality

of twin reorientation phenomendoeing neglected.This translates into inability to
capture the saturation of “easy” variants which precedes saturation of ‘\tzatiants
resulting in higherMSM permeability predicted by the model. Moreover, this
representation predicts a “runaway” change in MSM permeability: thelishepe
change leads to increase in magnetic field leading to further shape change, and so on.
However, thispositive feedbackbehaviour has not been observed experimentally.
Therefore, a more accurateodelling approachthat takes MSM permeability change

into account is needed.

The significance of MSM permeability changed its influence on actuator magnetic
circuit design and optiisationis yet to be fully understood by researché&5 times
difference between the initial and final value of MSM relative permeabilitytridtes

the potential for actuator magnetic circuit optimisation for minimising its reluctance.
Models propose for accurate representatiohvarying MSM propertieslong withthe
approach developed and used in this study are disctiedbdr in Chapter 4.This
approach is useafterwardgor design and optimisation of MSM actuators in Chapter 5.
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2.1.1 Twinning stress and twin boundaries

Twinning stresss commonly used for characterising the mobility of twin boundaries in
MSM crystas. It is related to the stress requiredpimpagate a twin boundary resulting
in shapechange[26]. This property is particularly important since it defing®
magnetic fieldheededo activatethe MSM element. Howevetwinning stresalsoacts

as internal frictionopposing anyexternal stimuli ad dissipatingenergy in magneto
mechanical cyclingOn the other handiwinning stress igesponsible for the shape
memory effecin MSM crystals:MSM element maintains itsurrent stateuntil a force
overcoming twinning stress is applietherefore, MSM crystalexhibit aholding force

which can be calculated as
Froia = Orw - Amsm (2-1'1)

where o7y, IS twinning stress, MPa, amil,s,is MSM element’'s cross section area,
mn?. Twinning stress is commonly viewed aawbackfor actuator applications
desired to beas small as possiblé hasbeencontinuouslydecreamg over the years as
quality of MSM crystalsis improving 2MPatwinning stress was consideregry low

in 2001[26] whereas0.5MPa was reportedn 2009 [27]. This was achieved through
increasing purity omanufacturectrystals[27], [28] along with application of thermo
mechanical training[29]. Twinning is actually a very complex phenomenon and
accurate prediction of twinng stress in new crystals is a very complicated [ask
Many models describing twin boundary mobilitydamternal structure of the variants
were proposed31], [32]. However, it is still hard to certainly predict properties of
MSM alloys beforehand. Moreover, the same crystal can have different twining stress

values associated with different variants.

New crystalswith very lowtwinning stress below.1 MPa were reported in 20133].
These crystalavereconsidered verprospectiveor use in EM devicedue to magneto
mechanical conversh with much higher efficiency. Such low twinning stress is a
feature of secalledType Il twin boundaries. Whereas, these twin boundaries are indeed
very mobile, their ect on microstructurstability currently limits their applicability.

Thisis discussed further in Section 2.2.
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In general two types of twinning stress can be distinguishéditial and conventional
twinning stresse$34]. It has been noticed thahergy requiredfor nucleaing twin
boundaries isnuch higher thanthe one required fo moving pre-existing boundaries
[35]. The former is related to initial and the latter to conventional twinning s&ess
Initial twinning stress can begp tofive timesthe conventional twinning stresmaking
applications ineffective if boundaries extinct and nucleiigng cycling. However,
MSM elementcan have prexisting twin boundariesucleated due tapplication of
mechanical loasl Whereasuse of MSM element with prexisting boundarieslightly
decreases maximum possild&ain it otherwisehasvery positive effects oroverall
fatigue life.It should be mentionetthat anly conventional twinning stress is considered
in many papersand the word “conventional” isisually omitted. Similarly,the term
“twinning stress” is usednly for describng the stress required for propagating existing

twin boundaiesin this study

MSM elementcan be inasingle or a multi-variant state with respect the number of
variants.MSM element is considered to be insimgle-variantstate whentiis fully
compressed or elongated hus, ts microstructureonsists only obnevariant andno
twin boundariesare presentOne can see that it is first necessary to nucleate a twin
boundary for initiating elongain and, hence overcontieeinitial twinning stress. Since
this is not efficient,a multi-variant stateor astatewith pre-existing twin boundaries is
preferable Microstructure of MSM elemerdonsists omultiple twin variants separated
by twin boundariesn a multivariant state If the number of variants antence the
number of twin boundaries Bg, suchmicrostructure is calleéine twins Conversely, a
state with only one twin boundary is calledtwo-variant state with a single twin
boundary It wasdiscoveredhat a single twin boundary needs lower extal stress to
be moved andhence propagates in weakields comparing tofine twins. Also,
twinning stress associated wighsingle twin boundarys nearly constanunlike fine
twins’ twinning stress which tesdo increase during elongatig@6], [37]. One of the
remarkablefeatures of a single twin boundary is its ability to propagate freely afte
strong enough stimusuis appliedHowever,single twin boundary samples tend to tilt in
magnetic field leading to problems iactuation[28]. Fine twins’ microstructure does
nat have this disadvantagehich makes it mor@rospectivefor actuation It should be
mentioned thabne commorway to nucleate fine twins ®mply by bendingan MSM

12



specimenHence, a sigle specimen can be in a mul two-variant state depending on

initial conditions

It is also important tonentionthat twinning stress can considerably vary from crystal to
crystal.This can have aignificanteffect on performance of designed MSM actusats
has been shown by studying the influence of 20% variatotwinning stresson
actuator performanc88]. The resultsemphasise theanportarce of finding a way b
consistently mnufactue crystals with predetermined characteristics, as otherwise it is
hard to predict thactuatomperformance reliably

Twin boundary mobilityis also different in MSM crystals in multior two-variant
states Highly mobile twin boundaries with twinning strebglow 0.1 MPawere
observed onlyin two-variant state MSM elements Further studyhas led to
understanding that these néwin boundariesare different from previously observed
twin boundaries with average and high twinning str€ks. formerare now called’ype

Il and the latteType | twin boundaries. The reason for very high mobilityr'gpe I
twin boundariesis yet to becomeclear Neverthelessmultiple experimentsare
confirming very low twinning stress less than 0.1 M@4g.[17], [39]. Moreover, the
lowestType Il twin boundarytwinning stress of 0.01 MPa and corresponding switching
field of 30mThave beemeported [18]Twinning stress ofype Il twin boundarieglso
does no depend on temperatuf40], which can significantly simplifyactuatorcontrol
and performance stabilisatio®n the contraryType | twin boundary twinning stress
decreases with temperatur€his implies increasing output force producey &
designed actuatasls temperature increaseé3n the other hand, variation of actuator

output with temperature is not a desirable quality.

2.1.2 Magneto-mechanical hysteresis

Twinning stress discussed in the previous Sectasults inconsiderablemagnéo-
mechanical hysteresimingexhibit by MSM crystalsin generalhysteresis represends
dependence of system’s parameters not only on its current state, but also orotthe hist
of its previous states. It also results in a memory effect due to nonliekion
between certain parameteksowever,two types of hysteresis can be distinguisived
case of MSMalloys magnetemechanical and thermblysteresesMagnetemechanical
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hysteresideads toa nonlinear dependence of strainapplied stress omagnetic field.
Thermal hysteresis appeataring phase transformatideading toa small difference
between heating and cooling phase transformation temperatureslatedvalues of
magnetsation. It plays no significant rolen conventional MSM appl&tions unless

phase transformation is the main mode of operating.

Magnetemechanical hysteresmmodelling and associated control strategies are subject
of an ongoing researdd1]q{43]. Researchersuggest different analytical approaches
and differet control strategies. Usually, Preisdite hysteresis operators or inverse
hysteresis magpare used. Obtained equations are always bulky and hard to deal with.
Fortunately hysteresis is not a problem for on/off actuation syststudied in this
Thesis It is possible to design an actuator watlsufficient accuracyavoiding dealing

with themagnetemechanical hysteresisrectly.

Figure 2.1-3 illustrates the relation betweehe twinning stress andhe hysteresis
phenomenornn mechanical cyclingwidth of a hysteresis loop is equal t doubled
twinning stress in aeversible actuation. This figuie courtesy ofAdaptaMat[44]. It

also means that energf-orw-& dissipates in eaamechanicatyde [28]. However, the

size of hysteresis loop also changes with load. This is discussed further in Chapter 5
(see Fig. 5.11).
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Figure 2.1-3Magnetemechanical isteresisassociate with reversibMSM effect
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2.1.3 Magnetic field-induced stress

MSM elements can be operated by magnetic fields or mechanicalestressa
combination of both. The latter is the most common mode of operatingSM
actuators. Likhachev and Ullet have formulated a universal rul2] stating that
magnetic andnechanical stresses acting ariwin boundary are coupled and act in
exactly the same wafPractically, thismeans that both mechanical and magneticfield
induced stresses may be written in one equalilidis is very useful for evaluating
operating conditions of MSM actuatotdowever arelationshipbetweenthe magnetic

field B and magnetic fiekinduced(MFI) stressomagShould be establishéuist.

Different analytical models focalculatig MFI stresshave beerproposed [45]-[48]

While exposed tcexternalmagnetic field, magnetic anisotropetiveen “easy” and
“hard” magnetsation axes results in magnettress production in the material.
Maximum value of MFIstressis called blocking stresswhich depends onattice

crystallographidistortion &, andmagneticanisotropy energy constay

Ky
OBlock = Zo (2.1-2)

For conventional NMn-Ga alloys this value is 3 MP9] at ambient temperature.
However, 3.5 MPa blocking stressreported by EtoMagneti@4] as well ady Aaltio
[50]. As the blocking stressdepends dy on material parameters, high anisotropy

energy is essential falargeforce output.

Blocking stress can be calculated as maximum MFI sj4&$s

Omag = €5 [ (Mo (H) — M (H))dH (2.1-3)

where My(H) and My(H) are magnegation values of axia(“easy”) and transverse
(“hard”) twin variants. This model requires experimental stresgain data for
evaluating overall MSM element behaviouwhereas it allows qualitative and
quantitative evaluation of MSMrystals’behaviour, its applicability to actuator design

currently seemm questionable, as discussed further in Chapter 4.
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In general MFI stress must exceed two stressesorder to initiate the variant
reorientation. The first one tsvinning stress. The seconad@is external compressive
stress applied to th&#1SM elementin reversible actuationThe part of thestress
“availablé for external loading can be calculated as

Jeff(B) = Umag(B) — (orw + JComp) (2.1-4)

where o is effective stress related tmtput stres§46], oIS twinning stress and
Ocomp 1S COMpressive stress produced by mechanical sgEopgtion (2.1-4)llustrates
that effective stresgan beconsiderably loweritan MFI stres&ven in strong magnetic

fields. It also shows the effect blinning stresson actuator performance.

Strain produced byMSM element alsodepends on applied load.arger loads
complicate twin boundary motion aneéateasehe strain. Therefore, a combination of
requiredstress and strain should be considered for every application. This is particularly
relevant to MSM actuator desigince thedecrease iavailable strain can make certain

stressstrain combinatios utnavailable

A minimum value of magnetic stress required to initiate the shape change can be
deduced from Eq. (2.1-4)elding

UMag.min(B) = Orw + Ocomp (2.1-5)

One can sethatthe minimum stress depends only twinning stressn absence of the
mechanical springThis clearly illustrates the relation between twinning stress and
switching field. Therefore, materials with low twinning stress are preferable providing
an opportunity todesign small and low power consuming device. This can be also
illustrated through considering the efficiency of reversible actuation of an udloade
MSM element as

~ (Smag—2'cTW)

(2.1-6)

OSmag
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Equation (2.1-6pllows getting a rough estimate of the dependence of MSM efficienc
on twinning stress. Table 2llsummarises the results calculated using 3 MPa magnetic
stresq49].

Table 2.1-1 Efficiency of MSM crystals with different twinning stress
otw, MPa | 0.05 0.1 0.2 0.5 0.8 1 1.4 >1.5
n, % 96.7 93.3 86.7 66.7 46.7 33.3 6.7 0

Table 2.11 illustrates how rapidly MSM efficiency decreases with twinning stress. F
instance, Twin Il crystals with 0.1MPa twinning stress convert almost 95%pat
energy into mechanical work, whereas almost one third of the energy is teéddya

Twin | crystals with 0.5MPa twinning stress.

Considering the number of different stresses needed to be taken into afmount
analysing MSM element’s and actuator’'s behaviour, it would be helpful to provide a
short summary in order to avoid possible confusion. Eh@®ne in Table 2:2. It also
illustrates advantages and drawbacks of using MSM elements 'yt | and Type |l

twin boundaries.

Table2.1-2 Summary of different stresses related to MSM element performance

Parameter Related to Depends on Typel Type 1T

GBlock. MPa Maximum stress which acts on a | Crystal microstructure | 3.5 35

twin boundary

o, MPa Internal friction Crystal microstructure | ~0.5 <0.1

Ocomp, MPa External  compression  for | =omy =0.5 =0.1

reversible actuation

Cufi. MPa Maximum output stress of an | Ouue— (Gromp + OTw) 2.5 3.3
actuator

Oload, MPa Effective load of an actuator Up to oy 2.5 33

Oload.tor. MPa Real load of an actuator Gload + Ccomp 3 3.4

Maximum number | Fatigue life Crystal microstructure | =2.109 ~106

of operating cycles
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2.1.4 Temperature behaviour of MSM crystals

MSM alloys can operate in a broad temperature ralRgeearch reports include results
of experiments conductest temperatures as low as 20%l] going all the way up to
330-350 K [52], [53]. One can see that a major part of this temperature rase |
considerablybelow room temperatureMoreover, the60-80C operating temperature
limit is rather low comparing to other materials used in EM actuators and sertsers
limit is determined by martenstusteniteransformation temperature of alloy. Ni-
Mn-Ga phase transformation temperature depstrdngly on alloy composition [45]
However,capabilities of conventional crystals are not sufficeemd further increase
operating temperaturss needed in ordeto implement MSM alloys in various EM
applications Applicability of MSM materials in systems wheassubstantial amount of
heat is generatedis currently limited The ongoing research ithe field of MSM
material study aims to increadieeir operating teperatures. Théirst major advance
leading toincrease in transformation temperature from 6@@C hasbeen recently

reported [53].

It should be notedhat two temperaturg are to beconsideed when themaximum
possible operating temperatureis evaluated The first one is martensisustenite
transformation temperaturabove whichthe material exhibits no MSM effectThe
second one is material’s Cunpmint However, Curietemperaturds higher tharthe
phase transformation temperaturavailable NiMn-Ga alloys.

There are three main parameters that are affected by changenperature: twin
boundary mobilityrelated totwinning stressory, lattice distortionc/a related tothe

maximum strairg, and anisotropy energy const#f related tathe MF| stressomag

Twinning stress tends tdecrease with temperature. For instarteénning stresshas
been shown talecreasérom 0.8 MPa at 20Ko 0.1 MPa at 300K51]. An increasen
strain under constant loacasalsoobserveadvith increasig temperaturdlustrating the
same phenomendi25]. Such effect is only possibMhentwinning stresslecreases
The same dependenaeas also observedin magnetic cycling[54]. Simultaneously,
twinning stresschangeaffectsthe switching field Therefore switching fieldof MSM

crystalsdecreases withemperatureDecrease inwinning stressdue to increase in
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temperatures particularlyrelevant tareal applicationsThis can be illustrated aimost
1% shape changiue to al5°C temperature increajgb].

In general magnetic stress is a function of both anisotropy constant and lattice
distortion. However, it varies just slightly above room temperature. Its ioeinat low
temperaturetas beerstudied[51]. An increase in@soropy constanwith decreasing
temperature haseenreported55]. The sgnificance of this increassasalsoillustrated

by an enormou$.7 MPaMFI stress bservedat -95°C[56]. This stress is almost twice

the room temperature blocking stres®wever,this is not particularly relevant for

actuators working above room temperature.

The experimental resulteeported[57] show how maximum straindecreaseswith
temperature. Thissuggests bigger pab&e shape changat lower temperatures.
However, simultaneous increasetwinning stress leads t@pid decreasa reversible
strain in magnetic cyclinglimiting applicaility of the material. Lattice distortion
decreases almost lineanyith temperatug above 0C. This explainghe decrease in
MFI strain andswitchingfield with temperaturen [50]. MSM properties are arguably
the best when close to phase transformation temper§bi®je However, stable
operation of MSM elementon a verge oflosing its properties is a rather risky
endeavourOn the other hand, this implies that MSM element heating in actuator during

operaton may actually play a positive role.

Temperatureof MSM elementis determent by ambient temperature, heat flow from
other parts of a device and heat generatsille the materialThe effects of the latter
were studies by several research groupsmAll2°C increase irtemperaturen 300 Hz
mechanical cycling have beeaported[7]. This result suggests that electromagnetic
sources of heat would play a dominant role in MSM thermal state evaluation
actuators This can be illustrated by @°C increase in temperatuster just 30s in a
strong 400 Hz mgnetic field[59]. Therefore, thermal state of MSM actuator should be
carefully evaluatedior preventing MSM element from overheating.
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2.1.5 Frequency response of MSM crystals

From a material study point of view, the question of frequency response of MSM
element is related to twin boundary mobiliMSM alloys are usuallytested in quasi
statc fields wherdrequencyrelatedeffects can be neglected. However, reseegshlts
related to operating 400-500 Hz and even2kHz can be found.

The most pomising of the reportedesultshave shown linear increase MFI strain

with frequency[59]. A one order of magnitudevin boundary velocity increase was
observeds frequencyncreasedrom 50 to 400 H. In addition a25% increasé twin
boundary mobility by reducing the risiene of a pulsed field from 10 to 1 misas been
observed [6Q] It was also suggested that twin boundaries can overcome defects and

travel longer distances at hiffequencies

However,a nonlineardependence of MSidtrainon frequencyhas beemeported[61],

[62]. It was observed in experiments involving MSM actuators. Obvious peaks on
curves are explained by theesonance phenomenon in thkevie showing that
maximum strain can be obtained on natural resonance frequeritbgse experiments,
strain increaseswith frequency belowresonance and rapidly decreases afterwards.
However,an underling reason for such a sharp decrease is not clear. Similar results
were reportedy researcherstudying acousticassisted MFI strairf63], [64], where
external varying stress was useéd order to enhance twin boundary mobilityA
remarkable increase in strain was observeld\wa frequencies below resonanal®ng

with simultaneous decrease switching field. However, almosto effe¢ was rgorted

for frequenciesabove theresonancefrequency.As mentionedabove, acomplete
understanding of frequency behaviour of MSBhttuatorsis not reached yet.
Nevertheless, severakcent papers consider resonanceanfactuatoras the best
operatirg point[64], [65]. Doubling of strainand increasingesponse speedakethis

phenomenon vergromisingfor use in actuators

Response time is a very important characterisficMSM actuatos and sensa.
Response time of MSM crystals close to 0.2ms was reported in several [Ejers

[67]. Such a short response time suggests that the material can be activated by rapidly
changing magnetic fields or mechanical stresg@searchers havehown that the
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response time of MSM element is lower thiaatassociated with electric and magnetic
processes in MSM actuagdi59], [68]. Moreover, nechanical pastof an actuatocan
be even moranert, contributing poorlyto overall response speedll these effects are
not unique for MSM actuators and candaglressethroughcareful design.

2.1.6 MSM alloys as high temperature SMAs

Utilisation of the MSM effect and shape change due to variant redreniaithe main
subject of this study. However, MSM phase transformation can also be used for
producingstrainand stress outpult this case, MSM shape is controlled by heat rather
than magnetic fieldsHowever, theshape change occurs at a particulphate
transformation) temperaturenlike gradualstraining due to the twinning stress change

discussed irsection2.1.4.

Phasdransformation caalsobe induced mechanically. Howevérrequires applying a
considerable 2@00 MPastress tothe MSM specinen [69]. The main advantage of
phase transformation induced shape change is remarkably high output stress. For

example, &.5% strain was observed under 24MPa load &G 600].

It was suggested that MSM alloys can be used asteigperature SMA<Lonventional
SMA alloys (such as NTi) work only below 100C whereas NMn-Ga crystals can
exhibit shapehangedueto phase transformatiamp to 400°C44]. In this case, MSM
alloys are operated as SMA alloydSM alloys designed spdigally for this type of
operation are commonlyreferred to as high temperature shape memory alloys
(HTSMAS). A study o theproperties of different alloy compositions optimised for this
use was recenly reported [71].Since shape change due to phase transformation
becomesthe mainwork regime for these allgs, thermal hysteresislso becomes
relevant For instance 5°C thermal hysteresis was observedaostraintemperature

curve in[72].
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2.2 Fatigue life of MSM crystals

MSM crystals have potgial for very long fatigue lifeln spite of the fact that Nvin-

Ga crystalavere consideredrittle, long 200L0° cycles actuation without malfunction
was reported in 200B62]. Nowadays, the most comprehensive work on the stady o
MSM crystals’crack growth and fatigue lifis carried out by Aaltio and summsed in

his Thess [50] and related paperg], [73]. Among the obtained results, the most
prominent one is -:20° cycles without malfunctionin 300Hz mechanical cycling.
Whereas a slight decrease in specimen performaasebservedihe specimelid not
crack throughout the experimenSuch long fatigue life illustrates the potential for

designing very londfe MSM-basedlevices.

One of potentialadvantage of using MSM alloys in actuators ielatedto output
displacement being produced by shape change rather than bulk movement of a
particular elementHowever, &tigue properties of MSM crystals significantly depend

on specimemmicrostructureTwinning phenomena in MSM singtaystals can result in

twin boundaryarrangementsvhich leadto crack growthThis is particularly relevant

for high purity crystals with very low twinning stre3ype Il twin boundariesTheir
microstructure tends to benstableresulting in nucleation ofwin boundaries with
orientation different (up to 99 from the main straining axisVery low nucleation
twinning stressalso leads to very high probability cfuchtwin boundaries to occur.
These boundarieact as obstacles fadhe main reorientation twin boundagnd initiate

crack growth.

300Hz mechanical cycling experiments summarised7ijnshow several interesting
aspects of MSM fatigue behaviotirst, aremarkake increase in twinning stress from
0.1MPa to 1.5MPa is reportefdr one of the specimewhich is relatedto obstacle
growth mentioned above. Moreoveratisample cracked afters little as10’ cycles.It
was discovered that operating an MSM element piie-existing twin boundaries leads
to avoiding this phenomenon. Thigsult can be used when organising actuator

operating cycleas discussed iGhapters.

This can be supported furthéiroughanalysng the experimental setup [i]. The most

promisingresult(2-10° cycleg was obtained using asin | MSM element with 0.6MPa
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twinning stress The maximum peako peak strain was only 2%arying specimen
strain between 3 and 5%his illustrates how partial operating cycle can be used for
preventing MSM element from turning into a single variastdiscussed in the previous

Section

Different experimentswere conducted byawrenceet al [74]. A rotating magnetic
field was applied to the MSM specimen resulting in its elongation and contraction.
However,arapid crack growthwas observedhich led tomalfunction of the specimen.
The cracks were originating from twin boundaries nucleated during field omtati
Several important results were obtaiveldich can be generaliseHirst, it is important

that MSM element is connecte® a mechanical holder by a side with no twin
boundaries. Otherwiseagnetic fieldinducedstressesnay result in specimen fracture
since twin boundary otion is supresseth that region Whereaghe rotating magnetic
field excitationmode is hottommonfor conventional MSM actuators, seveddsigns

that utilise itwereproposed [75].

Unfortunately, the results obtainedMSM actuators fatigue experimergseemuchless
promising:just 425 million [37] and 23million cycles[76] are reportedThe gudy in

[37] also shows arapid decrease in output force of actuator However,as authors
admit, it was not clear whether properties of MSM element or actuator desidrede

in suchshort fatigue life It is indeedharder to analyseesuls of experiments conducted
on MSM actuatorsNevertheless, an important observaticsswnade irf77]. Actuator
air-gaps are usually rather small since they contribute significantly to owvetadtance.
However, MSM element can tilt slightly during operating which may result in
mechaircal friction between it an@ctuatorpoles.This lead to crack nuclean and
subsequent malfunctioit.was also pointed out that application of incorrect control can
significantly decrease fatigue life of MSM actuatémother result related to this
phenomenon is reported ifi8] where MSM element bends due to considerable

Maxwell stresses originating from air gapymmetry
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Summarising the discussion aboseyeral rulesor ensuringalong fatigue lifecan be

formulated

e Twin | MSM crystals with average twinning stress should be used in long

lifetime applicationespeciallywhenoperating frequency is high.

e MSM element should be prevented from turning into a simgte&ant state.
This can be done by operatiiign a parial strain cycle using MSM element
with pre-existing twin boundaries.

e MSM element should be connected to ti@der by its side with no twin
boundariesThe magnetic field should be lower in the areahefconnection
for decreasing magnetic fieldducedstresses.

e MSM element should ndtave any mechanica@ontact with actuatés core.

This can be ensured using MSM elements with fine twatiser thara single

twin boundary Use of a symmetric air gap is also needed for minimising

Maxwell stresses.

2.3 Potential application in actuators and other EM devices

MSM alloys are very promising to be used in EM deviéeduation isone of the most

prospective applications MSM alloys Depending on a particular design and technical

task MSM actuators can bbkigh-performance, fast, compact and efficieBhormous
fatigue life of MSM crystals providean opportunity to designg actuatorswith very
long lifetime Nowadays, the most common mode of opegatis linear
elongation/contractionNeverthelessresearchpublicationson the use of bendingnd

torsion can be found which is particularly prospectivariaroactuator$s4], [79].

The most common linedSM actuatormagnetic circuit desigis shownin Fig. 23-1.
A transversalhorizontal h the picture)magnetic fieldproduced bya coil is appliedto
the MSM element for producindisplacement in longitudingbertical in the picture)
direction Magnetic circuit of an actuator consistsadfux guide made omagnéic steel
with high permeability, excitation coils and/or permanent mag(eit$), and MSM
elements between core paléssource of compressive force should atsancluded in
this designfor reversible actuationMost commonly a mechanical spring is usad

MSM actuatordor this purpose.
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Figure 23-1. MSM actuator perating principle

As mentioned abovdwo forces areequired for operating MSM element in reversible
cycling: one for elongatinghe material and another o@ contracing it. None of
these two forces should necessaliyofelectromagnetic nature arpnversely both of
them can benduced bymagneticfields. Five possible combinations (called opergtin
modes) were discussed by Hatzal. in [80], [81] providing a very useful framework

for analysing possible actuator designs.

Operating modes represent possible combinations of magnetic and/or mechanical
stimuli which allow utilising the MSM shape change.g@ratng mode 1corresponds to

two mechanical forcegsed for both elongation and contraction. M8ment acts a&s
passiveelement in this operatg modeThis modecan be used in active dumpers due to
mechanicaknergy dissipatioassociated with the MSM shape chanQperatng mode

2 corresponds tanagnetic elongation and mechanicahtraction Thisoperatirg mode

is related to themost common MSM actuat@rrangementas one in Fig2.3-1.The

main disadvantage of this mode a decreae inoutput force due t@restress A
possibility to disal# pre-stress during elongatiazanbe a possible solution. However,

this is not possible with mechanical springince itactsthroughout a&completecycle.

Operatng mode 3corresponds to a transversalechanical forceand longitudinal
magnetic field.This operating mode is rather exotic since it utilises the idea that
mechanical contraction of MSM element in one dimendeads toits elongation in

another one. However, this is the first opegtmode where a magnetic force is used
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for contracting the MSM elemenApplication of themagnetic fieldaong the notion
diredion can also simplify the design sincea coil can be woundirectly around the
MSM element However, application of a transversal mechanical force canabe
complicated task from perspectisemechanicahnalysis.

Tensile mechanical stress and magnegici fare applied along the MSM element strain
axis in operatig mode 4 Similar to the previous operating mqgda problem of
providing this tensile stressxomplicates possible actuator designs. Moreotee,
application of tensilestressinstead ofcompressive one&an result in a significant

decrease ifatigue life and stability.

Finally, both forces are generated magnetic field in operatig mode 5 This mode
seems to be the most interestiiog EM actuation as both elongation and contraction
can be controlled magneticalliWoreover, it is possible to activate these forces one at a
time. This allows avoiding magnetic stress decreasing which ottoperating mode

2. This operating mode also allows controlling MSM element shape during contractio
which is not possible with mechanical spri&j]. It was suggested thavo magnat
circuits are needed fathis operation mod¢82]. However, a design with a single
magnetic circuit is discussed below. A particuladgconventionaldesign utilising
operating mode 5ncluding two colis and no flux guide (magnetic flux conducted
through air) was also presented68]. However, thatdesign was used mainly for
measuringhe response speed of &M element

Direction of
coil current

® o1/ T @ ®
) N\

.

® g ‘o ||

Figure 23-2. Rotating magnetic field with pair ofcoils in operation mode 5
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An interesting implementation ofperatng mode 5 isthrough creatng a rotaing
magnetic field using two coils or a coil and permanent maghrejsre 2.32 shovs
how a rotating magnetic field can be created with two cdils: magnetic field is
horizontal when coils’ currents aoe-directionalleading to MSM elementl@engation,
whereas opposite direction of currents leads to ‘ar@@tion of magnetic field axis
resulting inMSM element contractionTherefore anadditional magnetic circuit is not
needed. Howevedesigning magnetic cora such an actuator can bery challenging
One can see thahagneticflux density is concentrated in the middle thie MSM
elementduring elongationwhereas this part lacks magnetizergyduring contraction.
Moreover,core steel can get locally saturated simgdth of MSM elementis much
smaller than itdength Another notabledisadvantage of this approach ilcreased
power consumptioand electridossessincetheactuatoris always operatgby current.
In actuators implementing the operating modé&f of a cycle isoperatedonly by
mechanicalforces In this new design, both contraction and elongation are controlled

using electromagnetic energy leadingoigge energyloss.

An idea to use two MSMlementdor improvingthe position control accuracy has led

to a “pushpush”actuator design, which nowadays is receiving more and more attention
[83]. In this casega movable part iallocatedbetween two MSM elementimking them
together Excitation of one MSM element leads to its elongationalong with
simultaneous contraction of another one, wheme@shanical link mossin a direction

of elongation of the firsMSM element Whenexcitation signal is removedactuator
maintains its position due to internal holding forces of MSM elements. Therefor
excitation current can be applied as short immuise windings @rresponding to
different MSM elementsWhereas thislesign allows efficient and accurate positioning

its size is much biggecomparing to conventional MSM actuator desigioe to two
MSM elementsand two coils. Also, twinning stressin each MSM element decrease

the actuator output force. Neverthelessthis design does not require an additional
restoring force and its position can be controlled throughout the cycle. A concept of a
“pushpush” actuator was also thenderlying idea for designing a MSNkhsed
clamping device where two MSMelementsare usedor openng and closinga single

clamping jaw{84].

27



MSM actuator dsigrs usingpermanent magnets and a coil wpresentedn [81], [82].

A “push-push”actuatorusing a magnetic field produced Ipermanent magnet®r
elongatingan MSM element was designed and manufacture(B@h Moreover, a
magnetic field prodwed by coils was used forrotaing the total fieldleading toMSM
elementcontractionin that designThe net magnetidield was rotatedy almost 90%by
controlling coil current. However, stromgrmanent magnets (NdFeBr in tipatticular
design) andlarge currentwere neededNevertheless this prototype illustrates an
interesting design solution whiohas also successfully tested and used to control a

valve.

A design which is yet to be studied includesxcitation coils for elongatig and
permanent magne for contractig an MSM elementThis design allows substitutiray
mechanical spring bypermanent magnetsallowing contracting MSM element
magnetically This design has the same disadvantage as operating numks 2which
leads to decreasing thmutput force. However, the option of designing an actuator
without a mechanical spring cére beneficial foractuator lifetime A magnetic circuit
design of such actuator will definitely requaealysing3D magnetic field distribution

due to mutual inflence of coil and PM fields

Utilisation of MSM shape change in a miefloid pump for bio-medical application

was proposed if9]. This applicationdiffers from all othersby its use oflocality of

MSM shape change. A traveling wave of electromagnetic excitation is produced by a
rotating permanent magnleading to local reorientation of MSM twin varianAn area
corresponding to “easy” variafdrms acavity between twin boundaries which carries a
drop of liquid along the length of MSM elemeiihis application illustrates explicitly

that MSM effect is local and shape change of particular variants eantillsed as
source of motionThe pumpalso does not reqira power source for generating the
magnetic field due to the use of a permanent magnet. However, it still s2qoineer

for rotating the magnet.

Permanent magnets caso be usedof providingconstant magrie field in order to
decreaseurrent required for producingquired magnetiflux. This may also leadto
decrease ithe number otoil turnsalso decreasinglectrical losses ansupply power

demands. Howevean MSM element wouldequire alargercompressive prstresdue
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to constant magnetic stresgluced bypermanehmagnets. This means further decrease
in output force in comparison with actuatatesigred without permanent magnets

Therefore, this design requires a traddebetween output force, size, and efficiency.

Different actuatordesignsbased on operating modeage discussenh [23], including a
rare linear actuator with MSM element of cylindrical shape. Actuatorsi®type can

be fast andtompact providingaconsiderable output force. Unfortunately, coils of these
actuators are still rather big requiring extra spacealioicatingthem and limiting the
opportunity to design very small dewsséhis also holds for actuators designed in
Chapter 5 of this Thesig\s Twin Il alloys have very low twinning stress, actuators
based on these alloys can be much smaller due to reduced coil dimeHsieser

this applies to largstrain rather than larg®erce actuators since MSM element
behaviour depends on total loadn the other hand;onsiderable twinning stress of
Twin | MSM crystals omplicates the control of intermediate strains due to magneto
mechanical hysteresif85]. However,the “pushpush” design illustrates a watp

overcomng this unfavourable property and evenring it into advantage.

Magnetically controlled shape change is only one of sevet@lesting properties of
MSM crystals. It was suggested by several research groups that MSM actuator
utilise their full potential onlywhenmultiple aspects of MSM phenomenon are used
the same devicfb8], [86]. For instance esistancend permeability of MSM crystsl
vary with shapechange. Thisallows designng actuatorscapable of sensingheir
position. This can be dor®y adding a circuitry that measureisherresistancg87] or
inductance [88] forreakttime displacementevaluation Such seHsensing actuater
possesslosedloop controlcircuitry significantly improvingther positioningaccuracy
Selfsensing actuator designs were also studie@9h [90]. However,size of a self
sensingactuator increases due ttte necessity to accommodate a sensing element e.g.

an extra coil for measurements.

Nowadays, main applications of MSM alloys include actuators for valves, linear
motors, andpumps. A design of a rotating actuator was presenn [75], where
movement of a linking rod connéag two MSM elements indifferential actuator was
converted into rotation of a rotor. Moreover, application of inverse charac®ngis

proposed for use in senspemergy harvesters and dampers
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Several papers were lpished comparingISM andEM solenoid actuator desigif3],
[58]. Different designs and design strategies are also discusd@d], [92]. These
papers show that the same magnetic circuit design methodology can be &pplied
MSM actuator desigas for more studied EM solenoid actuat@sre size is usually
chosen with regard to possible saturatialso avoiding usingexcessve amountsof
steelwhich may leado unnecessary increasecost and weight. Air gagsetween parts

of magnetic circuit should be minimised due to low permeghulitair. Coil designis
related to choosing the best combination of current and number of turns for providing
the requirednagnetomotive forcémmf). The number of turns affects inductance of the
coil which affectsthe response speedyhereaslarge elecic current can lead to
overheating. Therefore careful design ofhe magneticcircuit is essential for efficient
and rdéiable actuator performance

It was discussed iSection2.1.5 that resonance phenomenon can be used for enhancing
actuator performance. Effects of different design parameters on resonan@ndsequ
were studied in61]. It was discovered thatatural resonance frequency is strongly
affected by spring constari¥ISM element stiffness, anitux guide dimensionsThis

result suggests the possibility @iptimising a design for opeaating at aspecific
frequency. Howeverstiffness ofMSM element varies with MSM strain and, hence
depends omheapplied field.A significant800MPato 20MPadecrease in MSM Young
Moduluswas reportedn [93]. This problem was studied further [@5]. Both papers

show evidence of a considerable increase in output strain at resonance frequency.

Inverse characteristics of MSM alloys can also be used in wide range ofcalectri
devices.For instance, @plication of mechanical streshangesMSM magnetsation
leadingto fluctuations inmagnetic flux This varying magnetic flux can be converted
into electric current by a pielp coil [94]. The converted energgan be usedor
supplyng a lowpower consumerThis example illustrates thepplicability of MSM

alloys for energy harvesting.

Harvestingmechanicaknergy that therwise dissipates in a form afoustic vibrations
was suggested if95], [96]. Efficiency of MSM energy harvesting can be increasgd
operating MSM element in a bias magnetic field. A study conductg@¥]rshows that

induced voltage is proportional to the applied fielid.is also proportional to the
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magnitude andrequency ofthe externalmechanicalforce. Permanent magnetgere
suggested aasource of bias magnetic fieldyoiding thenecessity to accommodade
additional energysource and a second winding. Output power of few milliwgtts
MSM energy harvestg was predicted in 200[@8]. However, 20mW at 43 Hz were
reported in 2014[44]. A comparison of MSM alloys with magnetostrictiveand
piezoelectric materialhas shown their advantage over other “smart” materials for

energy harvesting [99].

Low twinning stress is desirable f&1SM alloys applicationin energy harvesting
However, energy dissipaty properties associated with it can be used for designing
dampersMSM vibration damping devices have been studied by senem@rch groups
[100]-[103]} The main parameter that characterizes damping properties of MSM alloys
is internal friction or loss tangentafy). It is related to the amount of egg thatis
dissipaté in cycling. 20% internal friction at low strarwas reported in 2006L00]
whereasthis value increased t650% at 2-3% strainreportedin 2012 fora Ni-Mn-Ga
composite [101] The latter is remarkaplhigh. It is also worth noting that this result
corresponds to dybrid materialwhich costs lesghan pure MSM crystals being
relatively simplein manufacturingTand tends to incease with temperaturenéximum

at transformation temperature) and/or strain, and ataa be adjusted bychanging
hysteresis loopof MSM alloy. However, the available data provides different
information onfrequency dependenad loss tangentA slight decrease itand with
frequencywas observedn [100] whereasthe opposite dependenceaw/reportedin
[101].
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Chapter 3. Mathematical modelling of physical processes

in MSM actuators

3.1 Multi-field nature of the problem

MSM actuatos produce motion by convertinglectromagnetienergy into mechanical
one This makessolution ofan electromagnetic problemmost importantfor accurate
design and performance evaluatibfowever,MSM electromagnetiphenomenomlso
affects thermal fields as a considerable amount of heat can be generdissl to
electromagnetic and mechanical lossess leads tochange intemperaturef different
actuatorpartsaffecting itsoperatirg regime This is particularly relevant to tHdSM
element due tdiigh sensitivity ofits propertiesto temperature. Thereforé&nowing
temperature distribution in MSM actuator ig&s important asevaluating its
electromagneticstate Moreover, thermal and electromagnetic fields are actually
coupled since thermal phenomena also affect electric and magnetic properties of
actuator elementditimately, acompleteelectromagnetithermat mechanical coupled
problem should be considerddr evaluating MSM actuator dynamics including the
behaviour of its moving part$However,such analysis becomes too complicated and

decoupledginglefield) problems should be discusdest.

All electromagnetic processes @macroscopic level are described by a system of

partial differential equations called Maxwell’'s equations. Four Maxwedisationsare

OE
VXB :Ilo(‘l‘}'goa) (3.1'1)
0B
__9 3.1-2
VXE = ( )
v-E=2 (3.1-3)
&o
V-B=0 (3.1-4)

whereE is the electric field intensity, V/nB is magneticflux density, T J is current

density, A/nf, p is the electric charge density, CInThe universal constants are free
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space permittivitye, and free space permeability,. V-can also be written as
divergence operator ardx as curl operator=irst equation is also known as Ampere’s
Law with Maxwell's addition, second equatieras Faaday’'s Law. Last two equations
represent Gauss’ Law in electrical and magnetic forms, respecti&elyontinuity

equaton for electromagnetic problerepresenhg the law of conservation of charge is

v-J= —% (3.1-5)
Constitutive equationare
D = g,.60E (3.1-6)
B = . H (3.1-7)
] =oE (3.1-8)

whereD is electric flux densityC/n?, ando is the electric conductivity, 1/Ohm.
Equation (3.1-7)s especially important when ferromagnetic materials are considered.
In this caserelative permeability;,, > 1 anddepends otheapplied field. This requires
knowing material B-H curvesfor actuator magnetic circuit elemeniscluding the
MSM element.

A typical B-H curve of ferromagnetimaterialis characterised by sections with large
and low relative permeability, due to saturatiarSaturation is related @ state where

all ferromagrtic domainsare aligned with bias field so further increase in field
intensity produces only slight increase in flux density. Saturation flux tgteissian
important parametemwhich allows evaluating capabilities of different flux guide
materialsIn geneal, materials with higher saturation flux density allow designing more
compact and efficient EM actuators. Another type of permeability called ieatam

permeability should also be mentioned. It characterises how changedinnfiehsity
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leads to chargy in flux density.For instance, incremental permeability of saturated
material is free space permeability. However, relative permeability of such material
can still be high since it is calculated using magngwdenagnetic field intensity and
flux density. It is important to distinguish the two since FE software used intdiaig s
always calculates relative permeability rather than incremental permeabitity
explains how saturated steel or MSM “easy” vasgattiscussed in Chapter 4 can have

permeability exceeding free space permeability.

Frequencydependent processsbould also be considerachen AC power supply is

used Varying magnetic and electric fields are sources of skin effect in electric wires,
hysteresis and edesurrent losses in flux guideEddy-currents are induced in
conductingregions by varying magnetic fiedih accordance witlkq. (3.1-2) and (3.1-

8), decreasingthe efficiency and leading teextra heat dissipationLamination of
magnetic core iscommonly used fordecreamg these losseshrough increasng
electrical resistancd&zddy-currents alsgroduce their owmagneticfield which locally
decreases the totalagnetic field This leads to variation of flux density throughout the
flux guide.The parameter used to characterise this effect (skin effect) is called depth of
penetration

1

Jrfuo

5 =

(3.1-9)

where f is excitation frequency, Hz. Equatior{3.1-9) shows that the higher the
frequency, permeability and conductivity are, the lower the depth of penetration is,
meaning that a smaller part of the whole materiatosducting magnetic fields
Therefae, highly permeable stees subjected significantly tathis phenomenon.
Calculation of eddycurrent losses is a complicated task. For particular geometry of the

magnetic circuit studied if104], associated losses per undss are

_ (nBdf)?

= -7 3.1-10
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whereB is a magnitude of magnetic flux density,dlis thickness of theteelsheet, m
kis a constant equal 1 for steel and 2 for wirds, resistivity of the materiabhmm, D

is density of the material, kgfimHowever, accurate estimation of edclyrrent loss is a
subject of electromagnetic transient analybigsteresis losses amamother source of
energy dissipatiom actuator flux guideMagnetic losses produced are proportional to
hysteresis loogsize Therefore, materials witha thin hysteresisloop are preferable.

These losses per unit mass are

(3.1-11)

Total magnetic losses per unit mass can be calculated as a sum of these two components

Pmag = Phys + Pedd (31'12)

It should be mentioned that flux density variations during transient processes (for
instance, switching impulse current) also induce eddyents that result in power
losses. This is particularly relevat for operating cycles discussed in Chapter 5.
However, Eq.(3.1-9) and (3.1-10are only applicable for harmonic excitation. This

complicates evaluating magnetic lossesycles involving pulsed excitation.
Electrical (Joule)losses can be calculated using a salbwn formula

P,, = IR (3.1-13)

wherel is magnitude of electric current,, R is resistancephm. Coil wires can also be
affected by skin effect leading to nomiform current distribution and increase in
electric resistance. However, skin effect is negligibledf&imm wires at frequencies up

to 300Hz used in this study (approximately 3mm skin depth).

Joule lossescan considerablyncreaseactuatortemperatureThe main ways of heat
transfer are conduction, convection amdliation. Heat is mainly transferred through
conduction betweesolid bodies, i.e. different parts of an actuatdeat flow due to

conductioncan be described by Fourier's law
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q=—k VT (3.1-14)

whereq is heat flux, W/rf; k. is thermalconductivity, W/mK; T is temperature, K.
OperatorV can also be written as gradiehibsses generated in actuator should be
conductedinto the environment for avoiding unacceptalmherease intemperature.
External cooling may be required when losses are too high and cooling conditions are
too poor Heat exchange between the MSM element and the environment is defined by
convection.Thisis the second type of heat trangfewhich fluid (such as air or water)

is usedas heatmediator It is described by Newton’s law of cooling

Qn = kac(Ts — Tamb) (3.1-15)

whereQy is normal component dfeat flux at a convective surfad®, kr is convective

film coefficient, W/Km?, A is total area of convection surfaceg, Mis temperature of
MSM actuator surfageK, Tampis ambient temperature,.Keat camalsobe transferred
through radiationThis is the last heat transfer mechanrstated to energy emitted lay
very hot object iraform of electromagneticadiation.However,radiation is negligible

attemperature MSM element is capable of working on.

Motion of a puskrod in MSM actuator is described by a complete form of Newton’s
Law of Motion [105]
d?u du

M— + C—+ K = Foe, (3.1-16)

whereu is displacement, M is mass, kgC is damping, Ns/m K is stiffness, N/m

Fret IS Net force acting on a pusbd, N However, this equation is not particularly
useful since MSM variant reorientation phenomenon is very complicated. For instance,
parametersC andK are nonlinear functions of displacement. For this reasetoeity

and acceleratiorof MSM twin boundariesare usually studiedonly experimentally.

Moreover, this study does not include calculations related to MSM motion dynamics.
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3.2 Two approaches to analysing actuator magnetic circuit

3.2.1 Equivalent electric circuit approach

Field theory of electromagnetism provides the most comprehensive picture of the
phenomenon However, Maxwell's equations have no general solution which
complicates their applicability in actuator desigdn the other hand, much simpler
models can be used for preliminary design or even rather accsoaigon of
electromagnetic problem relatively simple case®ne of the most popular approaches
relies onfinding a solution for equivalent electric cirtwif actuator magnetic circuilt
should be mentioned that circuit models are simplified representations of mor@wompl
and complicated field problems. However, they are somewhat easier to andarst
requiremuchlesssophisticateanathematics to wi with. The idea of considering flux
lines as 1D tubes for which equation can be written goes &mé&ias tothe original

works of Maxwell [106].

Electric circuits are welstudied and even complicatedangements of circuit elements
can be solved usingirchhoff's laws [107]. Magnetic flux mmf and reluctance are
equivalent to current, voltage and resistance by analogy. Howbaeeassumptions a
circuit modelis built on should be carefully considerdehch element oéin equivalent
electric circuit assumes all related properties being uniform and homogeneous
Therefore,regions with different geometry and/or magnetic properties aresepied

by differentelements in a circuiMagnetic flux and mmf are related as

F
__ 3.2-1
) = ( )

where @ is magnetic flux, WphF is mmf, A, Ris reluctance, 1/H. Equati3.2-1) is

also called Hopkinson’s law. Mmf produced by a coil can be calculated as
F. = fHdl =N, (3.2-2)

where N: is number of coil turns, and. is coil current, A. Reluctancef a circuit

elements
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l
R =
;ur.UOA

(3.2-3)

wherel is length, mA is a crosssectionarea m?, p;Ho is permeability, H/m. Eggtion
(3.2-3) shows that reluctance depends only on geometry and material propéwies
element Mmf produced by a coilependson the number of turns arapplied current
Figure 3.2-1 showanequivalent electric circuit of magnetic circuit of MSM actuator.
Reore

(I) core
o

oo 1=

F coil <>
RuamtRs Rs

Figure 3.2-1Equivalent electric circuit of MSM actuatoragnetic circuit

Kirchhoff's circuit laws hae an analogy in magnetic circugading to zero total flux in
each node and equal mmf drop on parallel branches. It can be illustrated focuite cir
Fig. 3.241 as

{ Drore = Ps + Oy,

3.2-4
Feoit — Feore = Fs = F5 ( )

Magnetic flux is not very useful for MSM actuator analysis since it depends on

geometry of a particular region. Magnetic flux denBitg commonly used instead

®
B=— 3.2-5
n (3.2-5)

This approach is rather simple and allostenging parameters easity order to see

how they affect the overall solution. The main disadvantages of this approach are
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associated with its assumptions: wasform flux distribution is assumed, it is hard to
represent a complex geometry correctly; linear parametersxadoallow taking
saturation into accounthis limits the accuracy of the solutiand overall capability of
the approach. For this particular reseamhere allog which properties vary locallgre
studied,implementationof this approach igenerallyboth complicated and unreliable.
It has indeed been used for analysing special states. HQwawuere flexible approach

should be consideraghich can be applied in all cases

3.2.2 Finite element analysis

Finite element metho(FEM) is a numericatechniquethat can be usefdr finding an
approximate solution for a system of differential equatidois given boundary
conditions. This is done by dividing a complex domato a net of simplsubdomains
(mesh)called elements, equations for which can be written in a more simple form. This
is a powerfultechniquewhen complex geometrgnd norlinear material properties are
involved. However, accuracy of this approach depends on the numbemudrgke and
their size leading t@ very fine mesh needed for accurate representaticzomiplex
objects This leads to considerable computational challendaserror associated with
mesh quality (called discretisation error) cannot ever be fully elimin@ueality of the
mesh and, hence number of elements is directly responsible for accuracy of ibe,solut
as well as computational timelowever mesh can & refined for areas of high interest
and kept relatively rough elsewher&his allows decreasing computational time
significantly.Local refinement is particularly relevant to meshing EM actuator magnetic
circuit geometry where fields tend to vary considerably in particular ateasto
saturation of ferromagnetic regions. Moreover, domains with different material
properties can be included in a single modikis allows modelling a compete magnetic
circuit of MSM actuator keeping track of mutual influenoé different actuator

parameters

Nowadays FE mode$ are usuallybuilt basedon real solid bodygeometrythrough
meshing andassigning relevantnaterial propertieso domains.The geometry can be
created eithem a design module of BRE package oby usang a different computer
aided designCAD) software Many nmeshingtechniques have been studied this far

[108]. Some researchers are using available open source data for creating their own FE
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algorithms.However a commercially availabl&ANSYS Multiphysics software package

is used in this study. It uses a particular tgpeneshwith elements ofriangularshape

for handling electromagnetic analysi3riangular elements allow more efficient
geometry meshig also handling well refining at particulartifficult regions suclas
magnetic circuitorners.It should be mentioned that all calculations related to meshing
the model and obtaining the numerical solution are done by the software and only a few

parameters are controlled externally.

FEM allows writing field equations for every node of the mesh. However, those still
need to be converted to a simpler form in order to appiyericalmethodsFor steady
state problems, partial differential equations @&@uced to algebraic equatiowhich

are solvedusing methods ohumerical linear algebra such as NewRagphson’s
method [109] For transient problems system of ordinary differential equations is
solved. The most common numerical methods used for solving thosgoagquae
Euler's and Rung&utta’s method$108]. To find a solution means fint spatial (and
time, if transient) distribution of a function of interest which satisfies boundary
conditions under applied loads. The solution is fodhbugh continues terative
procedurewhich minimisesout-ofbalance part of equatiorte a valueless thana
specifiedtolerance.lt is said that a problenconvergs to a certain solutionf this
criterion is satisfied Change in solution between two consequent iterations is also
monitored for ensuring smooth change in fielettors Convergenceriteria are very
important due to their influencenoaccuracy of the solution. On one hand, high
tolerance carlead to rapidconvergence to g@oor or nonphysical solution due to
discontinuity in the field. On the other hand, low tolerance can lead to enormous
computational time eveninability of the solver to reach convergence (fromverged
solution). Therefore, convergenceriteria should be carefully considered for ever
problem being solved. &houldalsobe kept in mind that the function minised by FE
solver is free energgnd otherfield parameter®f interest are derived from iThus,
some field parameters have @atial to accumulate bigger error than others.
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Sources of excitation are represented by loads applied on solid bodies or elements. For
electromagnetic problems, theseclude current current density, electric potential
difference (voltage drop) and coercive force (for permanent magnetsyl ¥alues of
magnetic potential at boundaries can also be used to model externalRweltsermal

problems, loadarerepresented bgenerated heat and temperature constraints

Maxwell’'s equations should be iten using magnetic potentiérmulationin orderto
be solved usingcEM. Two possibleformulations for magnetic fields includeagnetic
scalar potentialy and magneticvector potentialA formulations.For electric fields,

electricscalarpotentialg is used.This allows writing magnetitield equationsas

B=VxA (3.2-6)

H=-Vy (3.2-7)
94

__uy_ 24 3.2-8

E=-Vp-— ( )

A, v and ¢ are the degrees of freedom (DOF) used by the solercase of scalar

magnetic potentigdMSP) formulation equations that asolved are

H=H,— V¢g (3.2-9)

V- ,uV¢g —V uHg—V-usMo =0 (3.2-10)
1 (JXr

H, = | 53 dv (3.2-11)
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whereHy is preliminary magnetic field obtained using B®avart lawEq. (3.211),
A/m, ¢y is generabed potential, Au is absolute permeability, H/riVlois magnesation
of permanent magnetd/m, r is a radiusvector. This formulation igrimarily usedfor
models developed in this researctiHowever, magnetic vector potential (MVP)
formulation is used for solving 2D problems. In this case, Poisson equation is feolved

out-ofplanez component

V24, = —u-J, (3.2-12)

An unconstrained field problem can have infinite number of solutions. Theré&fare,
analysis requires boundary conditions specified for outer boundaries of the modelled
region. Boundary conditionsalso representinteraction of the model withthe
surrounding environment which is nocludedexplicitly. Two most common types of
boundary conditions are Dirichlet and Neumann boundary conditions.forheer
constrains potentiaht the boundaryyvhereas the latter constraiits normal derivative.

For scalar magnetic potential, this yields

y=0
dy
dn

. (3.2-13)

where the former is Dirichlet and latter is Neumann zero boundary condi@iongar
equations can be written for magnetic vector potential, or any potential used for

describing a specific boundary-value problem.

3.2.2.1Discretisation error and convergence

Magnetic fields are continuousiowever, a field solution obtained via FEA not
necessarily continuous. It only approximates the eeatinuoussolution with a net of
interconnected elements. Moreover, derivatives of DOFs can be even more
discontinuous than the potentials they are derived fRistretisation errois related to

the discontinuity in questioaJso allowingassigninga value to it.
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Discretisation error can be estimated by comparing flarsityvector (in magnetic
analysis) for a particular point with average fllensityvector atthis point[108]. Each
point has a number of flugensityvalues associated with it equal to the number of
elements that share this point. Therefohe discretisation error can be written as

AB! = B? — B! (3.2-14)

where B, is flux densityvector for pointn of elementi and B¢ is the average flux
densityvector.One can see that flux continuity between neighbouring elements would
be perfect given zero discretisation errdiowever, this does not happen in reality.
Discretisation error should be carefully monitored for ensuring reliatderacy of the
solution. Software packages like ANSYS provide useful tools allowing automatic
meshing and Smart Sizing. The studyif0] shows that implementation of Smart Size

tool allowsdecreasing errors and achieving convergenéewer iterations

Convergence is also related to the stability of the solution. Low discretisatiordeas

not necessarily indicate that the solution is correct. For instance, the sasnshsiwd

that quaty of the mesh can significantly affects the results which otherwise seem
correct. Variation in solution with mesh quality is a subject of mesh study. A
satisfactory number of elements is ahatensures botlow error and negligible change

in solution with further increase in the number of elements.
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Chapter 4. FE analysis of MSM actuators

4.1 Application of FEM to MSM actuator modelling

FEM possesses distinctive advantages over other methods whéoemogeneous and
anisotropic regions of complegeometry are analysed. it used as the main tool for
modelling the electromagnetic and thermal fields in MSM actuators in the fofowin
Chapters. This Chapter discusses how the MSM actuator can be modelled using FEA
software.Whereas modelling of everyeenent of the magnetic circuit is discusséd,
should be mentioned that MSM element is the only-cmmventional part in
comparison with traditional EM solenoid actuatorsenee the question of its
representation in the model plays a significant roléaénoverall analysidt is also very
important to be able to relate the magnetic field solution in the magnetic circuit with the
overall actuator output. This Chapter presents a detailed discussion of the demtlopm
of such modelling approach with a ceqgsent analysis of the magnetic field
distribution in the MSM element and a study of its permeability change during the

shape change. The latter is than applied to the actuator design in Chapter 5.

Two software packages were used for EM actuator modeliN$SYS Multiphysics
and FEMM. FEMM is free opesource software for 2D analysis which was used at
early stages of the research. HoweVlg. 4.3-11is the only result obtained using
FEMM which is included in the final version of this Thesis. This is grily due to
inability of FEMM to handle notlinear anisotropic properties of MSM elements.
Nevertheless, it allows much better visualisation of the results. Wheriblpp$moth
FEMM and ANSYSwere usedor solving 2D problems in order to compare the ltssu
Some aspects of field distribution are much easier to comprehend in FEMM due to
much more gradual scale of change (which translated into colours in picAKESY S
Multiphysicsmodules use only 10 different colours for visualising the solution. i$his

a great disadvantage when HAommogeneous magnetic fields are to be analysed.
However, ANSYS allows modelling anisotropic nlomear properties of MSM element.
Thus, all final results are calculated using ANSYS. Furthermore, all actiegigns are
deweloped in ANSYS since 3D magnetic field distribution plays a crucial role in thei

magnetic circuit analysis and optimisation.
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4.1.1 Magnetic circuit model composition

An MSM actuator magnetic circuit model consists of flux guide (ferroméagoere),a
coil, an MSM element and interior/exterior air regions. Magnetic ptiegeare assigned
to all elements in form of constant relative permeability (air, coil, MSM “hard”) axis
nondinear BH curves (core, MSM “easy” axis). Loads are applied to deinents.

Dirichlet boundary conditions are assigned to exterior boundaries of the model.

Figure 4.11 shows a typical 2D model of MSM actuator in ANSYS. It should be
mentioned that loads are applied differently depending on whether a model is 2D or 3D.
In 2D, loads are applied as total coil current density. It is related to theorealicent

as

Jmoder = (4.1-1)

wherel. is input current, ANc is number of coil turnsg; andb. are width and height of
the coil, mm. “Plane53” element is used in 2D electromagnetic analysis in ANSYS.
This element consists of 6 nodes when triangular mesh is used. Both ANSYS and

FEMM use MVP formulation for handling 2D electromagnetic analysis.

\ Boundary A=0

Coil (negative current density)

Coil (positive current density)

Ferromagnetic core

Air

MSM element

Figure4.1-1.Typicd 2D MSM actuator model in ANSYS (surrounding air is partly
hidden)
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Figure4.12 illustrates mesh quality in studied 2D models. The number of elements lies
between 30 and 150 thousandagpeing on the level of mesh refinement and model
size, about 30% of which are in tla& gap regionBigger numbersusually lead to
negligible increasen accuacy while computational time increases significantly.

(b)

(a) _ e P

ot |
[negat:210]

“ [positizi0]

w A

Figure4.1-2. Mesh quality ifia) ANSYS and(b) FEMM models

ANSYS 3D models are builasing “solid96” elementThis is a tetrahedral element
which implementaMISPformulation It has 8 nodes per element. Coil here is created not
by meshing solid body geometry but by usidgegetrack coil’macro. This macro uses
coil geometry and mmf assitinput. It creates coildirectly as “sourc36” elements
Setting up a 3D model is similar to setting up a 2D one in other aspkotder of
elements used in 3D ANSYS models varied from-280or actuators with simplistic
geometry to 310°for HU actuator design (see Chapter 5). The latter is related to poor

convergence in models which use Hypermco 50 steel.
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. Coil F,

Core

Air

MSM element

Figure4.1-3. 3D MSM actuator model in ANSYS (surrounding air is hidden)

The surrounding air is includeéh all modelsin order to takeleakage fluxes into
account. These tend to increaggh core saturationwhereas the difference between
models with and without the surrounding air is essentially negligible in weals fiel
Flux leakage also increases considerably in 3D. This illusttheesmportance of

solving a complete 3D actuator model for accurate evaluation of its performance.

Size of the air cube (surrounding air) also affects the accuracy of the obtaumsshsol
Since zero boundary conditions are “enforced” on its extericagnetic field
distribution in the MSM actuator magnetic circuit should be consistent with this
constraint. This may result in change in MSM magnetic flux when outside boundary is
too close. On the other hand, big air cube can significantly and unnegessaghse
computational time. Thus, an optimal size should be found. The analysis has shown that
the effect of outer boundary proximity becomes negligible when it is at leasnh50
away from the magnetic circuit. However, this value was as small as 10nmsonhe
models with low core saturation levels. These results were used for settinfyatorac

models in the most optimal way.
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4.1.2 Convergence study and numerical errors

Almost all models developed as part of this study did converge using defalit me
settings, apart from several Hyperrzased designs. Therefore, this Section mostly
discusses the influence of mesh size on accuracy of the obtained solutionsiat)d

be mentioned that convergence in ANSYS is estimated using magnetic flugrasaef
(SMP formulation). The convergence criterion tolerance is 0.001 yielding 0.1%

difference between the subsequent solutions.

Meshing of the models was performed using ANSYS {miMeshTool. It uses Smart

Size algorithm for varying element size namiformly throughout the mesh being
smaller in narrow regions or near the corners and, on the opposite, being bigger in less
special regions. Overall quality of the mesh can be adjusted using SmaraSizeier

which varies from 10 (most coarse) to 1 (finest). Mesh quality can be improved further
through local (or complete) refining. Model refinement can be performad asl to 5

scale with latter corresponding to the highest depth of refinement. Howeigesglso
possible to perform multiple conseaquerefinements for achieving better results.
Refinement level 2 is also not equivalent to two consequent refinements level 1, leading

to high flexibility of mesh quality adjustment.

Different aspects of the analysis were important in different modelsngwnce, 2D
models were used for analysing magnetic field distribution in actuatoretagircuit

and particularly MSM twin variants in Chapter 4. 2D models have much less elements
comparing to 3D models allowing getting results rather quickly whiemniadvantage
when general trends of field distribution are analysed. However, a desgnreht of

MSM element region was necessary for conducting calculations summariSedtion

4.3.2. This is the case since slight discontinuity in the field doeaffeatt the overall
solution much. However, even relatively small local error was unacceptable fangrovi
the argument in that particular experiment. Increasing the number of eletoents
185000allowed decreasing the error to the negligi®®. Nevertheless, such accuracy
was not needed in other 2D models making this the case only for models studying
continuity in the field at a twin boundary. However, since 3D models were aatigally

for MSM actuator design and performance evaluation, it is more relevant to discuss

their convergence and accuracy.
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The detailed analysis of MSM actuator designs is summarised in Chapter 5. However
it should be mentioned for purposes of this Section that air gap flux density is the main
parameter of intersect in 3D. Maximum flux density in the core was also &areful
monitored for analysing saturation conditions. Therefore, variation of these perame
with mesh quality is worth studying. However, an additional tool can be used for
estimating discretisation error assoaiat®ith a particular model using EMAGERR
macro for calculating error norms for regions corresponding to a ydartimaterial.

Error norm is calculated as a ratio between the relative error and the maximenofvalu
magnetic flux density. This does not assign a single number to the error teskodia

the whole model. On the contrary, errors for particular regions (e.g. MSkkete
core) can be calculated. This approach makes possible to estimate errors fdaparticu
regions of interest.

-
[=1]
N
=
=]

i

[
o
(=]

1.6} “{%———6H__&,d-6——6——~6.__-9___6_~—2
—_
= 300
31.4- o
= =
% -250"%J
2 121 5
k'3 [:H]
E 1 zuu§
%] r [15]
= —e— Bd 150 £
3
g} I — % — By =
Dos Nel 100
=
N — - — —_— PR— —— 4
06y = o _—p-—8——8-—9 o ) - Pey

04 1 1 1 1 1 1 1 1
10 9 8 7 5] 5 4 3 2 1
Mesh "Smart" size

Figure4.1-4. Change in flux density and elements’ number

with “Smart Size” parameter

Figures4.1-4 and 4.1-5how results of the convergence study. Figufe4 shows the
slightly increasing trend of air gap flux densBy and decreasing yet fluctuating trend

of yoke flux densityB,. This suggests that the number of eleméiistill affects the
solution. However, further increase in mesh quality achieved by refininglSzesh

has led only to 0.002 T change in air gap flux density. On the other hand, refining the
model has increased the number of elements to 2.5mil causing expected effects on
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computational time. This fact along with the data Bid-5 suggests that Size 2 mesh is
the most suitable for MSM actuator modw®j. B, andBm, correspond to MSM “easy”

and “hard” variants’ errors in Fig. 4.1-5.
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Figure4.1-5 Change in error norm with “Smart Size” parameter

This analysis is conducted using R actuator model. General trend of mesh quality
influence on accuracy a@he results holds for other models, too. However, mdugls

using Hypermco 50 (see Section 5.1.2) caused several additional troubles notdobserve
for other materials used. ItstB curve was causing unexpected numerical errors leading
to inability of the model to converge. Whereas its smoothness was checked numerous
times and even adjusted with a rational function constructed using an approach
proposed irf111], convergence of several models was not reached. Increase in curve’s
smoothness allowed a number of models to converge. However, the reason-for non
converged solution in other models was not identified. Figuré 4Hows fluctuation of

error norm in HU actuator model. In some cases, refining the core up to level 2
(approximately 3.5mil elements) allowed to reach a converged solution. Unfetjtinat
convergence of several models was not reached regardless of the mesh quality.
Moreover, a slight change in input parameters as, for instance, number of coil turns
from 120 to 115, could also lead to roonverged solution. This illustrates how some
models can be sensitive to combination of input parameters’ values which lead to

considerable numerical errors.

50



1.0E-03+

1.0E-0

Norm
&

1.0E-054

1.0E=054—s

1.0E-08

1.0E-07+

Absolute Convergence
7
&

O)

1.0E-08 1.08-0
1.0E-0 = ]

1.0E-09 Point of
1 11 21 31 41 -
3 16 26 36 convergence
Cumulative Iteration Number in R model

Figure4.1-6 Un-converged solution in one of HU models (insertion shows the expected
behaviour of the convergence curve)

Actuator design and optimisation procedure is discussed in Chapter 5. However, it is
worth mentioning that this process essentially consists of the “first ggéss”and
further variation of the initial design. This requires-ruening the analysis a
considerable number of times. Moreover, many more runs are needed for ogimisati
and calculation of output characteristics. This procedustomised though organising

an algorithm which automatically sets up the model, finds the solution and stores the
results. Outline of this algorithm implemented in ANSYS can be found in Appendix 3.
Parameter8;andBy are the most important for actuattesign. These data are stored
alongside with varying input data allowing efficient monitoring of the effedterdnt

design parameters have on overall performance. These data were used for finding

optimal geometry and coil parameters for every desigoagdator.
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4.2 Magnetic field-induced variant reorientation and varying MSM

permeability

Whereas the magnetic fieldduced variant reorientation plays a crucial role in MSM
shape change and force production and, thus has been studied rather well, the
phenomenon of permeability change has been just barely acknowledged this far. This
partly due to a quite common assumption made by material study researetiers th
demagnetisation effects can be neglected and the bias field does not charg&Mith
sha@ change. However, such an assumption is unacceptable wherbt®d devices

are studied. For instance, it is easy to show how MSM element reluctance change
affects total reluctance of actuator’'s magnetic circuit in extreme (fully™eas'hard”)
casesMoreover, intermediate strain implies mixed state of MSM element being formed
by both “hard” and “easy” variants. This case is much more complex requirimg tak
nonthomogeneity into account and, ultimately FE analysis for explaining the
permeability behawur. The next Section gives a brief illustration of the permeability
change effects based on a simplistic reluctance model, whereas further Seesens p
in-depth study of this phenomenon.

4.2.1 Effects of varying MSM permeability on actuator magnetic circuit

reluctance

Equivalent electric circuit of actuator magnetic circuit includes one mmf sl

and reluctances corresponding to the core, MSM element, air gaps and flue|ésseg
Section 3.2.1 In general, all of these reluctances depemdhe applied field in either
linear or noAlinear manner. However, effects related to core saturation and flux leakage
are common for electromagnetic actuators and have already been sixigiesively.

For illustrating the MSM permeability change efteat the clearest way, only the air

gap region including MSM and air reluctances is studied. It is shown in Fig. 4.2-1.
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Figure 42-1. Equivalent electric circuit of MSM actuator air gap

assuming zero mndrop along the core

In this casethetotal magnetic fluxcan be written as

Fe

d=— S
‘ R6+Rmsm

(4.2-1)
whereF. is coil mmf A, Ry is total reluctance of airegions andRysw is reluctance of

theMSM element, 1/H. Air gap reluctance canviagtten as

+ay,-¢

R< =
o :u()Am(l-I_g)

(4.2-2)

whered is atotal widthof the airregions, man, is MSM elementwidth, m ¢is current
strain of the MSM element (for 5M NWn-Ga alloys (X £< 0.06),An is air gap cross
sectionareatransversato bias field,m?. The air gap reluctance slightly increases with
strain due todecreasing MSM element’s widthin the most general form, MSM

reluctance can be expressed as

_ am'(l_g)
Mo * Moy~ A - (14 €)

(4.2-3)

Rmsm

where uny is relative permeability of MSM element. Whereas the permeability change is
discussed in further Sections, it is possible to do simple yet very informative
calculations for either fully contracted or elongated MSM element. In additcaseaof
heavily sg@urated fully elongated MSM element wigh=6 is considered. Table 4P
illustrates the esults calculated using Eq. (432 for Fc=200 A, 6=0.2 mm,a=1 mm,
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An=33.5 mmi. MSM permeability is 2 for fully “hard” and 50 for fully “easy” MSM

elements, respdeely. The last column shows MSM contribution to the total

reluctance.

Table4.2-1.Change in MSM reluctance and total flux with MSM element strain

MSM element & Um R, Ra, R:, @, Ry Ri,
conditions % 10°H 10°H 10°H | 10%wWb | %
Fully contracted 0 2 11.9 4.7 16.6 12 71.4
Fully elongated 6 50 0.4 5.8 6.2 32 6.7
Fully  elongated; 6 6 3.5 5.8 9.3 21 37.6
saturated

A considerable difference in reluctances as well as total flux prodycednstant coll
mmf in different conditions is cleain fully contracted state, MSM reluctance accounts
for more than 70% of total circuit reluctance, whereas it barely matters whtSiie
element if fully elongated. However, this result can still be misleading since & hold
only for very weak fields wher&asy” variant saturation can be neglected. The last row
is much more realistic, still showing a dramatic decrease in MSM reluctance dhae to t
shape change. It is also important that the magnetic flux produced by thbaraikes
accordingly. This illusates the importance of taking MSM permeability into account
for achieving optimal performance of MSM actuators. However, it is not feasibiset

simplistic reluctance modes for actuator design.

4.2.2 Analytical models

Most of available models are based energy consideratien They are primarily
developed for modelling MSM element physics neglectingnflsence onthe applied
field and demagnetisation effects. It is shown further in this Chapter gheh an
approach fundamentally limits the numbelr aspects ofthe MSM shape change
phenomenon that can be predicted by the mddeteover these models are usually
not applicable to actuator design. The gmbgsible advantage is that a solution does not
require application of numerical techniques amftlence of different parameters can be

evaluated relatively easily.
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One of the first models for explaining the MSM shape change and evaluating magnetic
field-induced stresses was proposed by Likhachev and Ullakkd) @t early stages of
MSM researct{112]. This model had sevdrenodifications over the yeamshich have
already been mentioned in ChapterThis model is still one of the most cited due to
fundamental nature of the analysishich yet is not completely general. This is
essentially a 1D model which ale with conversion of MSM magnetic anisotropy
energy into mechanical work. Whereas anisotrbgy in heart of this model, MSM
element is essentially a “black box” element represented by average magmetisatio
Demagnetisation effects are also neglectedlteg in inconsistency between magnetic
fields inside and outside the MSM element. Nevertheless, this model allowstipgedi
MSM strainfield characterisics when required experimental data for model
implementation is available. Fundamental nature of the model also allows evaluating
blocking stress very accurately. However, it is not applicable to partiahistraor

varying load casess discussed further in Section 4.4.

One of the advantages ofUW model is its simplicity. Models which advance the
number of energy components as well as aspects of MSM shape change become very
complicatede.g.[113]-[116] Effects on accuracy comparing telLmodel are also not
exactly clear. However, these models do allow taking more aspects of MSM shape
change into account. Therefore, it is possible to concludectdmaplexity of a model
increases with itgenerality Unfortunately, these models are not compatible with MSM
actuator dsign and optimisation approaches. The complete approach for MSM actuator
design based on analytical representation of MSM shape change phenomenda is ye
be developed. However, such an approach waqddsessinherent disadvantages
common foranalyticalmodels treating nofinear properties of ferromagnetic regions as
well as inability to capture local saturation accurately. Therefore, whereses models

may be very accurate in representing internal processes in MSM elemerdreheyt

practically releant to design of MSM applications.

A different approach was developed I&yauthier et al in [117]. Their model
implementsHamiltonian mechanics foevaluatingdynamics of a conmipte actuator.
MSM elementis represented using-U model. An obvious advantage of this model is

its applicability toactuatordesign and the ability to compute various output parameters.
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Those not only include strain and force output, but also power loss, efficamty
response speetiowever, a number of aspects of MSM behaviour are neglected due to
the nature of employed mdd@&his leads to rather pessimistic results computédilid]

which differ significantly from findings obtained in this study. This illussathe
importance of usingraaccuratemodel for representing the behaviour of a “smart”

material in order to predietctuator performance correctly.

Finally, a number of phenomenological models was propasgd118], [119] Those
include models allowing evaluating output of MSM actuator or sensor. Howwse
models rely on a number of parameters which have no physical meaning and should be
known from the experiment for particular MSM crystat applicatios. Whereas these
models very accurately predict MSM performance in particular cases, thesotar
necessarilyapplicable elsewhere. Therefore, their use for design and optimisation of

novel MSM actuators is not reliable.
4.2.3 Simulation approaches

Another way of dealing with the problem is by solving thagnetic field equations
numerically using FEM.However, there iscurrently no commercial softwardor
simulating MSM physics Most of the approachesroposedup to this dayare only
applicable to modellinghe MSM elemenaind its interaction with actuator’'s magnetic
circuit is rot considered. Such approastare clearly not applicable tactuator design
and performance evaluatioMoreover, most othemstill consider MSM element as a
“black-box” with averageproperties neglecting a number of important phenomena

related to non-hmogeneity and magnetic anisotropy.

However, FE analysis wassedfor studying noruniform magnetic fielddistribution
along with its translation into stress distributior{120]. This stidy was advanckeven
further through analysing stability of MSM microstructurdi21]. Unfortunately, this
approach is still based on solving equations not available in ggnepdse EM
modelling software. Therefore, those are again not applicable to actuatpretic
circuit modelling. Nevertheless, this work illustrates how the understanding bf MS
phenomenorcan be deepen through applying FE analysis taking into account non
homogeneity and anisotropy of MSM crystals.
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A new approachwas proposed recently by Schiepp al in [78]. Capabilities of
commecially available software FEMNIL22] wereusedfor capturing MSM element’s
magnetic propertiesallowing modding it as part ofactuatols magnetic circuit.
Whereas certain aspects of the original approach were questionalalddéarmhal post
processing was required rfomagnetemechanical performance evaluatiothis
simulation approach finally allosd modelling acomplete magnetic circuit of MSM

actuatoy which iscrucial for actuator design and optimisation

Three MSM modelling approaches were developed by Schiepis ifhesig[77]: the
Stress Based Simulation (SB®)e Dynamic Magnetisation Curve (DMC) ar@iress
Dependent Magnetisation Curve (SDM) methods. They differ in MSM behaviour
representation andts effects on actuator performance, computational time and
accuracy. Most importantly, DMC and SDM methods regaim@&normous amourdf
experimental data such as magnetisation stnessfield curves at different prstrain
levels. Therefore,theseappoachesare applicableonly to particular casesor which
experimental datare available However,generality is essential for developingvel
applications.On the other hand, the SBS method aims to capture macroscopic MSM
behaviour as accurately psssible. Its publication along with the data required for its
implementatiorhasplayed a crucial role in making actuator designsaralirateMSM

behaviour modelling possible.

The most importareidvantagef Schiepp’s approach is its ability to capture both MSM
non-homogeneity and variant anisotropy. This is done by dividing the MSM region into
areas corresponding to particular variants. Magnetic properties are assigihedeto
areas depending on current variant composit@ne can see that such an Egch
requires rebuilding a model for every particular stramvhich is time consuming.
Neverthelessit is very accuratealso providng an important insight on magnetic field

distribution in the MSM region, as discussed in the next Section.

It should be mentioned that whereas im@mogeneity is represented almost identically
in this study as in SB#ethod, theanisotropy is modelleth a completely different
way. Moreover, the most fundamental difference is stress evaluatidrtonsideration
of switching behaviourA common notion of magneticstressis used in[78] for

evaluating stresses acting on a twin boundary. A twin boundary prapaghéckand
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associateanodel rebuilding isnterconnectedvith a stress balance equatisolved for

the twin boundaryThis approachhowever reasonablfis reasoning seenmay not
hold since its implementation involves application dff/lmodel A modelling approach
developedin this studyrelies on experimentalstressstrainrmagnetic fieldcurves so
stresscalculation can be omittegllowing assessing MSM element’s state and actuator

performancdyy analysing thenagnetic field solution

4.3 Application of FEM to modelling non-homogeneous and anisotropic

MSM element in actuators

As previouslydiscussed, an approach allowitittge modelling of a complete actuator
magnetic circuit including the MSM element is needed. This is important since
magnetic properties of the MSM element péegignificant role in total reluctance of the
magneticcircuit. Moreover, MSM permeability changes during the shape chamge
linearly which cannot be captured simplistic modelsUse of FEM allows usingvell-
known techniques for representing actuator geometry and material propectieding
nondinear BH curves.The MSM elementpropertieswhich require capturingn order

to represent its agnetic behaviour correctly are:

e Change in shape corresponding foasticular strain
¢ Non-homogeneous multi-variant compositionntermediate states
e Geometry oftwin variants, e.gvariant sizeand twin boundary tilt

e Magnetic anisotropy of twin variants

A modelling approach allowing capturing all of the above effects would be the most
accurateand desirableSuch an approach has been developed as part of this study
which is discussed in detail in the next Section. It should be mentioned that other
approaches weralso considered. However, it is hard to show their limitagiamless

the most accurate approach is usedaasference.Therefore, the final approach is
discussedirst along with its application to MSM actieet modelling. Other approaches
(being simplified special cas¢sre discussedftewards considering their effects on

MSM magnetic fielddistribution andaccuracy of actuator performance evaluation
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4.3.1 MSM element modelling approach
The main features of the developed modelling approach are:

e Real geometry ofan MSM element is modelled. MSM element’s length
increasegluring elongatioralong with simultaneous decreasetmwidth. The
opposite is true for contraction.

e Change in shape occurs due to reorientation of twin vardemtgpropagation of
twin boundariesThis is reflected inthe modelby presentingmore and more
“easy” variantduring elongationor “hard” variants during contraction.

e Variants have particular geometrical features. The smallest width a variant can
have is related tthard” band (a variant between two twin boundaries) width of
0.1mm [37] “Easy” bandwidth is 1+£=1.06 times bigger yielding 0.106mm
width. This implies discretisation of MSM element’s length. Sizes of multiple
bands with the same magnetic properties are added up and madgtéuer
whennot separated by other varianbands.The distributionof new variantss
modelled through allocating “easy” variarggually far from one anotheras
well asfrom MSM element’s sidedzurther elongation leads to reorientation of
“hard” variantsusing similar reasoning

e Twin boundaries are tilted by 4%ith respect to MSM element’s sides.

e Due to magnetic anisotropy @very variant, both “hard” and “easy” BH
curves are assigned teach variant: “easy” curve is assigned to an axis
coinciding withc-axis wheras “hard” curveis assigned to the axwoinciding
with a-axis of a crystal(as well as td-axis in 3D) Current orientation of ase

defines whether a variant is “easy” or “hard”.
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Figure4.3-1.Changen MSM element’s variant composition from fully “hard” (grey)

to fully “easy” (blue)with increasing magnetic field

It should be mentioned that distribution of MSM variants’ bands is modelled only
approximately. However, there is no general rule for determintrigh twin boundary
movesand the process is a rather random Mbat is most importanit represents
twin distribution in multivariant MSM crystalsvith Type |twin boundaries in a most
accurate way[20], simultaneously allowingaking into account nehomogeneous
nature of a multiariant sate.

Modelling twin bounday tilt is a surprisingly important deta\s shown belowit has

one of the most significant effects on magnetic field distributiShowing this
emphasises the necessity of modelling the cou@tantgeometry. The need tmodel
numerous tilted twin boundarieacreaseshe time required forsetting upa mode)
especiallyif twin boundaries reach corner regio@me can see that 0.1mm height of a
“hard” band implies a maximum of 99 twin boundarggsting simultaneously ithe

most common 10mm MSM element. However, it is possible to avoid modelling all the
boundaries allowing reasonable “clustering” of bandgh the same magnetic

properties.

The way anisotropy is modelled is one of the most distinct features of thiope
approach. As discussed before, other approaches usually consider MSM element
anisotropic whereas twin variants are assumed isotropic. However, this point of view

produces inconsistencie$Vhereas presence of a second axis does not play any
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significant rolein a singlevariantMSM element(see Fig. 4.2), it affectsthe magnetic

field distribution for multivariant MSM elements

MSM o ——

/ element
1.5 /

Magnetic flux density (T)
Y

— "easy" c axis I\ a
——"hard" a and b axes = ~H—H

0 100 200 300 400 500 600 \\
Magnetic field intensity (kA/m)

Poles
Figure4.3-2. BH curves for “hard’and “easy” magnetisation axesanisotropic

singlevariant MSM element in 2D model attuatomagnetic circuit

4.3.2 Magnetic field distribution in a multi-variant MSM element

The most obvious effect of choosing a particular way of modelling an MSkkealein
actuators can be seen by analysimgmagnetic field distribution in the MSM element
and related demagnetisation effeétshort 2.5mm MSM elemems usedin all models
in this Chaptefor clarity of the picturesNevertheless hie results obtained hold fany
MSM element as long aore poles excedts lengthin any state

Figure 4.33 (a) shows the magnetic field linemd(b) flux density distributiorin MSM
element in actuator’'s magnetacuit. This model includeslA current/ 280 turnscoil
resulting in considerable mn¥ufficient for producinga relatively strong magnetic
field. First, it illustrates howhemagnetic flux density varies in the MSM element. This
non-homogeneityis a consequence of MSM elemsninulti-variant state Whereas
plotting flux density vector sum does not provide the most useful information about the
magnetic field inanisotropic twin variantst illustrates thedifference in flux density
magnitude in “easy”’drang@ and “hard” (bluégreer) variants. Second, magnetic el
lines bend on twin boundaries duetie difference inorientation ofmagneticaxes in
“easy” and “hard” twin variantsThis initially may not seem as something important.

However, thisphenomenorhas a significant effecon MSM permeabilityanalysis
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Moreover, bending of field lines implighat aforce is acting on the boundarjl23].

This is consistent with basic theory since forces produced by twin variants da act
twin boundaries, which eventually are translated into overall force output. Third, the
magnetic field is not homogeneous not only in the MSM element, but also in the air
gap.Figure 4.3-3(c) showsan overall decreasing trend of air gap magnetic tlexsity
alongthe length of the MSM element (measured top to botttdoyeover, locapeaks

on thefigure correspond to proximity of “easy” variants. Therefore, current composition
of MSM element affects the magnetic field distributiorthe air gap. One can see that
this also implies certain measurement difficulties since experimental resultsid@pen
spatal position of the sensor in the air gap. In addition, this effei¢vasshapeof the

MSM elementchangs, due to the increasing number ‘@fasy” variants It should be
stressed thaall these effects occur naturally due to +fmmogeneity andnagnetic
anisotropy of the MSM element. &g effects also cannot be modellddthe MSM

elementis assumed a “bladox” with average magnetic properties.

— Io.a7 (b) (c)
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Figure4.3-3 (a) Magnetic field linesand(b) flux density distribution in the MSM
element withfine twins (¢) x- component of magnetic flux density

in the air gap near the left surface of the MSM element

The modelling resultsin Fig. 4.3-3 can explain effects that have beesported by
researches conducting experiments involvingSM alloys It was mentioned before
that demagnetisation effects related to MSM element’s shape make understhading t
magnetic field distribution in the MSM region based on measurement results
challenging[121]. Figure 4.3-3 explairs this providing evidence foa considerable
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difference between the magnetic field in the MSM element and the magnetic figkl that
measured in the air gap. The significance of demagnetisation and challeswrzated
with capturing related effects in dygcal modelshave beementioned numerously e.g.
[124], [125] However,one can se&om analysingrig. 4.3-3that all these effects can
now be studiedrough application ofn appropriate modelling approad&n important
advantage of FEM in application to studying demagnetisaicoimat no additional
assumptions and parameters are required since all effamis maturally fromsolving
electromagnetic fiel@quations.

However, a much deeper understanding of M&8®ment'smagneticbehaviourarises
from analysing a very weak appli@shgneticfield. For average and strong bias fields,
“easy” variants beginsaturating which affecs the magnetic field distribution.
Understanding thigs particularly importantsince MSM actuators currently work in
fields sufficiently strongfor saturation of “easy” variants to begin. However, it is
interestingto see what happens when operating magnetic fielda thelinear region

of “easy” axis’ BH curve.

Figure 4.3-4 illustrates the magnetic field lines the MSM elementn a very weak
appliedfield. The bias fields produced by a 0.1 A curren280 turns winding yielding
one tenth of the mmf used iheprevious experiment. This pictuexplicitly showsthat
magnetic field lines tend to align with “easy” axisdach variant.This is one of the
most basic ideas related to MSM thedsee ChapteR). However, magnetic field
distribution pictures obtained before did ndearly show this In Fig. 4.3-4 field
components associated with “hard” axis are so small that almdéxalin a variant
alignswith its “easy” axis. On the contrary, field distribution in F§§3-3implies that
both “easy” and “hard’axes related componengsfect orientation of magnetic field
vectors. This again is due to saturatidrieasy” axis.Sincesaturation doesot occurin

we fields, the tendency of alignment of field lines with “easy” axis becomes obvious.
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Figure4.3-4. Magnetic field lines in a mukvariantMSM element

in a weak biasnagnetic field
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Figure4.3-5 Field solution for anulti-variant MSM element in a weak bias magnetic
field, (a) x- (b) y-component&nd (c) magnetic fielthtensity vector sum,

(d) x- and (e)y-components anff) magnetic flux densityector sum
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This result illustrates that magnetic field in MSM element has ko#ndy- spatial
componentskigure 4.3-5shows that-component of the MSM magnetic field can be as
big asx- componentwhereas the applig@ir-gap) magnetidield in Fig. 4.3-4seems to
have onlyx- component. Therefore, a reasonable quesiiiges where doesthis y-
component of thenagneticfield come fron? This questiorholdsregardless ointensity

of the applied magnetic fieldn order to answer this question, continuity equations
should be consided first. These describethe behaviour of magnetic fieldt any
boundary separatingreas withdifferent magnetic propertig$09], [123]

By = B (4.3-1)

Hyqy = Hyz) (4.3-2)

where subscripta and z stand for normal and tangential components of magnetic field
vectos in reldion to the boundary separating ar€a$ and (2). In applicationto Fig.
4.3-6,this implies that normal component of flux density and tangeoiaponent of
magnetic field intensity do not change when magnetic field enters the MSMn¢leme

Therefore, the following relationship can be written:

ng = Bmx (43'3)

BSy “Um = Bmy (4.3-4)

whereBsis magnetic flux density in agap, T;Bn, is magnetic flux density in relevant
variant of MSM element, Tum is relative permeability afhattwin variant In order for

the flux line to be benie. for field vectors to have both components, both equations
should give nofzero solutios. Howeve, By is zeroif the applied field has only-
component.This is a very commorassumption for MSMmagneticfield analysis.
However, one can see that such an assumption produces inconsistency since only

straight flux lines and, hence homogeneous magnetic field distribution is allowed.
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Therefore,the airgap magnetic field should have bothandy- spatial components.
When magetic field is computed using FERINd Maxwell’s equations are satisfied,
very small y- component of aigap magnetic field occursaturally Table 4.3-1
summariseghe results obtained for point at air*hard” variant boundary Fig4.3-3
equivalent to groblem kg. 4.3-6 It showshow a very smaly- component of aigap
magnetic field gives rise to aonsiderableB,, due to a very large “easy” axis

permeability associated with axis in “hard’variant.

Point of \
point of | MSM element “easy” variant  interest
interest
E / Field line
-

Qutside =

air
i n ¥
_____r____,; hard” variant 2

Figure4.3-6.Behaviour of magnetic fid linesentering the MSM element

(a) schematic and (b) FEM representation

Table 4.3-1. Components ofagnetic field vectorat air-“hard” variant boundary

Region| B, T B, T |B, T |H, Ho | Hyo | | pix Ly
kKA/m | KA/m | KA/m

“hard” | 03112 [ 01003 | -02946 | 40196 | 39919 | -4713 | 616 |2 50

air-gap | 01007 | 01006 | -0.0059 | 80071 [ 80033 | -4.704 |1 1 1
Cont. Cont.

It is also interesting to apply the same reasonirthg¢analyss of field lines’ bending at
MSM twin boundariesHowever,n and r axes do not coincide witk andy- axesin
this caseln general, a relation betwearmagnitude of a magnetic field vector, e.g. flux
density, and its orthogonal componeists
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Therefore, results for andy axes obtained from FE solution should be recalculated into
n-z coordinatesThis can be done applying simple trigonometry to the probigmt.3-

7. However, theobtained equationseeAppendix ) depend on mutual orientation of
flux lines in “easy” and “hal” variants. Therefore, there is no system of equations
which can be applied to any probleegardless of flux lines’ orientatioffhis once
again emphasises the importance of Faglication

e i St
n

a » “easy” variant Ben Twin boundary

Field lines

Figure 4.3-7. Projectionf magnetic flux density vect@omponentsn “easy” and

“hard” variants on different axessaxiated with the twin boundary

Table 4.3-2. Components of magnetic field vecadtsvin boundary

Region| B, T B, T B, T H, H,, Hy, L tioe | iy | B T H.,,
kA/m kA/m kA/m kA/m
“hard” | 0.1619 | 0.0356 | -0.1585 | 13.593 | 13.355 | -2.535 | 95 2 |50 |013%8 | 7.651
“easy” | 0.2116 | 0.2107 | 0.0187 | 8.175 3.372 7447 | 206 50 | 2 0.1358 7.651
Cont Cont

Table4.3-2illustrateshow magnetic field vectorshangeon a twin boundarySeveral
important aspectsf thoseare worth discussing furthdfirst, magneticflux density and
field intensity varythroughout‘easy” and “hard’variants In is not surprising thatux
density vector sum values “easy” and “hard” variantare closeand “easy” variars

flux density is slightly bigger. However, this actually due to contribution of different
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components of field vectora different variantsFor instancex-component contributes
mostly to the vector surm “easy” variants whereagcomponentis predommnantin
“hard” variants. Thiorrelates with therientation of‘easy” axes in particular variants.
The same reasoning can be used to expte@magnetic field intensitypehaviour noting
that its value is bigger in “hard” variants. This result is particularly imporiaoe st
illustrates inapplicability of 1D modelsvhich assumea uniform magnetic field

distribution in a multivariant MSM elemente.g. LU model).

Finally, MSM permeability calculated using total flux density and fieldnsity differ

from “easy” and “hard” axes permeability valugbis permeability value is the one that
should be used in calculat®similar to those discussed in Section.Z.& is important

to emphasise thdhard and “easy” variant relativpermeabilityvaluesin Table 4.32

are correct only for this particular problem and are r&itrgple combination ofuy and

L. It is possible to write an equation for relative MSM permeability in a particular
variant, which however becomes extremely hard to work sd#e Appendixl).
Magnetic anisotropy of twin variants requires working with magnetic fielctove
components rather than the vector sum. Hence, a field solution can be used for finding
MSM permeability and using it in an equivalent magnetic circuit mdalelnot vice
versa.Due to anisotropic and ndmear properties of MSM twin variants, permeability
of an MSM element is unknown evevhen properties of its axes are known. This is
true for MSM elements in multiariant states. However, there are special cases for
which permeability can be evaluated easNigvertheless, these results illustrate how
complicated MSM magnetic field distribution, iandyet it can beobtainedusing a

relatively small amount of experimental data applying a correct modellingagp

4.3.2.1Effects of twin variants’ size and distribution

Size and distribution of MSM twin variants is modelledading to experimental data

in [37]. However, it is interesting to sé®w these two parameters aff¢ice magnetic

field problem.Table4.3-3 summarise the results of an experiment conducted using a
model with 0.72% strained MSM element. Normally, this corresponds to three
0.106mm “easy” variants. Size of “easy” variants was altered in the experiment
resulting in bigger number of smaller variaotntributing to the same total volume

The parameter of interest is-giap flux density.
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Table4.3-3. Change in air gap flux density with number and size of “easy” bands

Number/size of twiny 5, 6/0.5 12/0.25 18/0.17
variants
B, 0.538 0.538 0.538 0.537

One can see that theresults aradentical However, smaller size of variarieads to
meshing complications since very fine elements are needed. Thereforeasaosable
to use 0.106mm size for “easy” variaftsm both modelling and experimental points

of view.

Next, an effect of distribution is studiedn MSM element at 1.44% straia used in

this experiment. This implies 24% of its volume being accommodated by “easy”
variants normally resulting in 6 “easyands The experiment studies sevepalssible
arrangements: keeping all 6 variants close resulting in veryunborm distrikution
throughout the MSM element; placing variants in two sets of 3 variants, and three sets
of 2.3’ corresponds to two variants being close, whereas the third one id fleaber

away from those. Finally, a usual model with 6 variants evenly distdidbteughout

the MSM element is used as a reference.

Table4.3-4. Change in air gap flux density with distribution of “easy” bands

Distribution 1 2 3 3 6
Bs 0.563 0.564 0.566 0.567 0.569

Table 4.3-4 summarises the results. Again, s@nificant variation is found.The
increasing trend is too small to be worth considering. Therefore, variant distrilat

be chosen so its effect on mesh complexity is minimised. Also, geometry oftiBM
variants can become more complicated if twin bands are very close to corners of MSM

element. Therefore, these arrangements can safely be avoided.

The results show that size and distribution of twin variants do not affect average a
flux density. This implies that for actuator design purposes thasmmeters can be
chosen considering FE mesh and effects on time required to set up a model using

particular softwargrather thanphysics of the MSM shape change. Therefore, this
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presents an opportunity to simplify the modelling approach. However, theaag i
obvious effect on the magnetic field distribution inside the MSM element. Therafore
complete modelling approach should be usedrder to capture MSM magnetic field
distribution accurately. It should be mentioned thz¢ development of simplified
models was not part of this study and, hence a complete model that includeattigtri

fine twins of appropriate size throughout the MSM element was used.

4.3.2.2 Singleand two-variant states of MSM element

Whereas multvariant state is attributed tdMSM elements which are currently
experiencing shape change, singégiant state occurs when MSM element is fully
contracted or elongated. These extreme cases are actualth smpler from
perspective of modelling and magnetic field distribution evaluation. It is obvious that in
a singlevariant state no twin boundaries are present and, hence the magnetic field
distribution is rather homogeneous. It alsdepends on properties of only one twin
variant Finally, variant anisotropy does not have such a fsxgmnit effecton the field
distributionhere A singlevariant MSM element can essentially be modelled as a single

element in magnetic circuit, which is not true for mubriant stats.

A (a) (b) "' (c)

1 1T Single-variant Fully “hard” Fully “easy”
MSM element MSM element MSM element

] R ] R

““:ﬁ“—_/ | o

\_______/

\____—__/

\_-——-—_/

Figure4.3-8.(a) Magnetic field lines in a singhaariant MSM element(b) “hard” and

(c) “easy” varants’ flux density distribution

Figure 4.3-8 illustrates magnetic field lines and flux density distribution in a single
variant MSM elementResultsin Fig. 4.3-8 (b) and (c) are obviously obtained from

differentmodels.As one can expect, magnetic field lines are almost parallel and do not
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bend. Nevertheless, slight rbomogeneity is still present due to anisotropy of MSM
twin variants. Difference in patterns Fi§3-8(b) and (c) is due to different orientation
of crystallographi@axes in “harl and “easy” variants. Therefore, it is important to take
anisotropy into accounwhenit is critical to model MSM magnetic field distribution
accurately. However, effects of variant anisotropy ofgap magnetic field diribution
are negligible in a singleariant MSM element. This allonsmplifying a modelwhen

air-gap magnetic field is used to evaluate MSM actuator performance.

Modelling both multi and singlevariant states of MSM element leads to covering the
wholerange of possible shapdsowever, anothepossiblestatehas also been reported

It is often attributed to Twin Il rather than Twin | MSM crystals since thterlaend to
have multiple twin boundaries in intermediate states. In case of Twirydtafs, a
single highly mobileType Il twin boundary tend to occur at one side of thecispen
which travels along its length causing variants to reorient resulting in bgbeage
change. Wheredhis topic was discussed previously in Chapter 2, interesting effects on

magnetic field distribution occur wheonly a singldwin boundary is present.

Figure 4.3-9shows the magnetic field distribution in a twariant MSM element in a
rather strong bias field. This picture is remarkably different from those vauséor
multi-variant states. The difference in magnetic flux density becomes muol mo
apparent varying from 0.4T in “hard” (blue kig. 4.3-9(a)) to 0.8T (orange) in “easy”
variants. Moreover, the magnetic field of each variant becomes much more non
homogeneous. Whereas overall Afmmmogeneity was observed in a mutiriant state,

the magnetic field was relatively homogeneous for each particular variant. However,
both overall and local magnetic field distribution patterns are veryhnarogeneous

for an MSM element in a twwariant state.
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Figure4.3-9 (a) Magnetic field linesandflux density distributionn the MSM element
with a single twin boundargndx- component of magnetic flux density calculated in
the air gap nedb) left and (c) rightsurface of the MSM element

This also implies thatheforce acting on a twin boundary varies along twin boundary’s
length.In addition, the effects of MSM varying permeability on the bias field become
even more obvious. Herthe magnetic flux density in air gajalculatednear left side

of the MSM element (seig. 4.3-9 () changes rapidly from 0.55 to 0.7This once
againillustrates how position of a Hall sensor can affect the measurement résts.
can also see that resuttgfer depending on which side of MSM element is chosen for
measurement. However, average vahieflux densityareessentiallythe same: 0.572

for (b) and 0.579T for (c)This result suggests that averagegap flux density is the
most suitable parameter for analysing mutual interaction between the MSM erdent
actuator magneticircuit. On the other hand, local effects related to MSM magnetic
field distributioncan only be analysed considering variation of magnetic field vectors

throughout the volume of MSM element.

72



The results summarised in this Section show how this mogelpproachcan be used
as an additional tool for studying Type Il TB mobility. The differencenwbility of
Type | andType Il TBs is commonly attributed to édifference in twinning stress
However,the difference in magnetic field distribution can affect magnetic-freldced

stress when Twin [l MSM elements are operdigdagnetic fields.

4.3.2.3Limitations of equivalent electric circuit approach

Previous Sectia show very noruniform magnetic field distribution in the MSM
element.Moreover, it has been shown that permeability of MSM element cannot be
easily evaluated analytically.herefore,the applicability of the simplistic equivalent
electric circuit approachbecomes questionabld-irst, equivalent electric circuit
representatio requires fluxes to be homogeneausvery element of the circuit. This
implies either a very large number of elements (reluctances) required forergprgs
the problem correctly or neglectipgrticularaspects of the magnetic field distribution.
The former can require enormous amount work to be domesidering norinear
magnetic properties of MSM twin variantshich nullifies the main advantage of the
approach- its simplicity. Therefore, it is important to see how different is a picture one
can geé using equivalent magnetic circuit approach comparinghéaccurate FEM

magnetic field solution.

Two types of connection between reluctances are possible: series and Bodlfiel.
types allow representing MSM element with a single reluctance witbrage
permeability using known ruleslowever, it is not clear which one can represent the
real connection of MSM twin variants accurately. This question was studig®]in
where average MSM permeabilibased on series and parallel conimecof variants

were deduced as

Up " Ue
Ue + & (n — Ue)

(4.3-6)

Um.series =

Umparallet = Un T € (He — Up) (4.3-7)
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It is worthnotingthat Eq. (4.37) is equivalent to MSM permeability averaged along the
length of MSM elementHowever, @ agreementvith the experimentvas foundin

[22]. It is possible to explain thisow by using magnetic field distribution pictures
obtainedin this study. Whereas actual magnetic field is very-homogeneous, the
parallel connection of elements corresponds to magnetic field lines passinghthroug
either “hard” or “easy” varianisThis also yields that magnefield intensityH is the
same inboth types of variants. However, tipeeviously discussedesultsshow that
these conditions are not satisfied. On the contrary, each field line is passinghthroug
both “easy” and “hard” variants suggesting that variants are connected és. seri
However,results in[22] show that series connection of elements doesapresent the

real phenomenon correctbither The reason for this ighat the magnetidield lines

bend at twin boundariedue to anisotropy of MSM twin variants. Hence, neither
parallel nor series connection of variants can represent the real mageédic fi

distribution correctly.

It is remarkable that the 4%ilt of twin boundaries is the main reason for the
inapplicability of equivalenglectriccircuit models to multvariant MSM regions. The
magnetic field distribution in an imaginary MSM element with horizontal twin
boundaries-ig. 4.3-10(a) can be approximated by parallel connection of elements since
field lines are passing throughther “hard” or “easy” variants. This illustrates the
significant effect of thewin boundary tilton the magnetic field distribution. However,

it is still possible to represent a singlariant MSM element as a single reluctance with
very highaccuracy. Similarly, a sufficiently strong magnetic field can saturatg/™ eas
variants in a blocked MSM elemieresulting in field lines aligning with the bias figld

as shown inFig. 4.3-10 (b). However, it is still necessary to take “easy” variants’

saturation into account in order to find gnguivalentMSM permeabilityaccurately
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Figure4.3-10 Magnetic field lines in MSM elements with (a) horizontal twin
boundaries in a weak magnetic field andt{lbg¢d twin boundaries

in astrongmagnetic field

However, the magnetic field distribution iRig. 4.3-10 (a) is still very non
homogeneousThe air-gap magnetic flux density varies along tleagth of MSM
element increasingn vicinity of “easy” variants due to their larger magsation
Figure 4.3-11 shows this clearerThis result has an interesting effect on equivalent

magneticcircuit representation.
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Figure4.3-11.Magneticflux density distributionn imaginary MSM element with

horizontal twin boundaries
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Magnetic field intensity varies in “easy” and “hard” variants due to demagtietis
effects. Thigmpliesdifferent mmfdrop along different variants. For instanEgg = Fer

in Fig. 4.3-11 Therefore, those cannot be represented by parallel connection of
reluctances sinc2™ Kirchhoff's law does not apply. However, it holds fine complete
air-gap that includeMSM and air regiong=cp = Feu. Therefore, the correct equivalent
magnetic circuit representation of MSM actuae@ir-gap is shown in Fig. 4.3-12.

R &hard Rhard Rshard

R.S-easy Reasy R &easy

Fs

Figure 43-12.Equivalent electric circuitapresentation of actuator’s gap with
parallel connection of “easy” and “hard” branchekereair gap reluctances depend on

sizeof adjacent MSM variants

This discussiormay seem irrelevant since MSM twin boundariesrarehorizontal in
reality. However, theesultthat mmf drop should be calculated along the wholgair

has a very important application in the next Section.
4.3.3 Validation of the proposed approach

The inductance measurement results published by Sebadan [22] are used in order

to validate the proposed approach. Those results show that neither parallel nor series
connection of twin variants can predict the behaviouvaryying MSM permeability

which translates intoinductance measured experimentally. The reason for such
behaviour has not beemsdovered Howe\er, this result correlatesith the discussion

in Section4.3.2,since the measured inductance also depends on permeability of the
MSM element. In this Section we useNHEor modelling the sammeasuremergetup

in order to determine whether the reported change in inductance can baezkpking

the approach proposed in this study.
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A FE model of he magnetic circuit is used for calculatinge magnetic field
distribution in airgap and MSM regia However, it does not allow evaluating relative
permeability of the MSM element directlifE analysisprovides results for particular
MSM variants, whereas actual measurement treats MSM elamseatsingle object.
Therefore, an equivalent electric circoibdel of the measurement setup is also used for
evaluating average MSM permeabilibased on additional data obtained fréi&
analysis MSM element is represented by a single reluctam@ecircuit modelnd its
properties are represented by an equivaleative permeability as if it is a single object
neglecting the twinned microstructure. Due to simplicity of tieained magnetic
circuit Fig. 4.3-13(a), it is possibldo find areluctancethat allows obtaining the same
solution in both FE and equileat circuit modelsAn equivalent MSM permeability can
be then derived from it. This allows comparingexperimental data with modelling
results. It should be stressed that whereas application of the circuit reqdiees MSM
element to be in a singlariant state, its twinned microstructure is modelled explicitly

in the FE model using the discussed approach.

(= (@) (b) .:'f/—--_’_:“_“?:::;. (c)
L 0 =
Fs &l 5+Rmsm ::____._____'_ ___;:___,:_ -Z—
Reore /r\’; m — :—: B -__::::;:_
Fo{ H e O— 1O s 3—

Va
pY

A § —
1 N =2

e — s
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Figure 4.3-13An equivalent electric circuit of magnetic circuit used in the experimental
setup [22]. (a) Representation of the complete circuiitgl@ir gap region with the

MSM elementand (c) corresponding air gap region in a FE model

Equations for amrquivalent electricircuit Fig. 4.3-13(b) can be written as

Fé‘ = Z H5 -0+ Z Hmsm “Am (43'8)
S am
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b5 = 4.3-9
o R(S + Rmsm ( )
R — d+a,- ¢ T
[ ,Llo 'A6 ( S )
am * (1 - g)
R = 4.3-11
Ty Ay ( )

whereFs is mmf drop along the air gap length, As and Hnsm are magnetic field
intensities in akgap and MSM regions, A/my is total width of air gaps between the
MSM element and the poles,, @&, is width of the MSM element, nRs is air gap
reluctance, 1/HRnsmis reluctance of the MSM element, 1/H, is equivalent relative
permeability of the MSM elemenfs and A are ar gap and MSM element cross
section areas normal to the magnetic fluX, ffhrough rearrangingg. (4.3-8 — 11)

with respect to strain dependent MSM permeabithyg final equatiois

_ Bs-am-(1—¢)
Fs-py—Bs  (6+ ap " €)

Fo, (4.3-12)

whereB;s is average magnetic flux density in the air gap near the surface of the MSM
element, T. The air gap width at zero strain is 0.2mm in the studied magnetic ttircuit.
should be stressed that this approach requires no assumptions about the magnetic
connectim of variants made beforehatwhereadHsandHpsmactually vary depending

on particular MSM element composition, the overall air gap mmf drop alwaystbay

same, as shown in the previous Section.

In order to replicate the experiment conducted2g], the input current was kept
constant whereas strafne. shape and variant compositiaf)the MSM element wa
changing.Bs andF; calculated usingrE solution were used as input data Eay. (4.3-

12) along with geometric parameters of the air gap and M&vhent(see Appendix 2)
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Figure 4.3-14shows how calculated equivalent relative MSM permeability varies with
strain of the MSM element. The changes in MSM permeability predicted by aades
parallel connection of twin variantalculated using Eq4(3-6 — 7)are also plotted for
referenceThe curve corresponding to equivalent MSM permeability lies between the
curves corresponding so &= and parallel connection of twin variants exhibiting strong
nondinear behaviour. It should be stredghat ths result holds for weak fields where
“easy” variants are not saturated. Since “easy”’ axis permeability decreases in stronger
fields, all three curves will tend to get closer to horizontal axis. Nevertheless, the

general trend of the curvésgy. 4.3-14is the same even in strong magnetic fields.
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Figure4.3-14 Change in equivalent relative permeability of the MSM element

Finally, the inductance of the coil calculated using modelling results is codnpéte
the measurement results if22]. Equation (4.3-13)allows calculating the coll

inductance as funan of strain of the MSM element as

Hm
Am + Um0+ (U — Day, - €

L=L,+N2 uy- Ay, (4.3-13)

where L, is leakage inductance,.Hn order to verify the approach, Eq. 3413 is
solved usinghe data listed in external Tableid [22] and relative MSM permeability

obtained in this study. The results are showrrimn 4.3-15(a). Curves calculated in
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assumption of parallel and series connection of MSM twin variants are alssdlmtt

reference. It should be noted that the leakage inductaniseused only for calibrating

zero point of these curves. The behaviour of the curve obtained using theegatopo

modelling approach is very similar to the behavioluthe experimental curveneasured
in [22] and shown in Fig. 4:35 (b). It should be mentioned thdinear” and “non

linear” models in Fig. 435 (b) respectively correspond to parallel and series

connections of elements in Fig. 48 (a), andhe slight differencdetween theurves

is due to the difference iohosen values ofeasy” axis relative @rmeability. The

overall similarity proves that the proposed approach can be used for predicting the

reported change in inductance and, hetareectly modelsarying MSM perneability

allowing its quantitative estimatiassential for actuator and sensesidn
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Figure4.3-15 Change in coil inductance due to change in strain of the MSM element
(a) calculated using FEAnd (b) measured in [22] (repraatwith permission)

Whereas 2D models were used in this study primarily due to the opportunity to plot flux
lines, the proposed modelling approach is perfectly applicable inS8igeb axis is
essentially another “hard” magreatiion axis, it can be treated the same wag ass in

the model. However, no difference in the behaviour of the MSM permeability in 3D can
be expected as long as the magnetic fielpied either transversally or longitudinally

to the MSM elementThis allows using the proposed approach for MSM actuator

design discussed in Chapter 5.
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4.3.4 Difference in permeability change in weak and strong fields

The discussion ithe previous Section is the most accurate and general representation
of MSM permeability change. It is fundamental for the proposed approach which can be
applied to modelling any macroscopic MSM behaviobiowever, many MSM
applications involve use ahagnetic fields strong enough to lead“éasy” variants’
saturation which obviously affects its permeability. This is particularyportant for
largeforce actuatorsTherefore, it is interesig to see how big the permeability change

is in these cases.

Figure 4.3-16illustratesthe equivalenMSM permeability change iextremely strong
magnetic field Saturation of “easy” variants evident considering thahe maximum
relative MSM perneability has decreased from 50 to 4Therefore, the effects of
permeability change are much less apparent in stronger fields and do not haxghas m
impacton actuator performance. However, the gernteealdof curvesFig. 4.316is the
same as irFig. 43-14. The permeabilitychange is stilla nonkinear function of strain
and is accurate calculation requires FEEMvdelling,particularly due to the necessity to

take into account nolmearity of “easy” axis’ magnetic properties.
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Figure4.3-16.MSM permeability change in a strong magnetic field

Whereasa very rough estimation of effects of varying M§Mrmeability on magnetic

field in actuatos is shown inSection 4.21, it is now possible toquantify these effects
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much moreaccuratelyusing ths modelling approach. Figuré.3-17 shows change in
flux density in MSM actuator aigap given constant input current and varying strain of
the MSM element. A ratio of flux densigt current strairBy to flux densityat zero
strain Bgsw is chosen for comparison of tle#fects in weak and strong magnetic fields.

This is done by using 0.1 and 1 A input current in the same 280 turns coil.
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Figure 4.3-17Relativechange in air-gap flux density due to MSM shape change

Figure4.3-17 shows significantchangen air-gap flux density. The ratio exceeds 2.5
for weak fields. However, it still reaches 1.5 for strong fields. As discussed: ptfw
difference is due to saturation of “easy” variamgvertheless, this result shows how
important it is tatake varying MSM permeabilitinto account in order to predict MSM

actuator performance in the most accurate way.

However, the effects of permeability change on actuator design can be édistrast
effectively by comparing modelling approaches that do and do not take permeably
change into accounEigure 4.3-18and 43-19 show output of two actuators designed

for working on 0.5MPand 2.5MPdoad curves gee Chapteb for details).The former
corresponds taveragemagnetic fields, whereas the latter corresponds to the strongest
magnetic fields MSM element can work inThese characteristics illustrate the
difference in required mmf calculated assuming either con§tantmum) or varying

MSM permeability. The signifant effect is seen ikig. 4.318 due to a considerable
change in MSM permeability. This illustrates the importance of taking MSM

permeability change into accounfailure to do so results in much larger required mmf
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predicted by the model. However, shdifference becomes much legsportant for
2.5MPa load. Herethe mmf calculated using the most accurate approach is slightly
smaller thanthe one calcalted using the most simplistic onéhis may imply that
permeability change can be neglected forddagce actuators. However, the actuators
designed as part of this study work on 2MPa load curves for which the peityeabil
change is much bigger than caseFig. 4.319. Hence, it is still crucial to take

permeability change into account since actual saturation conditions are not known
beforehand.
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Figure 4.3-18. Actuator output (elongatiocdlculated using constant and varying MSM
permeability for 0.5 MPa load
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Figure 4.3-19. Actuator output (elongatiaalculated using constant and varying MSM
permeability for2.5 MPa load
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4.3.5 Permeability change due to mechanical contraction

Permeabilityof MSM element is related to itgariant composition and, hence to its
shape. Since shape change can also be induced mechanically, MSM permdaédity
indeedchangeduring the shape restoring phasiiated by themechanical spring. This
effect is actually related tdgillari effect discussed in Chapter 2. Therefore, the psepl
approach can also be used for modelling behaviour of MSM sensors and energy
harvesters. Its effect osensorperformance evaluation is even more important since

magnetisation change phenomenon is in heart of these applications.

However, permeability change during contraction also has an effect onoactuat
magnetic circuit. MSM permeability increasasring elongatiorieading to increase in
total flux for a given coil current. On the contrary, MSM permeability deesedaring
contraction leading to lower magnetic flux and lower magsfedid induced stress
produced by the current. Therefore, input current shoulddpestad for maintaimg

hold and standby positions (see Section 5.3). Thus, accurate modelling of MSM
permeability change during contraction tdl smportant for computing the complete

actuator straiturrent curves and designing ttentrol circuitry orrectly.

4.4 Magnetic field-induced stress calculation

It was mentionean severaloccasionsn previous Chapters that no complete model for
actuatoroutputforce evaluation is currently availablEhe most known model used for
calculatingmagnetic stress ik-U model discussed in Section 4.2.The L-U model
attributesthe magnetic stress produced by the MSM element to the magnetigy
differencebetween “easy” and “hard/ariants due to magnetic anisotrogyis can be
conveniently illustrated by the area between their magnetisation dtiye$.4-1(a).
This energy is converted into mechanical work (elongation) when “hard” variants
reorient into “easy’'ones Equation (2.1-3) shoad mathematical represeniat of this
assumptionHowever, one can see that Eg.1-3)is applicable only when magnetic
field intensityH is the same in “easy” andhdrd” variants. This is the case sinceJL
model does not consider magnetic field distribution inside the MSM eteMereover,
the magnetic field intensity outside and inside the MSM elenmeralso the same
Hence,the demagnetisation effectse neglected. However, the field anadysesults
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discussed in this Chapter show that these assumptions produasyarough
representation of real phenonaeit is easy to see that magnetic field intensity outside
the MSM element is at least twice the maximum “hard” variant field intertsgy 4.4

1 (b) shows thaBe andBy, do not necessarily correlate adJLmodé expectsthem to.
Moreover, those points do not evéa on B-H curveswhich guide only theira-c
(hence x-y) componentsThis result is another illustration of a more general discussion
presentedn Section 4.3.2. Therefore, it is impossible to rely on a simplifienbdel
when stresses in intermediate states of MSM element are calculated.
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Figure 44-1. Projection of magnetic flux density components onto MSM elemerifis B-
curves in(a) L-U and(b) currentmodels

Moreover, application of {U model caread to significant miscalculations when MSM
actuator output forces calculated For instance, this is illustrated B3] where output
force produced by fully “easy” MSM element exceeds that of a fully “hand’ Dhis is
fundamentally incorrect since “easy” variantsvéao further reorientation potential
and, hence produce no forfd26]. Neglecting MSM permeability change also leads to
misleading resultsbtainedin the same workas well as i{84]. Therefore, there istill

a need for a new model for calculating magnetic fisttliced stresses which transtate
into MSM output force crucial for MSM actuator design and performance evaluation.

Suchmodel is yet to be developed. The results discussed in this Chapter and plgrticular
those in Section 4.3.2 provide an important insight on how magnetic forces are induced
in the MSM element in actuasrFirst, modelling variant anisotropy explicitly allows
showing that different variants have different potential for reorientatioramsversal
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and longitudinal fields. Other models lack this property and prohibit consideration of
longitudinal fields. However, it has been shown that eveomogeneous transversely
applied magnetic field results in a complicated -homogeneous magnetic field
distribution inside the MSM element due to anisotropy of its varidiis. implies that
magnetic field vectord8 and H have bothx andy spatial comppoents, which is
mathematically identical tdhe presence of both transversal and longitudinal fields.
Hence, additional compressive stresses will be induced in avatkint MSM element
even by a transversely applied bias fielthis statement can be rhatmatically
expressed as

O-mag(B) = Ot (B) — Omc(B) (4.4-1)

1
Umt(B) = E_f(Bec(Hec) - (Bha(Hha))dH'B < B;
0
omt(B) = 0,B = Bq

(4.4-2)

1
Umc(B) = g_j(th(Hhc) - (Bea(Hea))dHrB < Bs
0
Omc(B) = 0,B = B

(4.4-3)

whereag,,; anda,,. are tensile and compressive components of magnetieifielcted
stress, MPa, subscripte andeacorrespond to “easy¢ and “hard’a axes in an “easy”
variant (with respect to transversal field), subscripisind ha correspond to “easyt

and “hard”a axes in a “hard” variant . One can see that(Egl-3)and Eq.(2.1-3)are
identical whenthe compressive stress term is zero. However, the idedM®M
saturation flux density becomes less expliSaturation of “easy” and “hard” variants
should be considered independently in this model. Moreover, sf@a@eessentially
produced due to the potential of a variant to reorient from one state into another.
Therefore, forceshould actually be calculated usitige results for the same variant in
the two consequentstates An assumption that reorientation of a single variant has
negligible effect on the magnetic field distributiomould allow usinglata calculated in

a single model. Howevethe validity of such assumption is nobvious and additional
study onthis topicis required.
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Chapter 5. Electromagnetic analysis of MSM actuators

5.1 MSM actuator design and optimisation approach

Geometry and electromagnetic parameters of an actuator essentially detgsmine i
performance. The end users usuabses®lectromagnetic devices based on multiple
criteriasuch as size, efficiency, response speeathutdisplacementforce andrequired
power supplyHowever,each of those can be represented esmbined effect of more
basic design pameters. This Rapter discussethese parameters in case of MSM
actuatorsalong withtheir effects on overall actuator performance.

Actuators presented in this study are designed for a 10N/0.1mm output. Having such a
specific target in mind wouldhave made designing a usual EM solenoid actuator a
rather straightforward taskinfortunately this is not the cas®r MSM actuators. The
complication arises from the lack of a mathematical model allowing connecting
electromagnetic fieldolution in actuator’'s magnetic cuit with forces produced by the

MSM elementHowever, it is possible to relatke overall actuator output tdvé MSM
element performanceising availableexperimentaldata. Applicability of such an
approach isomewhatimited by theavailability of measurementesults Nevertheless,

it allows designing MSM actuators in the following way.

The curvesin Fig. 5.11 are provided by ETO Blignetic and showimultaneous strain
and magnetic field measurements urdiferentpre-stress level§24]. These curves are
also published in[126]. As discussed in the previous Chaptée magnetic field is
measuredn the air gap veryclose to the surface of the MSM elementerefore air-

gap flux density should becalculated in a FE modetoo. Moreover, average flux

density is used since position of Hall sensdhe experimenis not known.

Each pointon curves Fig. 5.11 relates air-gap flux density to a corresponding
combination of stresand strain A FE model can be sep for everyparticular shape of
the MSM element whichexplicitly determins output strain (displacement) of an
actuator Hence, actuator output force deperadsthecurve used for conducting the
analysis whereasoutput strain is determined by particular points on that curve

correspondingto the applied field This allows calculating current required foa

87



particular stresstrain combination. However, FE models need to be retauilevery
particular strain level. This is very important since change in strain affectsathi®n

of “easy” variants which changes total reluctance of magnetic circuit.

Magnetic Induction B (T)
00 02 04 06 08 10 1.2 1.4 1.6 1.8

(%) utoug

Wp— . — 0.0
0 250 500 750 1000 1250 1500
Magnetic Field H (kA/m)

Figure5.1-1.Strainmagnetic field relatin of ETO Magnetic MSM crystals
at different prestress (load) levelcourtesy of [24])

The smallest possible change in shape is relatagnog (switching) one “hard” band
into an “easy” oneThis quantises the) relationship. Nevertheless, a opa@ad change

in shape may provideedundantccuracy in thenalysis On the other handhe output
force curves cannot be obtained as eas$ilytvesFig. 5.1-1do not allow calculating
how force changedue to change imnput current for a given strain. However, it is
possible to estimate this chanbg moving theoperatingpoint from one curve to
anotherFor instance3 suchpoints are available faactuators working above 2% strain,
wheread! pointsare availabletherwiselt should be noted that only elongation part of
strainstresscurvesis considered0.1MPa load curve is not used since it does not allow

reversible actuation.

It should be mentioned that stress levieisFig. 5.1-1 are relatedto stress output
produced byMSM element However, the MSM elementis also loaded by a
compressive spring in actuator. Therefore, output stress of an actuator  teltte

loadcurve stress as
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UEff(B) = Ocurve(B) — Ocomp (5.1-1)

This equation is similar to E¢2.1-4) with exception of twinning stress being included
INtO 0. ve (SEEOIad.1otiN Table 2.12). Essentially, stress leveln Fig. 5.11 are related

to the difference betweemagnetic and twinning stressks a particular applied field
This also explains why 0.1MPa stress provides only irreveradileation.Compressive
stressused in this study is 0.5MPa corresponding to twinning stress of chosen crystals.

Figure 5.1-1 allows finding a polynomial approximatiofior the forceflux density

relationship For the points marked @®.1% strain blue line, this polynomial is
Fous = (—6.7633 - Bs* + 11.9807 - Bs — 3.2916) * Apsm (5.1-2)

Therefore, it is possible to obtaforce-currentcurves which can give an important
insight on the MSM actuator’'s behaviodrhis equation is essentially representing a
phenomenological relationship. Whereas it requires unitless inputBlatarresponds
to airgap flux density (T) and,,,s,,corresponds tMSM force-producingcross section
area (mm). This way Eq(5.1-1) dlows calculating actuator output force (). Figure
5.1-2 shows forcemagnetic flux density relatiomt 2.2 MSM element strainlts
general trend has a remarkable resemblaniteblocking force curve reported in [127].

15

10+

Output force (N}

0.3 074 D.IS D.IS DTF" D.Iﬂ D.I9
Air gap magnetic flux density (T)

Figure5.1-2. Phenomenological approximation of actuator output force dependence on

air gap flux densityat 2.1% strain
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However,one shoulkeep inmind thatEq. (5.22) has strict applicability limits. For
instance, it gives nephysical results for flux densitpelow 0.34T corresponding to
0.5MPa load curventersectionpoint in Fig. 5.1-1. Figure 5.12 also illustrates that
output force start decreamg over 0.9T which may not necessarily be the case.
Therefore Eq. (5.1-2)allows reliableMSM force prediction only between 0.34 and 0.9
T. However, this is still relevant for actuators designed in this studghmominal air

gap flux density is 0.61T

Figure 5.1-1 shows thatthe available output strain decreases as MSM element load
increasesThis is another feature not captured by existing models which is nevertheless
very important for actuator performance evaluation. It should be mentioned that for
actuators working in on/off regimes the most important point on a curve is its nominal
perfaomance under maximum current. Therefore, thik bf the analysis is done using
final MSM element shape in a cycl@pplying 3Acurrent This allows optimising other

important actuator magnetic circuit parameters such as coil and core geometry.

The design and optimisation procedure is illustrated the best by the diagram 3g. 5.1
The most important optimisation parameter not directly related to the electretcagn
performance of MSM actuators is total width of magnetic cireuitA task of the
actuator idth minimisation igelated tominimising thisoneparameterMSM actuators
designed in this study are larf@ce actuatorgor use in electrevalves [128], [129]
Actuators used irthesespecific applications require me compact arrangement of a
large number of such valves within a given narrow spgdeace, width of each actuator

should be minimised for maximising their number.
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Choosing the actuator design
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Figure 5.1-3. Actuator design procedure
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No particular optimisation algorithm is employed in this study. This is partly dueto th
lack of well-established mathematical relationship between parametershdn
optimisation set. For instance, decreasing yoke vagith the mosstraightforward way

to decreaetotal width ofthe magnetic circuitHowever, this may result in increase of
core relictance due to the shift BFH curveoperating pointloserto saturation region.

An accepted level of reluctance increase should be compensated by increase in t
number of coil turn$\.. However,the number of coil turns affect®il sizewhich can
increase the totalidth. Layers of coil turns can be put one on top of another increasing
coil height instead of its width. Howevehis may lead to unacceptable increaseaih
selfinductanceThis effect is also hard to take into accoumdlgtically and FE analysis
should be conducted to evaluate the effects of changes in actuator parameters.
Therefore, optimisation is conducted through varying one parameter at a time and
tracking changes in order to find thaptimal combination. Parametervalues are
considered optimalvhenfurther variationleads toworseningactuator performance or

increasingotal width of magnetic circuit.

Whereas this procedure was conducted for every designed actusé@ms redundant
to includeall the related dggn characteristginto this ThesisFigure 5.14 illustrates
typical trend of change in air gap and yoke flux density with yoke width and mwhbe
coil turrs. The core steebperating point lie close to the knee of relevaBtH curve.
This translates into values of other parametgngh lie close to the point where any

further change leads to steep decrease in total magnetic flux in the circuit

18, 1.8

- [— gd| (a) ﬁ = . |®
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Figure 5.14. Change in air gapsand coreBy flux density with (a) core width, and

(b) number of colil turndl.
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5.1.1 MSM element as part of magnetic circuit

The geometry of MSM elemerglays major role indetermining possiblectuator
performancelt essentially determines the maximum possible displacement and force
output. The most commorshape oMMSM elementusedin MSM actuators is shown in

Fig. 5.1-5(left). MSM elements like this produdarge strain and small forcelowever,
actuators designed in this study require relftiv@w strain and large force. Therefore,
MSM dements shown in Figs.1-5 (right) are used instead:his geom&y comprises
shorter MSM elemestwith large crossection area on foresutput axs due to
increasedz-directional length MSM elementslike one in Fig. 5.1-5 (right) require
bigger shape change th#éme oneon the(left) for producing the same displacement.
However, they allow producing forces as large as 10N by a very compact MSM

actuator.

Working area

/ (.ri msm)

Height (%)

Transversal
area (Am)

Length (/)

Width (ay)

Figure 5.1-5.I(eft) Typical MSM element geometry andght) the one used in this study

A remark aboutthe terminology should be maddJsually the longest of MSM
element’s faces determines its length and therefore is referred to as “length’it A
commonlyaligned with the main straining axis determining output istras has been
briefly discussed above, this face is vertical and, hence isgamcurs alongy-axis.
However, due to the necessity to describe MSM element intB® vertical hy,
dimension is referred to dweightin this work gee Fig.5.1-5. Z-axis dimension, is
referred to as length. It alsxtually happengo bethe longesside inMSM elements

optimised for large stress rather than strain outdatvever, it does not participate in
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straining Finally, x-axis dimensionan, is referred to aswidth in order to avoid
ambiguity. Figure 5.1-5 also shows thaf; surface of the MSM element is oriented

transversely to the applied fielthereasAnsmsurface is in contact with the push-rod.

The first step indesign procedure Fig. 5.13 is choosing an operating strestsain
curve Fig. 5.%1. It is important tounderstandhe behaviour of thee curves. As load
increases, the curves tend to maolmvrwardsandto theright. The tendency to shift to
the rightcan be explained by the necessity to transduce more energy for overcoming
largerloads. What is less obvious ithe decrease in available straifhis impliesthat
certain strairstress combinations becoragavailable. For instancéyISM element can
elongde only by 1.5% at 3MPa prestress level Thus a very long MSM element is
needed to produce the desired 0.1dlisplacemenby such a small shape variatjas
shown in Table 5-1. This is both inefficient and complicated from design point of
view. Therefore, a shorter MSM element with maneailableshape change should be
used instead. This also requires switching to a different sttesa curve.2.5MPa
curve seems reasonable choice since it fulfils both critekwever, MSM element
working on a 2MPa curve requi@most 25% weaker magnetic fieldr producing the
same strain outpufhis allows minimising the magnetic core width leading to more

compact actuator designs

Table 5.1-1MSM element geometmgquired for producing 0.1mulisplacement
and 10N force outpudt differentstressstrain curve

Load curve 3MPa 2.5MPa 2MPa

Pmsm mm 20 10 5| 4 35 3 2.5 2
g, % 0.5 1 21 25 3 3.5 4 5
Amsm,mn? 4 5 6.7

Table 5.11 shows the overall limit in minimising MSM element height fooducing

0.1mm displacement. However, using a very short MSM element which needs to
change its shape considerably is not optimal due to the increase in required magnetic
energy. For the same reason it is actually much more convenient to use MSM geometr

listed for 2.5MPa curve on 2MPa curve. The slight increasequired length of the
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MSM element due to the change of load curvatilsacceptable. Hence, the final shape

of the chosen I8M element is 5mnx Immx 6.7mm.

MSM element’s width is contributing to the overall reluctance of the magnetic circuit
and henceshould be minimised. However, a manufactgriaolerance associated with it
currentlydoes notallow decreasing belotmm. By fixing a,=1mm it is possible to
calculatel, required for particula®msm Nneededfor providing thedesiredforce using
everystrainstress curvek-or instancel, =6.7mm for 10N force output on a 2MPa load
curve On the other hand, MSM height is chosen so a desired strain output is achieved
in a partial cycle. It also affects saturation conditions of the actuatoesitamome

designsasdiscussedbelow.

5.1.2 Magnetic flux guide design

Magnetic flux guide desigis a crucial part of actuator design procdsessentially
determines the amount ehergy that can be transferred thg magnetic field. In order

to do it efficiently, the reluctance of the circuit should be minimigagliation (3.2-3)
shows thatt is related toorganising the shortest path for magnetic flux also maximising
flux guide crosssection areaand relative permeability. Whereas the first two are
discussed further in Section 5.2, the latter corresponds to chdbsingost suitable
magnetic materials. Marials most commonly used in EM actuators for flux guide parts
aresoft magnetialloys andvarious types of ferromagnetic steel. Those generally have
remarkably high magnetic permeability which depends non-linearly orpftiedfield.
Saturation of magetic material decreases its incremental permeability to the level of
free space making the core essentially -oonductive. Therefore, the capability to
optimise the magnetic circuit geometry is closely connected with saturation fiaityde

of the used raterial.

Three different ferromagnetic alloys were used in actuator designs in ttiig. s
Radiometal 4550, Hiperco %hd Hypermco 5(Radiometal 4550 ia 45% Nickellron
alloy with 1.6T saturation flux densityHiperco 50 is an iroiobaltvanadium soft
magnetic alloy with 2.4T saturation flux dendify80]. Hypermco 50 ign alloy similar
to the previous one butith 2.6T saturation flux densitfRroperties oRadiometal 4550

and Hypermco 50 were found particularly suitable for actuator design in AIBfljree
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flux guide materials have very high magnetic permeability. However, satuifiix
density differs considerably among them. Therefore, it is interesting twoseactuator
designs can vary depending just on the material used for their magnetic .ciiguite

5.1-6shows BH curves of the magnetic materials used in this study

251 B

15 f B
Radiometal 4550

Hipercao 50
0.5 Hypermco 50 1

Magnetic flux density (T)

0 . . . . . . . . .
0 1000 2000 3000 4000 5000 6000 7OOD 8000 9000 10000
Magnetic field intensity (A/m)

Figure 5.1-6 B-H curves of the used flux guide materials

Ferromagnetic core and MSM element are not the only elements of actuator magnetic
circuit. Air regions should also be considered due to their contribution to overall
reluctance. Those include air gaps between MSM elements and theasosell as
technological air gaps. The latter correspondaitogaps that can occur in actuators
during manufacturing. Whereas their size cannot be accurately predicted, agadaiol

air gaps should be taken into account in order to ensure reliable operation ofdlesigne
actuators. Width of a technological air gap is assumed 0.1mm. Their number varies for
different magnetic flux guide desigmliscussed in Section 5.2. However, it is related to
the number of coils used. This is the case since these air gaps mainly occur due to the
necessity to allocate a pneade coil on the core. This can be avoided if coils are wound
aroundthe yokes direcyl, which requires manual wodndassumed not feasible.

Air gaps surrounding the MSM element are also 0.1mm wide. Further decrease in air
gapwidth is limited by roughness of ferromagnetic poles and MSM element suréeces,
well as other technological reass. It is also important that width of both air gaps is
kept as accurate as possible figcreasingMaxwell stressesacting on theMSM

element as discussed in Chapter 2.
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5.1.3 Coil design for given mmf

Designing a coilessentiallymeans defining its s&z andthe number of turs. It is
necessaryor a designedoil to providethe mmf needed for the desired actuator output
Coil mmf is the most important parameter since it defines magnetic loaad=n
model. However, geometry of the coil can affect flux leakage and, hence should be
carefully consideredin general the samevalue of mmf can be obtained through
different combinatioa of inputcurrent and number of coil turns. Smaller number of
turns makes a coil more compact, thougtay lead toconsiderableenergyloss and
potential overheating. On the other habid, number of turn¢eads to a massive coil of

high inductance.

3A input currentis dictated by a particular design specificatiorthis study For the
known current and required mnthe corresponding numbeof turns iscalculated by
rearrangingeq. (3.2-2)as

108
N, = (5.1-3)
I

whereF. is coil mmf, A The value obtained should be rounded toligger integer
Next, a crosssection of the coil wirés calculated However, current density should be
defined first It should be kept in mind that current denslgfinesthermal load. For
conventional applications, current densityexceeding® A/mnt is not recommended
[132]. However,16 A/mm? is choserherein order to make coils more compact. This is
justified by the thermal analysisa Chapter 6 through implementing enewgfjicient
operating cycleEffective crosssection of a coil turcan be calculated as

Ic
AN.eff :]—C (51'4)
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The diameter chwire with no insulations

4A
ZONeff (5.1-5)

This diameter should be compared with diameteravaflablewires. Analysing this is
very important for ensuringhanufacturingfeasibility of designed coils. For instance,
most of the actuators designed in this Chapter need verwiiiae with diameter about
0.5mm.However, wires of even smaller size are currently abél[133]. This allows
designing very compact coils which positively contribute toraVeompactnessf an

actuator.

A part ofspace is taken bpsulation and surrounding air a real coil Thereforespace
required to accommodate a single tigrbigger than that cd pure currentonducting
copper. A coefficient which allows taking this into accountad filling factor. It
depends on a wire type, tidmensions andoil configuration. 0.75illing factor is used

in these calculations. Knowing these parameters, total-seat®n of a coiis

_ AN.eff "N,

A, (5.1-6)

ks
wherek. is colil filling factor. For decreasing width of the magnetic circuit, width of a

coil a; was reasonably minimise#ieight of the coil is

b—AC (5.1-7)
c ac .
Equations (5.1-3) — (5.1-Allow calculatingall coil parametersA desigred coil should
be included in a final model of actuatmagneticcircuit in order to ensurpermissible
flux leakage Finally, coil esistance is
Nepey leav

R =———— 5.1-8
¢ Anesr ( )
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wherel. avis average length of a colil turn, m, is resistivity of copper, Ohmm. When
coil and core dimensions are knovaverall sizeof an actuatomagnetic circuitan be

evaluated.
5.1.4 Mechanical spring and supportive mechanical parts

Mechanical parts of the actuator can have significant effect its performance.
Whereas studying those is not part of this research, this Section providesf a bri

overview oftheir roles and associated challenges.

The most important and relevant for adtar performance evaluation mechanical part is

a spring. Its main role is pigressing the MSM element and restoring its initial shape at
the end of the cycle. Evaluating actuator dynamics cannot be done without taking spring
into account due to its contribution to overall stiffness and energy dissig&tign

[134]. However, itis mainly considereanly as a source of compressive stress in this
study. The amount of required ptess is determined by twinning stress of the MSM
element. Two types of twinning stress behaviour have been repoiféd:idecreasing

trend with strain and relatively constant and stradependent trend. This study is
conducted assuming the latter behaviour of twinning stress in modelled MSM alement
since the former corresponds to crystals with very high (initial) twinningss

However, compressive force produced by the spring folldaake’s law

Foomp =K x (5.1-9)

whereK is stiffness of the spring, N/m, amds displacement, m. Thus, spring force is
proportional to the displacement and, hetastrain of the MSM element. This implies
larger force produced at the end of the cymbdenparing to itsbeginning.This extra
force should be balanced by change in holding current for maintaining the valeé clos
(see Section 5.3)Therefore, a spring producing relatively constant-gtress is
preferredwhentwinning stress of MSM element does not change. This cachieved,

for instance, by prstraining the spring to the extent that MSM shape change would not
affect its force much. This is particularly relevant for this study sinceligpacement

produced by the actuator is just 0.1mm.
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Another challenge assotea with the spring isvaluatingts effecs onactuator fatigue

life. Mechanical spring is arguably the most unreliable elenmettte actuator. Short
fatigue life or deteriorating stiffness of the spring may neutralise the lostymléd
potential arisig from using MSM crystals’ shape change. Therefore, reliable springs
maintaining their propertieen long time scales areeeded This part should be

analysed with extreme care in mechanical and fatigue analysis of the actuator.

There are twodifferent ways of addresmg this issue The first one is related to
implementingthe @erating mode 5 discussed 8ection 2.3. However,a rotating
magnetic field utilised in thaiperatingmode carby itself be a source of crack growth
and actuator malihction. The other option is use afmagnetic spring instead of the
mechanical oneln this case a permanent magnet can be usasl source of the
compressive force. It camsobe optimised fomeeting the above criterion. However,
this requires analysing actuator performance including its magnetig spriavery step

of the simulation due to its effects on total magnetic field. This can result in
considerable increase in complexity of the modelling approach. Redistributitwe of t
magnetic flux due to the presence of an additional mmf source should also be
considered. A lowpower solenoid actuator can albe used as a “magnetic” spring
[77]. However, thissignificantly increases the complexity of the overall system for

obvious reasons.

Another mechanical part also related to the spring is a screw. It was sulgggst
developers okeveralMSM actuator prototypes that a degree of freedoradijusting
the spring prestress should be included into the deg&@gl, [77]. This is partly related
to variation of properties of MSM elements from crystal to crystal. Toeref
compressive prstress may need adjusd according to twinning stress of a particular
MSM element.

MSM element is connected the pushrod that translateits shape change into output
displacement. Size of the pustd in the area of connection is subject of mechanical
strength analysisThe requirements associated with the pregh are low weight and

high mechanical strength. The former is related to the necessity to ensurpdadios

its motion since aheavy pushrod can decrease actuator response speed and even

obstaclethe shape change of the MSM element. The latter is related to the necessity of
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withstanding multibillioncycle interaction between the pusid andthe pneumatic
valve walls inaclosed state. Possible complicaga@misingfrom this type of interaction
were discussed if131]. Top of the pushod can be made of a different mateviddich
properties are subject to mechan@aalysis

MSM element is held in air gap by a mechanical holder. This is essentiatiplihele

of this mechanical part. It should be made of -nmagnetic materiafor avoiding

increasing flux leakage. Conditions related to minimising the danger ofadeuye
MSM element fatigue lifand the best way to connect it to the holdereaiscussed in
Section 2.2Figure 5.17 illustrates this connection. This ensured enpart of the MSM
element is outside the main magnetic circuit. However, this tisimown on actuator
design andnagnetic field analysis picturdégrther in this Chaptewhere only effective
length of the MSM element isnodelled. Neverthelesshe mechnically correct

connection between the holder and the MSM element is one in Fig. 5.1-7.

Part of MSM element
Mechanical outside the main magnetic

holder \ /circuit

MSM element

Figure 5.1-7. Connection of the MSM element with the holder

Finally, the complete actuator magnetic circuit and all supporting mechanicahparts
enclosed in a housing box. It protects the interior fthenundesirablenfluence of the
environmentand possible mechanical damagdfie box should also bemade ofnon-
magnetic mechanically strong material. It is also important that use of this material
results in highconvective film coefficient with air or water for ensuring low operating
temperature of the MSM element, as discussed in Chapter 6. Size of the box should be
reasonably minimised due to its contribution to overall width of the device. A box of
large widthwould nullify the effort of minimisinghe magnetic circuit width discussed
further in this Chapter.
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5.2 MSM actuator designs

5.2.1 Four designs

A number of possible designs BISM actuatorswhich are fundamentally differemd
surprisingly small. This can be partially illustrated by the analylsgperation modes
discussed in Section 2.Bhe requirement for magnetic field to enter the MSM element
transversally pretty much determines how the rest of the magnetic cincuikdsbe
organisedFourdesgns basedon Operatilg mode2 have been developed and analysed.
This number can be increased if permanent magnets and/or magnetic contraction
used. Aplication of several MSM elements in a single design #lsmadens the
options. However, only four different desige are possibleas long asthe magnetic

circuit is kept as simple as possible.

Mechanical holder

/

MSM element

Mechanical spring

L e

Figure 52-1. Geometry othe firstactuator design

The first desigrcorresponds tthe first MSM actuator design to be ever repofts].
However, actuators based on this design aplpearin more recent papere.g.[65],
[105]. The magnetic field is produced by twoils wound around ferromagnetic psle
the MSM element is placed betwedime core haswo yoke sections which enclose the
MSM elementand both coils. Therefore, the total flux passing through the MSM
element is split in two parts allowing decreasing yoke wagtfTotal width of magnetic
circuit is

ar = 2a;+ 2a, +2d, + ap, (5.2-1)
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Equation (5.2-1kan be rearranged in order to find the space availablalltarating a
coil for giventotal width It should be stressed that this space dependszenf MSM

element and air gas well as yoke size

A total zdirection length of magnetic circuit is the same as MSM element’s length in
this design. It is notable th#te total magnetic flux carried by the flux guide is larger
for MSM elements with bigger height. For a linear part of corél Burve and

negligible flux leakage, magnetic flux density in yoke is related to MSM fénsidy as

B, = fim (5.2-2)

Therefore, shorter MSM elements are preferred in this design sinee one of

parametes to be minimised. Figure 524#lustrates this.

Total flux in MSM

Half of the total
element

tlux in each yoke

section \

Figure 52-2. Flux splitting inyoke regions in the first design

The main disadvantage of this desigitssack of freespace abovandbelow the MSM
element As shown in Fig5.2-1, a mechanicdiolderand the push rod are also enclosed
by the magnetic circuit Assemblingboth these elements is problematic. It is the most
complicated incase of rod connection, as it requires drilling a hole in the |lyoke
section This operation will result in significant disturbance wofagnetic field
distribution decreasingpermeabiliy of flux guide This effect can be addressed by
increasing Zirection length of the coreNevertheless,this operation results in
additional complications and non-uniform flux distribution in different yoke sections.
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It should be nadd that two technicair gaps are likely to occur during assembling the
coils. This leads toa larger increase itotal reluctance compared to designs where only
one technical air gap is to be expected. Another disadvantage of this desdaas la
space between coils and MSM element. This can have drasticseffecthermal

stability of the MSM element since shielding it from coils’ heat is complicated

Figure 5.2-3 Geometry of the second actuator design

In order to make the connection of mechanical parts easier, the lower ytiha sec
removed in the second dgs. The only coil is woundaroundthe upper yoke section.
Here yoke carries the total magnetic flux conducted to the MSM element, resulting in
largerrequired yokewnidth compamg to the first designMagnetc flux density in yoke

is related to MSM flux density as

B, = Bpm - "—*; (5.2-3)

However, more spads available for the cosince it does not ¢gend on MSM element

and air gap size The total width of magnetcircuit can be calculated as

ar = a; + 2a, (5.2-4)
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The total length of magnetic circuit equals MSM element’s lengtld yoke width
depends on MSM element’s heighimilar to the first designlTherefore, this design is
more suitable for lort MSM elementsThe total yoke heighh, can be increased
depending on coil size and the space required for allocating a mechneideal It also

can be increased in order to provide extra space for a cooling winetoveen the coil
and the MSM element It increaseghe total area of convection surfaces and provides
space for water cooling tubeghich is advantageous for thermsthbilisationof an
actuator(see Chapter)6 Increasing magnetic core’s height can be a safe optam
ferromagnetic material isot saturated. Otherwise, the increase in height will also result

in increasing total reluctance.

Assembling the coil would require only one technological air gap in this design
Therefore, the reluctance added by technical air gaps is srmoattgraring to thdirst
design This design is overall more suitable for manufacturing due to free space below
the MSM element for assembling the pusd and has other important advantages over

the first one. However, assembling the mechanical haddsill not easy.

Figure 52-4. Geometry of thehird actuator design

In the third design, aoll is allocatedbehindrather than abovthe MSM element. This
allows leavingfree space both above and below thESM elementfor assembling
mechanical partsUnlike previous designs, yoke width depends on MSM element’s
lengthinstead ofits height. Magnetic flux density irthe yokeis related to MSM flux
density as
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lm
B, = Bpgm * 2 (5.2-5)

Hence MSM elements with larger height caasily be used in this desigrhereforejt
is more suitable fostrain rather than stress production. Equattog-4)can be usetbr

calculatingtotal width of magnetic circuitas in the previous design.

Overall, this design is very similar to the previous one. However, its spati@lisn
strain rather than forgeroductionmakesit muchless attractivdor the purposes of this
research. Also, eooling windowcannot be accommodated in this design.

Figure 52-5. Geometry of théourth actuator design

Finally, the idea of changing orientation of the magnetic circuit from vertical to
horizontal is applied in fourth design in order to avoid obstrudtegpace above and
below the MSM elementsoccursin the firstdesign Its magnetic circuits shown in

Fig. 5.25. MSM element and two coils are enclosed in the core the same wagréhey
in the first designThis leads tawo technical aigapsoccurring in the circuitEquation
(5.2-1)can be used to calculats total width.However, yoke width depends on MSM
lengthhere. Moreover, halving of magnetic flux also occurs since

lm
By = Bmsm * E (5.2-6)
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Therefore, this design is more suitable for large strain output actsatatarly to the

third one This fact makes this design unattractive for lefayee actuatorsHowever,

an opportunity to decrease yoke width due to halving the magnetic flux turns out to be a
great advantagéhis designstill has certain disadvantages of the first design such as
close proximity of coils to the MSM element, which is bad for thermal stability of the

actuator.

Table 5.21 summarises important characteristics of the four discussed designs. The
designs chosen for further study are the second and the fourfhh@second desigrs
chosen because of the simplicity of iteagnetic circuit, the stressproduction
orientationof the design, ease of assembling the mechanicalgaitthe opportunity to
include a cooling windowThe fourth designhas none of these advantageewever,

the splitting of the total flux allows decreasing the yoke wsigimificantly resulting in

much more compact MSM actuators. This single advantage makes this design very
promising due to the importance of minimising the total actuator magnetic circuit width
in this study.The first design is not studied further duetie issues related to the
inevitable interference between the pusd and the yoke section of the magnetic
circuit. The third design is not studied since it is a displacewnnted version of the
second design, and this study aims to design {amge rather than largelisplacement

MSM actuators.

Table 5.2-1Characteristic®f four actuator designs

Design First Second Third Fourth
Preferable MSM Short Short Long Long
element

Preferred output | Stress Stress Strain Strain
Yoke Flux Half Full Full Half
Number of Tech.| 2 1 1 2

air gaps

Ease of assemblin| Very hard Average Easy Hard
mechanical parts

MSM  element’s| Bad Good Average Bad
thermal conditions
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5.2.2 MSM actuators based on second design

Table 5.22 shows parameters of actuators designed based on second design. Each
design is marked depending on core matefidl: for Radiometal4550, ‘Hi” for
Hiperco50 and “H"for Hypermco50. All these actuatorproduce 0.1mm/10N outpat

3A input currentTheyare optimised for minimising total width of the magnetic circuit.
However,only H design meets tha&<l10mm requirementlIt should be stressed that
further minimisation of total width is not possible due to saturation of the core
Thereforeonly an actuator which usegpensive steel with high saturatithax density

can satisfy the requirement&gure 5.26 shows thaypical magnetic field distribution

in magnetic circuit of an actuator desigrmsed orsecond design.

Table5.2-2.Parameters afecond desigMSM actuators

Ne a, ay, b, ly, mm | &, be, BsT B, T

mm mm mm mm mm
R 140 [11.9 |37 31 23 4.5 7.8 0.61 |1.57
Hi |158 |10.6 |28 31 23 5 7.9 0.613 | 2.0
H 154 [9.8 2.4 31 23 5 7.9 0.606 | 2.28

2.0

1.8

1.6

14

12

0.6

0.4
B(T)
0.2

Figure5.2-6. Magnetic field distributiomn R actuatomagnetic circuit
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5.2.2.1Core extensionin second design

Core saturation prevents further decrease in yoke widthdand desigrHowever, it is
possible to decrease core reluctance and increase itssexgmby increasing its size

on axes other thar (horizontal) In case of second designdirection length of the core

can be increased sedirection width can be decreased further resulting in a long but
narrow magnetic circuit. Parameters of designed actuators with extended core are
summarisedn Table5.2-3.Designs are markecbnsistently withthe discussion above

adding “U” as indication of core extension.

Table5.2-3. Parameters of second design MSM actuators with extended core

N &, mm | ay, b, I, mm | &, b, Bs T By, T

mm mm mm mm
RU | 114 6.6 1.3 31 64 4 7.1 0.614 | 1.6
HiU | 124 5.8 0.9 31 75 4 7.5 0.61 |1.98
HU | 120 5.6 0.8 31 75 4 7.5 0.606 |2.32

I].9
1.9
1.5

1.3

1.1
0.9
|

0.7

0.5

0.3

B(T)
0.1

Figure5.2-7.Magnetic field distribution in R actuatormagnetic circuit
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Figure5.2-7shows typical magnetic field distribution in magnetic circuit of an actuator
designed using second design with extended core. It should be notedhehat
contribution of the mentioned increase in lendgicreases with total lengthhis allows
finding theoptimal core length after whidlarther increaséeads tonegligible decrease

in yoke flux density. Thisendency can be explaineég increase in length of flux lines
and, hence the path that flux is traveling through the core. It is easy to seEdrom
(3.2-3) that reluctance along the path increasath its length, and the two effects
cancel each other out at a certain point.

= Flux that does reach the
A W Se—— MSM element
\;‘-.\-_--' = 3

Flux leakage also

inereases with core length

Figure5.2-8.RU actuator ragnetic flux density vector plot

It also should be mentioned that core of such actuators canternbmted due tohe
3D natureof magnetic field distributionTherefore, eddgurrent losses are lange
these actuators comparing to those with laminated core. It is also cétacaih
resistance ibugesince coil length depends on core lendth.experiment with a coil of
length below core length has been conducted. Unfortunately, it resulted iasingre
core reluctance cancelling the initial effects of core extengiarge resistance also
results in large Joule losses and overall decreaséareety. Neverthelessable5.2-3
shows that a remarkable decrease in total width is achigwedghincreasing core
length Even actuators with core made of Radiometal 4550 meetagEOmm

requirement.
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5.2.3 Actuator designs based on fourth design

Since noneof the abovementioned actuators meet all ofdbsigncriteria perfectly, a
close look has been takeat the potentialof actuators based dourth design.Table
5.2-4 summarises parameters of tMSM actuatorsbased on farth design New
actuators are marked with “2” at the beginning acknowledging two Guisiparison of
Tables5.2-2 and 5.2-4 showbat fourth design does allogesigningsmalleractuators.
This is unexpected due to doubling miimber oftechnical air gaps as well dke
dependence of yoke width on MSM element’s lenBispiteall this, thesectuatorglo
meet the width constraint without having the necessity to accommodate long coils with
large resistance. This means that actuators based unin fdesign do not redre
expensive core materiadimultaneously allowingcore lamination. Overall, these
actuatorspossess multiple advantages over previonss meeting all of the design
requirements. The only drawback of these actuators is close proximityl®ftadhe
MSM element.

Table5.2-4 Parameters of toth design MSM actuators

Ne a, ay, b, ly, mm | &, Be, BT |B,T

mm mm mm mm mm
2R 126 [9.0 1.9 32 21 2 8.1 0.616 |1.61
2Hi [134 [8.0 1.4 32 21 2 8.2 0.61 |2.09
2H [130 |76 1.2 32 21 2 8.1 0.613 | 2.38
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B(D
0.2

Figure 5.2-9.Magnetic field distribution in RU actuator magnetic circuit

However, one can see that allocating a mechanical holder and connecting tinedpush
is still challenging. The space between the coils is approximately 1.5ranteHthe
holder should be connected front to the back unlike the previous designs itshere
comection directly to the poles is possiblhis illustrates the tradaff between size

and magnetic circuit simplicity among second andtfodesigns.

5.2.3.1Core extensionin fourth design

The same principle of extending the core has been applassignedactuatorsHeight

of magnetic circuit has been increased dosuring alarge crosssectionfor passing
magnetic flux even with smaller yoke widtRarameters of designed actuators are
summarised in Tabl&.2-5 Similar to the results i®ection2.3.2.1 decrease in yoke
width resulting in a corresponding decrease in total width has been achieved. However,
the core extension does not contributedd size in this designTherefore, extending

the core allows decreasing total width without incre@dwulelossesNeverthelessthe

3D nature of magnetic field distribution does not allow core lamination leadingy&r lar

eddy-current loss.
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Table5.2-5 Parameters dburth design MSM actuators with extended core

Nc

a,
mm

ay,
mm

bfl

mm

I, mm

A,
mm

bCi

mm

Bs T

By, T

2RU

104

6.6

0.7

18

25

6.6

0.613

15

2HIU

108

6.2

0.5

19

25

6.8

0.614

2.06

1.89

1.69

1.49

1.28

1.08

0.87

0.67

0.46

0.26

0.05

B(D)

Figure5.2-10.Magnetic field distribution i2RU actuator magnetic circuit

Figure5.2-11. 2RU actuator magnetic flux density vector plot
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It once again becomes obvious thatigt actually extremely hard to allocatbe
mechanical holder in this design. Probably the best suggestion is &vesg long
holder which can be connected to the téghe housing box allowinglescending the
MSM element to its positiorThis analysis shows that many challenges not related to
MSM actuator EM analysishould be solved for ensuring feasibility of the proposed

designs.

5.2.4 Output characteristics and robustness

The analysis above resulis eleven actuatorsdesignedusing three different core
materials, two initial designs and two variations on those designs. Whereas gelyanta
and drawback of every design have been partially addressed ,b#fereomplete
comparison of all actuators is summarised in Section 5.4. However, it is still intportan
to evaluate howthe actuators perform in conditions other than their nominal regimes.
Those changes can be due to change in excitation, load, or manufatileragces

related to magnetic circuit geometry.

Output characteristics of EM actuator includmitput displacementand force
depenénceon input current. As discussed above, it is only possible to plot strain
currentrelatiorship for particular stress l&ls, and change in output forder a given
strain using fare polynomial Eq. (5.1-1)However, displacement curves of designed
actuators are very similar one to another. Plotting all eleven ctogethewould make
reading the results impossibldence,the main trends are illustrated through plotting
curves related to one design varying core material inSFx312,whereasurves related

to different desigawhich use the same core mateaa¢ shownn Fig. 5.2-13.These
curves show only slight difference between displacemetgutproduced by actuatgrs
which does not have much influence on on/off operating regime these actuators are
designed far All curves illustratea slightly nonlinear proportional dependenad
displacement on input curreMlSM element elongation starts from a very small-non
zero prestrained statelt should be noted that these curves correspond only to
increasing current during elongation and do not tadegnetemechanicalhysteresis
into account.The complete cycle is discussed in Section 3t& final point of all
curves is the samsinceall actuatorsare designed for providinthe nominal output

under 3A input current.
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Figure5.2-12. Displacement output of R, Hi and H actuators
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Figure5.2-13. Displacement output of R, RU, 2R and 2RU actuators

Figures5.2-14and 5.215 show change in actuators’ output force with input current at
final straincorresponding to 0.1mm displacemeértte output force increasesith input
current after exceeding eertain threhold. The flattening of the curves at large currents
is due to saturation adictuatorcore. Similar to output displacement, the difference
between curves Figh.2-14is negligible. However, there is some variation in force
produced by 4A current in different actuators Fig. 5.2-15.

115



12

——e — o k=BT
10 % — Hi L&
H @
v
:;s‘f
= o
*u-; Fd
o B P/
5]
L A
v
4 pe
A
M
2 /;{/
rd
ok sl . . . .
1 1.5 2 2.5 3 3.5 4

Input current (A)
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Figure 5.2-15. Output force of R, RU, 2R and 2RU actuators at final strain

It should be stressed thattaacteristican Fig. 5.2-12 and 5.2-18ssumehatno further
elongation is possible after 0.1mm displacement is produced andliresis closed.
However actuators are capable of producingra&xstrain output above nominél
additional energy is providedhis is partly evidentrbm the difference between forces
produced by 4A current in different actuators in F@-15. The amount of available
strain depends on core saturation of a particular design. Since core width has bee

minimised for minimising total actuator width, cooé designed actuators warkery
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close to saturation. On the other hand, this capability to convert additional eaergy
be illustrated bytheratio of actuator output forces produced4® and 3A (nomina)

input currents. This ratidg also illustrates the robustness of a particular actuator design
with respect to change in actuator loddhis parameter is related to the amount of
additional available straidue to Eq. (2.1

Table 5.2-6. Ratio of maximum to nominal output forcesasighed actuators

R Hi H RU |HIU [HU |2R |2Hi |2H 2RU | 2HiU

ke |1.08 |1.11 | 1.12 |1.08 |1.12 [1.12 [1.14 |1.16 |1.23 |1.25 |1.22

Table5.2-6showsthat force robustness varies slightly among actuators based on second
design averaging at about 10%nd increases rapidly for actuators basedfoumth
design reaching as high as 25% for 2RU actualbis can be explained bthe
difference in their magnetic core arrangemesitéch delays core saturation ifiourth

design

Table 5.2-6 illustrates the first parameter that allows estimating robustness of a
particdar design.Generally,robustness characterise the ability of actuator to withstand
change indifferent parameters Another parameter chosen for illustrating actuator
robustness ighange inits air gap width.Whereas air gap size vgell-definedin the
model, it can change due tmanufacturingtolerances related tonagnetic circuit
geometry Therefore,it is importantto ensurethat actuat® can still produce the
required outpufor theallowed 1A increasean input currentky, is the parameter related

to the ration of maximunallowedto the nominal air gapsHowever, this experiment
can alsdbe viewedin a different wayChange in air gap is related to change in overall
actuator magnetic circuit reluctance. Hentas experiment essentially shows the
ability of actuator to withstand a total change in parameters of its magnetic ciatuit th
affect its reluctancéy a cumulativeamount This canas well be related to change in
magnetic proprties ofsteel Therefore, this experiment is more general than it may
initially seem.Table5.2-7summarisess results
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Table5.2-7. Maximum allowed increase in air gap in designed actuators

R Hi H RU |HIU |HU [2R |2Hi |2H 2RU | 2HiU

ke |1.25|15 |145|14 |12 |12 |165(|18 |1.75|1.95 |1.95

Table5.2-7 shows that actuators based on fourth design allow much bigger increase in
air gap than actuators based on the second design. For instance, 2RU and 2HiU
actuators allow almost doubling the air gap whereas &tiUHU actuators allow just

20% increase. Comparison of Tabt®2-6 and 5.2-7 showbatthe overallrobustness
depends oractuatormagnetic circuit desigas well aschosen core material. It &so
important to avoid using flux guide material too close to its saturation point since no
increase in total fluxs possible. A certain degree of increase shouldllmsved by the

design for ensuring actuator robustness.

5.2.5. Operating actuators at different pre-stress levels

All actuator described previously in this Chapter are designed for working under
considerable loads. A part tifetheoretically available strain of the MSM element even
becomes unavailable due to optimisation of other parameters such as size and input
energy.However, it is interesting to see how an actuator designed for working on 2MPa
load curve would perform at lower loads. big 5.2-16 shows input currepgtrain

curves for R actuator under two different loading conditiohsresult is rather
remarkable: nbonly full 6% strain can be utilised under 0.5MPa load, it requires even
lesscurrentthanmereswitching under 2MPa loaéience, much more energy is needed

for operating largdorce rather than largstrain (displacement) MSM actuators. Thus,
actuators mesented in this study are at cuttedge of existing MSM technology since

almost all other reported paiypes are displacemeatiented.
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Figure5.2-16.R actuatoperformanceainder two loading conditions

However, it is still interesting to see hamall can an actuator be when just 0.5MPa
loading is usedOne can see that operating lafgece actuators for largstrain output

at low loads is possible yet not particularly efficientheir magnetic circuits are
designed to conduct much largeagnetic flux.An actuator based othird design in
Section 5.2.1 waghosenfor illustrating the compactness ofran-oriented MSM
actuators. Tabl®.2-8 summarises its parameters and BE@-17 shows the magnetic
field distribution in its magnetic @uit. Input current is kept 3A for consistency with
the previous analysig.his actuator utiliserelatively common 10 x 1 x 2.5 mm MSM

element.Hence, full 6% strain translates into 0.6mm displacement produced by the

Strain of the MSM element (%)

—
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2 MPa load

=
~

Current ( A)~

designed actuatorhis actuators is arked with “S”.

Table 5.2-8Parameters of S actuator

Y

Ne

a, mm

a,, mm

by, mm

I, mm

ac, mm

b;, mm

Bs T

By, T

5.4

1.2

20

15

3

5

0.56

1.67
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Figure5.2-17.Magnetic field distribution in magnetic circwat S actuator

It is notable that width of this actuator’'s magnetic circuit is smallerttietrof the most
compact of largdorce actuata@ designed in this study. Moreover, this actuator is
designed using Radiometal 4550 core maten@hning the possibility durther width
decrease tlough usingothercore materia. Similar to largeforce actuator designs, coil
is huge here taking up a lot of space. However, it has just 54 darrespondingo
much lower mmf needed for operating this actuator. It should be notethitdadesign
has been chosen for designing this actuator in order to allsivg along MSM
element. Therefore, this result also illustrates lloathird design carbe successfully

applied to large-displacememttuator design.

5.3 Energy-efficient operating cycle

Operatng cycle of MSM actuators closely related to stres$rain curve of its MSM
element. Since actuator input current is relatedntgnetiefield induced stress the
MSM element both cycles can be analysed simultaneousigre are four main paris
the operating cycleThe initial part correspond® magnetic fields below switching
field resulting in nearly negligible MSMIongationdue to magnetostrictiofl in Fig.
5.3-1) The second paifl) corresponds to magnetic fields exceeding switcliielgl
leading to proportiona¢longationdue to “easy” variants’ growth. This part ends when

MSM element idully elongated and further increase in magnetic field does not lead to
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shape change. The third péiit) corresponds to decrease in tppliedfield, whereas
full elongation is maintainedue to thepresenceof a rolding force Finally, the fourth
part (IV) is related to magnetic fields low enoudbr compressive prstress to
overcome the sum of twinning and magnetic streseafracting the MSM element to
its initial state A partial cycle can be organised by preventing MSM elememn fro
reaching full elongation andontraction.As discussed in Section 2.8peratirg in a
partial cycle idesirablefor ensuringvery long actutor lifetime. It also allows avoiding
the influence of initial twinning stress since twin boundaries neither extincgetor
nucleated

&, % Ocomp = O + Omag, €= Emax

. m

™~

E= Emax
Ocomp = Ow + Omag, €< Emax

T~

H\

Omag F Omw + Ocomp, EZ Emin

=

Omagl(1c), MPa
Oimag = Ow + Ocomp , EFEmin

Figure 53-1. Operatng stressstraincycle of MSM element

The arvein Fig. 53-1 can be converted into curresirain curverig. 53-2. Only three
points onthe curve do actually mattésr an on/offoperatingregime astandby current
corresponding to initial strainn a cycle (point A), maximum (peak) current
corresponding to maxinmu strain(point B), and minimum (holding) current fowhich
contraction doesa occur yet(point C) Switching current is not actually important in

on/off regime since partial elongation is not utilised.
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Figure 5.3-2. Input currerstraincycle of MSM actuator

For a transienanalysis operation cycle for an on/off actuator can be divided fioto
regions with respect to current. The first region corresponds dieep increas@
currentfor obtainng required strain (A>B in Fig. 5.3-9. This can be done by a short
currentpulsefollowed by a much lower currethatsustais the positioncorresponding
to the second regio(B->C). At the third region, further decreasecurrent lead to
MSM elementcontragion (C->A). The fourth region correspondsnwaintainingstand

by currentand initial strain untianew cycle begingpoint A).

Distinguishing between peak and holding currents is significantly imgostaoe it
allows using MSM holding force fodecreasinghe power required for operating the
MSM actuator. Generallywinning stress (hence, holding force) MSM element
inevitably contributes to hysteresis, heat dissipation and owd&atbase in efficiency
However, it isalso possible to take advantage ib$ presencelt has been shown in
[135] how energyefficient operating cycle can be developed “push-push”’MSM
actuatorsoperated by pulse excitationlowever the same principle can be applied to
electrepneumatic valves due to pressure change at the end of the Tydeallows
decreasingnput currentwhen full displacement is utilisedThe complete operating

cycle isshown in Fig. 5.3-3.
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Figure5.3-3.Change innput current irenergyefficient operatg cycle

The difference between pulse and holding currents leads to a significaaaskedn
power losseslt should be notethat application of such cycle requires use of crystals
with considerabléwinning stress. Hence, this cycle is more suitdbteTwin | rather

than Twin Il MSM elements.

However, large inductance associatedthwiactuator coil and magnetic circuit
complicates application of the proposed approdébure 5.3-4illustrates theEM
transient analysisesults conducted for R actuator at 2MPa load using pulsed voltage
excitation Operating frequencyn the experiments 300Hz gving t.=3.3ms.First, a
high voltagepulseis applied to the coil at the beginning of the cycle for 0.5ms ramping
currentto nominal 3A resulting in 0.61T in the gap. This is followed by removing
current for the rest of the che. This shold lead to fast decrease in current dissipating
electromagnetic energy stored by the cbibwever, the analysis shewhat current
does notnaturally fade out fast enoudbeeFig. 5.3-4 (). Therefore, an additional
action is required for initiatiny)SM element contraction. Heran additionatesistance

is added to the coil after current reaches its maximum vaiu&is particular cask is
4.5timesthecoil resistance. This leads to faster eatrfading allowing reaching 0.18

at the end of th cyclecorresponihg to initial state of the MSM eleme(gee Fig5.3-4
(a)).
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Figure5.3-4.(a) Forcedand(b) naturalcurrent fading in pulsed voltage excitation cycle

Fig. 5.3-4 illustrates that MSM actuators respond fast enough for operating at 300Hz
when anappropriate control circuitry is provided. It also shows that signals ingiatin
holding and stantby regimes are not needed in casd-ig. 5.34 (b). However, this

also implies inapplicability of eneregfficient operating cycle. Therefore, MSM
actuators are more prospective for being operated by current sourceshatheltage
sourcesso the cycle in Fig5.33 can be realisedrhis argument is also supported by
other aithors[85], [135]. Operating MSM actuator by voltage source can resysbior

efficiency, as shown in [117].

EM devices are usually operated by usiaidal excitation However, this type of
excitation is very inefficienfor MSM alloys due to considerable magneatechanical
hysteresisDue to the pressure change in the cyaldpator load in open and closed
valve is different (se€ig. 5.35). Hence, no additional input energy is needed after final
strain in the cycle is reached. Moreover, less energy is actually refpinegintaining
the final position.Therefore actuator power supply should be accordingly adjusted
order toprevent the unnecessary enedigsipationduring contractiowhich mayresut

in considerable increase in actuator temperature. This is the main feadwnenergy
efficient cycleimplementation Figure 5.36 shows operating cycle of an actuator in
electrevalve applicationHowever, it is still impossible to shield the MSM element
from heat completelySome energyossalsooriginatesn the MSM element. However,
the discussion in Chapter 2 showthat thoselosses are much smallehan

electomagnetic losses. Thusjnimisationof the lattelis the main priority.
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Figure 5.3-5. The direction of air pressure in (a) open and (b) closed statesait/éhe

Air pressure

Figure 5.36 shows two operating regimes of R actuadiscussed in Section 5.2.5.
However, it is now possible to show that actual cycle is a combination of both
comprising2MPa elongation and 0.5MPa contraction. This cycle takes into account the
pressure changdt also illustrateghe significant differene between holding and peak

currents.
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Figure5.3-6 Output characteristics & actuator under constant MBa and 2MPa
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loads; @shed line shows actual varying Idadhecycledue to the pressure change

However, another remark on higtequency operating of MSM actuators should be
made. It is known that increasing frequency signifies effects relateddypcurrents
Those are patrticularly relevant for electromagnetic devices with magnetigsciotu
highpermeable steelvhich is exactly the case for materials used in this study. For

instance, relative permeability of Radiometal 4550 can ré@000 [131].This allows
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calculatingminimum skin depth of jusf.05mmusing Eq. (3.19). However, this result
can be somewhat misleadisgice core permeability changes with input curremd
varies locally throughout the magnetic circiitgure 5.3-7 showghe magnetic field
distribution in the MSM actuator magnetic circuit at 300Hz with-laoninatedcore It
illustrateshow the magnetic field gets redistributed due to influence of-eddgnts
Therefore, lamination is essential for using MSM actuatoiis high{frequency
applications. This result supports previously mentioned concerns regarding -high
frequency operating of actuateith extended coreSince those designs use 3D nature
of magnetic field distribution for decreasing magnetic circuit reluctalaceination
cannot be applied there. Therefore, those actuiai@ either applicable only at low
frequencies or require core material with large electrical resistance for sagmi

effectsof eddy-currents.

Magnetic field redistribution
due to eddy-currents

Figure5.3-7. Magneticfield distribution in nonaminated core@f MSM actuator

corresponding to peak curreatt300Hz excitation frequency

5.4 Summary and comparison of designed MSM actuators

Eleven actuators based on two designs and two additional variations are discussed in
this ChapterSince all actuators are intentionally designed for the same 0.1mm/10N
output and have very similar output characteristiifferent criteria are used for their
comparison.These criteria comparglobal parameters affecting actuator performance

rather than particular design featurksorder to comparbow compactgefficient, and
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robust actuators are, chosen parameters include: total width of magneticagirbC
Joule lossesat nhominal 3A currenPy, number of coil turnd\., and robustness of

actuator designs estimated based on discu§sotion5.2.4.

As discussed in the previous Sectiatl,“U” designsdo not allow laminationThis
limits their applicability in highfrequency applications considering the discussion in
Sectin 5.3. However, thosare preliminary results and further study is required for
estimating these effects accurately. NeverthelessUalldesigns are more susceptible
to effects arising from transient phenomena in MSM actuators.

Table 5.41 summarises the results of the comparidbns arranged so reading the
Table left to right corresponds to worsening of a particular paraniéterfirst striking

result is that actuators with smallest width are the less efficient and robustvétpwe
this can be expected since those actuators essentially embody the idea of decreasing siz
at all costs.On the other hand2RU and 2HiU actuators are the most robust and
efficient also having very low numbers of coil turmghich is an indicative ofshort
regponse timeas in these actuators is alseelivbelow the 10mm requirement making
them essentially the best of the designed actuators. However, it is intetestng
which actuatas with norextended core alsat fihe requirementd-or instance, 2Hi and

2H are average at all parameters. Their width still allows plenty of spacedcatall

the surroundinghousing. hose actuators aralso very robust. 2R and all actuators
based on the second design are too close (or overcoming) the 10mm width requiremen

Therefore, the final comparison can be summarised as follows

HU actuator has the smallest 5.6 mm width, but it lacks robustness and efficierscy. Thi
is also true for other actuators which are based on second design with exterded cor
Therefore, those designs can be recommended only for applications where totaifwidt

an actuator is the most crucial parameter.

Actuators based on fourth design with extended core are very efficient and rdtmyst. T
arealso very compact complying with the 10mm width requirement. Very low number
of coil turns ensures fast response of these actuators. However, they do not allow core

lamentation and can be recommended forl@guency applications.
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Actuators based ro fourth designwith nonextended corehave average size and
efficiency. However, they do fit all the criteria of ttasalysis. Hence, these actuators
can be recommended for application in pneumatic eleetnges working at frequencies

up to 300 Hz. It only should be noted that high saturation flux density steel (like
Hiperco 50 or Hypermco 50) meferable in these a@mtors.

Finally, actuators based on second desigth nonextended cordave the widthtoo

big for fulfilling the 10mm requirement. Those actuators also have quiig number

of coil turns suggesting a longer response timdich can be compensated by
appropriatecontrol circuitry) Nevertheless, those actuators are relatively efficient and

reasonably robust. Their design is also the simplest among all actuators.

Analysis of the complexity of assembling mechanical parts reveals caidler
challengesespecially in 2R and 2RU design familidfie main alternative would be to
use third actuator design due to theegasassembling its parts. However, widthasf
actuatorbased on third desigoannot be decreased below 13mm. Thus, 10mm width
requirementcannot be satisfied. Therefore, it is necessary to find a way to solve
mechanical challenges associated with the proposed actuatorsdasigder toutilise

the full potential of conventional MSM actuator technology.
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Chapter 6. Thermal analysis of MSM actuators

6.1 Heat transfer in MSM actuators

Thermal analysis of electromagnetic devices is a very important partigh gescess.
High temperatures resulting from extensive energy loss can consideeblyaske
actuato lifetime orevenresult in its malfunction. Electrical insulation is commonly the
most thermally unstable elementin electromagnetic actuatojl36]. Its operating
temperature limit is usually much lower thidrat of otheractuatorparts. However, this
IS not correct for conventional MSM actuaoAs discussed in Chapter 2, MSM
crystals which are currently available lose the MSM effect al6@®@&0°C. Moreover,
the latter corresponds to experimental alloys withdatwinning stres§s3]. The 60°C
opeating temperature limit yields aacceptable increase in temperatafgust 37C.
Ensuring such a smakmperature rise is a real challengjven considerable power loss
and poor cooling conditions of compact MSM actuatased in electrevalves
However, careful analysis of thermal regimes and effects of particutaatog cycles
and cooling conditions allows obtainingucral informationleading to minimising

temperature risandensuring stable actuator operation.

Actuators used in electealves are usuallyarrangedin rows. A very compact
arrangement of a large number of such valves within a given narrow spatieafiya
insulates a number of their surfaceamelytheir left, right and bottom areas. This
complicates convective heat transfer leading to bigger temperature Hesee,
application of advanced cooling using forced air or even watercooling fluidis
needed However, an operating cycle discussed in the previous Chéygieran
interesting effecton thermal stabilityof an actuator allowing decreasing temperature
rise, simultaneouslyncreasingheoverall efficiency.
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Coil  (a)Convection
surfaces

®

Thermal

insulators
MSM element

Figure6.1-1 (a) Temperatre distribution and (b) convection conditions in 3D thermal

model ofRU actuator with no cooling windows

Power losses produced due to electromagnetic and mechanical processes in MSM
actuator act as sources of heat in thermal analysis. A comprehensive arnalygis s
involve taking into account each of those contributions. However, calculation of
magnetic losses in actuator magnetic circuit and mechanical hysteresis losses in th
MSM elementare not part of this study. Mechanical losses associated with twinning
stress can be neglected sitkeir contribution taemperature rise is rather small even

for old speimen with large twinning stress. It is a safe assionpghat for new crystals

with low twinning stress this source of heatingllwbe getting more and more
negligible. On the other hand, magnetic losses due to eddy currents can contribute
significantly b heat generationTheir accurate estimation requires careful analysis of
transient electromagnetic processes in actuat@ensidering realistic shapes of
excitation signalswhich is part of future workCalculations in this Chapter are done

assuminghatelectromagnetic lossesethe dominant heat source.

Average power losses can be calculated in order to awmiding time consuming
transient thermal analysis. This is possible since thepnoglesss evolveslower than

electromagnetiones resulting inessentially no change thermal fields throughout
one electromagnetic cyc[@37]. For the operating cycleig. 5.3-3,average losses can

be expressed with reasonable accuracy as
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1
Pap = (I3 ty + IE " th + Ly " toy) * Re (6.1-1)
C

wherel, is pulse (maximum) current,, Ay, is holding current, Alsyis standby current,
A, t, is pulse time, sty is holding time, stsy, is standby time, st¢is time length of one
cycle, s Calculation are done for 300Hz frequency yieldigg3.3ms.Equation 6.1-1)

allows representing power losses of an inherently transient operating dyckverage

power losses which produce the same temperature rise in-staaelyhermal analysis.

Actuator thermal model consists of a cabre a mechanical holdegnd the MSM
element All of those elements are enclosed by a houbimg Their thermal properties
are summarised ifable6.1-1. Those are characterised with thermal conductikity
Convectionsurfacesdiscussed above includeont, back, and upper areas of the box.
Film coefficientk; associated with convection 29 for forced air cooling. An additional
option of using watecooling s considered due to considerable anticipatetgésature
rise. This option is only applicable to designs that allow incorporating a cooling window
(see Chapteb). Its crosssection can be increased by increasing actuator height
However, height of magnetic circuit islated to reluctance of the cor&herefore,
excessive increase ioooling window size can lead to worsenitige magnetic
properties of the magnetic circuit. height of 5 mm is used in this study as a traffe
between these two parameters. This leads tmbng windowsizeof approxinately 20

mn¥ varying slightly among thdesigns.

Table 6.11. Thermal properties of materials used in thermal analysis

Core Core MSM | Coil Coil Mechanical
(R designs) | (Hi/H) | element| (copper)| (insulation)| Parts
ke, WmK | 13 29 16 385 0.4 17

The coolingwindow canbe used in forced air cooling system for increasing total
convection surface aredherefore,studiedcooling conditionsalso include forced air
convection in actuators with and without the cooling window, and mixed cooling with
water tubes ithe window and exterior air coolir(gee Fig. 6.22). A coil water cooling

system proposed if138] is very effective due to proximity of water toetimain heat
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source— the coil. However, it is not applicable to compact actuator design due to
considerable increase in overall size. Therefore, direct water coolingdengidered in

this study.Convective iim coefficient for water cooling vas considerablyin the
literature.lts value used in this study 80, which is among the lowest reported. It can

go up to 3000n carefully arranged coolingystems

Coil

Cooling tube
MSM holder

MSM element

Mechanical
spring

Push-rod

Figure 61-2. Secon@ctuator design with a water tubetire cooling window

Energyefficient operating cycle discussed in Section 5.3 is used for calculatiregave
power losses However, the pulse length is not a well-defined parametesince it
depends on capability of the control circuitNeverthelessit is interesting to s how
time lengthof the currentpulseaffects thermal regime of an actuator. Three different
cases are studietalf-cycle pulse (for whicly=0), 0.5msand 0.2mgulsecycles.Time
durationof holding and stan@ly sectionsarecalculated based dp. Implementation of
holding and standby currents leasito just 4.6 and 0.4% of “pulse” losses produced in
correspondingparts of the cycleThe latter has essentialiynegligible effect on thermal
regime of an actuatoEach of thesecontributionsis taken into accountvhen average

power losses are calculated.
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6.2 Steady-state temperature rise in designed actuators

In order to makeunderstanding the information sumnsad in this Section easier, a
particular notations employed. Cooling conditiormse marked with Roman numeralls:
correspond to extern&brcedair cooling, Il corresponds to exterior and interior forced
air cooling (in the cooling window, Il corresponds to exterior air and interior water
cooling Regarding the cycle#y corresponds to half-cycle pulse,whereasB and C
correspond to 0.5ms arfl2ns pulsecycles For instance, @ombination ofhalf-cycle
pulseexcitation andvatercoolingcan bewritten asA-111.

Temperatures in thdables below are related tancrease n temperature over the
ambient Green and yellow colours show regimes suitableM&M crystals with60
(87) and 80 (B7) degrees Celsiuspperating temperature limitSince the latter
corresponds to novel and experimental crystals, the former represetemierature
rise which is currently acceptable. However, it is interesting to see wagmes

become applicable due to“ZDincrease in MSM element’s transformation temperature.

6.2.1 R/Hi/H designs

Table 6.21 shows the dependence of MSM elemetgimperature in R/Hi/H designs
depending on cooling and excitation conditioRswer losses produced in each cycle
are also included for reference. It illustratiee expected trend of temperature decrease
with better cooling conditions or decreasing poi@ss However, neither of the
designed actuators can work without implementing one or two of the above conditions.
Overall pattern is very similar for all three actuators. They can be efebgtlong
pulse excitation only if water cooling is implementadd hightemperature MSM
crystals are usedCycle B alsodlows stable aicooled operatig of two designs. This
option is more energy efficient since the advantage is gdimenigh decreasing
actuator’s losses rather than implementing an additional watding system. One can
see that application of energfficient cycle is usually sufficient for thermal stability if
cooling window is present ithe design. Shorter pulse lengih cycle C allows

operatingall actuators evewith conventional MSM crystals.
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Table6.2-1.MSM element temperature increase in R/Hi/H actuators
R Hi H
A B C A B C A B C
Losses| 2.88 | 097 | 047 | 2.97 1.0 0.48 | 3.24 1.1 | 0.53
I 132 44 21 151 51 24 177 60 29
Il 122 41 20 139 47 23 162 54 26
1 47 16 8 50 19 8 56 19 9

General comparison &/Hi/H actuatorsvas done irthe previous Chapter. One thfe
features of theseactuatorss increase in power loss along with decreaseverall size

as core material changes from Radiomd&b0to Hypermco50. This also results in
increasing thermal loads along with worsening of convection conditibhs. is
reflected by graduahcrease intemperature among the designs. However, it is rather
small since the only notable difference is inability of H actuator to operaBlin
regime. On the other hand, different reasoning applies if onl§C6@rystals are
considered.Only very short pulses or-Bl combination ensures thermal stability.
Therefore, it is particularly important to operate R/Hi/H designs usingfutigr

designed condd circuitry.

Figure 6.2-1 illustratesthetemperature distribution iR actuatorAs one can expedthe

coil has the highest temperature among actuator elenegrtgoerature decreasesth
thedistance from theoil. This observation supports the argument made in the previous
Chapter that distance between the coil and the MSM element affects thermal s$tate of t
latter. However, the overall change in temperature is j&St ®n the other hand, even
such a small stegestate temperature difference can be an advantage if actuators with

similar losses and convection conditions based on different designs are compared.
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Figure 6.2-1. Temperature distribution iraBtuator

6.2.2 RU/HiU/HU designs

Table6.2-2 shows the MM element’s temperature in RU/HIU/HU designs depending
on cooling and excitation conditions. As discussed in the previous Chapter, these
designs take advantage of core extension for minimising magnetic core width b
increasing actuator length. Whereas tihdeed allows decreasing overall actuator width
considerably, its effeston thermal stability of the actuatare very negative. MSM
element temperature rise is much bigger here than in R/Hi/H actuators due to much
larger losses. One may expect thatvamtion conditions of RU/HIU/HU actuators are
better since their bigger size results in bigger convective surface areavétouhis
alsoincrea®s coil size simultaneously increasicgl resistance and losses. Moreover,
side walls which can contribute to the convectabstantiallyare obstructed and do not
participate in heat transfer. On the other hand, the effects of implementingirgg cool
window are the mosapparentin these desigrs. Table 6.2-2 shows thatthe MSM
element temperature can be desesbby half through changingbetween | and Il
cooling conditions. Adding water cooling results in more than one order decrease in
temperature finally leading to thermal stability. Overall, it is possible to operate
RU/HIU/HU actuators by adding cooling vdlaws and using energgfficient operating
cycles. Nevertheless, these actuators are the most inefficient amongedesitpnators
which also makes their thermal regime the most unfavourable for the MSM élemen
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Table 6.2-2MSM element temperature increase in RU/HiIU/HU actuators
RU HiU HU
A B C A B C A B
Losses| 6.0 2.0 1.0 7.6 25 1.2 7.6 25
I 318 107 52 423 142 69 437 147

C

1.2

71
[ 159 | 53 26 | 186 | 62 80 | 188 | 63 | BI |
m | @ | 6 | 8 [ 20 | ¥ | 8 | 20 | 7 | B |

Figure 6.2-2 illustratestemperature distribution in RU MSM actuatdihe difference
between coil and MSM element temperatures is j&St This is due to large distance
between the MSM element and convective surfatlsvever, addition of aooling
window to the design results in a more effective heat transfer from the coil also
shielding the MSM elemen& conclusion can be made that second actuator design with
extended core benefits significantly from having a cooling window whigblicitly

justifies itsimplementation.

Figure 6.2-2 Temperaturdistribution in RU actuator

6.2.3 2R/2Hi/2H designs

Table 6.23 shows the dependence of MSM element’'s temperature on excitation
conditions in 2R/2Hi/2H actuators. Allocation of a cooling window and, hence

implementation of advanced cooling conditions is not possible here due to the structure
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of this actuators’ desigi.herefore, it is important to decrease their losses since neither
of the actuators can reach stability in lemgse cycles. Moreover, very short pulses are
needed. However, these actuators are very efficient since electromagnetsc doss
very low. Thedifficulty of achieving thermal stabilithereis related to bad convection
conditions, unlike previously discussed actuators. Therefore, good overallnefjician

be obtained by operating these actuatsiag appropriate control circuity.

Table6.2-3.MSM element temperature increase in 2R/2Hi/2H actuators
2R 2Hi 2H

A B C A B C A B C

Losses| 2.6 0.9 0.4 2.7 0.9 0.4 2.6 0.9 0.4

I 126 42 20 139 a7 23 138 46 22

Figure 6.23 illustrates temperature distribution in 2R MSM actualtoshows a similar
pattern of decreasing temperature with distance from the coils. However,She M
element is allocatenh close proximity tcheat sources in this design. Its temperature is
essentially the same as temperature of the ddidseover, there are no simple ways of
shielding it from thegeneratedheat. This result showbhat someaspects of this design
which are advantageous electromagnetic analysis result in considerable complications
when the thermal stability is considered.Therefore, it is particularly important to

decrease poweos$sand heat generatiaate even further.

Figure 6.2-3. Temperature distribution in 2&uator(mechanical holder is hidden)
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6.2.4 2RU/2HiU designs

Table 6.24 showsthe dependence of MSM element’s temperature on excitation
conditions in 2RU/2HiU actuators. These actuators have the lowest losses dimong a
designed actuators resulting in less complicated thermal regime comparing to the
previous design. Tablé.2-4 showghat 2RU can work stably in-Bregime, whereas

2HiU requires a more thermally stable MSM element for this purpose. Oseertive

same reasoning regarding excitation and convection conditions applies hereeHowe
theseactuatos requireanalysing magrne losses in orderot evaluate their thermal
regimes correctly. Whereas this is true for each of designed actuatorsggtimdgsses

can be expected to contribute much more dramatically in extended core designs due to

bigger volume of iron as well as ir@jability of lamination.

Table6.2-4.MSM element temperature increase in R/Hi/H actuators
2RU 2HiU

A B C A B C

Losses| 2.0 0.7 0.3 2.1 0.7 0.3

I 93 31 15 133 45 22

Figure 6.24 illustrates temperature distribution in 2RU MSM actuamilar to the
previous design, the highest temperatures correspondilvoand the MSM element.
Temperature also gradually decreases with proximity to contiec surfaces.
Nevertheless, the position of the MSM element is thermally very unfavourable
Optimisation of energy efficient cycle for the shortest pulse length is the desble
way of ensuring thermal stability of these actuators.
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Figure 6.2-4(a) Upper andb) side view of temperature distribution in 2Rictuator

(mechanical holder is hidden)
6.2.5 Comparison of thermal regimes in designed actuators

Thermal analysis has been conducted for eleven designed actldersesults are
overall consistent among the desigral of them require either improvingooling
conditions or implemeimg the energyefficient operating cyckefor ensuring thermal
stability. Since size of the actuator affects the convection conditions, actuatorsethat a
considered less promising basedetectromagnetic analysis Chapte 5 work in better
thermal regime R/Hi/H actuators illustrate thi®y having the highest number of
availableoptions in Table 6-A2. However, actuator desigmsth two coils are still very
compact, efficient and can achieve thermal stabiityen an appopriate control
algorithm is employedOn the other handiery compacRU/HIU/HU aduatorsare less
thermally stableWWhereas convection conditions are relatively good in these actuators,
large coil size and considerable electromagnetic losses are the reasios for
complexity of their thermal regime$hese actuatongequirecooling windows andghort
current pulseexcitationfor achieving stability Water cooling is another suitable option

for these actuators.
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Application of energyefficient operating cycle is very beneficial for thermal regimes.
Implementation ofB and C cycledeads to 3 and 6 timedecrease in coil losses
respectively.This hasvery positive effed on thermal regime in designed actuators.
Since application of watecooling system is associated with considerable increase in
complexity of thevalve it is worthcomparing designed actuag@an basis of whether or
not they are able to work in-Bor B-Il regimes. These regimes do not requireerat
cooling and allow averagéength current pulses makirte control circuitry simpler.
Therefore, these actuators can be considered the best from thermal andpoomtrof
view. Table 6.2-5 shows the results ahis comparison. Total width of an actuator
magnetic circuit increases left to right in thable Colours are related to 60 and°80

MSM crystals,as inpreviousSections.

Table 6.2-5. Applicability of B and C cycles in designed actuators

HU | HU |2HIU | RU | 2H | 2Hi | 2RU | 2R H Hi R

B-I/ | No No Yes Yes | Yes |Yes [Xes |Yes |Yes | Yes | Yes
B-II

C-l/l |Yes |Yes |Yes |Nes |XYes |Yes |NXes |Yes |Xes | Yes |Yes
C-ll

It is interesting that only one design metis criterion. However, almost all other
actuators would operate in this regime if MSM element with higher transformation
temperature is usedhis once again emphasises the potential benefits of having MSM

alloysthatwork at higtertemperatures.
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The main resultsan be summarised as

e |t is possible to achieve thermal stability in MSM actuators by implementing
carefully designedcontol circuitry and/or improving coolingconditions.
However, evera slight increase in transformation temperature of MSM alloys
would lead to availability of a number of additional options.

e Actuator convection coritions are related to its sizéhe smaller the actuator,
the harder it is to manage its thernséhte It is crucial to decrease actuator
losses even further for designing thermally stable actyatspecially if
implementatiorof energy-efficient cycle or advanced cooling is not possible.

¢ Implementation of shofpulsecurrentcyclesensures low temperaturise of the
MSM element and increases efficiency of actuatGusrrent sources are much
more promising for operating MSM actuatosince decreasg current to
holding and standhy levels is possible

e Forcal air cooling is only sufficient when shofqtulse cgles are used
Otherwisejmplementation ofvater cooling isxeeded

e Water cooling is a possible solution which improves heat sink significantly.
However, it increases the overall complexity of the valve system.dtdass
not increase actuation efficiey. Hence, combination of air cooling with energy

efficient operating cycle is preferable.

Overall, use of the welllesigned control is the most reliable and efficient mean of
ensuring thermal stability in the designed MSM actuators. Since the MSMreleme
phase transformation temperature is the limiting factor in thermal analysis, i@s&cre
will significantly simplify the overall thermal regime of an actuator allowing more
stable optionsilt is alsoremarkable that the use of the shape memory effect coupled
with the analysis of the pressure change in the valve allows decreasing eleogtienag
losses significantly, resulting in thermal stability of the designasdhsars that could not
have been reached otherwis@e analysis of the complete valve system also leads to a

significant increase in overall efficiency.
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Chapter 7. Conclusions and further work

7.1 Conclusions

Considering the Aimand Objectives irSection1.2,the work discussed in this Thesis

can be summarised &dlows.

(&) To choose the most suitalldSM element for actuatioriThe research of the
available MSM alloysummarised irSection2.1 has led to identifying theéM
Ni-Mn-Ga MSM crystals with ¥pe | twin boundaries are currently the most
suitable for actuation. Whereas they do not produce maximum strain and stress
output among MSM alloys, the combination of very long fatidje with
relatively low twinning stress makéhem the most prospective for use in MSM
actuators. Crystals with different microstructures produce large despéat at
expense of stress production, which is not optimal when implemented in large
force actators.WhereassM crystals withType Il twin boundaries possess very
small twinning stress leading to very low switching field and high efficiaicy
magnetemechanical energy conversjahey currentlyare very unstable which
makes their use in long lifetime applicatiamgeliable, as shown in Section 2.2.

(b) To develop a methodology for design and modelling of MSM actudt&rs
analysisdiscussed in Section 4.1 was used as the main tool for modelling and
evaluation of MSM actuator performandéde MSM permeability changevith
strain whichtranslates intahe change in magnetic circuit parameters of the
actuatorwas also studieth Section 4.3This hasled to the developnent ofa
modelling approach which allows including the complete MSM actuator
magneic circuit into a single model. Implementation of such approach is crucial
for capturing mutual influence between the MSM element and the reke of
magnetic circuit. Moreover, it has been shawsection 4.3.4hatthe change in
MSM permeability can besed for actuator design optimisatidrhis approach
has been used for designing very compact and high performance actuators

discussedn Chapter 5.
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(c) To study the timdepended processeslated to operating the MSM actuator
Electromagnetic transient analysis has been conducted in order to ensure that
designed actuators can be used at frequencies up to 3808Bection 5.3
However, additional means of increasing the speed of current fading during
MSM element contraction areeeded when MSM actuator is driven by voltage
source due to high inductance of its coil(s). On the other hand, implementation
of currentsource excitation allows avoiding this, also making possible to
implement the energgfficient operation cycle discussedtire same Sectiorts
implementation is beneficial not only for decreasing energy loss and
unnecessary power supply, but also for ensuring thermal stability of the MSM
element in actuators.

(d) To analyse thermal regimes in MSM actuat@B thermal analysis has been
conducted for studying thermal regimes and cooling conditibtiseodesigned
actuatorsin Section 6.2 It showsthat it is indeed possible tensure the
acceptable temperature risethe MSM elementThe most effective and energy
efficient route is implementation ofthe appropriate control which takes
advantage of the MSMIement’sholding force and pressure change in the valve
discussed in Section 5.8®therwise,water cooling may be needed leading to
increasein complexity of the system. dfeover, water cooling decreases
temperature but not the power loss, having no positive sfi@ecttheoverall
efficiency. Therefore, application of a carefully developed operatimte ag
much more beneficial for the overall performance.

(e) To design robust, largiorce, long lifetime MSM actuatorsEleven largeforce
actuators were designed and studied in Section 5.2. These actuators employ
different magnetic circuit geometries and core materials leading to a
considerable difference between the desigAdvantages and drawbacks of
every actuator are discussed Section 5.4with an additional emphasis on
compactness and efficiency. Most of the designed actuators meet the initial
design specifications and can be operated stably in B or C cycles, as discussed in
Section6.2.5 Their long lifetime is ensured by meeting all the important criteria
for long fatigue life of the MSM element in actuators discussed in Section 2.2.

The main aim of this project is therefore achieved.
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7.2 Contribution to the original work

Whereas the modelling approach presented in this study is developed for actuator
design, it is applicable to performance evaluation of essentadly other MSM
application where permeability or magnetisation change is utilised. This isupatyic
relevant for MSM sensord.his work is essentially the first one that studiesMSM
magnetic field distribution and variation magnetic propertiesf the MSM elementin

such detail. Whereabeeffects of MSM permeabilitghangeare known foravery long

time, their impact on the performance of MSMbased devicess still highly
underestimated. This work shows the significance of these effects through véuy care
and detailed study dhe magnetic field distribution in anisotropic MSM twin varta.
Moreover, it shows how MSM actuator magnetic circuit can be optimised when these
effects are taken into accountthe modelling approacfihe fundamental nature ofish
study also leads to better understanding of previously reported experimenlisl, resu
wherenonhomogeneity of field distribution and local saturation of MSM twin variants

are commonly not considered.

Actuator designs discussed in this study explore all possidgnetic circuit
arrangements which do not involve permanent magnetstating magnetic fields.
Moreover, an idea of extending actuator magnetic cora particular direction for
increasing its permeance is successfully applied in two designs. Thesisinako
allowed distinguishing between the designs particularly suitable for despéad or

forceproduction.

Presented cuatorsare also cutting edge of the current technology showing how
compact and higiperformance MSM actuators can be. The conducted thermal analysis
also illustrates possible ways to ensuringheir thermal stability. Thermal
characterisation of MSNbased devices is still addressed poorly in available literature,
which acknowledges existence of the considerable challenges yet lacks suggegsing w
to dealing with those. This work shows that applicatioa cdirefully designed current
driven operating cycle allows decreasing energy loss and heat generatit®M
actuatordramatically. This, combined with the appropriate cooling, allows decggasin

MSM element temperature risednacceptable levednsuring werall actuator stability
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7.3 Further work

Thermal stabilisation of MSM actuators is one of the main challengiesed to
implementation othe technology. This issue is addressed in the material study society
through researching new ways of manufacturing crystals with highesfaranation
temperature. However, this should also be addressed by actuator and control design
engineerghrough minimising energy loss and organising the reffsctive operating
cycles. Furthework will concentrate on furthetecreasing of electromagnetic losses in
actuators. The question of the most appropriate shape of excitation wifjnle
studied further in order to, for instance, evaluate the minimum length of thentcur
pulse. Future analysis of MSM actuators will also include calculation of magdpetes
related to eddygurrents inducted in the magnetic circuit. However, it is essential to
calculate thee using the developed excitaticyclesrather than more general relatipns
which are usually based onthe data measured using sinusoidal excitation. This is

particularly relevant for actuators which design does not allow core laoninati

A model for actuator dynamics which includes its mechanical paittsalso be
developed. Itwill also include variation of different parameters such as change in
twinning stress and MSM element’s crasstion area with strain. Influence of
twinning stress change on actuator performance should be studied further in order to

evaluate the effects of its temperature dependemoserall actuator output.

A need for a comprehensive model for evaluating magneticifieigced stresses has
been identified. Development of suchhendel is essentidbr avoidingusing models
which rely strongly on measurement datdhis will allows gaining flexibility for
designing actuators and other MSMsed devices working in regimes for which

experiments have not been conducted yet.

Finally, fatigue life ofMSM actuatos should be studied further. Whereas the conditions
for long lifetime actuationare formulated in this Thesis, the analysis of reliability of
other actuator parts such as mechanical s@icoil insulation are needed. Designs
with magnetic contraction which do not require mechanicalspess will also be
studied in order to evaluapmssibleadvantages of using permanent magas@gmean

of increasingactuator lifetime.
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Appendix 1. Evaluation of n-7 components of magnetic

field vectors at a twin boundary

For the orientation of fields lines Fig. 473and the magneticidld known from the

modelling

kA kA
Bux = 0.0335-T; Byy = —0.1585 - T; Hyx = 13.35- —; Hyy = —2.53 - —

kA kA
Bex = 0.2107 - T; By = 0.0187 - T; Hey = 3.37 - —; Hey =745 —

EqQ. (4.35) yields:
kA kA
By =0.1619-T;Hy = 13.59 - —; B, = 0.2116-T; H, = 8.17 - —

Eq. (3.17) yields:

By 0.0335-T

Ho Hnx  gr.10-7. 13.35-%‘1

Unx = 2,similarly ppy, = 50, flex = 50, ey, = 2

This is consistent withlthe basic theory due to magnetic anisotropy of twin variants.
However, values of permeability of MSM twin variants calculated using total vafues

magnetic field vectors are

By, 0.1619- T o
Up = - = =0,
o Hn  gn.10-7.13.59. %4

m
B, 0.2116-T Yok
Ue = : = = .
o He  4r.q10-7.g17.%4

m

As discussed in Chapter 4, “ait MSM permeability does notd on axes BH curves.
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Its general relation to axes permeability values is

0, = \/(ﬂxﬂy)z ' (B,? + B)%)
" weBO? + (1yBy)

Such a complicated lation makes it inapplicable in simplistic equivalent circuit

models. Normal and tangential components of magnetic field vectors are

B. =B (” + Be") = 02116 T (” + 0'2107) = 01358-T
en = Be - cos (7 + acos 5 )= ° cos (7 +acos5——2) = 0.

B, =B T [By _ 01619 - T (” 0'1585) —0.1358-T
mn = By - cos 7 — acos 3, )= cos (7 —acos5==5) = 0.

Ho—H (n Hex> _ g 17kA (n 3.37) i kA
et — e coS 4 acos He = . m coS 4 acos 817 = /. m

Hye = —H T 4 acosiol) - _yg50k4 5+ 2'53)—765k’4
we = —Hy - cos | -+ acos 0 )= 59— cos (7 +acos =5 ) = 7.65_

Continuity of normal component of flux density and tangential component of field

intensity check®sut.
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Appendix 2. Average (equivalent) MSM permeability

calculation

lllustration of the analysis discussed in Section 43e¥eral examples
For allmodelsFs = 284, a,, = 1mm, 6 = 0.2mm.
Fore = 0.014 (1.4%),Bs= 0.0737 T

_ Bsrap-(1-¢) B 0.0737-1- (1 —0.014) B
Fin = Fs u, —Bs* (6+ am-€) 28-4m-10"7 —0.0737 - (0.2 + 1-0.014)

3.7

Fore = 0.029 (2.9%), Bs= 0.106 T

0.106-1- (1 — 0.029)

= =94
Hm = 28 4m-107 — 0.106 - (0.2 + 1 - 0.029)
Fore = 0.053 (5.3%),Bs= 0.125T
0.125-1- (1 —0.053)
Um 33

T 28-47-107 —0.125- (0.2 + 1-0.053) _
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Appendix 3. MSM actuator performance evaluation and

optimisation algorithm

Create tables for storin@;
andB,,.
Define number of iteration j.

First iteration

Define geometry and coi
parameters, input current.
Define parameters to vary.

Eraseexisting data
Increment iteration number

Build the geometry.

Import material data.

Assign properties to regions.
Create coil(s) with “racetrack
coil” macro (in 3Donly)

Mesh the model.

Refine the mesh locally.

Apply boundary conditions.
Apply loads as current densit
(in 2D only).

Solve

Define paths forBs; and B,
evaluation.

CalculateB;, find average.
CalculateB,, find maximum.
StoreBsandB,,

Is |

No

reached?

ShowB;sandBy reaults.

Figure A31. ANSYS Multiphysicselectromagnetic modellingigorithm
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Appendix 4. ANSYS 3D electromagnetic analysis codes

© Gabdullin Nikita.City, Universityof London. 2016

R actuator, final strain

Iprep?

edd=1 'number of experiments in the cycle
*DIM,Bair  3,,edd, larray for storing average flux density
*DIM,Bcore  4,,edd, larray for storing maximum core flux density
*do,j,1,edd,1

/com, ! Set parameter values for analysis

ic= -3

wc®=140

af=11.9

bf=23

ay=3.7

hy=5.0

nt=50 !total number of bands

Ime=0.106

ne=18

Imh=0.1

nh=nt - ne

Im=ne*Ime+nh*Imh

1z=6.7

e=(ne/nt)*0.06 !relative strain

am=1*(1 - e)

da=(1.2 -am)/2

ac=4.3

bc=8

murme=50 !to be replaced with BH curves
murmh=2

aa=af - 2*ay

adm=(af - 2*ay - 2*da - am)*0.5

bdm=Im

ach=bf - hy- bdm

jc=1000000*(ic*wc)/(ac*bc)

rad=0.5+bc/2

ex=60

/PNUM,VOLU,1

BLOCK,0,af,0,bf,0,lz
BLOCK,ay,ay+aa,bdm,bdm+ach,0,Iz
BLOCK,ay+adm+da,ay+adm+da+am,0,Im+0,0,0+Iz
BLOCK,adm+ay,ay+adm+am+2*da,0,iIm+2*0,0,Iz
VOVLAP,ALL

® This parameter is referred to as Bsthroughout this Thesis
* This parameter is referred to as B, throughout this Thesis
> This parameter is referred to as N, throughout this Thesis
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NUMCMP,VOLU

VPLOT

K,51,(af -am)/2,0.08,0

K,52,(af -am)/2,0.08+0.1,0
K,53,(af+am)/2,1.08,0
K,54,(af+am)/2,1.08+0.1,0

a,51,53,54,52 lanti - clockwise
VOFFST,1,6.7,
VGEN,20,6,6,0,0,0.1+0.106,0,,,

BLOCK,O,ay,bf -hy,bf -hy-0.1,0,lz
VOVLAP,ALL

NUMCMP,VOLU

VPLOT

VADD,45,42,46,47

NUMCMP,VOLU

VPLOT

ET,1,SOLID96

MP,MURX,1,1

MP,MURX,2,0

MP,MURX,3,murmh

MP,MURX,4,1

MP,MURX,5,murme

MP,MURX,6,1

MAT,2

/UNITS,SI

IMPLIB,READ,DEFAULT

MPREAD,nl- core -R,,,LIB limport steel BH curve
MAT,3

MPREAD,MSMtaxes,,,LIB limport hard variant data
MAT,5

MPREAD,MSMe2axes,,,LIB limport easy variant data
VSEL,S,VOLU,,44

VATT,1,1,1

VSEL,S,vOLU,,42,43

VATT,2,1,1

VSEL,S,vOLU,,21,41

VATT,3,1,1 'hard

VSEL,S,vOLU,,1,20

VATT,5,1,1 leasy

ALLSEL,ALL

BLOCK - ex,af+ex, -ex,bf+ex, -exlz+e X
VOVLAP,ALL

VPLOT

VSEL,S,vOLU,,46

VATT,6,1,1

/PNUM,MAT,1

ALLSEL,ALL

VPLOT

VLSCALE,ALL,,,.001,.001,.001,,,1

MAT 4

local,12,0,af/2000,(2*bf - hy)/2000,1z/2000,0,180,90
wpcsys, -1
race,(Iz+2*rad)/2000,(hy+2*rad)/2000,rad/1000,ic*wc,bc/1000,ac/1
000,,,coll -
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/psymb,csys,0

ALLSEL,ALL

NUMCMP,ALL

MSHAPE,1,3D

SMRTSIZE,1

VMESH,ALL

eplot

/SOLU

d,1,mag,0

ALLSEL,ALL

magsolv,3,,,,100,1

SOLVE

/postl

CSYS,0

PATH,ag- ¢,2,30,100
PPATH,1,,0.5%(af -am 0.04)*0.001,(bdm)*0.001,1z/2000,1z/2000
PPATH,2,,0.5*(af - am 0.04)*0.001,(bdm - Im)*0.001,1z/2000,1z/2000
PDEF,Bd,B,X,NOAV
PCALC,INTG,Bdav,Bd,S,1/(Im*0.001),
*get,Bdmm,PATH,0,MAX,Bdav,
*VFILL,Bair(j),DATA,Bdmm,
PATH,ayz,2,30,100
PPATH,1,,0.5*ay*0.001,(bf*0.5)*0.001,0
PPATH,2,,0.5*ay*0.001,(bf*0.5)*0.001,1z/1000
PDEF,Bayz,B,SUM,NOAV
*get,Bfe,PATH,0,MAX,Bayz,
*VFILL,Bcore(j),DATA,Bfe,

FINISH

*IF,j,LT,edd, THEN

Iprep7

CSYS,0

ALLSEL,ALL

VCLEAR,ALL

ALLSEL,ALL

EDELE,ALL

ALLSEL,ALL

VDELE,ALL,,,1

wpcsys, -1

*enddo

*else

*enddo

*STATUS,Bair

*STATUS,Bcore
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Geometry input for RU

(only parameters different from the above are listed)

lyz=50 !extended core length
Imz=6.7 IMSM element length
lzo=(lyz -1Imz)/2

BLOCK,0,af,0,bf,0,lyz
BLOCK,ay,ay+aa,bdm,bdm+ach,0,lyz

BLOCK,ay+adm+da,ay+adm+da+am,0,lm+0,(lyz - Imz)/2,(lyz+Imz)/2
BLOCK,adm+ay,ay+adm+am+2*da,0,iIm+2*0,(lyz -lmz)/2,(lyz+Imz)/2
BLOCK,ay,af -ay,0,im+0,0,0+Izo

BLOCK,ay,af -ay,0,Im+0,lyz,lyz -1zo

BLOCK,0.05+af/2, - 0.05+af/2,bf - hy,bf,0,lyz

VOVLAP,ALL

NUMCMP,VOLU

VPLOT

VADD,5,6,9,2,3,4

NUMCMP,VOLU

VPLOT

K, 71,(af -am)/2,0.2,1zo

K, 72,(a f- am)/2,0.2+0.1,Izo
K,73,(af+am)/2,1.2,1zo
K,74,(af+am)/2,1.2+0.1,Izo

a,71,73,74,72 lanti - clockwise
VOFFEST,1,Imz,
VGEN,18,5,5,0,0,0.1+0.106,0,,,
VOVLAP,ALL

VPLOT

2HiU actuator, varying N¢ cycle

Iprep?

edd=4 Inumber of experiments in th e cycle
*DIM,Bair,,edd,

*DIM,Bcore,,edd,

*do,j,1,edd,1 !j increments each experiment
/com,

ic=3

wc=112- 2*j ldepends on j 'total in 2 coils
af=6.2

bf=30

ay=0.5

hy=2.0

hcc=0

nt=50

Ime=0.106

ne=18

Imh=0.1

nh=nt - ne
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Im=ne*Ime+nh*Imh

1z=6.7

lyy=25

e=(ne/nt)*0.06

am=1*(1 - e)

da=(1.2 -am)/2

ac=1.9

bc=7.9

acc=(af - am 2*da - 2*ay)/2

murme=50 !to be replaced with BH curves
murmh=2

aa=af - 2*ay

adm=(af - 2*ay - 2*da - am)*0.5

bdm=Im

ach=bf - hy- bdm
jc=1000000*(ic*wc)/(ac*bc)

rad=0.5+bc/2

ex=50

/PNUM,VOLU,1

BLOCK,0,af,0,bf,0,Im

BLOCK,ay,af -ay,b f- hy,(bf+lz)*0.5,0,Im
BLOCK,ay,af -ay,0+hy,(bf -12)*0.5,0,Im
BLOCK,- da+(af -am)*0.5,(af -am)*0.5,(bf -1z)*0.5,(bf+Iz)*0.5,0,Im
BLOCK,+da+(af+am)*0.5,(af+am)*0.5, (bf - 12)*0.5,(bf+1z)*0.5,0,Im
VOVLAP,ALL

NUMCMP,VOLU

VPLOT

K,51,(af -am)/2,(bf -12)*0.5,0.08
K,52,(af -am)/2,(bf -1z)*0.5,0.08+0.1

K,53,(af+am)/2,(bf - 12)*0.5,1.08
K,54,(af+am)/2,(bf - 12)*0.5,1.08+0.1
a,51,53,54,52 lanti - clockwise

VOFFST,1, - 6.7,

VGEN,20,7,7,0,0,0,0.1+0.106,,,

BLOCK,(af - 0.1)*0.5,(af+0.1)*0.5,bf,bf - hy,0,Im
BLOCK,(af - 0.1)*0.5,(af+0.1)*0.5,0,hy,0,Im

VOVLAP,ALL

NUMCMP,VOLU

VPLOT

VADD,21,49,48,22,46,47

NUMCMP,VOLU

VPLOT

BLOCK,0,af,0,bf,Im,(lyy+Im)/2

BLOCK,ay,af -ay,hy,bf - hy,Im,(lyy+im)/2

BLOCK,0,af,0,bf,0, - (lyy -1Im)/2

BLOCK,ay,af -ay,hy,bf -hy,0, -(lyy -Im)/2

BLOCK,(af - 0.1)*0.5,(af+0.1)*0.5,bf,bf - hy,Im,(lyy+Im)/2
BLOCK,(af - 0.1)*0.5,(af+0.1)*0.5,0,hy,Im,(lyy+Im)/2

BLOCK,(af -0.1)*0.5,(af+0.1)*0.5,bf,bf -hy,0, -(lyy -Im)/2
BLOCK,(af -0.1)*0.5,(af+0.1)*0.5,0,hy,0, -(lyy -Im)/2
VOVLAP,ALL

VADD,57,59,61

VADD,58,60,62

VADD,64,56,54,53,55,63,44
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NUMCMP,VOLU

VPLOT

ET,1,SOLID96

MP,MURX,1,1

MP,MURX,2,0
MP,MURX,3,murmh
MP,MURX,4,1
MP,MURX,5,murme
MP,MURX,6,1 !outside air

MAT,2

JUNITS,SI
/MPLIB,READ,DEFAULT
MPREAD,nl- core - Hi,, LIB
MAT,3
MPREAD,MSMh2axes,,,LIB
MAT,5
MPREAD,MSMeZ2axes,,,LIB
VSEL,S,vOLU,,44

VATT,1,1,1

VSEL,S,vOLU,,42,43

VATT,2,1,1

VSEL,S,vOLU,,21,41

VATT,3,1,1 hard
VSEL,S,vOLU,,1,20

VATT,5,1,1 leasy

ALLSEL,ALL

BLOCK,- ex,af+ex, -ex,bf+ex, -ex-(lyy -Im)/2,ex+(lyy+Im)/2
VOVLAP,ALL

VPLOT

VSEL,S,VOLU,,46

VATT,6,1,1

/PNUM,MAT,1

ALLSEL,ALL

VPLOT
VLSCALE,ALL,,,.001,.001,.001,,,1
MAT,4

local,12,0,(af - am 2*da - acc)/2000,bf/2000,lm/2000,0,90,90
wpcsys, -1
race,(Iz+2*rad)/2000,(Im+2*rad)/2000,rad/1000,ic*wc/2,bc/1000,ac
/1000,,,
local,14,0,(af+am+2*da+acc)/2000,bf/2000,Im/2000,0,90,90
wpcsys, -1
race,(Iz+2*rad)/2000,(Im+2*rad)/2000,rad/1000,ic*wc/2,bc/1000,ac
/1000,,,

/psymb,csys,0

ALLSEL,ALL

NUMCMP,ALL

MSHAPE,1,3D

SMRTSIZE,1

VMESH,ALL

eplot

/SOLU

d,37610,mag,0

ALLSEL,ALL
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magsolv,3,,,,100,1

SOLVE

/postl

CSYS,0

PATH,ag- ¢,2,30,100 !3001000
PPATH,1,,0.5*(af - am 0.04)*0.001,bf/2000,0,
PPATH,2,,0.5%(af - am 0.04)*0.001,bf/2000,Im/1000,
PDEF,Bd,B,X,NOAV
PCALC,INTG,Bdav,Bd,S,1/(Im*0.001),
*get,Bdm,PATH,0,MAX,Bdav,
*VFILL,Bair(j),DATA,Bdm,
PATH,ayz,2,30,100
PPATH,1,,0.5*ay*0.001,(bf)*0.001,Im/2000
PPATH,2,,0.5*ay*0.001,(0)*0.001,Im/2000
PDEF,Bayz,B,SUM,NOAV
*get,Bfe,PATH,0,MAX,Bayz,
*VFILL,Bcore(j),DATA,Bfe,

FINISH

*IF,j,LT,edd, THEN

Iprep7

CSYS,0

ALLSEL,ALL

VCLEAR,ALL

ALLSEL,ALL

EDELE,ALL

ALLSEL,ALL

VDELE,ALL,,,1

wpcsys, -1

*enddo

*else

*enddo

*STATUS,Bair

*STATUS,Bcore
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